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General introduction 

The extracellular matrix (ECM)  is an outer part of a cell that is made up of supramolecular 

fibrous assemblies and exhibits controlled dynamicity and viscoelasticity.1 The ECM is mainly 

composed of proteins, glycoproteins, and polysaccharides.2,3 Self-assembly of proteins in ECM 

is driven by non-covalent supramolecular interactions.1 ECM typically contains more than 80% 

water, with various biopolymers making up the rest. This essentially makes ECM a hydrogel. 

Dynamicity and viscoelasticity within ECM have mainly been associated with water, degradation 

of biopolymers, and non-covalent transient interactions. Unlike the ECM’s dynamicity and 

remodelability, traditional hydrogels are static. Scientists have addressed this by developing 

dynamic hydrogels, which are enzymatically degradable. Enzymatically degradable hydrogels 

were essential in understanding the role of dynamicity for cellular behavior; however, decoupling 

degradation dynamics from material dynamics has proven difficult. In order to create dynamic 

hydrogels that can be tuned rationally to emulate the dynamicity and viscoelasticity of the ECM, 

researchers investigated dynamic covalent chemistry (DCvC) and supramolecular chemistry.1,4,5–

9  

The research presented in this thesis mainly focuses on tuning chemical network dynamics in 

hydrogels for controlled dynamicity and viscoelasticity towards cell culture and 3D bioprinting 

applications. In addition, the research presented in this thesis teaches supramolecular strategies 

for engineering fibrillar morphology in dynamic hydrogels with controlled viscoelasticity and 

toughness. 

In chapter II, we introduced the field of research with a focus on the rational design of 

hydrogels responsive to cell stimuli. We divided cell-based stimuli into three categories, 1) 

enzyme 2) mechanical force, and 3) small molecule/metabolites. In this review, we also discussed 

dynamic covalent chemistry and supramolecular chemistries developed for creating responsive, 

dynamic, and viscoelastic hydrogels. Additionally, we discussed the influence of viscoelastic time 

scales on cellular behavior.  

The author of this thesis has focused on developing hydrogels with controlled viscoelasticity and 

developing advanced bioinks utilizing DCvC and supramolecular chemistry. Therefore, in 

chapter III, we have provided a literature update on chemical strategies used for tuning 

viscoelasticity and viscoelasticity's influence on cell behavior. A large portion of the thesis also 

investigates dynamic chemistries for the creation of advanced bioinks. Therefore, we have 

provided a review of chemical strategies used for designing advanced bioinks. 

Engineering dynamics in networks for controlling viscoelasticity and bioprinting properties are 

challenging.5,9,10 In chapter IV, we utilized imine-type cross-linkers (oxime, semicarbazone, and 

hydrazone) with distinct equilibrium constants (Keqs) and investigated the viscoelasticity, self-

healing, and bioprinting of hydrogels. As reported in the literature, imine-type cross-linkers are 

reversible with Keq of 108 for oxime and 104–106 for semicarbazone and hydrazone. The storage 

moduli decreased from 3000 Pa for oxime to 500 Pa for semicarbazone to 200 Pa for hydrazone. 

All hydrogels showed viscoelasticity with hydrazone exhibiting the highest viscoelasticity. 
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Storage modulus and viscoelasticity trends observed followed the rational trend of increasing 

Keq values reported for these imine-type cross-linkers in the literature. Storage modulus and 

viscoelasticity values also indicate that the rate constants (k1 and k-1) are highest for oxime and 

hydrazone, respectively. Chondrocytes showed high viability within bulk and bioprinted 

hydrogels. Fibroblasts exhibited round morphology in oxime hydrogels in contrast to spreading 

morphology in hydrazone hydrogels.  

The ECM is a supramolecular fibrous structure with controlled viscoelasticity and dynamicity.1 

We were interested to tune viscoelasticity in the supramolecular fibrous structure. Benzene-1,3,5-

tricarboxamide (BTA) is one of the well-studied supramolecular units and self-assembles to form 

1D nanofibers.11 Our collaborators recently showed that BTAs modular mixing is possible and 

that modular mixing of two different BTA architectures allowed tuning mechanical properties 

in synthetic fibrous hydrogels.12 In chapter V, we looked into the modular mixing of two BTA 

architectures at a higher concentration to adjust viscoelasticity and stress relaxation in the range 

necessary for cell culture and tissue engineering applications. A symmetrical small molecule with 

slow exchange dynamics and a telechelic BTA (BTA-PEG-BTA, which is a BTA connected to 

telechelic PEG20K on both ends) with fast exchange dynamics were copolymerized. We 

revealed that copolymerized BTA architectures formed stable hydrogels with tunable 

viscoelasticity and stress relaxation. Fibroblasts and chondrocytes showed high viability within 

these hydrogels (>80%). Neuronal cells PC12 and dorsal root ganglion (DRG) showed 

outgrowth in BTA-PEG-BTA hydrogels. Chondrocytes ATDC5 and human MSCs (hMSCs) 

showed cell-dependent aggregation with more compact hMSCs spheroids formation. While all 

formulations allowed hMSCs spheroids formation, we discovered that hMSCs spheroids 

formation ability was dictated by the dynamic properties of BTA hydrogel with the largest 

spheroids formation in the most dynamic hydrogel. Such supramolecular materials are essential 

for the development of spheroids in three-dimensional biomimetic space, which is essential for 

the successful development of large-scale tissues.  

The ECM is a multifunctional and multicomponent supramolecular fibrous structure.1,13 

Creating multifunctional and multicomponent structures for emulating the complexity of ECM 

remains desired. The BTA supramolecular moiety offers the potential to mimic the complexity 

and multifunctionality of the ECM in the fibrous structure. A bottleneck is a synthetic method 

for upscaling the synthesis of complex and multifunctional BTAs. Usually, desymmetrization 

strategies are employed for the creation of multifunctional BTAs; however, existing 

desymmetrization strategies offered limited flexibility in upscaling the synthesis and purification 

of complex and multifunctional BTA structures.  To address this challenge, in chapter VI, we 

developed a desymmetrization strategy that utilizes activated ester coupling of a symmetric 

synthon. We synthesized a small library of benzene-1,3,5-tricarboxyl activated esters and 

discovered that benzene-1,3,5-pentafluorophenol tri-ester (BTE-F5Ph) undergoes effective 

desymmetrization and enabled the creation of multifunctional BTAs in reasonably higher yields 

than statistically expected. With this new methodology, we were able to create BTA monomers 

with hydrophobic spacers and reactive handles. We expanded this new methodology for the 
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creation of polymeric supramolecular hydrogelators. Under dilute aqueous conditions, polymeric 

BTA macromolecules self-assembled in water and created fiber and fibrous sheet-like structures. 

We discovered that polymeric macromolecules form hydrogels and mechanical properties can 

be tuned by adjusting the length of the aliphatic spacer on the BTA hydrogelators. Chondrocytes 

showed high cell viability within these hydrogels, extending the polymeric BTA hydrogelator's 

potential as biomaterials for cell culture applications. This newly developed desymmetrization 

strategy offers a way forward for creating multifunctional hydrogelators with controlled 

biophysical properties for mimicking ECM complexity in the synthetic hydrogel.  

Engineering a broad range of viscoelasticity in a fibrous hydrogel remains has a long-standing 

challenge for recapitulating both the ECM fibrous morphology and viscoelasticity. In this 

chapter, we developed a series of telechelic BTA hydrogelators for molecular tuning of the 

fibrous structure and controlling viscoelasticity. We employed a desymmetrization strategy 

developed in the previous chapter and in chapter VII created a library of BTA macromonomers 

by altering carbon atoms from twelve, sixteen, eighteen, twenty, and twenty-four atoms on the 

exterior of the BTA. All macromonomers self-assembled into fibrous assemblies and resulted in 

fibrous hydrogels. While all hydrogelators showed similar storage moduli, changing the 

hydrophobic length on the BTA from twelve to twenty-four carbons resulted in hydrogels with 

controlled viscoelasticity over 5 orders of magnitude. We found that the BTA supramolecular 

hydrogels showed excellent extrudability, and injectability, and can be 3D bio-printed into 

multiple layered structures without any extra cross-links. Chondrocytes showed high cell viability 

when in contact with dilute solutions or encapsulated within these hydrogelators. Bioprinted 

chondrocytes also showed high cell viability within these hydrogels. This simple technique shows 

that by just adding or deleting a few carbon atoms on the supramolecular BTA macromonomer, 

we can leverage viscoelasticity across five orders of magnitude in fibrous hydrogels.  

Load-bearing tissues are tough yet dynamic. In contrast, not only do conventional hydrogels lack 

the load-bearing capacity and mechanical strength of biopolymers such as cartilage and muscle 

but also are composed of static networks. When looking closely at nature’s design of tough 

biopolymers such as collagen, nature utilizes non-covalent interactions for supramolecular self-

assembly of fibrous structures and then stabilizes fibril assemblies with covalent bonds.14 

Synthetically speaking, combining fibrous assemblies with covalent bonds in a single network 

polymer remains challenging to engineer. Additionally, bioprinting of a synthetic tough hydrogel 

remains desirable. In chapter VIII, we took on the challenge of designing a synthetic mimic of 

the collagen biopolymer with extraordinary mechanical and bioprinting properties. To address 

this challenge, we proposed a biomimetic synthetic supramolecular/covalent strategy with the 

aim that supramolecular assemblies can self-assemble resulting in a fibrous hydrogel that then 

can be cross-linked for stability and tuning toughness and mechanical properties. We developed 

a BTA based macromonomer with norbornene handles on BTA (NB BTA). This 

macromonomer is self-assembled across multiple lengths scales to form a fibrillar and 

viscoelastic hydrogel. Taking inspiration from collagen’s covalent cross-linking of fibrils, 

mechanical properties including strength toughness, and stiffness was tuned by covalent inter- 
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and intra- fiber cross-links. Without rupturing, hydrogel endured 90% compressive strain and 

550% tensile strain. Hydrogel efficiently dissipated energy during cyclic loading and 

demonstrated recoverable hysteresis. In addition, we found that Nb BTA hydrogel was shear-

thinning and could be 3D bioprinted into a cartilage tissue-like structure. Chondrocytes 

demonstrated good cell viability in bioprinted, injected, and bulk hydrogels. hMSCs spheroids 

bioprinted in Nb BTA hydrogels generated collagen II, strongly indicating the creation of 

chondrogenic tissue within the hydrogels.   

In Chapter IX, we discussed why dynamic hydrogels are needed for biomaterials and tissue 

engineering. Different chemistries including dynamic covalent chemistry and supramolecular 

chemistry for tuning viscoelasticity and 3D bioprinting have been discussed with the future 

outlook.  

Chapter X gives insight into the societal impact of this thesis and the valorization work done 

during this PhD thesis.  
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Abstract: 

The past decade has seen a decided move from static and passive biomaterials to biodegradable, 

dynamic, and stimuli-responsive materials in the laboratory and the clinic. Recent advances 

toward the rational design of synthetic cell-responsive hydrogels—biomaterials that respond 

locally to cells or tissues without the input of an artificial stimulus—have provided new strategies 

and insights on the use of artificial environments for tissue engineering and regenerative 

medicine. These materials can often approximate responsive functions of a cell’s complex natural 

extracellular environment and must respond to the small and specific stimuli provided within 

the vicinity of a cell or tissue. In the current literature, three main cell-based stimuli can be 

harnessed to create responsive hydrogels: 1) enzymes 2) mechanical force, and 3) 

metabolites/small molecules. Degradable bonds, dynamic covalent bonds, and non-covalent or 

supramolecular interactions are used to provide responsive architectures that enable features 

ranging from cell selective infiltration to control of stem-cell differentiation. The growing ability 

to spatiotemporally control the behavior of cells and tissue with rationally designed responsive 

materials can allow control and autonomy to future generations of materials for tissue 

regeneration, in addition to providing understanding and mimicry of the dynamic and complex 

cellular niche. 
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Introduction 

A cell, and its niche, represent an instructive symphony of complex interactions, feedback loops, 

and signals aimed at controlling cellular behavior and function in real-time. The cell’s 

extracellular matrix (ECM) provides the cell with a physical environment, a setting, to exist and 

communicate within. Made predominantly of proteoglycans and fibrous assemblies of proteins, 

the ECM provides a multitude of functions, including mechanical and structural support, spatio-

temporal growth factor presentation, traction and movement, and the ability to remodel in 

response to a cell or external stimuli.1,2 Made from a few key components, the responsiveness, 

instructiveness, and variability of the ECM (with respect to different tissues and organs) has long 

been a source of emulation. The recapitulation, control, and amelioration of ECM-cell 

interactions all remain significant targets for rationally designed systems. 

Regenerative medicine aims to create therapies to replace or regenerate cells, tissues, and organs 

towards the restoration of impaired function resulting from genetic defects, disease, trauma, or 

aging; tissue engineering focuses a bit more to apply materials, cell biology, fabrication, and 

bioengineering strategies to control the growth or regrowth of tissues from basic cellular units, 

often progenitor cells.3,4 In both regenerative medicine and tissue engineering, there is a large 

need to develop controllable materials that recapitulate functions of the natural ECM including 

cell signaling, delivery of bioactive compounds at controlled rates, tunable and responsive 

mechanical properties, yet can still allow for regeneration and growth of the nascent tissue. 

Viewing Nature as a source of inspiration, the materials design within these fields focuses on 

mimicking features of a cell’s natural environment.  

Various three-dimensional (3D) scaffolds that share aspects of the native ECM, including 

electrospun meshes,5–7 patterned surfaces,8,9 and 3D printed scaffolds have been investigated;10–

12 however, hydrogels remain one of the most promising ECM replacements. Hydrogels are 

made out of a 3D network of cross-linked hydrophilic macromolecules, which possess the ability 

to immobilize high amounts of water (ca 90–>99%). The natural ECM, itself, is a hydrogel. 

Many of the individual components of the ECM can form hydrogels (e.g., collagen, elastin). 

Synthetic hydrogels are a natural choice for the creation of artificial environments around cells. 

The utilization of hydrogels for biomedical applications started approximately 60 years ago, with 

the invention of contact lenses from cross-linked poly(hydroxyethyl methacrylate) (PHEMA) 

networks.13 Henceforth, hydrogels have played an increasingly important role in the design of 

biomaterials for drug delivery,14–16 tissue engineering,15,17–20, and regenerative medicine.17,21 

Although a wide array of hydrogels have been investigated, ranging from purely natural to purely 

synthetic polymers, each hydrogel holds its advantages and limitations. For example, naturally 

derived hydrogels often provide desirable performance, but are difficult to standardize and 

modify; synthetic hydrogels are highly customizable, yet can be difficult to impart complex 

mechanical properties and the correct bioactivity. Consequently, the search for hydrogel systems 

that can best provide cells with a designed and controllable alternative microenvironment 

remains an active area of research. 
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With significant progress in the field of polymer chemistry, synthetic chemistry, and 

supramolecular chemistry, the capacity to design and tailor polymer architecture and hydrogel 

networks have advanced.22–24 No longer confined to synthesizing covalent and static networks 

from conventional radical cross-linking methods, current reports of instructive, stimuli-

responsive, and biodegradable hydrogels bring closer the realization of complex and dynamic 

systems that mimic ECM functions. Aligned with these efforts, the focus has been shifted to 

exploring different chemistries to form dynamic hydrogels. Properties like cell-mediated 

remodeling, cell vitality, growth factor release, strain-stiffening, and viscoelasticity are being 

introduced through the incorporation of cleavable bonds, reversible bonds, supramolecular 

bonds/polymers, self-assembly, or flexible polymer backbones. Several excellent reviews on this 

current trend have come out in the last few years.25–30 

Figure 1. Shown schematically are the three main strategies for the creation of cell-responsive materials. 
Enzymatic catalysis (top center) of hydrogel breakdown has been extensively used in tissue engineering to 
allow matrix remodelability. By incorporating enzyme cleavable units into the hydrogel structure (e.g. 
MMP cleavage sites, depicted in purple), cells are able to infiltrate and migrate through the material via the 
action of enzymes (depicted in yellow) cleaving the hydrogel network (blue fibers). Most recently, 
mechanically responsive hydrogels (bottom left) have been developed to allow for response based on a 
cell’s traction forces. Shown schematically, a cell transfers traction forces to the matrix via integrins (light 
blue), with can remodel or rearrange dynamic interactions in the hydrogel, illustrated as the binding 
between a green cup and a red ball. Still in their infancy, such materials heavily rely on dynamic covalent 
and supramolecular interactions. Metabolite and small molecule responsive (bottom right) hydrogels 
represent a broad-class of materials that sense and respond to small molecules, proteins, and metabolic 
by-products around a cell or tissue. As an example, depicted are pH sensitive receptors (orange) that 
become charged (light blue spheres). Such metabolite responsive materials often rely on highly specific 
non-covalent interactions, and are largely biohybrid type materials.  
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Dynamic hydrogel architectures have found success as responsive materials to large external 

stimuli, yet they also have the potential to produce responsive materials that act biomimetically 

upon cues from a cell.31 For example, the ability of a material to release growth factors in 

response to enzymes from a nearby cell can be viewed as a significant advance over a material 

relying entirely on external light irradiation. Consequently, current efforts to sense and respond 

to cells have quickly gained steam. As we obtain greater skill in rational design and more insight 

into cellular behavior, we are on the cusp of a new biomaterials revolution. Fully autonomous 

hydrogels that can sense, respond, and influence cells aim to become truly smart biomaterials of 

the future. 

This review will delineate and focus attention on the growing trend of cell responsiveness within 

the hydrogel and biomaterials community. We have chosen to focus on systems designed for 

tissue engineering and regenerative medicine; however, significant advances from other fields 

(e.g. drug delivery) will also be presented with an eye toward their applications in regenerative 

medicine. First, we will quickly introduce the main behaviors of a cell (inputs) that can be utilized 

to engineer such responsive hydrogels. Secondly, we will briefly introduce the prevalent 

chemistries used in the construction of such materials. In the main body of this review, successful 

examples will be broken down into three sections, namely enzyme-responsive, mechanical-

responsive, and metabolite/small-molecule responsive hydrogels (Figure 1). In conclusion, we 

will look forward at the potential of cell-responsive hydrogels and entertain the idea that dynamic 

and responsive synthetic environments can bring us close to the creation of an artificial ECM. 

Cell outputs 

The chemical makeup and manner in which the multicomponent ECM is assembled direct 

cellular behavior. Reciprocally, the responsive and weak interactions between the ECM 

components create a dynamic environment that can respond to and influence the activities of a 

nearby cell.32 For example, the spatio-temporal control of growth factors is a major role of the 

ECM and regulates many in vivo processes. The ECM can sequester transforming growth factor-

β (TGFβ) in an inactive form, and release its active form in response to cellular traction forces 

during tissue remodeling.33 Additionally, laminin cleavage via matrix-metalloproteases (MMPs) 

has been shown to release fragments capable of regulating stem cell differentiation.34 Numerous 

ECM components are released or presented in response to cellular cues, such as mechanical 

force or protease activity.35  

When designing materials aimed at mimicking such responsive functions, it is crucial to 

understand what cues are both produced by a living cell and have been shown to trigger 

responsive materials. Shown schematically in Figure 1, three main cell outputs have been 

employed as stimuli in responsive hydrogels: 1) enzymes, 2) mechanical force, and 3) 

metabolites/small molecules.  
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Enzymes 

The fundamental role of enzymes as catalysts is to increase the rate of biochemical reactions. 

Enzymes are ubiquitous in living systems,36 have high specificity for chemical transformations, 

and maintain high activity under physiologic conditions, making them ideal triggers for the 

chemical design of responsive hydrogel systems. Furthermore, in vivo cells highly rely on enzymes 

for the regulated remodeling of the natural ECM, a process crucial for the maintenance of 

normal biological functions.2 Differences in enzyme expression is associated with many events 

including stem-cell differentiation, tissue repair, and pathological disorders. The altered 

expression level of specific enzymes can be used to catalyze a reaction in hydrogels for controlled 

release or degradation at desired sites or under certain events.37,38 

Figure 2. Chemical strategies commonly utilized for cell-responsive hydrogels. a) pH (redox) sensitive units 
(orange) can change protonation (oxidation) state, often becoming charged (blue positive charges), leading to 
changes in binding constants or the osmotic pressure within the hydrogel; e.g. amine or acid protonation, 
disulphide reduction b) enzyme (yellow) catalyzed irreversible bond breakage of specific peptide sites (purple) 
in the hydrogel network (or precursor); e.g. MMP specific cleavage, enzymatic cleavage of supramolecular 
hydrogelator precursor c) dynamic covalent chemistry whereby two units (green and pink) can dynamically, and 
reversibly, form covalent bonds depending on their reaction rates k1 and k2 and equilibrium constant (Keq); e.g. 
hydrazone exchange/hydrolysis and disulphide formation, d) supramolecular chemistry shown as the reversible 
binding and unbinding of a red ball and a green cup based on the binding constants kon, koff, and equilibrium 
(Keq); e.g. polymer aggregation, host-guest interactions, H-bonding units, and protein-small molecule binding, 
and e) protein/DNA engineering as shown by two engineered biomolecules in the network (light green and 
purple) reversibly bind and undergo conformational changes in response to the presence of an signal (yellow); 
e.g. incorporation of shape changing proteins (calmodulin, adenylate kinase) and RNA aptamer binding. 
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Mechanical Force 

In the last decade, extensive research has been carried out to investigate the influence of 

mechanical forces generated between cells and their environment. Researchers now have 

developed an understanding of the forces generated by cells in tissue remodeling and cellular 

functions ranging from cell adhesion, migration, proliferation, differentiation, and 

morphogenesis.39–42 Generally, cells first sense the matrix and pull to deform the matrix. These 

contractile forces are generated by actomyosin contraction and are transmitted to the ECM via 

focal adhesions—an integrin-containing multi-protein complex connecting the cytoskeleton to 

the ECM. Cellular traction forces are in the range of piconewtons to nanonewtons and occur at 

the nanometer to micrometer length scale,43 yet the mechanical feedback a cell receives from its 

environment can activate specific signaling pathways or alter gene expression in a surprisingly 

quick fashion.44 There are numerous reviews on the complex interplay between a cell’s 

mechanical sensing framework and its ECM environment.37,45–48 Only in the past few years has 

this understanding been translated to materials that can also alter their properties in response to 

the small mechanical forces generated by a cell. 

Metabolites and small molecules 

Metabolites and small molecules produced (or consumed) by a cell also offer the possibility to 

be used as a trigger for cell-responsive systems. Metabolism (a set of chemical reactions taking 

place within a cell) is very important for a cell to regulate pathways and maintain critical 

concentrations of important building blocks (and byproducts) within and outside of a cell. Any 

up and down-regulation of these pathways leads to a change in the extracellular environment. 

For example, changes in the reductive power49 and pH around cancerous cells50, higher glucose 

levels in diabetic patients51, and higher levels of reactive oxygen species under stress52 have all 

been successfully utilized to create responsive hydrogel systems. In natural systems, cell 

metabolites are extensively used in signaling pathways, can initiate very specific interactions, and 

can maintain integrity and activity over long ranges. However, the difficulty and challenge lies in 

translating the sensitivity, specificity, and amplification, of these sometimes small differences to 

synthetic hydrogel systems. 

Chemistries developed 

The range of chemical structures and systems available to engineer cell-responsive hydrogels is 

a limited, but growing, set. Such chemistry must be reversible (or degradable), both stable and 

responsive under physiologic conditions, synthetically accessible, and ultimately, cytocompatible. 

Although all the systems described rely on water-soluble macromolecules, it is the incorporation 

of dynamic chemical units that provide responsive function. To highlight the characteristics of 

available systems, employed approaches can be categorized into five main chemical strategies. 

Shown schematically in Figure 2, cell-responsive materials mainly rely on pH responsiveness, 

enzyme-catalyzed bond breakage, dynamic covalent chemistry, supramolecular interactions, and 

protein or DNA engineering. One should note that often, more than one category is 
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implemented in more complex systems; the illustrative examples herein have been classified 

according to the main strategy employed.  

pH responsive 

The earliest hydrogel architectures to allow for responsive biomaterials were pH-responsive 

matrices. Such pH-responsive hydrogels normally contain amines (pKa 8–10) or acids (pKa 4–

6) that are protonated/deprotonated to form charges within the hydrogel network. This change 

in the protonation state introduces swelling/deswelling due to changes in the ionic character of 

the network. In a classic example, poly(acrylic acid) hydrogels swell at higher pHs via the 

formation of the ionic carboxylate. General acid or base-catalyzed hydrolysis of polymer 

backbones can also be utilized for the creation of pH-responsive materials.  

Such pH-responsive approaches have been extensively studied for drug delivery,53 but often lack 

the sensitivity or specificity needed for fine control in more complex applications. To overcome 

this limitation, often pH-responsive hydrogels are coupled with enzymes that catalyze the 

conversion of a signal into an acidic (or basic) product and lowering (or rising) the local pH. An 

example is the glucose/glucose oxidase (Glu/GOx) system that produces gluconic acid. This 

type of pH-responsive hydrogel has been used extensively for glucose-responsive and insulin-

releasing hydrogel systems.54 

Enzyme-catalyzed bond breakage 

One of the most visible cell-responsive strategies in tissue engineering has been enzyme-

catalyzed lysis of bonds. In such a strategy, specific peptide sequences, or enzymatically cleavable 

bonds (e.g. phosphates, esters) are engineered into the hydrogel network or into hydrogel 

precursors. These systems are fairly stable in the absence of enzyme activity, but readily 

degraded, or activated, in the presence of a cell secreting the correct enzyme. Various enzymes 

including MMPs, elastase, alkaline phosphatase (ALP), esterases, thrombin, plasmin, and 

cathepsin K have already been utilized to create functionally responsive hydrogels.55 One will 

notice an absence of enzyme-catalyzed bond formation in this area of responsive hydrogels. 

Dynamic covalent chemistry 

Dynamic covalent chemistry (DCvC)56 has played a significant role in the current trend toward 

dynamic hydrogels. Sometimes classified as covalent adaptable networks, hydrogels based on 

DCvC are characterized by the breaking and reforming of covalent bonds based on their 

equilibrium (Keq) and rate constants (koff and kon). These networks generally maintain the number 

of linkages or cross-links based on the Keq value, and the time of the bond is generally governed 

by koff.57 Several DCvC systems are biocompatible and have already been used to form hydrogels, 

including boronic acids,58 thioesters,59 hydrazones,60,61 imines,62,63, and disulfides.64,65 However, 

hydrazone/imine and disulfide systems have recently come to the forefront of use. Hydrazones 

remain dynamic under physiologic conditions, imines become more dynamic with drops in pH, 

while disulfides are responsive to local changes in sulfide concentration or reductive power of 
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the environment. Most DCvC systems are tunable via physical organic chemistry principles, and 

the adaptation of existing systems for use under physiologic conditions remains an active area 

of research. 

Supramolecular 

Supramolecular assemblies and non-covalent interactions have also been rich sources for the 

creation of dynamic and responsive biomaterials.26 Nature, itself, relies heavily on the use of 

supramolecular assemblies. In a truly biomimetic fashion, the engineering of hydrogels designed 

from specific, directional, tunable, and reversible non-covalent interactions has enabled the 

creation of modular platforms with tunable physical, chemical, and biological information.66,67 

Supramolecular hydrogels68 owe their properties to the binding, association, or assembly of 

discrete units. The assembly of these units is again governed by an equilibrium constant (Keq), 

which is simply a ratio of association (ka) and disassociation (kd) kinetics. Numerous 

supramolecular systems are capable of creating hydrogels including host/guest interactions,69,70 

directional hydrogen bonding,71,72 peptide amphiphiles,73–75 metal-ligand coordination,76 and 

small molecule gelators.77 In theory, such systems built on weak and non-covalent interactions 

are well situated to quickly respond to changes in the environment or secreted factors. Although 

prolific as materials to drive tissue formation,75 supramolecular materials are currently under-

represented in the area of cell-responsive hydrogel systems. Progress in rational design, 

characterization, and control over the sometimes sensitive supramolecular interactions remain 

both a hurdle, and a promising research area. 

Protein/DNA engineering 

When creating bioresponsive systems, utilizing nature’s own building blocks is a pragmatic 

approach. Numerous responsive enzymes and protein/protein complexes are known, 

expressible, modifiable, and purifiable from recombinant protein expression. Integrating such 

functional or responsive protein units within the network of a hydrogel allows a biosynthetic 

hybrid approach to materials that can sense, respond, and influence cellular behavior.78–80 In 

addition, DNA origami and DNA aptamer technologies allow for the formation of spatially 

controlled materials and high specificity to the binding of specific analytes.81,82 While such 

biohybrid approaches are less scalable and expensive for the production of hydrogels, their 

specificity and fine control can justify the high cost. 

Enzyme responsive systems 

Extensive research has developed enzyme-responsive hydrogels for applications in drug 

delivery,83,84 imaging,85 diagnostics,86 tissue engineering,87, and regenerative medicine.21 The 

design of enzyme-responsive hydrogels that enable cell and/or tissue-specific responses is 

currently based on two types of mechanisms: 1) hydrogel networks with enzyme cleavable cross-

links or tethers; 2) supramolecular assemblies generated from the enzymatic conversion of a 

non-self-assembling precursor. These mechanisms mimic the breakdown and the formation, 
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respectively, of ECM; however, enzymatically based systems to regulate both have not been 

developed. 

Proteolytically-degradable hydrogels 

Proteolytic-sensitive hydrogels, hydrogels engineered with enzyme-sensitive cross-links of 

customized peptide sequences, directly enable modulation of hydrogel degradation based on cell-

secreted enzymes (shown schematically in Figure 3a). When compared to their static and non-

degradable counterparts, cells can spread, migrate, and proliferate more freely within these 

protease-sensitive hydrogels.88,89 Cellular infiltration, vascularization, tissue remodeling, and 

enhanced differentiation capacity of stem cells have all been observed in these biomimetic 

hydrogel systems.  

One of the earliest works to utilize enzymatically degradable gels, from the 1980s, was based on 

cross-linked poly(2-hydroxyethyl-L-glutamine) (PHEG, a poly(α-amino acid)). This hydrogel 

showed significant degradation during the post-implantation inflammatory response, which was 

attributed to the presence of proteolytic enzymes.90 Spurred from such initial studies, the field 

of proteolytically-degradable hydrogels has become widely studied in the context of cell-

responsive biomaterials, as shown by several thorough reviews specifically on this topic.91–93  

More recent approaches have relied heavily on the use of cross-links sensitive to MMPs, a large 

family of proteases that affect the natural breakdown of the ECM during processes such as tissue 

resorption and remodeling.94 Although there is often overlap between MMPs and their 

substrates, MMPs can show substrate specificity,95 and the rate of degradation between MMP 

cleavable sites can vary significantly.96 Depending on the application in sight, careful choice of 

peptide substrates can be matched with enzymes present in targeted sites, events, or cell types. 

Pioneering this approach of MMP degradable gels for tissue engineering was a 4-arm 

poly(ethylene glycol) (PEG) system with terminal vinyl sulfones to enable Michael-type additions 

for functionalization with cysteine-containing biomolecules. By cross-linking the system with 

MMP cleavable peptides, and functionalization with thiol-containing adhesive RGD sequences, 

hydrogels were created that cells could attach, degrade, and migrate through.97 By incorporating 

growth factors like vascularization endothelial growth factor (VEGF) or bone morphogenic 

protein (BMP-2), these systems showed tissue formation with vascularization,98 and bone 

regeneration,99 respectively, in in vivo models while non-degradable cross-linked hydrogels were 

free of cellular infiltration (Figure 3c). The modularity and tailorability of this straightforward 

PEG-vinyl sulfone system have affected the creation of highly customizable cell culture 

environments. For example, recently a stiffness-switching hydrogel was designed to replace 

Matrigel in intestinal organoid expansion100—a previous bottleneck for organoid technologies. 

Of note, the most successful hydrogel was not the enzyme-responsive gel tested (collagen I 

sequence); a hydrolyzable ester linkage with slowed degradation provided the relevant timescale 

for this specific application. 
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 Due to the synthetic accessibility of alkenes and the common presence of thiols in 

biomacromolecules, thiol-ene reactions like the Michael addition and photo-activated thiol-ene, 

are natural choices for hydrogel formation with biomolecules. Some of the commonly used 

alkenes for Michael addition and photo-initiated thiol-ene to form hydrogels in a biological 

environment are presented in Figure 3b. It should be noted that methacrylates can undergo 

Michael addition under appropriate conditions, yet these conditions are usually not cell-

compatible.101  

Figure 3. a) Water soluble polymers (blue) containing activated double bonds can be cross-linked with 
thiol terminated peptide sequences (purple) to form enzyme degradable hydrogels. A cell can remodel and 
migrate through these hydrogel networks via proteolytic enzymes (yellow) cutting covalently attached 
peptides (purple) within the network. b) Polymer chains (e.g. multi-arm PEG) are commonly 
functionalized with (meth)acrylates, norbornene, vinyl sulfone, and maleimides. Advantages of MMP-
degradable hydrogels are shown in c) rat calvarial defects 4 weeks after implantation. Bone formation was 
observed within gels, which were (A) not susceptible to MMP degradation, (B) with moderate degradation 
by MMP, and (C) highly susceptible to MMP degradation. Assessed by radiography (left) and histology 
(right), gels with highly degradable MMP networks showed significantly higher bone formation than gels 
with less or no MMP-sensitive sites due to cellular infiltration and remodelling. d) MMP-cleavable 
starPEG-heparin hydrogels provides a platform for extensive in vitro studies of heterocellular cell-cell 
interactions between endothelial cells and mural cells (left), as well as heterotypic cell-cell contacts via a 
tumor angiogenesis model (right). (c) was reprinted from reference.99 Copyright (2003) National Academy 
of Sciences. (d) was reproduced with permission.103 Nature Publishing Group 2014.  
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PEG-maleimide has shown some significant improvements in cross-linking speed and efficiency 

over other systems (including vinyl sulfone).102 Multicomponent PEG-maleimide hydrogels 

containing RGD, MMP degradable cross-links, VEGF, and hepatocyte growth factor (HGF), 

have been shown to increase angiogenesis in a rat infarcted myocardium.37 Furthermore, 

injectable microgels based on a similar architecture have shown increased vascularization in the 

dorsum of mice.38 Microgel slurries have emerged as a convenient workaround to the lack of 

injectability for covalently cross-linked hydrogels. 

Michael-type MMP cleavable hydrogels have also proven utility as a laboratory platform to study 

tissue formation and the study of cell-cell interactions. For example, an MMP-cleavable 

biohybrid star PEG/heparin hydrogel system has been optimized to support the morphogenesis 

of endothelial cells.103 Due to its susceptibility to remodeling, the hydrogel platform enabled in 

vitro studies of heterocellular cell-cell interactions between endothelial cells and other cells 

(Figure 3d: left), as well as heterotypic cell-cell contacts using a tumor angiogenesis model 

(Figure 3d: right).  

Michael-type additions typically require a slightly alkaline pH to occur (pKa of the Michael 

donor), which precludes the use of some base-sensitive molecules.104 Photo-initiated thiol-ene 

conjugations can overcome this limitation. Photo-initiated thiol-ene occurs quickly and in high 

yield at neutral pH, which can be beneficial for in-situ gelation. Furthermore, spatio-temporal 

control (via light) of the biomolecule conjugation and gelation has resulted in several novel 

materials applications in biofabrication. Recent advances include complex patterns within 

hydrogels105–107 and the development of photo-crosslinkable thiol-ene hyaluronic acid108 and 

polyglycidol109-based bioinks for 3D printing of cell-hydrogel mixtures.  

An excellent example of photo-initiated thiol-ene formation is the thiol-norbornene 

photopolymerizable 4-arm PEG hydrogels, cross-linked with an MMP degradable sequence 

(KCGPQG↓IWGQCK).110 When hMSCs were encapsulated in such hydrogels, significant 

increases in cell spreading were observed. Furthermore, the osteogenic, adipogenic, and 

chondrogenic differentiation capacity of hMSCs increased with increasing MMP-degradability 

of the networks, showing a clear link between differentiation capacity and the ability of a cell to 

remodel the synthetic ECM.  

Not only for degradation, enzymes can also be used to trigger localized release through the 

tethering of active molecules on the cross-linker. For example, norbornene-functionalized PEG 

hydrogels were photo-cross-linked with MMP releasable pro-angiogenic sequences. In this 

design, pro-angiogenic peptides (SPARC113 and SPARC118) were end-capped with IPES↓LRAG 

sequences, which are sensitive to MMP cleavage. These hydrogels successfully promoted 

angiogenesis when injected subcutaneously in mice in an entirely degradation-dependent 

manner.111 However, compared to other pro-angiogenic protein delivery hydrogel systems, the 

release profile of these enzyme-degradable systems was much shorter and would still need 

further optimization. 



Hydrogels that listen to cells: a review of cell-responsive strategies in biomaterial design 

 

19 
 

Applying such strategies to synthetically modified naturally derived polymers, MMP-cleavable 

hyaluronic acid (HA) hydrogels that shut down or allowed cell-mediated remodeling to have also 

been created. By functionalizing HA with both maleimides and methacrylates, thiol-ene cross-

linking via an MMP-cleavable peptide (GCRDVPMS↓MRGGDRCG) could (or could not) be 

followed by a secondary non-degradable photo-initiated cross-linking of the methacrylates.112 In 

these hydrogels, osteogenic/adipogenic differentiation of human mesenchymal stem cells 

(hMSCs) was observed to be directed mainly by degradation-mediated cellular traction. 

Permissive (remodelable, without secondary cross-linking) matrices gave rise to osteogenesis, 

while non-permissive (non-remodelable, with secondary cross-linking) matrices led to 

adipogenesis. Interestingly, when a stem cell’s environment was switched from permissive to 

non-permissive via delayed secondary cross-linking, the cell also switched from an osteogenic to 

adipogenic phenotype. The osteogenic cell morphology remained, yet an adipogenic phenotype 

dominated. Recently, this same group also successfully utilized the efficiency of thiol-ene 

photochemistry to print fibroblast-laden HA modified with norbornene groups.108 To highlight 

the versatility of the 3D printing technique, they created complex hydrogel structures comprising 

of MMP-degradable and non-degradable regions and observed cell spreading throughout the 

printed hydrogel when a degradable linker was used. 

Moving towards complexity and autonomous systems, the versatility of MMP-cleavable 

hydrogels has been shown in the rational design of a negative feedback loop to inhibit MMP 

activity.113 By loading an MMP cleavable hydrogel network with a physically-associated MMP 

inhibitor (TIMP-3), hydrogels were designed to buffer the local MMP activity. A significant 

decrease in MMP activity was observed after the delivery of these injectable hydrogels to an 

infarcted myocardium (MMP overexpressed region) in a pig model. Controlled delivery of MMP 

inhibitors is always a challenge, due to dose-limiting side effects; however, this hydrogel system 

is a significant example of how cell-responsive hydrogel systems can be designed for feedback 

loops to autonomously control pathological levels of enzyme expression.  

MMP is not the only enzyme trigger used for hydrogels in tissue engineering and regenerative 

medicine. Hydrogels cross-linked with cathepsin K-sensitive peptide sequences have been 

shown to specifically degrade in the presence of osteoclasts,114 while elastase-sensitive Ala-Ala 

repeat segments incorporated in PEG hydrogels have been shown to allow both in vivo 

degradation and cellular infiltration in mice115 and controlled protein delivery.116,117 Thrombin, a 

key enzyme of the blood coagulation cascade, has been used to trigger anti-coagulant release to 

prevent clotting. A modular feedback-loop PEG hydrogel system with thrombin-sensitive 

peptide sequences has been developed to prevent clotting through the release of heparin on 

demand,118 or respond to and reverse clot formation via the release of tissue plasminogen 

activator.119 Both of these thrombin-mediated hydrogels have been shown to successfully 

suppress critical points in the blood coagulation cascade.  

The highlighted examples throughout this section only represent some of the more commonly 

used enzymes and some examples of their complimentary peptide. More exhaustive lists of 

enzymes/peptides can be found elsewhere.36,91,95,96,120 
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Enzymatic assembly of nanostructures 

Enzymes can not only be used to break down hydrogels but also to induce hydrogel formation 

via the self-assembly of low-molecular-weight hydrogelators. This enzymatically triggered build-

up of fibrous nanostructures can mimic the enzymatic remodeling and production of the ECM. 

The enzyme-triggered dynamic assembly, and in the future disassembly, is potentially a 

promising strategy to mimic the behavior of natural fibers in the cellular environment.  

Most enzyme-responsive supramolecular hydrogelators are peptide-based and are converted 

from an inactive (non-self-assembling) to an active (self-assembling) form via hydrolysis or 

condensation of peptide precursors (Figure 4a).77 Generally, a known self-assembling unit is 

conjugated to an enzymatically labile group that inhibits self-assembly. Upon cleavage of this 

inhibitor, hydrogelators then freely self-assemble to form nanostructures, mainly via 

hydrophobic interactions, hydrogen bonding, electrostatics, and π-π interactions. Through the 

design of the peptide sequences and the dictation of the self-assembly pathways, the morphology 

of the self-assembled structures can be controlled and used to direct cellular behavior.30 A 

majority of the work reported to date on enzymatically triggered hydrogelation has not yet been 

applied to tissue regeneration but has focused on cell death and entrapment for cancer therapy.77 

Despite this, these systems carry interesting design principles, and their application towards 

tissue regeneration is overdue. 

An illustrative example of enzyme-triggered nanostructure assembly can be seen in systems 

based of Naphtyl-Phe-Phe self-assembling units. Towards creating enzyme-sensitive self-

assembling units, a monomer (shown in Figure 4b) was designed with three functional parts: a 

dipeptide capable of forming a hydrogen-bonding motif, a naphthyl group to provide a 

hydrophobic driving force to self-assembly, and an enzymatically cleavable pendant ester of the 

butyric diacid, which provides electrostatic repulsion to prevent self-assembly.121 Upon exposure 

to esterases within HeLa cells, the anionic butyric acid is removed, and the resultant 

hydrogelators self-assemble to form intracellular nanofibers, leading to cell death. 

Other self-assembling systems have also been created with specific MMP cleavable tails. A 

peptide-lipid conjugate precursor (palmitoyl-GGGHGPLGLARK-CONH2) has been 

successfully designed with an MMP-7 cleavage site that removed a highly charged Arg-Lys 

sequence. The supramolecular hydrogelator self-assembles intracellularly into nanofibers upon 

enzymatic cleavage, leading to the death of cancer cells.122 Importantly, this supramolecular 

system showed high cytotoxicity to five different cancer lines (HeLa, MIAPaCaII, SKBR3, MCF-

7, A431), yet low cytotoxicity to normal cells (microvascular endothelial cells and pancreatic 

epithelial cells), even in co-culture situations. 

Recently, the ability of the enzyme to induce self-assembly to enable both cell and organelle-

specific targeting was shown by conjugating triphenyl phosphinium (TPP), a redox modulator 

capable of targeting cancer mitochondria, to an enzyme inducible tetra-peptide precursor capped 

with a fluorophore (4-nitro-2,1,3-benzoxadiazole, NBD).123 The tetra-peptide precursor, 

((NBD)-FFYpK(TTP)) undergoes dephosphorylation selectively in the environment of cancer 
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cells (upregulated ectophosphatases). The conjugate then self-assembles is endocytosed by 

cancer cells, escapes from lysosomes, and the TPP specifically targets the mitochondria. 

 Enzyme-responsive self-assembling systems have also been employed to image local enzymatic 

activity. Direct attachment of fluorophores to enzymatically self-assembling systems85 and co-

assembly strategies124 have allowed the imaging of organelles within cells and enhanced 

theranostic treatments, respectively. Imaging of fluorescent nanostructures in breast cancer cells 

(MDA-MB-468) has even been shown via a bond-breaking bond-forming condensation to create 

a fluorescent monomer upon enzymatic cleavage (among other stimuli).125  

In an advanced enzyme-responsive self-assembly system, Liang and co-workers designed a small-

molecule hydrogelator that can change its self-assembled nanostructure, depending on the 

cellular environment (Figure 4c).126 In the extracellular matrix, the 2-cyano-6-amino 

benzothiazole (CBT)-based precursor (C(SEt)EY(H2PO3)FFG-CBT) undergoes 

dephosphorylation, in response to ALP, forming a hydrogelator which self-assembled into 

nanofibers in the extracellular environment. The fibers underwent endocytosis where 

Figure 4. a) General schematic of an enzyme-triggered self-assembly mechanism. Peptide based precursors 
(shaded green units) are equipped with a tail (blue), that prevents self-assembly. Upon specific enzyme 
(yellow) cleavage, the tail is removed and the active hydrogelator is formed, assembling into a fibrous 
network (right). Often these hydrogelators can self-assemble into several nanostructures. b) A Nap-C(O)-
FF based unit possesses all of the characteristic design elements. A self-assembling peptide with a 
hydrophobic moiety (naphthalene) to drive self-assembly and a dipeptide unit (Phe-Phe) as acceptor/donor 
of hydrogen bonds, an enzyme cleavable bond (esteraste, ester), that can remove a self-assembly inhibitor 
(deprotonated carboxylic acid).121 c) Self-assembly of a cyano-6-aminobenzothazole (CBT) based precursor 
1 into nanofiber 2 was catalyzed by extracellular ALP removal of a phosphate that prevented self-assembly. 
After cellular uptake of nanofiber 2, reduction of a protected thiol by glutathione (GSH) in the intracellular 
environment leads to intermolecular disulfide formation (hydrogelator 2) and the formation of the second 
nanofiber (2D). (c) was reprinted with permission.126 Copyright (2016) American Chemical Society.  
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intracellular glutathiones (GSH) reduce the disulfide bonds of the protected cysteine residue 

(Cys(SEt)), allowing intermolecular cyclic dimers of the hydrogelator to form. This new 

molecular structure led to the formation of different morphology of nanofibers. The 

environmentally specific self-assembly was validated through in vitro studies with HeLa cells and 

characterization of the structures and compounds formed extra- and intracellularly when ALP 

or GSH was induced; however, the effects of this differential self-assembly system on the cells 

have not yet been fully reported. 

While the majority of research on self-assembling structures has focused on homochiral 

molecules, in particular L-amino acids, there have also been increasing efforts to use D-amino 

acids and mixtures.127 In the molecular design of enzyme-responsive supramolecular 

hydrogelators, simple changes in chirality can control the interactions of the self-assembled 

system with target cells. For example, molecules with more D-amino acid substitution were 

found to be more toxic than their corresponding enantiomer potentially due to their resistance 

toward proteolysis.128 The accumulation of nanoscale networks in the pericellular space hindered 

regular cellular activities, such as migration and adhesion, and led to cell apoptosis. Based on 

these findings, nanoscale hydrogel networks have been developed as inhibitors of cancer cells;129 

however, inhibition of migration and adhesion can also be effectively used to control tissue 

formation. In future designs of chiral self-assembling structures for biomaterials, it is clear that 

the chirality of each amino acid is essential to control the morphology, degradation, and cell 

signaling behavior of the resultant nanostructures.130 

Prospects 

Several other enzyme-responsive systems present concepts that hold potential for the future 

design of biomaterials for use in tissue engineering and regenerative medicine. For example, 

Roberts et al. have developed a dynamic PEG-grafted surface with elastase-sensitive dialanine-

protected RGD peptides.131 The protected-RGD surfaces were shown to have lower, while the 

elastase deprotected-RGD surface had higher amounts of cell spreading and adhesion. 

Therefore, when MSCs were cultured on these surfaces, they showed a change from a growth 

state (low adhesion) to a differentiating state (high adhesion) upon elastase addition. Although 

this system was not shown to be cell-responsive (exogenous delivery of elastase), the use of 

enzyme triggers to control the phenotype of progenitor cells paves the way to develop cell culture 

environments that can control phenotypic changes in cells and tissue formation.  

In living systems, enzymatic processes are often part of a feedback network. Mimicking such 

feedback loops, a hydrogel system with both enzymatically cleavable cross-links and 

hydrolytically activated cross-links (thioester/maleimide) has been designed.132 In-depth studies 

on the reaction kinetics have led to fine control of gel transitions (gel-gel or gel-liquid-gel) based 

on time and enzyme concentration. The incorporation of such a design in the development of 

hydrogels will allow progress toward more complex materials, which have pre-programmable 

responses to environmental biochemical triggers. 
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Despite advances in using enzymes to create cell-responsive hydrogel systems, there are some 

limitations. A noticeable drawback is the current lack of reversibility. Hydrogel degradation, self-

assembly, or phase changes are currently a one-way street, limiting some applications that may 

benefit from more reversible, controllable, and long-lasting systems. Studies, such as the 

enzymatically cleavable and hydrolytically activated cross-linking system (vide supra), show clues 

to the utility and behavior of systems that both degrade and rebuild; however, currently, these 

two phenomena are triggered with different mechanisms. 

While enzymes are famous as highly selective catalysts, most of the cleavable peptide sequences 

incorporated in these hydrogels are degradable by more than one type of protease. In addition, 

limited studies have been conducted to tease out the changing biophysical properties of enzyme-

degradable hydrogels, which play an important role in stem cell fate.39,40 There is little control 

over the homogeneity of these hydrogels when cells are encapsulated, making the physical 

characteristics of the networks difficult to predict or measure. These systems have seen utility 

and good proof-of-concept in well-controlled environments, yet testing in more complex in vivo 

systems is their next hurdle, especially with respect to self-assembling systems. Studies of in vivo 

implantation of enzyme-responsive hydrogels have shown promising cellular infiltration,99 

vascularizations,37,133 and neo-bone formation in bone defects,99,134 yet efficient translation 

towards clinically relevant tissue regeneration requires more work in terms of upscaling, large 

animal model proofs, and clinical trial feasibility.  

Mechanically responsive systems 

One of the emerging areas of cell-biomaterial interactions is the interplay between the 

mechanical properties of a material and the mechanosensing framework of a cell. 

Mechanobiology is quickly becoming an active field,135 and mechanically instructive and 

responsive biomaterials are advancing in a concerted fashion. In the past decade, it has become 

a central pillar of biomaterials that a hydrogel’s stiffness can directly influence cellular behavior136 

and affect the differentiation of stem cells into different lineages.39,137 At the most basic level, 

neuronal cells perform best in soft matrices, while osteoblasts perform best in hard matrices; the 

differentiation of progenitors is most efficient in a matrix with elasticity comparable to the 

mature cell’s natural niche.  

Natural ECM components exhibit non-linear rheological properties including strain-

stiffening,138 stress-relaxation and viscoelasticity,139 due largely to non-covalent and reversible 

interactions, allowing for the matrix to respond to the presence of mechanical forces from 

cellular adhesion. Such materials display frequency (time) and magnitude (force) dependent 

relationships between the storage (G’) and loss (G”) moduli of the materials and many are self-

healing. Efforts to mimic these behaviors in synthetic systems are uncovering elements of 

rational design of such properties. Nicely compared, the differences in mechanical properties of 

peptide-based natural and synthetic hydrogels have been topics of a comprehensive review.140 

In general, mechanically responsive networks have the potential to display different mechanical 
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information over time, in response to force, and even allow disruption and reformation of bonds 

during cell and tissue ingrowth.    

Strain-stiffening 

Strain stiffening is a common feature of natural physically associating hydrogels,141 allowing for 

cellular traction and communication even in very soft matrices.142 Unfortunately, biomimetic 

strain stiffening has been difficult to engineer in synthetic hydrogels. A breakthrough in this area 

was introduced in 2013 with ethylene glycol functionalized poly(isocyanides) (PICs, Figure 5a) 

that were able to recreate the magnitude and response of many ECM strain stiffening properties. 

Akin to collagen bundling, this biomimicry was experimentally attributed to the supramolecular 

bundling of the PIC polymers into a nanofibrous network.143,144 The synthetic modularity of the 

system allowed engineering of the mechanical properties, including the critical stress point (the 

strain at which the hydrogels exhibit stiffening).145  

Control over the differentiation of 3D encapsulated stem cells was shown via changes in the 

strain-stiffening behavior of the biomimetic PIC hydrogels.41 Within a series of soft (0.2–0.4 

kPa) PIC gels, moving the critical stress point from 8 Pa to 20 Pa induced a switch in hMSC 

differentiation from adipogenesis to osteogenesis (cultured in a 1:1 osteogenic:adipogenic culture 

medium). These gels all exhibit similar elasticity at rest, yet when the cells exert mechanical force 

on the adhesion sites (covalently attached GRGDS), the materials respond differently. To further 

advance this study, the authors were able to find a correlation between DCAMKL1 expression 

(a microtubule-associated protein) and the onset of the strain stiffening. This observation 

supported DCAMKL1/RUNX2 as a potentially important mechanotransduction switch in these 

3D strain stiffening matrices. 

More recently, a self-assembly, covalent fixation, and covalent cross-linking strategy to design 

strain-stiffening hydrogels were introduced.146 Utilizing bis-urea bola-amphiphiles with internal 

acetylenes, covalent fixing of the self-assembled flexible fibers, followed by azide-alkyne cross-

linking, led to strain stiffening hydrogels. Pre- and post-cross-linking both showed bundled 

fibers, and control of concentration led to control of stiffening onset. These observations give 

promising insights into the rational design of biomimetic strain-stiffening materials. Cell-based 

studies with the bis-urea materials have not been performed, yet will prove difficult due to their 

non-transparent nature (poly(acetylene) backbone). 
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Viscoelasticity 

Viscoelastic materials exhibit either both elastic and viscous properties that vary with the 

timescale of the deformation applied. Many of the natural ECM components used for cell culture 

are viscoelastic and stress-relaxing (e.g. collagen, basement membrane, fibrin). This plasticity of 

the matrix allows for cellular remodeling of the material via cellular forces139 (combination with 

Figure 5. Significant examples of hydrogels able to respond to the mechanical forces of a cell. a) Strain-
stiffening hydrogels, create a stiffer network (orange) upon applied strain from a cell, via its integrins (light 
blue hook), during the generation of traction forces. Poly(isocyanate) (PIC, structure shown) gels, allow for 
recapitulation of the strain-stiffening environment of the ECM. PIC gels showed stress stiffening behavior 
within the biologically relevant stress regime (see graph) in comparison to other hydrogel systems.41 Go 

represents the equilibrium bulk stiffness and c is the critical stress for the onset of stress stiffening of the 
polymer gel. The effect of varying these parameters through e.g. alteration in polymer chain length showed 
the ability to switch stem cell differentiation. b) Viscoelasticity, as in dynamic covalent hydrazone based 
hydrogels, allows for facile cellular remodeling of the gel. Shown both schematically (above) and chemically 
(middle), these dynamically interchangeable bonds create materials with different mechanical information 
on different time scales, and greatly affects the ability of cells to grow protrusions into the material. The 
dynamism of the aliphatic vs aryl aldehyde on cell viability was studied via C2C12 myoblasts encapsulated 
in 8-H:(80% 8-AA,20% 8-BA) (comprised of 80% aliphatic aldehyde and 20% aryl aldehyde) showed actin 
filaments and extend lamellipodia and filopodia, while cells encapsulated in 8-H:8-BA (100% aryl aldehyde) 
remained round (bottom).60 c) Sliding hydrogels based on poly(rotaxanes) provide permanent, yet mobile 
cross-links (above). Shown with α-cyclodextrin threaded PEG hydrogels (middle), this atypical architecture 
allows for the clustering of adhesive ligands and the remodeling of the network via forces from the cell. 
Again here, authors see enhanced propensity for differentiation in such dynamic hydrogel architectures. 
hMSCs in sliding hydrogels allowed formation of protrusions (bottom), which was attributed to their ability 
to rearrange cross-links and ligands.160 (a) was reproduced by permission from Macmillan Punishers Ltd: 
Nature41 copyright year 2015. (b) was reproduced with permission60 John Wiley and Sons 2013. (c) was 
reproduced with permission.160 John Wiley and Sons 2016.   
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enzymatic degradation). In attempts to recapitulate this dynamic nature, many of the synthetic 

systems rely on reversible and/or non-covalent interactions that have inherent timescales.25,27,29  

The importance of viscosity on cell behavior was first observed within a series of 2D 

poly(acrylamide) hydrogels. An increase in the hydrogel’s viscous behavior led to enhanced 

hMSCs differentiation potential to a number of lineages.147 Later, in 3D alginate hydrogels, 

significant differences in cell spreading and focal adhesion formation were shown between elastic 

and viscoelastic 3D alginate hydrogels (covalent vs. ionic cross-linking) at a similar initial 

modulus.148  

Recently it has been shown that the relaxation rate of viscoelastic hydrogels can directly influence 

MSC differentiation.149 Utilizing a series of alginate hydrogels, from high molecular weight to 

low molecular weight with grafted PEG, stress relaxation of the gel was tuned independently of 

the stiffness, degradation, and adhesive ligand density (relaxation constants = 3300–70 s). Gels 

with a rapid rate of stress relaxation (low molecular weight alginate with grafted PEG) led to 

significantly higher proliferation, spreading, and osteogenic differentiation than gels with a low 

rate of stress relaxation (high molecular weight alginate). Clusters of adhesive ligands in the 

vicinity of cells were observed to a larger extent in the rapidly relaxing matrix; the force associated 

with this integrin-ligand clustering was previously shown to affect osteogenic differentiation.40 

The rapidly relaxing alginate gel (~1 min) was the only matrix that allowed osteogenic 

differentiation and the formation of an interconnected, mineralized, and collagen I-rich matrix—

hallmarks of bone formation. 

Viscoelasticity, and stress-relaxation, can also be engineered into hydrogels utilizing well-defined 

and reversible cross-links within the material. While many dynamic covalent chemistries (DCvC) 

are triggered by external factors, such as pH, light, and temperature, the hydrazone exchange 

reaction maintains a dynamic equilibrium under physiological conditions and lends itself well to 

the formation of biomaterials. In an instructive example, Anseth and co-workers have developed 

a multi-arm PEG-based hydrogel that is cross-linked via DCvC between hydrazones and 

aldehydes (Figure 5b).60 By tuning the nature of the aldehyde (aliphatic and aromatic) and the 

topology of the gel (4-arm and 8-arm PEG), they report the ability to cover a wide range of 

elastic moduli (1.8–27 kPa) and relaxation time constants (10s–approximately hours). Within this 

series of dynamic gels, C2C12 myoblasts were found to fuse and demonstrate myotube-like 

morphology only in the dynamic hydrogels (relaxation constant 91s) (Figure 5b). In the more 

static hydrogels (slower hydrazone exchange), the cells kept mostly a rounded morphology. Less 

than 30% of the cells grew external protrusions into the material after 10 days of culture. 

Materials made from such well-defined chemical strategies can be optimized, correlated to, and 

predicted based on solution phase kinetics and equilibrium constants.150 Furthermore, these 

dynamic materials have the ability to maintain a constant bulk behavior, while responding acutely 

to the local forces from a cell. Owing to the constant bulk properties, these hydrazone-PEG 

hydrogels have also enabled the recording and analysis of neurite outgrowth from embryoid 

bodies to be translated into cellular forces involved in the remodeling of the viscoelastic 
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material.151 Furthermore, recent results show that a hydrogel system based on the reversible 

hydrazone linkages were able to promote neural progenitor growth and have a marked increase 

in neural development in zebrafish when compared to a traditional alginate hydrogel.62 

Numerous non-covalent and supramolecular hydrogels are capable of displaying viscoelastic 

behavior.70,71,152–155 However, there are no known studies linking this viscoelasticity to cellular 

behavior. Cellular adhesion to supramolecular surfaces156,157 and supramolecular fibers75 has 

been well demonstrated, yet the correlation to viscoelasticity or timescale remains to be reported. 

The effect of viscoelasticity within self-assembled supramolecular matrices on 3D cell culture 

remains an open research question and will become crucial in the upcoming designs of a fibrous 

synthetic ECM. 

Mechanically interlocked systems 

The mechanical remodeling of a network can also be accomplished with permanent, yet mobile, 

cross-links within a hydrogel. Topologically interlocked networks like poly(rotaxanes)158 have 

been extensively used in the toughening of materials due to their dynamic and stress-responsive 

network architectures.159 Primed for a foray into biomaterials, poly(rotaxane) sliding hydrogel 

with mobile cross-links and adhesion ligands have recently been reported (Figure 5c).160 Based 

on α-cyclodextrin threading PEG polymers, these hydrogels not only have enhanced toughness, 

but also the ability for cells to remodel the sliding cross-links and/or adhesive ligands. Key 

advancements were both the ability to cross-link the poly(rotaxanes) in a cell-friendly manner 

and prevention of cyclodextrin crystallization. As seen above, MSCs showed increased ability for 

differentiation to a variety of lineages in this remodelable gel, when compared to a similarly 

constructed statically cross-linked hydrogel.  

This initial study represents a promising area of research in the future as there is a wealth of 

information on the unique properties of topologically interlocked networks. One can quickly 

imagine adding shuttling functions (e.g. in relation to transport of oxygen and removal of cellular 

metabolite byproducts) and off/on switches within these materials for enhanced control over 

cellular behavior. 

Mechanochemical bond 

In the cell’s environment, there are several versions of mechanically sensitive bonds that provide 

enhanced function and responsiveness in the presence of mechanical force.45,161 Frequently 

termed “soft mechanochemistry,”162 the mechanically responsive bonds in biological systems are 

often based on protein conformation changes. In an ideal bond, the lifetime and/or strength of 

the bond or interaction is constant regardless of the applied force on the bond. However, recent 

research has shown that many molecular interactions involved in cell adhesion and movement 

deviate from this ideal relationship.163 Catch bonds are capable of increasing in strength and 

lifetime under applied force, while slip bonds decrease in persistence under force. An excellent 

example of these phenomena exists in cadherin junctions; the presence of all three types of 
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bonds allows for cadherins to withstand tensile force and tune the mechanical properties of 

adhesive junctions.164 

Mechanochemistry within the realm of polymer chemistry has seen a resurgence in recent years. 

Traditionally, these systems revolve around creating a chemical reaction (generally bond 

breakage) under applied force; however, recently inspired by molecular catch bonds, systems 

that strengthen with applied force are also being currently developed.165 While these are 

covalently based systems, there is some evidence that supramolecular-based hydrogels can 

undergo force-mediated modulation of binding constants.166 In addition, mechanophore 

research has recently allowed for the rational design of molecular sensors for mechanical 

force.167,168 Currently, the mechanochemical systems developed have not been designed active 

on the cellular level of force generation, and only a few verified versions of synthetic catch bonds 

have been documented.169 Yet, rational design and benchmarking170 pave the way for innovation. 

Creating systems that are mechanochemically active to the forces of individual cells inherently 

will produce fragile materials that can create extreme difficulties in handling. It is likely that such 

systems may need an in situ activation step, or rely on reversible non-covalent interactions, to 

create functional hydrogel biomaterials. 

Metabolite and small molecule responsive systems 

While enzyme-responsive hydrogels have proven utility for the construction of cell-responsive 

materials, these protein-based catalysts are not the only molecular stimuli in the environment of 

a cell. In the cellular niche, there are numerous pH or reductive changes, non-catalytic proteins 

and small molecule metabolites, and dissolved gases that provide functions ranging from 

structural support to inter-cellular signaling. Creating synthetic systems that are capable of 

responding to these highly varied metabolic products (or fuel) of a cell can prove difficult, but 

can allow significant advancements in specificity, selectivity, and choice of triggers. Furthermore, 

these strategies can allow for reversibility of response, since many of these systems are based on 

binding or recognition events.  

Within this section, one will find a common use of biohybrid materials relying on the synthetic 

integration of highly specific and bioengineered proteins and nucleic acids. Although fully 

synthetic materials are less prevalent, progress has been made via dynamic recognition events 

e.g. boronic acid sensing of glucose. Many of these metabolite/small molecule responsive 

systems have not yet found applications in tissue engineering or regenerative medicine; however, 

strategies able to respond to metabolic states or differentiation events in tissue formation can 

start to be entertained. 

pH and redox  

Hydrogels that are sensitive to pH changes84 were among the first classes of responsive hydrogels 

designed to change in response to physiochemical factors,171 while redox systems have 

traditionally been used intracellularly.84 Both systems respond to local extra and intra-cellular 

environments and are popular with drug-delivery strategies. Easily accessible chemical motifs 
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can impart pH and/or redox sensitivity; however, pH and redox changes nearby a cell are 

generally neither large nor specific. For these reasons, pH and redox-responsive systems are 

sometimes coupled with an enzyme for signal amplification (i.e. glucose-responsive hydrogels, 

vide infra).  

There exist two main strategies to design hydrogel pH-responsive systems: the use of polymers 

with ionizable chemical groups that undergo conformational or solubility changes, and polymeric 

systems with acid-sensitive bonds. A major application of pH-sensitive hydrogels includes the 

sensing and response of hydrogel networks to the acidic environment (due to accelerated 

glycolysis) around cancerous cells.50 Poly(acrylic acid) (PAA, anionic polyelectrolyte) and 

poly(diethylaminoethyl methacrylate) (PDEAEMA, cationic polyelectrolyte) are the most 

commonly studied polymers with ionizable chemical groups and can swell/deswell depending 

on pH changes, often releasing a drug.14,172 As an example of bond sensitivity to pH, Schiff base 

hydrogel systems, including alginate-chitosan,173 and low-molecular-weight hydrogelator 

(LMWG) hydrogels,174,175 have found application in cancer therapeutics and wound healing.63 

Self-assembled hydrogelators with doxorubicin (DOX) have been reported to form injectable 

systems that effectively and selectively deliver DOX to breast cancer in mice and significantly 

inhibit tumor growth.173,175 

Moving towards redox-sensitive systems, disulfide cross-linked hydrogels, prone to rapid 

cleavage by glutathione, have recently been used in effective hydrogels for gene therapy and 

tissue engineering. Reduction-sensitive self-assembled DNA nanogels (held together by disulfide 

links between the DNA building blocks) have been shown to disassemble within a cell, and were 

capable of effectively delivering an anti-proliferation gene.82 In addition, Varghese and co-

workers designed a disulfide cross-linked PEG hydrogel that was shown to degrade in the 

presence of multiple cells without external stimulus. They observed that this degradation rate 

Figure 6. Many pH and redox responsive systems are engineered for drug delivery across a cell membrane. 
Shown schematically are hydrogel microspheres, loaded with a drug or growth factor (orange spheres), 
being taken up by a cell and then releasing its cargo upon breakdown of the hydrogel network. 
Poly(methacrylic acid) (PMAA) hydrogels with disulfide cross-links and with dual pH and redox sensitivity 
have been successfully created for delivery of doxyrubicin to cancer cells. These hydrogels swell at neutral 
pH and uptake DOX, degrade in cytosolic space due to presence of gluthatione (GSH), which reduces 
disulfide bonds and release DOX.. Adapted with permission.49 Copyright (2015) American Chemical 
Society.  
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could be tuned in vitro via cell type, encapsulated cell density, and disulfide cross-link density. 

These PEG hydrogels were successfully used to deliver, and increase the retention of hMSCs in 

mouse dorsal muscle.64 Various other redox-responsive systems have been employed for drug 

delivery, but require the input of a user-defined stimulus.84,176  

pH and redox-sensitive hydrogels can also be combined into a functional system. 

Poly(methacrylic acid) (PMMA) hydrogels of micrometer-sized with dual pH and redox 

sensitivity have been reported by Kharlampieva and co-workers.49 Again targeting DOX delivery 

to cancerous cells, the pH sensitivity facilitated DOX encapsulation, while the incorporation of 

disulfide cross-links triggered rapid degradation of these hydrogels in the reducing environment 

of a cell’s cytoplasm. The concept of this system is represented in Figure 6 where DOX (red 

spheres) are encapsulated in the hydrogels at neutral pH and degraded in the cytosolic space by 

glutathione. The authors have shown that these DOX-containing mirco-hydrogels were capable 

of 90% cytotoxicity when incubated with HeLa cells for 48 h.49 Such dual responsiveness has 

also been effectively translated to self-assembled cyclodextrin/benzimidazole nanogels for 

controlled release.177 

A newer concept to design responsive hydrogels is to use a cell or tissue’s generation of reactive 

oxygen species (ROS). These species play important roles in cell signaling pathways and 

abundantly exist at sites of inflammation and tissue healing.52 Several studies have been reported 

on 3D polymeric scaffolds, cross-linked with oligo(proline) ROS cleavable sites. These scaffolds 

showed enhanced degradation when incubated with ROS-generating macrophages, as well as 

improved host cell infiltration and angiogenesis when implanted subcutaneously in mice.178,179 

This concept is transferrable to hydrogels for a general degradation mechanism during tissue 

growth and remodeling, while also providing a potential protective effect. ROS-protective 

hydrogels have been shown to protect both pseudo-islets and hMSCs under high oxidative 

stress.180  

Molecule specific 

Molecule-specific hydrogels commonly rely on a biohybrid approach. The specificity (and 

amplification) of biochemical recognition, and the ability of this recognition to respond, is 

difficult to recreate in fully synthetic systems. However, it is this same specificity that empowers 

molecule-specific responsive systems to greater potential in the complex biological environment. 

Some of the best-known and most advanced molecule-specific hydrogels have been created for 

the treatment and control of Diabetes. Glucose-responsive and insulin-releasing hydrogels hold 

promise to replace simple insulin injection, and such hydrogel systems have been one of the few 

to be approximated by fully synthetic systems.  

Most hydrogels designed for glucose responsiveness, utilize enzymatic conversion of glucose to 

gluconic acid, in the presence of glucose oxidase (GOx), to induce the swelling of pH-responsive 

hydrogels for insulin release (Figure 7a).181 For example, glucose-responsive chitosan 

(protonatable amine) microgels have been designed using this approach, and their glucose-

dependent insulin release showed in vivo efficacy in controlling glucose levels in diabetic mice.54  
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The production of H2O2 from GOx (by oxidizing glucose) has also been utilized to engineer 

glucose-responsive hydrogels.182 Based on the sensitivity of ferrocene/cyclodextrin 

complexation to oxidation, redox-sensitive hydrogels have been created from ferrocene 

terminated pluronic and a polymer with cyclodextrin pendant groups. The hydrogels underwent 

a gel-sol transition upon exposure to glucose solutions.  

While the previous examples are effective, these systems lack specificity to only glucose, due to 

the hydrogel response being secondary in nature. In order to increase glucose specificity, fully 

synthetic polymers containing phenylboronic acid (PBA) have gained much attention (Figure 

7a).58 Boronic acids are well known to form dynamic covalent bonds with diols, especially sugars, 

in aqueous media. Sakurai and co-workers were among the first to use such a system, where the 

creation of a charged PBA glucose complex swelled the hydrogel and allowed the release of 

insulin.183 More recently, work by the Anderson group has created a series of self-healing, 

tunable, shear-thinning, injectable, and glucose-responsive hydrogels by incorporating both the 

Figure 7. Selected examples of molecule specific responsive hydrogels a) Phenyl boronic acid (PBA) 

hydrogels for insulin (purple spheres) delivery: PBA specifically recognizes diols such as glucose. A 

charged PBA-glucose (G hexagons) complex is formed swelling the hydrogel network and releasing 

insulin as a function of glucose concentration. Due to the dynamic nature of the PBA-glucose complex, 

such hydrogels are often quick to respond and can be made injectable (shear-thinning).152 b) Protein 

conformational changes (orange sections of hydrogel network) upon ligand binding can translate 

nanoscale motion into macroscale motion or materials properties. For example, calmodulin (CAM) 

conjugated PEG hydrogels showed volume changes upon binding to a trifluoperazine (TFP) ligand.189 

CAM goes from its extended shape (in the presence of calcium ions (left)) to a collapsed conformation 

(right) upon binding to TFP ligand. c) Adenylate kinase (another conformationally changing protein) 

hydrogels were made by cross-linking PolyHPMA (with maleimide side groups) with a thiolated mutant 

of adenylate kinase (AKtm). These hydrogels undergo macroscopic motion when exposed to ATP. d) 

DNA aptamer recognition for cell release: Apatmers (purple) sensitive to ATP (orange) are initially 

hybridized to complementary strands (green) with adhesive RGD attached (yellow), creating a cell-

adhesive environment (top). Upon introduction of ATP (bottom, exogenous or cell-secreted), aptamers 

release their complementary strand and bind to ATP, thus creating a non-adhesive environment.193 

Aptamer-target interactions can be designed for virtually any target, making this a highly promising, 

though costly, strategy. (c) was reprinted with permission.191 Copyright (2008) American Chemical 

Society. (d) was adapted from reference193 under creative commons license (CC BY 3.0).  
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PBA and a competitive diol (hydrolyzed sugar) within the polymer network.152,184 The glucose 

responsiveness (and insulin or IgG release) of these hydrogels were shown with hyperglycemia 

mimicking conditions, and these hydrogels showed a typical foreign body reaction upon 

implantation in mice, making them promising candidates for insulin delivery applications.  

As seen by the glucose-PBA-based hydrogels, systems based on the response to a binding event 

from a specific small molecule are possible in many fashions. Relying on a urate-responsive 

protein-DNA complex, Weber and co-workers developed a hydrogel designed to provide a 

protective environment in patients with gout.185 The hydrogel system was based on a urate 

repressor protein (HucR), conjugated to poly(acrylamide), and cross-linked via the addition of 

oligomeric hucO DNA ([hucO]n). This system forms a cross-linking HucR▪hucO complex that 

dissociates at elevated urate concentrations, resulting in the dissolution of the hydrogel. By 

incorporating urate oxidase, the authors have shown that the hydrogel system responded 

protectively to uric acid pulses in a mice model.186 

An exciting approach to designing molecule-specific dynamic hydrogels is by translating binding-

induced protein conformational changes into macroscopic motion or reorganization (Figure 

7b). For example, calmodulin (CaM) is a protein with three distinct shapes: unstructured, 

extended (in the presence of Ca2+), and collapsed (in the presence of phenothiazine 

antipsychotics). CaM was first successfully incorporated into star PEG hydrogels that were 

shown to undergo a significant volume decrease (up to 15%) upon binding of trifluoperazine.187 

Incorporating a phenothiazine ligand into an acrylamide network containing CaM allowed for a 

triple-state responsive gel system that swelled and de-swelled as a function of calcium and 

phenothiazine concentrations.188 These hydrogels were shown to allow active control of 

molecular transport across the gel and control fluid flow from a microfluidic device. CaM-based 

hydrogels have even found application for tissue engineering via spatio-temporal control of 

growth factors delivery. Murphy et al. have designed growth-factor-laden PEG-CAM-PEG 

acrylate-based hydrogel microspheres, using two-phase suspension polymerization that showed 

a maximum volume change of around 76%. The authors have shown that temporal release of 

VEGF and BMP-2 could be achieved by varying the timings of CaM’s ligand trifluoperazine-

induced volume changes.189 CaM is just one good example of molecular motion in protein 

engineering for hydrogel design, as touched upon briefly in a recent review.190 Notably, systems 

like adenylate kinase-ATP responsive gels (as depicted in Figure 7c) may see more application 

in the future, as they respond to a more relevant cell metabolite (adenosine triphosphate).191 
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Although the a priori engineering of target-responsive hydrogels remains difficult, the directed 

evolution of DNA aptamers gives a strategy to create systems that respond to the desired target 

molecule. Aptamer-based hydrogels can be made responsive to specific analytes, for example, 

an excess of adenosine and thrombin.192 Taking this design principle further, Qu and co-workers 

have recently created cell-responsive hydrogels that control 2D cellular adhesion in response to 

ATP concentration (Figure 7d). By conjugating ATP aptamers to an alginate hydrogel and 

hybridizing with RGD functionalized complementary DNA, a cell adhesive surface was formed. 

Exogenous delivery of ATP was shown to cause dehybridization of the DNA, rendering the 

surface non-adhesive and releasing cells. The system was demonstrated to be highly selective to 

ATP and even responsive to ATP signaling from cells in co-culture.193 Such a strategy requires 

non-trivial aptamer generation but can be applied to a wide variety of targets and incorporated 

into a wide variety of systems. 

Gas sensitive 

The responsiveness of hydrogels to and control of gaseous metabolites is a significant need in 

3D scaffolds for tissue engineering. The difficulty in maintaining oxygen partial pressures within 

tissue-engineered constructs and in 3D cell culture is well known but is difficult to control or to 

quantify/image. Ultimately, re-vascularization is desired to enable the long-term viability of an 

engineered tissue;194,195 however, biomaterials that can sense and/or control the concentration 

of gaseous metabolites remain highly sought after. Biomaterials capable of delivering gases 

remain an active area of research,196–198, and hydrogels capable of sensing gaseous metabolites 

are valuable research tools.  

There is currently only one strategy for materials that can loosely be defined as the delivery of 

oxygen in response to local consumption. Perfluorocarbon (PFC) based materials, have high 

oxygen solubility (up to 35 times the aqueous environment) and can act as oxygen conduits when 

the local partial pressure drops. Hyaluronic acid hydrogels with a covalently attached 

polyfluorinated oxadiazole have been shown to significantly increase the viability of fibroblasts 

Figure 8. Gas sensitive hydrogels have mainly been designed for imaging applications. Proper 
concentrations of gaseous metabolites and byproducts within regenerating tissue is crucial for success, yet 
very difficult to measure. Incorporating gas sensitive fluorophores (purple sphere) in the hydrogel network 
allows the artificial environment to sense and provide this information. For example., oxygen responsive 
Pd-Porphyrins (left) have been used to cross-link hydrogels for monitoring of oxygen concentration 
subcutaneously.206 
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in both normoxic and hypoxic conditions.199 Fluorinated methacrylamide chitosan hydrogels 

have also shown enhanced oxygen distribution, and higher fluorine content (via conjugation of 

longer fluorinated chains) facilitated both the highest cell proliferation and neuronal 

differentiation within neural progenitor cells.200 

While no materials are currently able to truly respond to gaseous metabolites and influence a cell, 

responsive hydrogels that allow the imaging of gaseous metabolites still provide significant 

information to tissue engineering and regenerative medicine. For example, measuring the 

distribution of oxygen within a tissue-engineered construct can lead to better 3D designs.201 For 

biological use, oxygen-responsive probes (usually organic dyes) are physically encapsulated in a 

hydrophobic polymer or solid.202 Beautiful core-shell203 and dual-responsive204 (to O2 and 

interleukin-6) hydrogels working on this principle have already found applications for tissue 

engineering. Recent efforts to covalently incorporate porphyrin dyes into the hydrogel matrix 

have opened up the potential for hydrogel networks with immobilized (non-leachable) dyes (as 

depicted in Figure 8).205,206 Huang et al. were even able to show the ability of a porphyrin cross-

linked PEG hydrogel to perform well as an implantable oxygen sensing material,206 showing the 

possibility for long-term oxygen distribution imaging of tissue-engineered constructs in vitro and 

in vivo. 

Outlook 

As we move towards more sophisticated hydrogel architectures, the progress in stimuli-

responsive systems has the potential to move from large, user-generated stimuli, to smaller, 

locally generated biological stimuli. The ability to engineer these hydrogel systems to listen and 

respond to cell-based stimuli can pave the way to the creation of autonomous biomaterials to be 

used in tissue engineering, drug delivery, sensing, and cancer therapeutics, among other fields. 

With smart engineering and design, one can imagine the design of materials that can not only 

recapitulate the real-time response of the natural ECM, but also move towards multi-

component207 systems that provide non-natural or enhanced function,208 controlling the growth, 

differentiation, and migration of cells towards the formation of regenerated tissues. For example, 

the design of bioresponsive hydrogels with complex logic gate functions has already been 

demonstrated,209 and such logic gate architectures allow complex responses from complex 

inputs. 

The toolbox of chemistries to use in the design of cell-responsive systems can be considered 

small, but more importantly, such chemistries are often poorly studied in the context of complex 

biological systems. For example, supramolecular biomaterials hold great promise to recreate and 

mimic the complex and dynamic extracellular environment.26,66 Numerous biological systems 

revolve around the dynamics, specificity, responsiveness, and information richness of non-

covalent interactions and self-assembly for proper function.210 As we grow more sophisticated 

in our engineering of synthetic supramolecular systems, demonstration of control over molecular 

assembly pathways,211,212 energetics,213,214 consumption or dissipation of energy,215–217 and the 

resultant dynamics,218,219 clusterings,220,221 and function in a biological setting,66,67,222 have all been 
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demonstrated. Control of dynamics can enable the hydrogel to interact with different 

mechanosensing events, clustering can affect signal transduction or raft formation via super-

selective assembly, and control over pathways can enable different environmental structures 

given different inputs. Of particular interest, the creation of out-of-equilibrium and dissipative 

self-assembled hydrogels will allow new insights into the out-of-equilibrium assembly of the 

natural ECM and the potential to mimic this dynamic environmental switching in biorelevant 

hydrogel systems.  

As seen with CAM hydrogels (vide supra) molecular machines can generate a large output from a 

simple biological signal. Synthetic (supra)molecular machines, such as rotaxanes,223 catenanes,224, 

and molecular rotors225 have all gained much recent attention due to recognition through the 

2016 Nobel Prize. These systems have a long road towards functional materials in a complex 

environment, yet open up exciting new possibilities, directed shuttling of nutrients and growth 

factors in a spatio-temporal manner, and stimuli-generated mechanical forces, as already seen in 

rotaxane molecular muscles,226 give scientists the potential to go above and beyond some of the 

complexities of natural ECM.  

The use of dynamic covalent, protein/DNA engineered, and enzyme degradable gels stand to 

provide good benchmarks for the fundamental development of hydrogel systems in the 

immediate future. While dynamic covalent systems specificity, their synthetic accessibility and 

low cost (comparatively) render them excellent choices for the production of larger amounts of 

hydrogel for study. On the other hand, protein/DNA-engineered hydrogels allow ultimate levels 

of control and biomimicry, but come at an extremely high price. Their replacement by purely 

synthetic systems seems inevitable; however, it must be noted that the production of designed 

hydrogelators via protein expression shows promise for scalability.227 Enzymatically responsive 

hydrogels are excellent at creating remodelable artificial environments and are poised to remain 

a valuable platform. Such systems require new enzyme-responsive motifs and orthogonality 

between motifs to enable complex functions such as complex signal processing and remodeling 

via both degradation and creation.  

A major driving force for the creation of hydrogels that can respond to cellular signals or events 

has been the biochemical and biophysical characterization of cellular behavior in space and time. 

Marker identification, unraveling of signaling pathways, biochemical quantification, and high 

content and super-resolution microscopy techniques have all been paramount to measuring the 

interplay between materials and cells. When moving towards more dynamic systems, reliable 

cellular readouts remain an ever-present bottleneck to characterization. 

Despite progress in the spatio-temporal characterization of cells and tissues, we still have a long 

way to go to understand the different time scales that dominate cellular behavior and decision-

making. While general timescales are known (e.g. cell division normally takes 24 hours),228 the 

heterogeneity of timescales within populations and in signaling pathways is less understood. 

Recent studies of time-dependent materials and their effect on tissue engineering reinforce this 

importance.229,230 For example, the observation of stem cells containing a “memory” for a few 
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days for the stiffness of the substrate on which it has been previously cultured231 clearly shows 

the importance of timescales for signaling pathways, adhesion formation, differentiation process, 

and homeostasis.  

While it is the dream of many that a simple hydrogel architecture will provide an effective 

surrogate for the natural ECM or an instructive environment for tissue engineering, we tend to 

think that the replacement of such a multifunctional environmental scaffold for cells can only 

be accomplished effectively by multicomponent complex chemical systems. Complex, but not 

complicated. We support the idea that the combination of simple chemical systems to work 

together in a smart manner is the way forward for this, and potentially many other fields.232  
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Introduction   

The research in biomaterials and tissue engineering has evolved over the last 5 years, since we 

published our comprehensive review. A huge portion of the biomaterials community has 

focused on developing synthetic hydrogels with tunable viscoelasticity and mechanical 

properties. While chapter II serves as an introduction to this thesis, the author feels that it is 

necessary to provide an update on the viscoelasticity section of the review. We will discuss the 

tuning of viscoelasticity in two-dimensional (2D) and three-dimensional matrices (3D) and how 

viscoelasticity influences cell behavior. The author has worked on developing dynamic bioinks 

for extrusion bioprinting and tissue engineering applications. In the second part of this chapter, 

we will discuss strategies to develop advanced dynamic bioinks and progress on 3D bioprinting 

using dynamic bioinks. 

Viscoelasticity  

The stiffness of the tissue plays a significant role during the development and maturation of 

tissues1.  Stiffness is an elastic property of material and tissues, and the extracellular matrix 

(ECM) exhibits complex time-dependent viscoelasticity. Viscoelastic materials possess both 

elastic and viscous properties and show time-dependent behavior. The simplest example would 

be human skin tissue, for example, if you pinch or compress the skin, then you will notice that 

the skin will take some time to recover. This time dependence on the recovery of skin shows 

that the skin is viscoelastic. Figure 1a shows the storage and loss modulus values of different 

tissues at 1Hz indicating that skeletal tissues, soft tissues, and reconstituted ECMs are 

Figure 1. Biological tissues and ECM are viscoelastic and stress-relaxing. a) A graph between storage 
modulus and loss modulus at approximately 1Hz. Storage modulus represents the elastic component of 
viscoelasticity and loss modulus represents the viscous component of viscoelasticity. The data shows that 
skeletal tissues, soft tissues, and reconstituted ECMs are viscoelastic. The grey line indicates loss modulus 
values, approximately 10% of the storage modulus. b) Stress relaxation profiles of different tissue. Elastic 
hydrogel is in grey, with a straight horizontal line at 1.0 indicating that covalent hydrogel does not relax 
stress. Figure 1 was adapted with permission.1 
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viscoelastic1. Viscoelasticity can also be measured using a stress relaxation test and by applying a  

constant strain. A viscoelastic material will dissipate/relax stress as a function of time1,2. Figure 

1b demonstrates the stress relaxation ability of different tissues in contrast to an elastic hydrogel 

indicated in grey color.  

The last decade has seen increasing research in developing viscoelastic matrices and investigating 

cell-materials interaction on 2-dimensional (2D) and within 3-dimensional (3D) matrices. 

Scientists have found that, unlike elastic matrices, viscoelastic materials influence cell behavior 

to produce healthy tissue and influence mechanosensitive pathways differentially. Below, we 

provide a review of the current strategies for making viscoelastic hydrogels and discuss 

viscoelasticity’s effect on cell behavior.  

Chemical strategies for designing 2D viscoelastic hydrogels and cellular behavior 

on 2D hydrogels  

In early studies, polyacrylamide hydrogels with varying viscoelasticity were made by adjusting 

the bisacrylamide cross-linker ratio (Figure 2a). Collagen-coated polyacrylamide hydrogels (2D) 

with a constant storage modulus, and varying loss moduli (Figure 2b) and creep responses 

showed that human mesenchymal stem cells (hMSCs) exhibited increased spreading (Figure 2c), 

and can differentiation towards osteogenic, adipogenic, and smooth muscle cell lineages. 

Differences in cellular behavior were attributed to a reduction in isometric tension by using 

inhibitors for Rho-Kinase and non-muscle myosin II. Reduction in cytoskeletal tension was 

attributed to inherent creep in substrates with high loss modulus3. In the follow-up study, using 

the same set of matrices, a mechanism for hMSCs with a particular propensity towards smooth 

muscle cell (SMC) lineage was disclosed on high-creep hydrogels. Rac1 signaling was found to 

be responsible for higher levels of SMC induction factors including N-cadherin (cell-cell 

adhesion molecule), increased motility, and lamellipodial protrusion of hMSCs4. Viscoelastic and 

stress-relaxing hydrogels can also be made by ionically cross-linking alginate using calcium ions 

(Figure 2d). Fibroblasts displayed spreading on soft and stress-relaxing substrates of ionically 

cross-linked alginate hydrogels compared to elastic substrates of the same modulus5 (Figure 

2e&f). Ionically cross-linked alginate hydrogels5 and polyacrylamide hydrogels3,4 developed 

above are viscoelastic; however, they also exhibit viscoplasticity (they exhibited creep and cells 

can induce permanent deformation), and increased cell spreading was associated with 

viscoplasticity on both alginate and polyacrylamide hydrogels.  

To decouple the influence of viscoelasticity from viscoplasticity on cell behavior, covalent 

polyacrylamide hydrogels with unbound linear acrylamide chains were created (Figure 2g & 

Figure 3). These hydrogels were found to be viscoelastic and allowed independent tuning of 

elastic and viscous moduli (Figure 2h). Compared to elastic hydrogels, fibroblasts showed less 

spreading on the viscoelastic hydrogel6 (Figure 2i). These findings were in contrast to those 

obtained with viscoplastic alginate substrates5. On a similar set of polyacrylamide viscoelastic 

hydrogels, normal human hepatocytes exhibited less spreading on viscoelastic substrates 
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compared to elastic, while the opposite was true for hepatocellular carcinoma cells.7 We can 

sometimes see this duality and complex behavior in our own research. 

Dynamic covalent chemistry (DCvC) can be employed to make hydrogels with reversible 

networks. Viscoelasticity and stress relaxation can be correlated with the reverse reaction rate 

constant (k-1).  In our lab, we developed dynamic covalent hydrogels based on imine-type 

dynamic covalent networks (chapter IV) with distinct equilibrium constants (Keq).8 Hydrazone 

showed higher viscoelasticity compared to semicarbazone and oxime cross-links. We observed 

that fibroblast cells stayed round on (2D) oxime hydrogel and showed spreading morphology 

on hydrazone hydrogels. In the follow-up study from our lab, Morgan et al., tuned stress 

relaxation time scales across two orders of magnitude by mixing slow (oxime) and fast 

(hydrazone) dynamic cross-links.9 In these studies, fibroblasts exhibited round morphology on 

hydrazone and spreading morphology on oxime cross-linked hydrogel. In the later studies, the 

pH of the cross-linker solution was adjusted to 7.4 compared to earlier studies where we saw a 

yellow color for oxime cross-linked hydrogel. The yellow color of the cell media solution 

indicates low pH, which likely could be due to the acid nature of the oxime cross-linker (O, O′-

1,3- propanediylbishydroxylamine dihydrochloride). The other explanation could be the 

viscoplastic nature of hydrazone hydrogel which allowed cell spreading8 as cell spreading has 

been correlated with viscoplastic matrices1,5. Despite numerous attempts, we cannot yet fully 

uncover the mechanism for this switch in behavior. 

Thioester is another type of DCvC that can be used for tuning viscoelasticity through thioester 

exchange. Fibroblasts exhibited increased cell spreading area and nuclear to cytoplasmic 

YAP/TAZ ratio on viscoelastic hydrogels compared to elastic hydrogels10. Using photoinitiated 

thiol-ene click reaction, viscoelasticity was shut off in these thioester dynamic hydrogels, cell 

spreading area and nuclear to cytoplasmic YAP/TAZ ratio decreased and matched controlled 

elastic hydrogel.10 Interestingly, trends in cell spreading are not in agreement with the above 

reported viscoelastic polyacrylamide hydrogels6 i.e., cell spreading area should increase since 

hydrogel behaves dominantly elastic once viscoelasticity was shut off.  

In contrast to shutting off viscoelasticity using light, a hydrogel with photoinduced viscoelasticity 

has also been designed.11 Photoinduced modulation of viscoelasticity could be achieved via an 

addition-fragmentation chain transfer reaction triggered by a photoinitiator tethered to the 

network. Additionally, this hydrogel system also allows spatiotemporal control of viscoelasticity. 

Photo-induced viscoelasticity was controlled by photoinitiation rate and chain transfer agent 

concentration. hMSCs cultured on the hydrogels (2D) retracted cellular protrusions 

instantaneously in response to photo-induced viscoelasticity.  
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Chemical strategies for designing viscoelastic 3D hydrogels and cellular responses 

in 3D hydrogels 

Figure 2. a) Loss modulus was tuned by varying ratios of acrylamide to bisacrylamide in polyacrylamide 
hydrogels. Green square dots represent cross-links, and schematics were made by the author of this thesis 
for clarifying the concept. b) Frequency sweep shows the evaluation of storage modulus (G’) and loss 
modulus (G’’) as a function of the angular frequency sweep. All hydrogels exhibited a similar G’of around 
5 kPa and a considerable difference in G’’ was found. G’’ was 130 Pa, 10 Pa and 1 Pa at 0.005 rad/s and 
samples are labelled with their loss modulus values. c) increase in cell spread area and a decrease in the 
length of vinculin focal adhesion was found. (b) and (c) was adapted from3 d) Alginate hydrogels cross-
linked either covalently or ionically. e) covalent crosslinking of alginate resulted in minimal stress relaxation 
while ionic cross-linking resulted in around 70% of stress relaxation in 1000 seconds. f) Cell exhibited 
spreading morphology on ionically cross-linked alginate hydrogel compared to covalent cross-linked 
alginate elastic hydrogel. (d), (e), and (f) was adapted from5 g) schematic displaying the formation of 
viscoelastic polyacrylamide hydrogels by entrapping linear polyacrylamide chains into crosslinked 
polyacrylamide network. h) The values are plotted for storage moduli (left) and loss moduli (right). The 
values were taken from a frequency sweep and the plotted values are at 0.159 Hz. i) Fibroblasts exhibited 
spreading morphology on elastic hydrogels (left) and showed a decrease in spreading with an increase in 
loss modulus value to 200 Pa, and then finally further reduce in spreading morphology with an increase in 
loss modulus to 500 Pa. (g), (h), and (i) were adapted from6 j) NIH 3T3s on elastic substrates exhibited 
clear stress fibres terminating in large vinculin focal adhesions and on viscoelastic hydrogels showed smaller 
stress fibres and smaller focal adhesion in the shape of dots. The graph on the left indicates that FRET 
signal on the left showed a higher FRET signal for viscoelastic hydrogels compared to elastic hydrogels. 
Adapted from16 k) cross-linked hydrogels demonstrate more cartilage-like ECM (Collagen II in red and 

aggrecan in yellow) production in fast-relaxing hydrogels. (k) was adapted from12.  



Chapter III 

 

54 
 

In addition to previous studies (in review chapter II) with human mesenchymal stem cells 

(hMSC), utilizing a similar set of ionically cross-linked viscoelastic alginate hydrogels, Chaudhuri 

lab has shown that chondrocytes produced cartilage-like ECM in fast relaxing hydrogels in 

comparison to slow relaxing hydrogels.12  

DCvC offers a more rational strategy for designing dynamic and viscoelastic hydrogel. 

Interpenetrating network (IPN) hydrogel of hyaluronic acid (HA) cross-linked with hydrazone 

bond and mixed with collagen I networks were created for recapitulating fibrillarity and 

viscoelasticity of ECM. MSCs demonstrated more cell spreading, fiber remodeling, and focal 

adhesion (FA) formation in faster relaxing hydrogels.13 In chapter IV of this thesis, we showed 

that encapsulated fibroblasts exhibited spreading morphology within hydrazone hydrogels; 

however, fibroblasts stay rounded in more elastic oxime hydrogel.8 

Another study reported tuning viscoelasticity by mixing alkyl-hydrazone and benzyl-hydrazone 

cross-links; viscoelastic loss tangents were tuned between (9.03 ± 0.01)10–4 to (1.67 ± 0.09) 10–

3. Viscoelastic alkyl-hydrazone cross-links improve SOX9 expression (articular cartilage-specific 

gene expression showing) in free swelling hydrogels. When viscoelastic hydrogels were subjected 

to dynamic compression, hypertrophic chondrocyte markers (COL10A1, MMP13) expression 

was reduced. Interestingly, matrix biosynthesis was improved in elastic benzyl-hydrazone under 

dynamic compression and reduced in viscoelastic alkyl-hydrazone networks. Importantly, 

intermediate viscoelasticity was discovered to produce the highest levels of matrix biosynthesis 

in hydrazone networks under compression, for example on average 70 ± 4 µg of sulfated 

glycosaminoglycans and 31 ± 3 µg of collagen were produced per day over one month. 14 

Biophysical transmission of physiologically relevant compressive strains to encapsulated 

chondrocytes were found to be temporally modulated by the viscoelasticity of dynamic 

hydrazone cross-links. While chondrocytes in viscoelastic alky-hydrazone hydrogels were able to 

recover 91.4 ± 4.5% rounded morphologies, only 21.2±1.4% recovery was observed in benzyl-

hydrazone.15 

Dynamic covalent boronic esters also allow tuning viscoelasticity. By taking advantage of the 

equilibrium kinetics of the esterification of boronate esters, reversible boronate ester cross-links 

(pendant boronic acid and vicinal diol) were created. In comparison to elastic hydrogels, 

viscoelastic hydrogels demonstrated decreased focal adhesion tension and subcellular 

localization of YAP/TAZ.16 Viscoelasticity of hydrogels has also been tuned by combining two 

phenylboronic acid derivatives with different rates of diol complexation. Viscoelastic time scales 

across one order of magnitude can be tuned by mixing two different phenylboronic acid 

derivatives. The difference in viscoelastic time scales was attributed to the phenyl boronic acid 

derivative pKa difference.17   

While DCvC continues to advance in tuning viscoelastic timescales, supramolecular chemistry 

also has enormous potential for tuning the dynamicity and viscoelasticity of hydrogel 

biomaterials. Tuning non-covalent interactions in supramolecular networks is a promising way 

to tune viscoelastic properties. The rate of rupture of the supramolecular complex can be directly 
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linked to viscoelasticity and stress relaxation time scales. Viscoelasticity could also be tuned using 

host-guest (β-cyclodextrin and adamantane) interactions and combining them with light-

mediated thiol-ene18 and acrylate19 chemistries.  Human hepatic stellate cells showed reduced 

spreading, actin stress fiber organization and nuclear localization of myocardin-related 

transcription factor A (MRTF-A) on viscoelastic hydrogels compared to elastic hydrogels.18 Cell 

spreading was enhanced in hydrogels with higher viscous components.19 Viscoelasticity tuning 

mostly has been done in non-fibrillar supramolecular hydrogels; however, supramolecular 

chemistry does offer the potential to design fibrous hydrogels with controlled dynamics and 

viscoelasticity for recapitulating ECM dynamics and fibrous structure.  

Fibrous supramolecular hydrogels biomaterials are an emerging area for designing hydrogels with 

controlled dynamics and viscoelasticity for investigating cellular responses and tissue 

development in synthetic dynamic hydrogels. Owing to the specificity of supramolecular 

interactions, supramolecular biomaterials offer the advantage to tune mechanical properties by 

mix and match of supramolecular monomers. Modular mixing of supramolecular monomers 

offers a unique and flexible approach for adjusting viscoelasticity. Tuning of dynamics in peptide 

fibers20,21,22 and peptide amphiphile23,24,25 fibers have been explored; however, the effect of 

molecular dynamics on viscoelasticity remains unexplored. Recent studies showed that 

viscoelasticity can be tuned by modular mixing architectures with fast and slow exchange 

dynamics of Ureidopyrimidone (UPy)26 and BTA hydrogels27.  

With the knowledge from our collaborators of tuning mechanical properties by mixing small 

molecules and telechelic BTAs, we set out to see if this could be translated into a biomaterial. 

We revealed in chapter V of this thesis that at high concentrations viscoelasticity and stress 

relaxation in these hydrogels can be tuned by modular mixing of small molecule BTA (slow 

exchange dynamics) with telechelic BTA (fast exchange dynamics).27 We discovered that stress 

relaxation time scales can be tuned from a few to several thousands of seconds, which are in the 

range of many soft tissues. Chondrocytes and hMSCs form cell spheroids within these dynamic 

and stress-relaxing hydrogels. The speed of aggregation was faster in more dynamic and fast-

relaxing hydrogels; this was one of the first studies to link matrix viscoelasticity to cell 

aggregation rates. 

Using the desymmetrization strategy developed in chapter VI of the thesis, we created a small 

library of BTA hydrogels (in chapter VII) by changing the aliphatic spacer length on the BTA 

monomer. The length of the aliphatic spacers varied from 6 to 12 carbon atoms. We discovered 

that by simply adding or deleting a few carbon atoms on a BTA molecule, we could tune 

viscoelasticity in BTA hydrogels by 5 orders of magnitude. Increasing the number of carbon 

atoms resulted in reduced viscoelasticity and slower stress relaxation. Furthermore, all of the 

hydrogels exhibited an ECM mimicking hierarchical fibrous morphology. 

The dynamic BTA hydrogels described in this thesis (chapters V and VII) not only mimic the 

viscoelasticity but also the fibrous structure of native ECM. Being able to tune dynamics in 
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synthetic BTA and correlating functional properties to nanoscale structure allowed us to mimic 

some of the complexity and dynamicity of natural ECM.  

Outlook  

As we move towards recapitulating the viscoelasticity and structure of ECM in hydrogels, the 

ability to tune dynamics and structure at the molecular scale in rationally designed hydrogel 

systems would be crucial. Tuning of molecular dynamics can be a useful tool for designing 

hydrogels with controlled dynamicity which can enhance our understanding of how a cell 

responds and deforms the dynamic matrix.  

Dynamic covalent chemistry offers a future opportunity to design dynamic and viscoelastic 

hydrogels where molecular information can be correlated to bulk properties. For example, the 

equilibrium constant (Keq) and reverse reaction rate constant (k-1) can be correlated to stiffness 

and stress relaxation ability and shear-thinning ability of hydrogels. Although great progress has 

been made the stability of dynamic covalent hydrogels in cell culture media remains challenging 

to address. Stability in dynamic hydrogel comes at the expense of losing dynamics and further 

exploration of tuning dynamics will be required for engineering stability without diminishing 

dynamics in hydrogels. Broad-range tuning of viscoelasticity and stress relaxation time scales 

under physiological conditions also remains difficult to engineer using DCvC and more precise 

tuning of dynamics is required for achieving a broad range of stress relaxation.  

Supramolecular chemistry holds the potential to create biomaterials with tunable dynamics and 

controlled structure which recapitulate the complex environment ECM. Supramolecular 

interactions are specific, reversible, and responsive which can be utilized for the creation of 

dynamic and responsive hydrogels. Supramolecular interactions can be tuned for controlled 

viscoelasticity and stress relaxation time scales. While progress has been made in tuning 

viscoelasticity and stress relaxation using host-guest chemistry, tuning of stress relaxation and 

viscoelasticity remains limited in fibrous supramolecular hydrogels. Future work in fibrous 

hydrogels provides an opportunity to tune dynamic interactions in fibrous hydrogels for tissue-

relevant stress relaxation time scales.  

 

Figure 3. Generalized strategies reported by Chaudhuri et al.1 to make hydrogels that are either elastic or 
viscoelastic. Hydrogels possess both viscoelasticity and viscoplasticity. Figure 3 has been adapted from1. 
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Dynamic bioinks for 3D bioprinting 

3D bioprinting has emerged as a powerful technique, which has the potential to create complex 

and anatomically correct in vitro living systems. Extrusion-based bioprinting is one of the most 

commonly used bioprinting techniques for soft tissue fabrication. Extrusion bioprinting deposits 

bioink layer by layer for manufacturing customizable living tissue geometries. Many natural 

polymers including alginate28,29,30,31, hyaluronic acid32, gelatin33,34, collagen35, fibrin36, agarose37, 

decellularized extracellular matrices38 and synthetic polymers including poly(vinyl alcohol)39 and 

(PEG) hydrogels40 have been employed as bioinks. Bioprinting in these materials can be adjusted 

by changing polymer concentration, cross-linker (calcium ions) concentration, and by adjusting 

pH. Usually, bioprinting utilizes low concentrations of polymer for ensuring sufficient diffusion 

of nutrients to the encapsulated cells. However, bioprinting of such low viscosity polymer 

solutions while and maintaining extruded filament shape is difficult. To address this transparent 

printing nozzles were developed which allowed bioinks to be partially cross-linked inside the 

nozzle just before extrusion. While this approach was able to print bioinks with lower viscosities, 

but at such low concentrations of polymers most printed constructs are not stiff enough to 

withstand the load of each additive layer. The other challenge is significant swelling of 3D printed 

constructs at such low polymer concentrations.   

To overcome the difficulty of printing soft materials into the air, the freeform reversible 

embedding of suspended hydrogels (FRESH) printing method was developed for soft 

biomaterials into complex life-like structures41,42 (Figure 4a,b). While FRESH has shown the 

potential to print arches and overhangs, the FRESH technique would require careful design of 

a supporting bath that can support soft biomaterial printing without exerting excessive stresses 

and damaging the 3D printed structure’s uniformity and shape.  

Other generalizable strategies include thermal and photo-triggered tandem gelation43, 3D 

bioprinting using universal orthogonal network (UNION) bioinks44 (Figure 2c–e), and 3D 

bioprinting capabilities using complementary thermo-reversible gelatin bioinks45 (Figure 2f–g). 

These recent strategies have expanded bioinks' scope to different biomaterials, ECM dynamicity 

and viscoelasticity are missing in these bioinks. Additionally, encapsulated cells in static networks 

experience stress that could hamper essential cellular activities such as spreading, proliferation, 

and differentiation. Bioprinting with retention of the desired shape and maintaining dynamics of 

the hydrogel are mutually exclusive; this paradox has prompted scientists to look beyond static 

networks. 
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Figure 4. a) A scheme shows a FRESH process; a hydrogel (green color) is extruded in a thermoreversible gelatin-
support bath. After cross-linking the support bath is melted via heating to 37°C to take out the 3D printed construct. 
Adapted from41. b) 3D MRI scan of the human heart scaled down to neonatal size (left), 3D printed collagen heart 
using FRESH (middle) and cross-sectional view of the left and right ventricles and interior structure of 3D printed 
collagen heart. Adapted from42 .c) UNION inks mixed with cells in a syringe and extruded into a support bath (left), 
crosslinkers from the support bath diffuse into the ink and provided bioorthogonal stability by creating a hydrogel 
network (right), and union cross-linkers and copper-free strain promoted azide-alkyne cycloaddition mechanism are 
shown (bottom). d) Gelatin union ink (red) and PEG union ink  (blue) printed into the checkerboard structure and 
cross-linked with the diazide-PEG crosslinker. e) Human induced pluripotent stem cell-derived neural progenitor 
cell spheroids printed in PEG union bioink maintained a highly viable core after 24 h (Left) and neural progenitors 
cell spheroids maintain a stem-cell phenotype as demonstrated by positive staining for the neural stem cell markers 
nestin and Sox2 after 3 days in culture in printed PEG UNION bioinks. (c), (d), and (e) have been adapted from44. 
f) Schematic shows the 3D printing of nonviscous, photocrosslinkable bioinks, which undergo spreading (left), the 
schematic of the 3D printing of complementary network bioinks which occur in three consecutive steps, cooling-
induced gelation of gelatin which enables bioink deposition followed by photocrosslinking of the bioink, and then 
gelatin released via heating. g) Trifurcated tubular bioprinted construct using 5 wt% GelMA+ (left, 5wt % gelatin 
methacryloyl mixed with 5wt% gelatin), the bioprinted construct turned opaque during 14-days of culture in 
osteogenic medium (middle), and alizarin red staining demonstrate calcium deposition (right). (f) and (g) have been 
adapted from45. h) Chemical structure of hyaluronic acid functionalized with norbornene and fluorescent images of 
microgels (left), the jammed microgel ink was extruded into a fiber using a syringe(middle). Microgels were jammed 
through vacuum filtration into a solid-like object. Printing of jammed microgel ink (colored with blue food dye) in a 
spiral shape in a shear-thinning support hydrogel. adapted from48 .i) Thiol-ene crosslinked PEG hydrogel made of 
PEG microsphere 3D printed into mechanically stable ear and nose shapes. (i) was adapted from49. 
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One emerging area of research for obtaining dynamic hydrogels for 3D printing is granular 

hydrogels. Granular hydrogels are obtained by jamming hydrogel microparticles. Granular 

hydrogels are dynamic structures, which possess shear-thinning and self-healing properties.46,47 

The Burdick lab has made jammed microgels using thiol-ene cross-linked hyaluronic acid48 (HA, 

Figure 2h), photo-cross-linked poly(ethylene glycol)49 (Figure 2i), thermo-sensitive agarose and 

shown that encapsulation of cells during jamming and extrusion of jammed microgels does not 

decrease 3T3 fibroblasts viability.48 3D printed scaffolds of hydrogel microparticles also have 

been shown to support mesenchymal stem cell growth and spheroid formation.50 Granular 

hydrogels which are conductive have also been 3D printed51, though cell encapsulation in 

conductive granular hydrogels and bioprinting of conductive granular hydrogels are yet missing. 

Recently, jammed micro-flake hydrogels have been developed, which were bioprinted into 

complex constructs. Bioprinted constructs could undergo 4D shape change while retaining high 

cell viability.52 A recent study has investigated the mechanism of microparticle jamming and 

dissipation processes within printing nozzles which highlights the importance of hydrogel 

microparticle design.53   

DCvC offers a more rational approach to designing dynamic and viscoelastic bioinks with a wide 

range of mechanical properties54,55. Mechanical properties of the hydrogel can be correlated with 

molecular parameters for example equilibrium constant (Keq) is directly proportional to the 

stiffness of hydrogel, the forward rate constant (k1) is directly linked to the kinetics of hydrogel 

formation, and the reverse rate constant (k-1) is related to shear-thinning ability and stress 

relaxation time scales. 

Dynamic covalent networks based on phenylboronic acid and glucose-like diol complexes 

showed shear-thinning and self-healing properties (Figure 5a–c). Phenyl boronic acids with 

different pKa were employed for tuning the dynamicity of hydrogels. PEG macromonomers 

functionalized with phenylboronic acid and glucose diol were mixed in an equimolar ratio for 

making dynamic hydrogels. 3T3 fibroblasts showed good viability within the bulk hydrogel; 

however, cell death was observed post-injection (21 gauge) likely due to high shear stresses 

during the injection. When injected subcutaneously (18 gauge), cells infiltrated within these 

materials indicating tissue biocompatibility of these hydrogels. Hydrogel networks were 

viscoelastic and the crossover frequency shifted to a lower critical frequency with a decrease in 

pKa and an increase in pH.56 Furthermore, by selecting the PBA used, the hydrogel storage 

moduli can be varied from 20 to 50 kPa. Additionally, these hydrogels demonstrated size-

dependent and glucose-responsive controlled release of encapsulated proteins. Using boronic 

acid-glucose complexation single polymer component injectable, shear-thinning, and self-healing 

hydrogels were also developed. These hydrogels were discovered to be much softer (≈100 Pa); 

however, cell studies were not performed in these hydrogels.57  
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A shear-thinning and self-healing hyaluronic acid (HA) hydrogel has been made using dynamic 

covalent hydrazone cross-links (Figure 5d,e). Hydrazone cross-links are formed by reacting 

hydrazide-modified HA with aldehyde-modified HA. Hydrogels were extrudable and lattice 

structures were 3D printed with good shape fidelity. Encapsulated fibroblasts showed good 

cytocompatibility within these hydrogels. Low-concentration hydrogels (1.5 wt%) eroded 70% 

in two weeks compared to high-concentration hydrogels (5 wt%) which eroded only 20%. A 

second HA network, which is photo cross-linkable through thiol-ene chemistry, was introduced. 

This second network did not only reduce erosion (70%), but also allowed orthogonal 

photostiffening (300%) and photopatterning of these hydrogels.58   

An injectable hydrogel using hydrazone dynamic covalent cross-linking with thermoresponsive 

engineered proteins has also been developed (Figure 5f,g).59 Hydrogels were made by mixing 

hydrazine-modified elastin-like protein (ELP) with aldehyde-functionalized hyaluronic acid. The 

hydrogel was injectable (using 28G) and protected MSCs during the injection. MSCs maintained 

their differentiation potential post-extrusion. Stiffness from a few hundred pascals to around 

Figure 5. Dynamic covalent bioinks a) Schematic showing cross-links formation between phenylboronic 
acid (PBA) and diol (left) and chemical structures of diol and phenylboronic acid derivatives and mechanism 
of phenylboronic acid diol bond formation. b) Oscillatory frequency sweeps at 37 °C and at pH 7 demonstrate 
the viscoelastic nature of PBA-diol hydrogels (left) and decrease in viscosity with increasing shear rate 
indicating shear-thinning of FPBA-diol hydrogels. c) Self-healing of FPBA-diol hydrogel. a, b, and c adapted 
from56. d) Chemical structure of hydrazide-modified hyaluronic acid (HA-HYD) and aldehyde-modified 
hyaluronic acid (HA-ALD). e) schematics demonstrating 3D printing of hydrogel and shear-thinning and self-
healing of hydrazone cross-links based hydrogel (top), 3D printed lattice structures (middle), and live-dead 
staining of 3T3 fibroblasts immediately after extrusion. (d) and (e) are adapted from58. f) Chemical structures 
of hydrazine-modified elastin-like protein (ELP-HYD, top), aldehyde-modified hyaluronic acid (HA-ALD, 
middle), and imine-type cross-links formation in elastin-like protein hyaluronic acid hydrogel (bottom). g) 
Live-dead staining shows live cells (in green) and dead (in red) MSCs extruded through 28 gauge within PBS 
(top) and ELP– HA hydrogel (bottom). (f) and (g) are adapted from59.  
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3000 pascals for this hydrogel can be tuned by either adjusting the ELP concentration (1 to 4 

wt%) or by changing the degree of HA oxidation. ELP undergoes thermal phase segregation 

and formed ELP aggregates which act as a physical secondary network and provide stability to 

the hydrogel. With a secondary ELP network, the hydrogel could last for 3 weeks of cell culture. 

Furthermore, hydrogel degradation was confirmed in the presence of protease elastase.  

In the presence of adipic acid dihydrazide, partly oxidized hyaluronate and glycol chitosan was 

used to create self-healing hydrogels and 3D printable bioinks.60 The hydrogel creates two 

dynamic linkages: acyl hydrazone bonds between oxidized hyaluronate and adipic acid 

dihydrazide and imine links through a Schiff base reaction between oxidized hyaluronate and 

glycol chitosan. The bioink allowed bioprinting of cell-laden constructs and ATDC5 

chondrocytes retained chondrogenic phenotype. Without any secondary cross-linking after 

printing, this hydrogel was stable for up to 3 weeks in cell culture.  

Contributing to dynamic bioinks, we have generated a small library of dynamic covalent 

hydrogels by cross-linking aldehyde groups on oxidized alginate with either hydrazide, 

semicarbazide, or aminooxy functional groups (chapter IV). The dynamicity, viscoelasticity, and 

mechanical properties of hydrogels were tuned by employing imine-type cross-links with 

different equilibrium constants8. Hydrazone and semicarbazone (Keq between 104–106) 

hydrogels were found to be self-healing and shear-thinning. While all cross-links showed 

injectability, only hydrazone cross-links were bioprintable at low pressure (140 kPa and 5 mm/s). 

These hydrogels showed good viability for encapsulated fibroblasts, chondrocytes, and 

bioprinted chondrocytes. In contrast to the less dynamic oxime hydrogels, fibroblasts 

encapsulated within more dynamic hydrazone hydrogel displayed spreading morphology. 

Our group has recently demonstrated that 3D printing can be adjusted to print dynamic and 

viscoelastic hydrogels by only combining dynamic cross-linkers (hydrazone and oxime)9. Storage 

moduli between 200 and 3000 Pa can be adjusted by combining oxime and hydrazone at a fixed 

polymer content. While oxime demonstrated the slowest stress relaxation with a relaxation half-

time of 33 000 seconds, hydrazone (a more dynamical cross-linker) demonstrated the fastest 

stress relaxation with a relaxation half-time of 300 seconds. All hydrogels had a comparable post-

rupture flow profile, but only those that contained more than 50% hydrazone were self-healing 

and printable. Dynamic hydrogels' capacity for self-healing also makes them recyclable. In 

hydrogels with higher oxime cross-link densities than hydrazone cross-link densities, the 

spreading morphology of fibroblasts was seen.  

Recently, a new and simple formulation of a dynamic hydrogel based on thiol-functionalized HA 

combined with gold ions was presented.61 This ink allows for the 3D printing of stable constructs 

without the usage of external stimuli. 3D constructs up to 24 layers and 10 mm in height were 

printed. Cell viability studies and bioprinting is yet missing.61 While DCvC offers the potential 

for tuning dynamics for designing well-behaved bioinks, supramolecular chemistry also holds 

the potential to develop biomimetic and dynamic bioinks. 
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Supramolecular chemistry exploits non-covalent interactions such as hydrogen bonds, metal 

chelation, hydrophobic interactions, and van der Waals interactions for the creation of rationally 

designed hydrogel biomaterials. Supramolecular monomers formed higher ordered assemblies 

through specific, reversible, and directional non-covalent interactions62. These supramolecular 

interactions are dynamic and can be tuned across a broad spectrum for designing dynamic 

bioinks. Supramolecular hydrogels hold significant importance since they can replicate the 

biomimicry, self-assembly, and dynamics of native ECM and tissues. The ECM is a 

supramolecular self-assembled structure of proteins, glycoproteins, and polysaccharides, which 

provide not only structural support but also spatiotemporal signals for correct tissue formation. 

The specificity and dynamicity of supramolecular interaction offer the potential to emulate the 

spatiotemporal aspects of the ECM63. Additionally, shear-thinning, self-healing, and non-linear 

mechanical properties could be adjusted by tuning the dynamics of supramolecular interactions. 

The first reported supramolecular hydrogel bioink was based on polypeptide-DNA64. Within a 

few seconds, a hybrid of polypeptide-DNA and a complementary DNA linker occurs, leading 

to the creation of a hydrogel. The hydrogel had a storage modulus of roughly 5000 Pa. The 

hydrogel was also found to be responsive to proteases and nucleases, demonstrating complete 

biodegradability under physiological conditions (Figure 6a). Using two nozzle systems and 

deposition of the polypeptide-DNA and DNA linker in an alternating sequence, 3D structures 

with uniform boundaries could be printed (Figure 6b). The hydrogel maintained homogeneous 

cell suspension and cells were highly functional in 3D bioprinted constructs (Figure 6c).  

Using supramolecular host-guest interactions, a supramolecular printable hydrogel has also been 

made. Hyaluronic acid (HA) was modified with either adamantane (Ad–HA) or β-cyclodextrin 

(CD–HA), and supramolecular assemblies quickly formed when Ad-HA and CD-HA were 

combined (Figure 6d–f). Shear-thinning supramolecular hydrogel was 3D printed in self-healing 

support hydrogel. Dynamic bonds used either in ink hydrogel or support hydrogel provided 

shear-thinning and self-healing but lacked mechanical properties. The ink or support hydrogel 

was stabilized for creating free-standing 3D objects or voids. Encapsulated mesenchymal stem 

showed greater than 90% cell viability.65 Next, the shear-thinning hyaluronic acid hydrogels were 

printed and stabilized using a secondary cross-linking. Utilization of either guest-host assembly 

or covalent cross-linking alone did not result in the formation of long-term stable structures 

because of network relaxation following printing or dispersion of the ink filaments before 

stabilization, respectively. Dual-cross-linked hydrogel filaments showed stability over a month. 

3D printed scaffolds supported the adhesion and spreading of 3T3 fibroblasts66. By utilizing 

secondary covalent cross-linking in the host-guest hydrogels, double network tough hydrogels 

could be produced. These hydrogels are injectable and supported the cell viability of 

encapsulated mesenchymal stem cells67.  
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Figure 6. Supramolecular bioinks a) Schematic shows the 3D bioprinting of the polypeptide–DNA 
hydrogel for the fabrication of 3D structures. Bioink A (blue) is a polypeptide– DNA and bioink B (red) 
is a DNA linker. The DNA sequence of bioink A and bioink B are complementary, and hydrogel 
formation occurs via hybridization. The hydrogels were found to be sensitive to proteases and nucleases 
and offer on-demand control of degradation. b) 3D printed 10-layers triangle. c) T-20 cells (an anterior 
pituitary cell line) show around 98% live cells inside these hydrogels. (a), (b), and (c) are adapted from64 
.d) Chemical conjugation of adamantane and cyclodextrin to hyaluronic acid. e) Direct 3D printing of 
guest–host shear-thinning hydrogel into guest-host self-healing hydrogel either as straight fibers of 
different diameters or spiral shapes. f) bioprinting of MSCs (in green) in bioink into support hydrogel, 
which contains 3T3 fibroblasts. (d), (e), and (f) are adapted from65 g) Chemical structures of IZZK short 
peptide. h) SEM micrograph of IZZK. i) 3D printed tube structure using IZZK peptide. i) human bone 
marrow-derived MSCs in IZZK peptide hydrogel after 30 days in culture. g, h, i, and j are adapted from68. 
k) anionic peptide amphiphile ink chemical structure, l) 3D printed tube of 9 mm height. m) encapsulated 
myoblasts displayed good cytocompatibility within peptide amphiphile bioink cultured for 7 days. (k), (l), 

and m are Adapted from70. 
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 Another class of supramolecular bioinks includes self-assembling short peptides. Lysine-

containing hexapeptides were the first peptide-based bioink to be described. These hexapeptides 

self-assembled to form stable, nanofibrous three-dimensional hydrogels with a stiffness of up to 

40 kPa. These hydrogels supported embryonic stem cell culture and adipogenic differentiation 

of hMSC in hydrogel droplets.68 Ultrashort tetrapeptides have also been reported which enable 

the printing of a few centimeter scale 3D constructs using a robotic arm. Ultrashort peptides 

supported the growth of 3D encapsulated neuronal cells, human dermal fibroblasts, and 

chondrogenic differentiation of bone marrow-derived mesenchymal stem cells (Figure 6g–j). 

Cells were bioprinted into cuboids with edges that were 1 cm long and 0.26 cm high, as well as 

cylinders with a diameter of 1 cm and a height of 1 cm. Cell viability was maintained at above 

90% for 24 days of culture22. The self-assembling peptides-based hydrogel (from peptide gel 

design) was shown to be printable into 3D constructs while maintaining good viability of 

mammary epithelial cells.69   

Peptide amphiphile (PA) supramolecular inks have been investigated for fabricating structures 

with tunable nanoscale and bulk alignment (Figure 6k–m).70 Supramolecular polymer inks were 

ionically cross-linked for creating a liquid crystalline hydrogel. By adjusting the pH and salt 

concentration, intermolecular interactions among the self-assembled structures were controlled 

for tuning the viscosity of the ink. By utilizing supramolecular polymers with lower charge 

densities and higher charge screening from the electrolyte, higher viscosity inks were obtained. 

Extruding higher viscosity inks through small nozzle diameters and printing at high speeds 

resulted in greater nanoscale alignment in the extruded macroscopic filament. C2C12 myoblasts 

showed high cell viability in these PA bioinks over 7 days. 

Pseudo-polyrotaxane has also been used to create a bioink. Pseudo-polyrotaxane structures were 

created by grafting polyethylene glycol (PEG) side chains onto chitosan and then threading them 

with α-cyclodextrin (α-CD). Cross-linking occurs through the aggregation of the pseudo-

polyrotaxane side chains. Another biopolymer physically present in this system is gelatin; 

however, gelatin's function in adjusting shear-thinning or mechanical properties was not 

investigated. The shear-thinning property of this hydrogel has been attributed to the reversibility 

of pseudo-polyrotaxane cross-links. Using β-glycerophosphate at different concentrations as the 

secondary cross-linking agent, the Young’s modulus of these hydrogels can be tuned from 5 kPa 

to 140 kPa. Fibroblasts were bioprinted in these hydrogels and Paxillin and N-cadherin 

expressions were higher on day 14 compared to day 3.71  

In pursuit of developing advanced supramolecular bioinks, we worked on developing benzene-

1,3,5-tricaboxamide (BTA) supramolecular hydrogels and bioinks with fibrous structure and 

controlled viscoelasticity. We varied the hydrophobic length (6 to 12 carbon atoms) on BTA to 

tune the viscoelasticity across 5 orders of magnitude while retaining the fibrous morphology 

(chapter VII). These hydrogels exhibited shear-thinning, self-healing, and injectable properties. 

We discovered that the hydrophobic spacer length also dictates printability within these 

hydrogels; a longer hydrophobic spacer resulted in more stable and well-defined 3D printed 

structures started to collapse with decreasing hydrophobic length.  
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In chapter VIII, we took inspiration from Nature’s ubiquitous approach of 1D supramolecular 

self-assembly with covalent cross-linking and created a supramolecular macromonomer with 

light active norbornene functionality on it. This macromonomer self-assembles to form fibrous 

hydrogels. Utilizing norbornene thiol-ene chemistry, we cross-linked supramolecular fibrillar 

assemblies for tuning stiffness, strain at break, and toughness of the hydrogels. Chondrocytes 

were bioprinted in these hydrogels into the cartilage-like structure and showed high viability until 

day 11. Bioprinted hMSCs spheroids in these bioinks produced a cartilage-specific ECM protein, 

collagen type II.   

Outlook 

Dynamic bioinks offer the unique properties of shear-thining and prevent excessive shear 

stresses that can result in cell death during bioprinting. Dynamic bonds enable homogeneous 

cell mixing and prevent cell sedimentation during the bioprinting process. The dynamic nature 

of bioinks have also allowed cells to remodel their microenvironment and deposit natural tissue-

relevant ECM. Good progress has been made in developing dynamic hydrogels and 

demonstrating their unique advantages in mimicking natural tissues' dynamicity. 

Granular hydrogel are the agglomeration of micrometer-sized particles that have shown potential 

as dynamic bioinks. Granular hydrogels possess shear-thinning and self-healing properties and 

enabled the bioprinting of multicellular constructs. Granular hydrogels have also successfully 

been used as supporting baths for extrusion bioprinting to create complex structures72,73. There 

still remain challenges to be addressed for granular hydrogel bioinks for example, tuning packing 

behavior with controlled non-linear mechanical properties requires in-depth investigations with 

a different set of materials. Some other aspects that future granular hydrogels will require are 

controlled degradation, long-term stability and cell culture for mature tissue formation, and 

tuning viscoelasticity for designing biomimetic future bioinks.  

DCvC has enabled the creation of rational advanced dynamic bioinks with control on the 

molecular scale. For example, the equilibrium constant (Keq), the forward reaction rate constant, 

and reverse reaction rate constants can be designed for controlled mechanical and bioprinting 

properties of the bioink. A range of DCvC has been employed for developing dynamic bioinks 

with shear-thinning and self-healing properties and has shown cytocompatibility with different 

cells. However, one challenge also remains with dynamic covalent hydrogel: the degradation of 

the hydrogel and limited stability, which provides cells with changing microenvironment. 

Controlling hydrogel dynamics for longer cell culture and control of hydrogel properties 

independent of cell culture media formulations or limited cell media interactions with dynamic 

chemistry will better understand cellular responses. Strategies can be envisioned to stabilize the 

hydrogel post-printing; for example, introducing stable crosslinks without largely compromising 

the dynamics of the hydrogel or by double network formation post-printing has been done66,74. 

Visible light-based reversible dynamic chemistry offers the future opportunity to understand 

cellular responses with control of mechanical and biological properties in space and time75,76,77,78.  
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Supramolecular chemistry utilized the transient nature of supramolecular interactions and has 

emerged as a powerful approach for creating dynamic hydrogel and bioinks62,63,55. Shear-thinning 

supramolecular hydrogels have successfully been 3D printed into supramolecular self-healing 

hydrogels74. Supramolecular chemistry also offers the opportunity to develop ECM-mimicking 

fibrous bioinks63. Several 3D fibrous bioinks have been reported including polypeptide DNA 

bioinks64, short peptides22,68, and peptide amphiphiles70. All of the supramolecular bioinks have 

displayed good cytocompatibility (maximum for 1 week) with various cell types. Long-term cell 

culture studies remain absent and would be required to show added benefits of the 

supramolecular hydrogels. Broad-range tuning of viscoelasticity remains unreported in fibrous 

hydrogels which would be one of the future challenges. Future supramolecular bioinks can be 

designed to be multifunctional to mimic ECM proteins' multifunctionality. Multifunctional 

bioinks, for example, can be used to create either physical or biochemical gradients in space and 

time to recapitulate the ECM spatiotemporal gradients and dynamicity in synthetic bioinks.  
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Abstract  

Bioprinting techniques allow for the recreation of 3D tissue-like structures. By deposition of 

hydrogels combined with cells (bioinks) in a spatially controlled way, one can create complex 

and multiscale structures. Despite this promise, the ability to deposit customizable cell-laden 

structures for soft tissues is still limited. Traditionally, bioprinting relies on hydrogels comprised 

of covalent or mostly static cross-links. Yet, soft tissues and the extracellular matrix (ECM) 

possess viscoelastic properties, which can be more appropriately mimicked with hydrogels 

containing reversible cross-links. In this study, we have investigated aldehyde containing 

oxidized alginate (ox-alg), combined with different cross-linkers, to develop a small library of 

viscoelastic, self-healing, and bioprintable hydrogels. By using distinctly different imine-type 

dynamic covalent chemistries (DCvC), (oxime, semicarbazone, and hydrazone), rational tuning 

of rheological and mechanical properties was possible. While all materials showed 

biocompatibility, we observed that the nature of imine type cross-link had a marked influence 

on hydrogel stiffness, viscoelasticity, self-healing, cell morphology, and printability. The 

semicarbazone and hydrazone cross-links were found to be viscoelastic, self-healing, and 

printable—without the need for additional Ca2+ cross-linking—while also promoting the 

adhesion and spreading of fibroblasts. In contrast, the oxime cross-linked hydrogels were found 

to be mostly elastic and showed neither self-healing, suitable printability, nor fibroblast 

spreading. Semicarbazone and hydrazone hydrogels hold great potential as dynamic 3D cell 

culture systems, for therapeutics and cell delivery, and a newer generation of smart bioinks. 
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Introduction 

As we strive to recapitulate the complexity of native tissues and organs, bioprinting (BP) has 

emerged as a promising group of technologies for fields ranging from fundamental cell biology 

to clinically relevant tissue engineering.1 BP allows the printing of various materials, cells, and 

biological molecules in a defined space. These technologies have allowed progress toward the 

custom 3D construction of both soft and hard tissues including skin, heart, kidney, and bone.1,2 

Bioprinting of high modulus materials (> 1 MPa range) for hard tissues, such as bone3, has 

already been successfully demonstrated on a clinical scale for a wide range of polymeric materials 

(e.g., polyurethane, polycaprolactone, and block copolymers such as PEOT/PBT4,5) and printing 

techniques (e.g., 3D plotting6 and fused deposition modelling7). However, the bioprinting of 

biological constructs for softer tissues with complex architecture remains limited. Though 

several key studies have recently shown strategies to design hydrogels with enhanced capacity to 

self-support bioprinted structures for soft tissues8-10, the demand for customizable bioinks with 

tissue-relevant viscoelasticity and shear-thinning properties required for bioprinting remains 

unfulfilled. 

Bioprinting of cell-laden hydrogels (bioinks) is attractive for the construction of complex soft 

tissue architectures, allowing for the creation of constructs with the highly defined placement of 

both material composition and cells5,11. However, printing with live cells comes with a unique 

set of challenges for the hydrogel system used. An ideal bioink is printable, tailorable 

mechanically and chemically, and maintains structural integrity—all while maintaining high cell 

viability and mimicking the complex mechano-chemical signals of the native extracellular matrix 

(ECM)12. Several successful material formulations have been developed with unique 

combinations of polymers (e.g., alginate13,14, gelatin15, gelatin methacrylate16, hyaluronic acid17, 

and polyglicidol18,19) and cross-linking strategies (ionic13, Schiff base15, free-radical16,20, thiol-

ene19,21,22 and supramolecular9). While significant progress has been made in bioink development, 

only a few of these materials show viscoelasticity comparable to soft tissue23–25. 

Recent studies have shown the important effects a viscoelastic material can have on cell behavior 

and tissue formation. For example, a material’s viscoelastic timescale can influence the spreading 

and proliferation of adherent cells in hydrogels26–28 and enhance the differentiation of 

mesenchymal stem cells (MSCs), leading to more advanced bone tissue formation29. 

Chondrocytes in viscoelastic hydrogels have also been shown to effectively deposit the cartilage 

matrix30. A common approach to facilitate the design of viscoelastic hydrogels are networks 

consisting of reversible bonds. These reversible bond systems have also been shown to facilitate 

adherent cell spreading27,31, myoblasts fusion24, and MSC differentiation into multiple lineages 
32. Owing to their reversible dynamic bonds, such materials can respond to cell forces via 

network rearrangement, breaking and reforming the bonds, while keeping bulk biophysical 

properties constant9,25,33. 

In an effort to move towards smarter materials for BP, a conceptually appealing approach is to 

utilize hydrogels with reversible bonds and dynamic interactions. Such systems not only allow 
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for tunable viscoelastic properties of cell-laden constructs but also for the incorporation of 

shear-thinning behavior, reducing viscosity and increasing printability when shear stress is 

applied. Consequently, efforts have already been made to develop viscoelastic materials with 

shear-thinning and self-healing properties for BP. A prominent example is the hyaluronic acid 

hydrogels based on supramolecular host-guest complexation (adamantane and cyclodextrin). 

The shear-thinning and self-healing nature of this hydrogel allows for gel in gel bioprinting, yet 

generally requires a secondary cross-linking step to allow free-standing structures and is limited 

in its ability to support cell adhesion.17,34 

Dynamic covalent chemistry (DCvC) provides a large tool-box for the construction of dynamic 

soft materials.23,33 Imine-type DCvCs are particularly attractive as they possess a range of 

equilibrium constants (Keq), and tunable hydrolysis rates at physiological pH (k−1) have been 

widely explored for bio-conjugation strategies, and are generally chemically specific and 

orthogonal. With the knowledge of the Keq and k−1 of different imine linkages, one can tune the 

physical properties of a hydorgel. In general, Keq affects the stiffness of the hydrogel, while k−1 

can be used to tune the rate of cross-link rearrangement and the viscoelastic response. The rate 

of hydrolysis (k−1) for different imine type cross-links has previously been shown to decrease 

with increasing electronegativity of the group alpha to the primary amine: Setting oxime 

hydrolysis at one, semicarbazone hydrolyzes 160 times faster, and hydrazone 300 times faster 

under identical conditions.35 Conveniently, imine formation and its hydrolysis is readily tunable 

based on the type of imine bond formed36, and can be highly sensitive to pH35,37,38. Imine-type 

reversible covalent viscoelastic hydrogels as 3D cell culture platforms that are self-healing, shear-

thinning, and injectable have also been developed.24,25,32 However, there have been only a few 

studies exploring DCvC for BP.8,10  

In light of the recent importance of reversible hydrogel networks (e.g., viscoelasticity and stress 

relaxation) within cell culture and tissue formation24,29,31, we aimed to create a 3D printable 

bioink that better recapitulates these ECM inherent properties. We hypothesized that alginate 

hydrogels with different imine type cross-links (oxime, semicarbazone, and hydrazone shown in 

Figure 1) would give rise to hydrogels with different viscoelasticity, self-healing, and shear-

thinning properties, resulting in different printability. Alginate, a naturally derived polysaccharide 

composed of β-D-mannuronic acid (M units) and α-L-guluronic acid (G units), is economically 

obtainable and has a long history in tissue engineering and bioprinting39,40. Alginate is 

traditionally rapidly cross-linked via divalent ions (e.g., Ca2+) and has high biocompatibility, high 

viscosity, low gelation concentrations, and no specific interactions with cells41,42, yet the 

bioprintablity of unmodified alginate provides relatively poor performance due to the stiffness 

and viscosity tradeoff between cell viability and printability.12 The oxidation of alginate, via the 

introduction of aldehyde groups along the backbone43, can increase its biodegradability and has 

been previously leveraged for tailorable hydrogel formation via imine-type cross-linking in drug 

delivery44,45. Despite the power of this system, oxidized alginate cross-linked by imine bonds has 

only been partially explored, and to the best of our knowledge, has never been reported in the 

context of bioprinting. 
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In this study, we found that oxidized alginates cross-linked with different imine-type bonds allow 

an easily obtainable and modifiable bioink platform for 3D printing. The hydrogels created are 

mechanically tunable, biocompatible, shear-thinning, self-healing, and preserve cell viability 

post-extrusion. Furthermore, these hydrogels are biofunctionalizable via traditional oxime 

ligation strategies and show interesting changes in cell adhesion as a function of the dynamic 

bond used. Integrating tunable viscoelasticity into a bioink formulation brings us one step closer 

to the creation of synthetically modifiable ECM-mimicking hydrogels for bioprinting. Their 

unique material properties, along with the ability to tune the mechanochemical signals, will allow 

for the modular construction of more complex soft tissue mimics in the future. 

Results and Discussion 

Alginate Oxidation and Model Reactions 

Oxidation of alginate was carried out using sodium periodate (NaIO4) as an oxidizing agent, and 

according to literature procedures.40 The hydroxyl groups at C-2 and C-3 of the repeating uronic 

acid units were oxidized resulting in the breakage of the C–C bonds to form two aldehyde 

groups, rapidly forming hemiacetals with neighboring alcohol groups.46 Controlling the 

stoichiometric addition of NaIO4, sugar monomers in alginate chains were oxidized to 5% (5% 

ox-alg), 10% (10% ox-alg), and 15% (15% ox-alg) theoretical degrees of oxidation (DOX) and 

confirmed qualitatively with the appearance of increasing hemiacetal peaks in NMR spectra 

(Figure S3 in Supplementary Materials). Subsequently, model reactions with small molecules 

Figure 1. Scheme of hydrogel formation. a) Representative hydrogel formation for a hydrazone hydrogel. 
b) Schematic illustrating the cross-linking of alginate chains using dihydrazide cross-linker, the structure of 
oxidized alginate, and the structures of cross-linkers utilized in this study. c) A general reaction scheme for 
reversible imine type bonds formation and chemical structures of oxime, semicarbazone, and hydrazones. 
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were performed to investigate the possibility of forming hydrazone, semicarbazone, and oxime 

linkages (Figure S4 in Supplementary Materials) within a reasonable time scale. At pH 7.4 and 

room temperature (RT), bond formation after 30 minutes—relevant conditions for the 

formation of cell-encapsulated hydrogels—was monitored via NMR. The appearance of imine-

type bonds (oxime, semicarbazone, and hydrazone) was confirmed with 1H NMR spectroscopy 

(Figure S4 in Supplementary Materials). The concurrent appearance of imine-type hydrogens 

(6.5–8.5 ppm) and reduction in the hemiacetal hydrogens (5.15–5.75 ppm) provide evidence that 

the aldehydes along the oxidized alginate backbone could undergo the imine-type bond 

formation relatively quickly under suitable conditions. 

Hydrogel Formation 

Next, we evaluated the ability of three different cross-linkers designed to form imine-type cross-

links (adipic acid dihydrazide, hexamethylene disemicarbazide, and aminooxy propyl hydroxyl 

amine dihydrochloride) to form a hydrogel at RT in phosphate-buffered saline (PBS) at pH 7.4 

using 15% ox-alg, 2% (w/v) and an equimolar concentration of cross-linker (to the theoretical 

oxidation degree). All cross-linkers successfully made self-standing hydrogels (hydrazone 

hydrogel is shown in Figure S8 in Supplementary Materials). However, hydrogel formation 

kinetics for each linker were slightly different. Monitored visually via vial inversion, the oxime 

cross-links were found to have the fastest kinetics (≈10 minutes stable hydrogel formation time) 

followed by semicarbazone (≈15 minutes stable hydrogel formation time) and then hydrazone 

(≈45 minutes stable hydrogel formation time). During these experiments, we also observed that 

oxime cross-links were non-reversible (on the time scale of our experiment), while 

semicarbazone and hydrazone cross-links were reversible (vide infra).  

To obtain more insight into hydrogel formation kinetics, the gelation time was observed via 

plate-plate rheology. A time sweep was recorded to determine the gelation point, defined here 

as the crossover point between G′ and G″, after which there was a sudden increase in G′. For 

example, for 10% ox-alg, a 2% (w/v) solution was briefly mixed with an equimolar concentration 

of cross-linkers rheological measurements were started within four minutes. The oxime and 

semicarbazone hydrogels showed a G′ and G″ crossover point (gel point) around eight minutes, 

while the gel point was delayed until roughly 45 minutes for hydrazone. G′ continued to increase 

towards a plateau after approximately 30 minutes for oxime and semicarbazone; however, 

hydrazone showed a continuous increase in G′ even after 60 minutes (shown in Figure 2a). 

Rheological and vial inversion experiments clearly showed that imine-type chemistry has an 

influence on gelation kinetics, with oxime and semicarbazone gelation significantly faster than 

hydrazone.  

Unless otherwise stated, in the remainder of this study, 10% ox-alg at 2% (w/v), and an equimolar 

amount of cross-linker (to the theoretical oxidation degree) were used to make hydrogels. 
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Rheology 

Storage and Loss Moduli  

In order to determine the mechanical properties of the hydrogels, oscillatory shear rheology was 

performed. The mole equivalents of cross-linker, type of ox-alg, concentration % (w/v), and 

cross-linking time were kept constant to independently evaluate the effect of cross-links on 

stiffness and viscoelasticity. The oxime, semicarbazone (denoted by SemiCarb in Figure 2), and 

hydrazone cross-links form hydrogels whose shear moduli decrease across the series. As seen in 

the frequency sweep plots (Figure 2b), the oxime hydrogel was the stiffest (G′ ≈ 4000 Pa), 

followed by semicarbazone (G′ ≈ 500 Pa), and then hydrazone (G′ ≈ 200 Pa). The oxime 

hydrogel was roughly eight and 20 times stiffer than semicarbazone and hydrazone, respectively 

for identical formulations.  

For cross-linked polymer networks, the shear modulus is directly proportional to the number of 

elastically active cross-links24 (Equation (1)), 

𝐺’ = 𝑘𝑇
ν𝑒

�̅�
 (1) 

where k is Boltzmann constant, T is the temperature, and νe represents the number of elastically 

active cross-links per unit volume (�̅�). In hydrogels with reversible cross-links, the cross-linking 

density depends on the ratio of formed cross-links to unbound cross-links. Assuming similar 

topological architecture in the system, this difference in the amount of cross-linking can be 

correlated with the Keq of the different systems; a system with a higher modulus should be a 

Figure 2. Hydrogel formation kinetics and viscoelasticity exhibited by a series of 2% (w/v) 10% ox-alg 
samples prepared with different cross-linkers (equimolar). a) Time sweep using the three different cross-
linkers; aminooxy, semicarbazide, and hydrazide for evaluating hydrogel formation kinetics measured at 
1% strain and 10 rad/s. b) Frequency sweep for the same three hydrogels measured at 1% strain. 
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direct result of more cross-links indicating a higher Keq of the DCvC bond24,33. Our results would 

suggest approximately one order of magnitude more cross-linking going from the hydrazone to 

the semicarbazone, and from the semicarbazone to the oxime. This result is nicely aligned with 

the trend in equilibrium constants of model systems. Oximes generally have the highest Keq 

(>108 M−1) followed by semicarbazones and then hydrazones, which are in the range of 104 –106 

M−1.35 

To investigate the effect of the degree of oxidation (DOX) on stiffness, 5% ox-alg, 10% ox-alg, 

and 15% ox-alg hydrogels were made using the dihydrazide cross-linker. Generally, an increase 

in storage moduli was observed with increasing DOX. Storage moduli increased by a factor of 

four (from ~90 to ~350 Pa) as the DOX increased from 5% to 10%; however, no considerable 

difference was observed between 10 and 15% ox-alg (~400 Pa) (Figure S7 in Supplementary 

Materials). The observed increase in storage moduli has been correlated to the larger number of 

cross-linking sites available (aldehydes) with increasing DOX.43,46 While we did not observe a 

significant difference between 10% and 15% ox-alg hydrogels, the NMR of the base material 

(Figure S3) indicated the presence of more aldehydes for the 15% ox-alg. 

Viscoelasticity  

The frequency sweep (Figure 2b) for both the semicarbazone and the hydrazone hydrogels 

showed characteristic viscoelastic behavior, with frequency-dependent loss moduli over the 

range explored. While the oxime hydrogel did show some frequency dependence, this appears 

to represent more elastic behavior. Viscoelastic materials can also show a crossover point 

(example in Figure S5) between storage (G′) and loss modulus (G″), while moving from a 

rubbery plateau (higher frequency) to a terminal region (low frequency). However, this crossover 

point was not observed even during a longer-range scan of the hydrazone hydrogel down to 

0.005 rad/s. 

The crossover point in these reversible bond systems is largely determined by the rate at which 

a bond breaks (k−1) which, for imine-type bonds, is directly related to the reverse rate of 

hydrolysis (as the rate-limiting step in the off reaction). From our observation of material 

behavior and moduli evolution, hydrazone should have the highest k−1, among all cross-links, 

which is an indication that hydrazone hydrogel will show a crossover point at a higher frequency 

(rad/s), as compared to semicarbazone and oxime. In Figure 2b, a decrease in the storage 

modulus (G′) and an increase in tanδ forecast a transition between rubbery and terminal regions 

and eventual convergence of G′ and G″. Typically, low frequencies are needed to observe a 

crossover point for hydrazone cross-links; Anseth and co-workers have observed a crossover 

point around 0.03 rad/s for methyl hydrazone cross-links on 4-arm PEG.24 In this study, acyl 

hydrazone was utilized, which has half the hydrolysis rate (k−1) of methyl hydrazone. Therefore, 

the convergence of G′ and G″ below 0.03 (rad/s) was expected and is not surprising for a linear 

alginate polymer. These results suggest that chain length, the topology of the polymer (linear 

versus multi-arm), and functionalities for effective cross-links are all critical factors to tune 
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viscoelasticity. However, as such, a crossover point at such small frequencies suggests that the 

alginate imine cross-linked hydrogels are very slow stress-relaxing networks. 

Self-Healing 

Self-healing was initially visualized in the lab for the 15% ox-alg hydrogel. In a glass vial, the 

hydrogel network was broken using a spatula, and self-healing was observed over time via the 

vial inversion method. The semicarbazone self-healed in ≈10 minutes, while hydrazone took 

≈30 minutes to self-heal (Figure S8 in Supplementary Materials). The oxime hydrogel did not 

self-heal. Oxime bonds are more stable than the semicarbazone and hydrazone bonds as the 

aminooxy is more electron deficient compared to the hydrazides. Presumably, the enhanced 

Figure 3. Demonstration of strain to rupture the network and the self-healing capacity of 10% ox-alg 
samples prepared with semicarbazide and hydrazide cross-linkers. a) Strain sweeps from 0% to 800% strain 
using oxime, semicarbazone, and hydrazone hydrogels, measured at 10 rad/s. b) Self-healing capacity with 
semicarbazide and hydrazide cross-linkers. The hydrogels were submitted to three strain cycles. Initially a 
low strain (1%) was applied, followed by three cycles of high strain (600%), to rupture the network, and 
low strain (1%), to allow recovery. The semicarbazone and hydrazone hydrogels rapidly self-heal. c) 
Macroscopic self-healing of the hydrogels. From left to right, the colored gels were formed (12 mm 
diameter, 2 mm thickness), cut in half, left to self-heal for four hours, and then tested at 24 hours. 
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stability (kinetically and thermodynamically) at neutral pH makes the reversibility/exchange 

dynamics too slow for oxime, resulting in no self-healing at room temperature and neutral 

pH35,47. 

In order to investigate the self-healing behavior more thoroughly, shear rupture-self-healing 

cycles were carried out on the rheometer. Initially, strain sweep experiments were carried out to 

determine the amount of strain needed for hydrogel rupture. These hydrogels proved to be 

surprisingly tough, with the crossover point for all hydrogels being between 100% and 400% 

strain (shown in Figure 3a and Figure S6). Thus, 600% strain was chosen to rupture the 10% 

ox-alg semicarbazone and hydrazone hydrogel cross-links, and self-healing recovery was allowed 

under 1% strain. 

Upon rupture, the storage and loss moduli inverted (shown in Figure 3b), and the storage 

moduli dramatically decreased (<10 Pa). Upon recovery, two-phase self-healing recovery was 

observed: (i) Rapid bond reformation under 20 s (seconds) upon removing the rupture strain, 

and (ii) a slower recovery of stiffness observed during the next 160 s. The rapid bond reformation 

regained a majority of the network stiffness ≈70% (820 Pa out of 1160 Pa) and ≈40% (131 Pa 

out of 356 Pa) of their initial storage moduli compared to ≈10% and ≈5% in the slower recovery 

phase for semicarbazone (denoted SemiCarb in Figure 2) and hydrazone cross-links, 

respectively. Interestingly, cross-links recover ≈ 10% stronger after the 2nd and 3rd rupture 

cycles compared to the 1st rupture cycle. This result can partially be attributed to the inability of 

reactive chain ends to immediately find each other upon recovery. This kinetically traps the 

hydrogel in a temporarily less cross-linked state (lower modulus), which then slowly recovers 

towards the initial modulus after time and the rearrangement induced by subsequent self-healing 

cycles. The higher number of binding sites in the 15% ox-alg hydrazone hydrogel is reflected in 

a high moduli recovery after conformational network changes (shown in Figure S7 in 

Supplementary Materials). 

To visualize self-healing macroscopically, two disk shape solid hydrogels with different colors 

(red and green) were made. For a given linker, each pair of hydrogels was cut into two halves 

and then put back into contact within five minutes. We observed that the semicarbazone 

hydrogels self-healed faster than the hydrazone hydrogels and that the oxime hydrogels did not 

self-heal. After four hours, semicarbazone and hydrazone hydrogels self-healed and the hydrogel 

boundaries became obscured. Self-healed hydrogels could be stretched using tweezers after 24 

hours: The semicarbazone hydrogel interface stayed stable under stretching force; however, 

upon overstretching the hydrazone hydrogel showed cracks across the interface (see in the 

Figure 3c). The oxime hydrogel did not self-heal at all, even after 24 hours (images can be seen 

in Figure S8a in Supplementary Materials). 

Cell Viability 

ATDC5 chondrocytes cells were used for cell viability studies (live-dead and metabolic activity) 

as they are known to survive in hydrogels without biochemical cues (e.g., RGD, a peptide motif 

required for cell adhesion to ECM)48,49 and form multicellular aggregates50. ATDC5 were 
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encapsulated (3D) within 10% ox-alg hydrogels and cells were stained and imaged using an 

inverted fluorescence microscope to evaluate cytotoxicity after one, four, and seven days. Shown 

in Figure 4a, great majority of cells were found to be alive in all hydrogels after seven days. Live-

dead images for one and four days are shown in Figure S9 in Supplementary Materials. The 

oxime hydrogels were stable over seven days of culture with minimal erosion at the edges. The 

semicarbazone and hydrazone hydrogels swelled and eroded over time and were found to be 

very soft/fragile to handle on day seven. Interestingly, over time, the hydrazone hydrogels 

appeared to facilitate cell clustering (high magnification images are inset in Figure 4a). In the 

semicarbazone and the oxime hydrogels, this clustering of cells was noticeably less, which is 

hypothesized to be a result of the less dynamic reorganization of the network. The high multi-

day viability of cells within these hydrogels supports future use for cell culture and bioprinting 

applications.  

Figure 4. Cell viability. a) Image showing live cells (in green) after seven days of encapsulation in gels 
indicating that the great majority of cells are live and hydrogels did not cause cytotoxicity, Scale bar: 200 
µm and 25 µm for inset images. b) Cell metabolic activity was recorded after 12, 24, 96, and 168 hours. 
For the “cell aggr” condition, cells were cultured in pellets, a standard for chondrocyte cell culture. The 

values reported are an average of n = 3, ± standard deviation. 
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To confirm the high viability for chondrocytes seen during the live/dead assay, a prestoBlue 

assay was run to investigate the metabolic activity of the cells within the hydrogels over 168 

hours (seven days) (Figure 4b). Within a series of 10% ox-alg, 2% (w/v), hydrogels, the oxime 

hydrogels maintained significantly lower metabolic activity compared to semicarbazone and the 

hydrazone hydrogels, which showed similar metabolic activity to the chondrocyte cell aggregate 

pellet—the tissue engineering standard for chondrocyte cell culture. In particular, chondrocytes 

showed significantly different metabolic activity in all conditions on day four. Comparing all 

hydrogel samples, chondrocytes in the oxime hydrogels showed a consistently low metabolic 

activity, while other samples started with a high metabolic activity that slowly decreased over 

seven days. The chondrocytes studied were able to maintain a higher metabolic flux in the more 

viscoelastic hydrogels (semicarbazone and hydrazone), as compared to the static (oxime) 

hydrogels. 

Cell Spreading 

Alginate possesses no active adhesion sites to interact or attach to mammalian cells, but cell 

adhesion and interaction can be promoted through the conjugation of cell adhesion ligands (e.g., 

RGD).42 Conveniently, the oxidized alginate backbone can readily be ligated with 

hydroxylamine-containing biomolecules via well-established oxime ligation.51,52 Hydrogels were 

bio-functionalized by incorporating aminooxy-RGD ligand (1000 µM)53 to the 10% ox-alg 

hydrogel formulation. To investigate whether the cross-links with different viscoelasticity 

influence cell spreading, human dermal fibroblasts (HDFs) were seeded on top of hydrogels 

(2D) for 24 hours (see Figure 5). HDFs are better models for cell adhesion and spreading since 

they are phenotypically adherent and demonstrate an adhesion-dependent spreading 

morphology in 2D cell culture. 

We noticed a marked effect on the amount of spreading on the different DCvC cross-linked 

hydrogels. Cell spreading was found to increase for networks cross-linked by bonds with a higher 

hydrolysis rate (k−1), namely, more dynamically rearranging cross-links. HDFs seeded on the 

dynamic hydrogels (semicarbazone and hydrazone) showed a spindle shape, increased spreading, 

and an elongated morphology, with the hydrazone networks showing a more elongated 

morphology than the semicarbazone. For the oxime hydrogels, only rounded morphologies 

typical of cells in elastic hydrogels were observed (Figure 5). These results are in accordance 

with reported k−1 values of the cross-links: Hydrazone has the highest k−1, which suggests that 

cross-links were permissive to changes in cell shape, while oxime has the lowest k−1, resulting in 

elastic hydrogels where limited cell spreading was observed. As a control, cells were seeded on 

tissue culture plastic (TCP) and exhibited typical spreading morphology (see Figure S10 in 

Supplementary Materials). 
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Of note, adherent cells generally increase their spreading area with an increase in substrate 

stiffness (2D elastic)54. This would suggest that cells should spread more on the oxime hydrogels 

(stiffest and most elastic); however, we have observed larger cell spreading on viscoelastic 

matrices (semicarbazone and hydrazone). A larger spreading of cells on the soft and stress-

relaxing substrate (ionically cross-linked alginate) has also been reported by the Chaudhuri lab.55 

Such observation would suggest the viscoplastic nature of these hydrogels would allow cells to 

permanently remodel and elongate on these hydrogels. The deformable nature and degradation 

of hydrazone and semicarbazone would suggest the viscoplastic nature of these hydrogels. Also, 

important to mention, we observed that the cell does not remain exactly on top of semicarbazone 

and hydrazone hydrogel and rather migrates inside these hydrogels and experienced 3D 

environment. That might explain why cells showed spreading morphology on semicarbazone 

and hydrazone hydrogel. The same trend in cellular spreading was observed when HDF was 

cultured within hydrogels (3D). 3D encapsulation results are in accordance with recent literature 

finding a relationship between cellular spreading and reversible hydrogel networks24,29,33. Our 

current hypothesis is that microenvironment clustering of adhesive ligands55 or stress relaxation29 

plays a significant role. To explain these seemingly disparate results, we would propose a more 

in-depth study by making a series of dynamic hydrogels with controlled stress relaxation. A few 

important points should be considered while making hydrogels. 1) Adjust the pH of oxime 

hydrogel to 7.4, 2) ensure that the hydrazone hydrogel retains sufficient thickness during cell 

Figure 5. Fibroblasts spreading morphologies in oxime RGD ligated hydrogels, a) on top of (2D) and b) 
within (3D) oxime, semicarbazone and hydrazone cross-linked hydrogels, scale bar: 25 µm for 2D, 50 µm 
for 3D images, and 25 µm for 3D insets.  
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culture and cell did not migrate within hydrogel or on tissue culture plastic, and 3) ensure that 

imaged cells are on the surface of the hydrogel.      

Observing more cellular spreading on hydrazone compared to oxime prompted our group to do 

a follow-up study in more depth56. Colleagues Francis and Julia made a series of dynamic 

hydrogels by modular mixing of oxime and dynamic cross-links. In alignment with the results 

presented here, more cell clustering was observed in hydrogels with a higher ratio of hydrazone 

cross-linker. They also found that cells exhibited more spreading morphology with an increasing 

oxime crosslinker ratio i.e., exhibited more elastic character which aligns with the current 

literature of less spreading on polyacrylamide-based viscoelastic hydrogels57. Interestingly, cell-

dependent spreading has also been reported in polyacrylamide viscoelastic hydrogels, for 

example, healthy human hepatocytes showed expected less spreading compared to enhanced 

spreading by hepatocellular carcinoma cells58. We think that decoupling viscoelasticity from 

viscoplasticity and investigating multiple cells under healthy and diseased conditions would allow 

a better understanding of cellular behavior on such dynamic matrices.  

Injectability and Bioprintability 

With control over the material's properties, self-healing, cell viability, and bio-functionalization 

in these materials, we next investigated the injectability of these hydrogels. To assess the shear-

thinning capability of the 10% ox-alg with different cross-linkers, we attempted to inject these 

materials from a syringe through a 25-gauge needle (260 μm internal diameter). The hydrazone 

and semicarbazone hydrogels were injectable through the needle with only the force of the hand 

and formed intact smooth fibers due to their self-healing capability (Figure 6a). Interestingly, 

the oxime hydrogel was also found to be injectable, but the injected fiber was a non-continuous 

hydrogel slurry upon injection. Hydrogels made from the 15% ox-alg with both hydrazone and 

semicarbazone were also observed to be injectable; however, the 15% semicarbazone hydrogels 

did not produce smooth fibers and required more force for injection (Figure S11b in 

Supplementary Materials). These initial experiments encouraged the exploration for use as 

bioinks for bioprinting and forecast their suitability as drug or cell delivery vehicles. 

While both hydrazone and semicarbazone hydrogels showed some initial printability, the 

semicarbazone hydrogels required significantly higher pressures and larger needle diameters. 

Consequently, the hydrazone hydrogels were deemed more likely to support cell viability and 

were further optimized for bioprinting. A simple grid structure was employed to study the effects 

of deposition speed and extrusion pressure on printability. Using different deposition speeds 

and extrusion pressures, we used the 10% ox-alg 2% (w/v) hydrazone hydrogels to deposit 2-

layered grid structures via a 0.25 mm diameter conical needle. Extrusion of the hydrogel at 115 

and 120 kPa were observed to be more homogeneous and better-defined structures were 

extruded at a speed of 5 mm/s, as opposed to the partial and inhomogeneous hydrogel fibers 

bioprinted at 7 mm/s (Figure S12 in Supplementary Materials). This could be expected as the 

bioprinting speeds employed should allow ample time for an appropriate amount of material to 

be deposited and placed on a substrate. Similarly, extrusion pressure was optimized to tune the 



Viscoelastic oxidized alginates with reversible imine type cross-links 

 

85 
 

amount of deposited hydrogel and three different pressures (115, 120, and 140 kPa) were tested. 

A pressure of 140 kPa was found to be the optimal pressure for fiber extrusion among the tested 

values (Figure S13 in Supplementary Materials). 

We also tested printability with a lower concentration of the 10% ox-alg (1% (w/v)) and 5% ox-

alg hydrazone hydrogels (2% (w/v)). Since these formulations form softer and less viscous gels, 

smaller diameter needles, and low extrusion pressures were tried for printing. Though both 

formulations showed promising 2-layered constructs, the integrity of the structure was 

compromised owing to their softer nature (printed structures are shown in Figures S14 and S15 

in Supplementary Materials). 

Utilizing the optimized pressure (140 kPa) and deposition speed (5 mm/s) for the 10% ox-alg 

(2% (w/v)) hydrogels, we bioprinted one, two, and four-layered grid scaffolds (Figure S16 in 

Supplementary Materials). These hydrogels show printability, yet are not able to recreate high-

fidelity grid formation as seen in high-viscosity and covalently cross-linked formulations. While 

grid formation provides good insight into the bioprinting fidelity of a grid, our aim to create soft 

tissue constructs prompted the exploration of either more life-like or solid structures. To 

investigate the ability of the 10% ox-alg hydrazone hydrogel to make more complex and self-

supporting structures, we bioprinted the name of our institute “MERLN”, and a vascular tree 

model, both with 6 mm thickness (shown as b-2 and b-5 in Figure 6). While the recreation of 

the vascular tree was found possible, the printing of sharp angels and closely spaced or parallel 

lines resulted in occlusion and merging as found in the MERLN name. 

To increase bioprinting fidelity and print self-supporting structures with continuous deposition 

of material, printability was also tested by manually disrupting the hydrogel network before 

printing. Preprinting network disruption allowed uniform deposition of material at seven mm/s 

using 150 kPa, and this modification resulted in a vascular structure with better printing 

resolution and uniformity (shown as b-6 in Figure 6). This manual disruption method was also 

tested using 5% ox-alg (3 and 4% (w/v) and resulted in a similar result (shown as b-7 and b-8 in 

Figure 6). However, these higher concentrations of hydrogel (3–4% (w/v)) needed significantly 

higher pressure (600 kPa) compared to 2% (w/v), 10% ox-alg (150 kPa). Further exploration of 

printing parameters and network dynamics modifications are expected to increase the printability 

of these materials. 

The viability of 10% ox-alg (2% (w/v)) hydrazone hydrogels with ATDC5 was evaluated 24 hours 

after bioprinting and compared it to the control, without bioprinting (shown in Figure 6c). 

Very few dead cells were found, which is in agreement with the cell viability experiment carried 

out over seven days (shown in Figure 4a). Cell viability decreased after 24 hours of bioprinting, 

which could be attributed to the shear stress suffered by cells during bioprinting (c-2 in Figure 

6). 
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Conclusions 

In this study, we have investigated the suitability of hydrogels based on oxidized alginate with 

imine-type cross-links as an injectable and printable biomaterials platform. The different cross-

linkers had a marked effect on hydrogel formation, viscoelasticity, shear-thinning, self-healing, 

injectability, and printability. All explored formulations were non-cytotoxic over seven days. The 

Figure 6. Injectability and bioprintability. a) 10% ox-alg gels with oxime (a-1), semicarbazone (a-2), and 
hydrazone (a-3) cross-linkers were extruded through a 25G needle. Semicarbazone and hydrazone showed 
injectability, and to our surprise oxime gels were also injectable, although they were not self-healing. b) Printed 
MERLN and vascular tree structures using hydrazone cross-links; 2% (w/v) of the 10% ox-alg used for (b-2–
b-6) and 3% (w/v) and 4% (w/v) of 5% ox-alg used for (b-7) and (b-8), respectively. From the top left: 3D 
model of MERLN structure (b-1), printed MERLN structure (b-2, 6 mm thickness), 3D model of vascular 
tree (b-3), printed vascular tree (b-4, 2 mm thickness), printed vascular tree (b-5, 6 mm thickness), printed 
vascular tree (b-6–b-8) where the network was manually disrupted (fluorescein included for visibility), scale 
bar: 5 mm. c) 10% ox-alg hydrazone gels after 24 hours, (c-1): Without printing and (c-2): After bioprinting, 
Scale bar: 200 µm. 
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viscoelasticity could be tuned by selecting the imine type of cross-links: Oxime with the lowest 

off rate (k−1) behaved like an elastic hydrogel and hydrazone with the highest off rate (k−1) 

behaved like a viscoelastic hydrogel. All cross-linkers resulted in injectable hydrogels, but only 

the semicarbazone and hydrazone hydrogels are self-healing. Hydrazone cross-links 10% ox-alg 

(2% (w/v)) showed printability of self-supporting structures and high cell viability after 

bioprinting. HDFs cell studies showed that viscoelastic cross-links (semicarbazone and 

hydrazone) encouraged spreading morphology, while elastic cross-links (oxime) favored rounded 

morphology and were not permissive to changes in cell shape. These hydrogels represent a step 

towards smarter viscoelastic materials for 3D bioprinting and bioink formulations. In the future, 

this platform will be further explored for the effect of materials dynamics on tissue formation 

and for formulations with improved printability. We envision a smarter bioink that fulfills both 

the necessities of printability, while greatly improving upon the mimicry of the extracellular 

matrix. 

Materials and Methods 

Materials 

Propanoic acid hydrazide (≥90%), O-ethylhydroxylamine hydrochloride (97%), adipic acid 

dihydrazide (≥98%,), O,O′-1,3-propanediylbishydroxylamine dihydrochloride (98%), propyl 

isocyanate, hexamethylenediisocyanate, hydrazine monohydrate, activated charcoal (Norit), 

sodium periodate (NaIO4) and ethylene glycol were purchased from Sigma-Aldrich. Propyl 

semicarbazide and N,N′-(hexane-1,6-diyl)bis(hydrazinecarboxamide) (HDCA) (1H NMR 

structures shown in Figure S1&S2 in Supplementary Information) were synthesized according 

to literature.38 Sodium alginate was purchased from FMC (Manugel GMB, Lot No. G9402001, 

Dialysis membrane (Spectra/Por®) with a molecular weight cut off (MWCO) 3500 Dalton (Da) 

from VWR, Netherlands.  

Dulbecco’s modified Eagle’s medium (DMEM, high glucose and supplemented with 

GlutaMAX™ and Sodium Pyruvate), DEME-F12 (low glucose), Dulbecco’s phosphate buffer 

saline (PBS), fetal bovine serum (FBS), penicillin/streptomycin (P/S), calcein AM, ethidium 

homodimer, Alexa Fluor® 488 Phalloidin, DAPI, and PrestoBlue™ cell viability reagent were 

purchased from Thermo Fisher Scientific.  

Alginate Purification 

Alginate powder was dissolved in deionized (DI) water at a concentration of 1% (w/v). Activated 

charcoal (1% (w/v)) was added, and the alginate solution was stirred for 24 hours at 4 °C. 

Subsequently, the alginate solution was filtered with 11 μm, 1.2 μm, 0.45 μm, and 0.2 μm 

Whatman membrane filters (Sigma-Aldrich) to remove charcoal particles. The alginate solution 

was then frozen and lyophilized.  

Synthesis of Oxidized Alginate 
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To prepare 5% ox-alg, purified alginate (1.00 g, 5.68 × 10−3 mol monomer) was dissolved in 100 

mL DI water. Keeping the reaction in the dark, sodium periodate (6.07 × 10−2 g, 2.84 × 10−4 

mol) was added in one portion with stirring. After 17 hours in the dark (at RT), the reaction was 

quenched by the addition of equimolar ethylene glycol (1.76 × 10−2 g, 2.84 × 10−4 mol). The 

reaction solution was stirred in the dark for 1 hour to stop the reaction completely. The reaction 

solution was dialyzed against water (2-liter bucket) using membrane tubes with a MWCO of 

3500 Da (3 days with 3× water change per day), then lyophilized (over 80% yield). The procedure 

was repeated to prepare 10% ox-alg and 15% ox-alg. 

Preparation of Hydrogels for Rheology and Cell Culture 

Oxidized alginate samples were weighed into 1.5 mL Eppendorf tubes. To prepare alginate 

solutions of 2.5% (w/v), PBS was added and the solution was mixed for 30 minutes on a 

thermoshaker at RT (2000 rpm). Cross-linker solution was added (prepared in PBS) to prepare 

hydrogels with equimolar concentrations of aldehyde/cross-linker functionalities with a final 

alginate concentration of 2% (w/v). Solutions were quickly transferred to polydimethylsiloxane 

(PDMS) molds with a disc geometry of 12 mm in diameter and 2.0 mm in thickness. Coverslips 

were placed on top of hydrogel solutions during the gelation process to ensure hydrogels have 

flat top surfaces and homogeneous thickness. Gelation was left to occur for 30 minutes at room 

temperature and then overnight at 4 °C before rheological measurements were carried out. For 

cell culture studies, the alginate solution was incubated at 37 °C for gelation for 45 minutes. 

For cell spreading, alginate was biofunctionalized with RGD: Oxidized alginate was dissolved in 

PBS and aminooxy RGD53 (see Supplementary Materials for synthesis procedure) was coupled 

to the network using oxime ligation51. The final RGD ligand concentration was set to 1000 µM 

and equimolar concentrations of cross-linkers (relative to aldehyde functionalities) were added 

and mixed uniformly to form a hydrogel with a final 2% (w/v) oxidized alginate. 

Rheological Measurements 

Rheological measurements of hydrogels were carried out using an Anton Paar MRC 702 (Graz, 

Austria) at 23 °C using a parallel plate geometry with bottom and top diameters of 50 mm and 

12 mm, respectively. During loading, the experimental gap size was set when a threshold normal 

force was reached; 1 N for stiffer hydrogels and 0.1 N for softer hydrogels. This ensures good 

contact with the plates, prevents slippage, and increases the sensitivity of measurements by 

increasing the torque response. Samples were protected against evaporation by the addition of 

2–3 drops of distilled water to the exposed surface after loading. 

Oscillatory strain amplitude sweeps were conducted with strains from 1% to 800% at a frequency 

of 10 rad/s. Oscillatory frequency sweeps were performed from either 0.1 rad/s or 1 rad/s up 

to 100 rad/s. Step-strain measurements were undertaken to evaluate the self-healing capacity of 

hydrogels. Samples were subjected to three cycles, each consisting of 1% strain at 10 rad/s for 

180 s, followed by 600% strain at 10 rad/s for 100 s. 



Viscoelastic oxidized alginates with reversible imine type cross-links 

 

89 
 

Macroscopic Self-Healing Experiment 

The macroscopic self-healing behavior of 10% ox-alg hydrogels was evaluated by observing 

hydrogel recovery at various time points (2, 4, and 24 hours without the application of any 

external pressure. Disc-shaped hydrogels were prepared in the presence of small amounts of 

food coloring (green and red). The hydrogels were cut down the middle into two pieces with a 

scalpel and two different colored pieces were placed in contact to determine self-healing 

behavior. For 15% ox-alg, hydrogels were made in glass vials, and the network was broken using 

a spatula, and then checked every five minutes. 

Printability and Injectability  

For printability, alginate solutions with hydrazone cross-linkers in PBS were loaded into 3 mL 

cartridges with stoppers and were left to form hydrogels for 18 to 20 hours at 4 °C before use. 

For printing, a conical G25 needle was used on a BioScaffolder (GeSiM–Gesellschaft für 

Silizium-Mikrosysteme mbH, Radeberg, Germany) controlled through proprietary software. 

Scaffolds with grid geometries were created with settings for a four-corner polygon, comprising 

7 meandered strands placed at a distance of 1.0 mm apart. The deposition angle was rotated by 

90° after each layer. The height of each layer was set to 0.2 mm and the number of layers was 

varied accordingly. “MERLN” and vascular tree constructs were designed and drawn in 

SolidWorks before being converted to .stl files. For manual disruption, 2% (w/v) of the 10% ox-

alg and 3 and 4% (w/v) of 5% ox-alg with hydrazone cross-linker were left to form hydrogels for 

2 to 3 hours. Manual disruption was performed by connecting the printing cartridge to a 5 mL 

syringe with a Luer-lock adapter. The hydrogel was forced between compartments until hydrogel 

disruption was observed and then extruded through a 25G needle. For injectability, 2% (w/v) 

hydrogels for each cross-linker were prepared and extruded through a 25G needle.  

Cell Culture 

ATDC5 chondrocytes cells were cultured at 37 °C under a 5% CO2 atmosphere in Dulbecco’s 

Modified Eagle’s Medium-F12 (DMEM-F12, low glucose) supplemented with 10% (v/v) fetal 

bovine serum (FBS) and 1% (v/v) P/S. Cells were washed with PBS, trypsinized (0.05%), 

centrifuged, and then re-suspended in a 10% ox-alg solution (details in Section 4.4 above). They 

were subsequently mixed with a cross-linker to yield a homogenous mixture of 2% (w/v) alginate 

containing 4 × 106 cells/mL. The alginate mixture (50 μL) was transferred to the PDMS mold 

to form a hydrogel. Hydrogels were transferred to a non-adherent 24-well plate. For the cell 

pellet, the cell suspension was transferred to a 15 mL falcon tube with curved bottom. Media 

was added every two days. 

HDF were cultured in Dulbecco’s modified Eagle’s medium (DMEM, high glucose) 

supplemented with GlutaMAX™, Sodium Pyruvate, 10% (v/v) fetal bovine serum (FBS), and 

1% (v/v) P/S. Cells passaged at 80–85% confluence and were used after passage 6 for cell 

spreading experiments. For encapsulating cells within hydrogels (3D), cell suspension and cross-

linker solution were mixed with alginate to yield a homogenous mixture of 2% (w/v) alginate 
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containing 4 × 106 cells/mL. The alginate solution (25 µL) was transferred to a PDMS mold and 

incubated at 37 °C for 45 minutes to form a hydrogel. Hydrogels were then transferred to a 96 

flat-bottom black well plate for imaging. For 2D (cell seeded on top of hydrogels), 25 µL of the 

2% (w/v) oxidized alginate mixture was transferred to a 96 flat bottom black well plate, 

centrifuged at 1500 RCF for five minutes to form a uniform layer on the bottom and left to 

cross-link at RT for 45 minutes. HDF cells were seeded on top (2D) of the hydrogel with a cell 

density of 0.1 × 106 cells/hydrogel. As a control, cells were seeded on TCP with 0.025 × 106 

cells/well. 

Viability Assays 

For live-dead assays, cells were stained with calcein AM/ethidium homodimer Live/Dead 

solution according to the manufacturer’s instructions on days 1, 4, and 7. For the metabolic 

assay, PrestoBlue solution (10% (v/v) in DMEM-F12, supplemented with FBS) was added and 

cells were incubated for 2 hours in the dark at 37 °C. At each time point, 100 µL was collected 

from each well and the fluorescence intensity was recorded using a microplate reader at an 

excitation wavelength of 530 nm and an emission wavelength of 590 nm. 

Bioprintability Viability 

For cell viability (live-dead) after bioprinting, 10% ox-alg hydrazone hydrogels containing an 

ATDC5 cell suspension were prepared, as mentioned above. A cell-laden solution was loaded 

into a 3 mL cartridge and placed at 37 °C for 1 hour. The cartridge with a G25 conical needle 

attached to it was then placed onto a BioScaffolder (GeSiM–Gesellschaft für Silizium-

Mikrosysteme mbH, Germany). Bioprinting was carried out to create a four-corner polygon with 

a radius of 2.0 mm, comprising 2 meandered strands placed at 1.0 mm apart. Single-layer 

constructs with a height of 0.2 mm were created. The pressure was set to 140 kPa and extrusion 

was performed at 5.0 mm/s. Scaffolds were printed in 12-well non-treated cell culture plates. 

Live-dead viability assay was carried out after 24 hours, as mentioned above. 

Cell Spreading 

Cell spreading after 24 hours was visualized in 3D by staining the actin filaments in the cell body 

with Alexa Fluor® 488 Phalloidin and the cell nucleus with DAPI. Cells were fixed using 4% 

PFA for 20 minutes, washed with PBS, and membrane permeabilized with 0.1% (v/v) Triton X-

100. The cells were then stained using (DAPI (1:1000) and Phalloidin (1:40)) solution in PBS for 

20 minutes at room temperature. Stained cells were imaged with an inverted fluorescent 

microscope. 

Statistics 

All measurements were done in at least triplicate. Statistical significance was assessed using the 

two sample Student’s t-test for independent sample populations in OriginLabs® Origin software. 

Statistical significance values were set at p < 0.05 (*) and p < 0.01 (**). 
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Supplementary information 

Materials and Methods 

Synthesis of small model reacting molecule propyl semicarbazide 

A solution of propyl isocyanate (0.2 g, 2.3 x 10-3 mol) in acetonitrile (3 mL) was added dropwise 

to a solution of hydrazine monohydrate (0.7 g, 14.1 x 10-3 mol) in acetonitrile (2 mL) at room 

temperature with vigorous stirring. Following 24 hours of stirring, acetonitrile was dried in vacuo 

at 30 °C to yield the product as a white waxy solid. 1H NMR (600 MHz, DMSO-d6) δ 6.80-6.85 

(s, 1H), 6.25 – 6.35 (s, 1H), 4.00 (s, 2H), 3.00 (q, 2H), 1.35 – 1.40 (m, 2H), 0.8 – 0.85 (t, 3H). 

 

 

 
Synthesis of hexamethylene disemicarbazide linker 

A solution of hexamethylenediisocyanate (0.5 g, 2.9 x 10-3 mol) in acetonitrile (4 mL) was added 

dropwise to a solution of hydrazine monohydrate (0.89 g, 17.8 x 10-3 mol) in acetonitrile (4 mL) 

at room temperature with vigorous stirring. Following 2h of additional stirring, acetonitrile was 

dried in vacuo at 30 °C to yield the product as a white solid.1 1H NMR (600 MHz, DMSO- d6) 

δ 6.75 – 6.85 (s, 1H), 6.29 – 6.21 (s, 1H), 4.00 (s, 2H), 3.00 (q, 2H), 1.32 – 1.40 (p, 2H), 1.26 – 

1.20 (m, 2H). 

 

 

 

 

Model reaction with O-ethylhydroxylamine 

Oxidized alginate (10 % ox-alg, 5.00 x 10-3 g, 5.05 x 10-6 mol of aldehyde groups) was weighed 

into a 1.5 mL Eppendorf tube. A 0.5 M stock solution of O-ethylhydroxylamine hydrochloride 

(5.00 x 10-3 g, 5.13 x 10-5 mol) in D2O (0.1025 mL) was prepared. The O-ethylhydroxylamine 

solution (17.70 L, 8.85 x 10-6 mol) and D2O (0.4823 mL) was added to the tube and the 

reaction was carried out for 30 minutes on a thermoshaker at RT (2000 rpm). The reaction 

solution (0.5 mL) was transferred to an NMR tube for recording the NMR spectrum. 

 

 
Model reaction with propyl semicarbazide 
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Oxidized alginate (10 % ox-alg, 5.00 x 10-3 g, 5.05 x 10-6 mol of aldehyde groups) was weighed 

into a 1.5 mL Eppendorf tube. A 0.5 M stock solution of propyl semicarbazide (5.00 x 10-3 g, 

4.27 x 10-5 mol) in D2O (0.0854 mL) was prepared. The propyl semicarbazide solution (17.70 

L, 8.85 x 10-6 mol) and D2O (0.4823 mL) was added to the tube and the reaction was carried 

out for 30 minutes on a thermoshaker at RT (2000 rpm). The reaction solution (0.5 mL) was 

transferred to an NMR tube for recording the NMR spectrum. 

Model reaction with propanoic acid hydrazide 

Oxidized alginate (10 % ox-alg, 5.00 x 10-3 g, 5.05 x 10-6 mol of aldehyde groups) was weighed 

into a 1.5 mL Eppendorf tube. A 0.5 M stock solution of propanoic acid hydrazide (5.00 x 10-3 

g, 5.67 x 10-5 mol) in D2O (0.1135 mL) was prepared. The propanoic acid hydrazide solution 

(17.70 L, 8.85 x 10-6 mol) and D2O (0.4823 mL) were added to the tube and the reaction was 

carried out for 30 minutes on a thermoshaker at RT (2000 rpm). The reaction solution (0.5 mL) 

was transferred to an NMR tube for recording the NMR spectrum.  

 
Aoa-7-GRGDSP synthesis 

The peptide Aoa-7-GRGDSP (sequence: NH2-O-CH2-CO-7-aminoheptanoic acid-Gly-Arg-

Gly-Asp-Ser-Pro-NH2) was synthesized on Rink Amide MBHA resin (0.60 mmol/g) using 

Fmoc chemistry by a Syro I synthesizer (Multisyntech, Witten, Germany). The side chain 

protecting groups were: OtBu, Asp; tBu, Ser; Pbf, Arg. The couplings were double for the first 

insertion, then single (5 equivalents of Fmoc-amino acid, 5 eq. HBTU, 5 eq. HOBt, and 10 eq. 

DIEA); for the last coupling 10 eq. of 2,4,6-Collidine was used instead of DIEA. The peptide 

was cleaved from the resin and deprotected from side chain protecting groups using the mixture 

1.9 mL TFA, 0.05 mL TES, and 0.05 mL H2O, for 90 minutes. The characterization of the 

synthetic peptide was performed by MALDI mass spectrometry (Theoretical mass: 786.0 Da; 

Experimental mass: 784.8 Da; 4800 MALDI-TOF/TOF Analyzer, AB Sciex Pte Ltd, Singapore). 

The absence in the MALDI spectrum of different masses attributable to secondary products 

encouraged the use of Aoa-7-GRGDSPA without RP-HPLC purification avoiding, on the other 

hand, amino-oxy group reaction with acetonitrile, the RP-HPLC standard eluent. 
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Results and discussion 

Synthesis of propyl semicarbazide 

Synthesis of hexamethylenedisemicarbazide 

 

Figure S1. 1H NMR of propyl semicarbazide in DMSO. 

Figure S2. 1H NMR of hexamethylenedisemicarbazide in DMSO 
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Oxidized alginate qualitative quantification 

Alginate with aldehyde groups was prepared by oxidation (5%, 10% and 15%) using NaIO4. 

Oxidation of alginate was confirmed by the presence of hemiacetal peaks in the NMR spectra 

and it was found that with an increase in the degree of oxidation, the hemiacetal peak intensity 

increased. 

 

 

 

Figure S3. 1H NMR of alginate with varying degrees of oxidation. a) 15%, b) 10%, c) 5%, and d) 0%.  The 
appearance of protons between 5.15 - 5.75 ppm (highlighted in the red box) is attributed to the formation 
of hemiacetal groups upon reaction of aldehydes to neighboring hydroxyl groups. Spectra were measured 
at 325 K. 
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Small molecule model reactions 

 

Typical Viscoelastic curve for viscoelastic material 

 

Figure S4. 1H NMR of a) 10% oxidized alginate, b) reaction solution of 10% oxidized alginate with O-
ethylhydroxylamine hydrochloride, c) propyl semicarbazide and d) ethyl hydrazine in D2O. Protons 
attributed to the formation of oxime, semicarbazone and hydrazone appear between 6.50 - 8.50 ppm and 
are highlighted as zoomed in images. 

Figure S5. Typical viscoelastic material curve. Reprinted from with permission from TA instruments. 
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Strain sweeps  

Effect of degree of oxidation 

As it can be seen in the strain sweep in (figure S6 in SI), the 5% ox-alg network did not rupture 

completely at 600% strain. Therefore, 5% ox-alg did not follow the dynamics of 10% ox-alg and 

15% ox-alg. Reliable measurements at a strain sufficient to rupture the 5% hydrazone network 

(>1200%) were not possible with our parallel plate geometry as the samples were displaced out 

from under the plates. 

Figure S7.  Effect of degree of oxidation on gel storage and loss modulus and self-healing behavior. 

 

Figure S6. Strain sweeps were carried out to determine the linear viscoelastic region and the critical strain 
necessary for the onset of network rupture (tanδ = 1). The linear viscoelastic region was shown to be 
around 100% for most gels, with the exception of the oxime at 10% at 5% hydrazone at 300%. The critical 
strain for the onset of network rupture was determined to be around 400% with the exception of 10% 
oxime and 5% hydrazone showing 200% and 800% respectively. Based on these results, 600% strain was 
chosen for self-healing measurements to ensure network rupture, while 1% strain was chosen for 
frequency and time sweep measurement to remain within the linear viscoelastic region. While 600% strain 
does not ensure network rupture for the 5% hydrazone going beyond this point induces such large 

movements and sample deformation that the sample no longer remains between the parallel plates. 
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Self-healing 

 

Cell viability 

 

Figure S9. Live-dead staining images of chondrocytes, ATDC5, at 1 and 4 days. Scale bar: 200 µm    

Figure S8. Macroscopic self-healing behavior of a) 10% ox alginate gel with oxime cross-links and 15% 
ox alginate gel with b) semicarbazone and c) hydrazone cross-links. 
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Cell spreading 

 

 

 

 

 

 

Injectability 

 

 

 

Figure S10. Cell spreading on tissue culture plastic and different imine type reversible cross-links. 

Scale bar: 25 µm    

Figure S11. a) Schematics of injectability. b) 15% ox-alg gels were also injected using a 25G needle: both 
hydrazone and semicarbazone were found to be injectable, however semicarbazone did not produce a 

smooth fiber. 
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Printability 

 

Figure S12. 2-layered scaffolds printed using 10% ox-alg (2% (w/v) alginate) with hydrazone cross-links 

printed at different speeds and pressures. A 0.25 mm (25G) conical needle was used.  

 

Figure S13. 2-layered scaffolds printed using 10% ox-alg (2% (w/v) alginate) with hydrazone cross-links 

printed at 5 mm/s using different pressure values. A 0.25 mm (25G) conical needle was used. 

 

Figure S14. 10% ox-alg (1% (w/v) alginate) hydrazone cross-linked scaffolds of a) 2 layers and b) 4 layers 
printed at 45 kPa (30 mm/s). A 0.20 mm (27G) conical needle was used. 
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Figure S15. 2-layered scaffolds printed using 5% ox-alg (2% (w/v) alginate) with hydrazone cross-links 
at a) 45 kPa (10 mm/s), b) 50 kPa (10 mm/s), and c) 60 kPa (11 mm/s). A 0.20 mm (27G) conical needle 
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Figure S16. 10% ox-alg (2% (w/v) alginate) hydrazone cross-linked scaffolds of a) 1 layer, b) 2 layers, 

and c) 4 layers printed at 140 kPa (5 mm/s). A 0.25 mm (25G) conical needle was used.  
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Abstract: 

Few synthetic hydrogels can mimic both the viscoelasticity and supramolecular fibrous structure 

found in the naturally occurring extracellular matrix (ECM). Furthermore, the ability to control 

the viscoelasticity of fibrous supramolecular hydrogel networks to influence cell culture remains 

a challenge. Here, we show that the modular mixing of supramolecular architectures with slow 

and fast exchanging dynamics can provide a suitable environment for multiple cell types, and 

influence cellular aggregation. We employed modular mixing of two synthetic benzene-1,3,5-

tricarboxamide (BTA) architectures: a small molecule water-soluble BTA with slow exchange 

dynamics and telechelic polymeric BTA-PEG-BTA with fast exchange dynamics. 

Copolymerization of these two supramolecular architectures was observed, and all tested 

formulations formed stable hydrogels in water and cell culture media. We found that rational 

tuning of mechanical and viscoelastic properties is possible by mixing BTA with BTA-PEG-

BTA. These hydrogels showed high viability for both chondrocyte (ATDC5) and human dermal 

fibroblasts (HDFs) encapsulation (>80%) and supported neuronal outgrowth (PC12 and dorsal 

root ganglion DRG). Furthermore, ATDC5s and human mesenchymal stem cells (hMSCs) were 

able to form spheroids within these viscoelastic hydrogels, with control over cell aggregation 

modulated by the dynamic properties of the material. Overall, this study shows that the modular 

mixing of supramolecular architectures enables tunable fibrous hydrogels, creating a biomimetic 

environment for cell encapsulation. These materials are suitable for the formation and culture of 

spheroids in 3D, critical for upscaling tissue engineering approaches towards cell densities 

relevant for physiological tissues.   
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Introduction 

Unlike traditional synthetic elastic hydrogels employed for tissue regeneration, the extracellular 

matrix (ECM) is fibrous and possesses a range of stiffness and time-dependent viscoelastic 

properties.1,2 Stiffness can be tuned in synthetic elastic hydrogels to mimic soft tissues and 

control cell behavior;3,4,5,6 however, static and uniform cross-links with mesh-like structures do 

not mimic the dynamicity and fibrous morphology of the ECM. Fibrous proteins in the ECM 

such as collagen, elastin, fibronectin, and laminin self-assemble via physical interactions to form 

highly organized superstructures.7,8 Furthermore, the ECM structure is highly dynamic, 

interacting with cells to control several functions such as growth, migration, proliferation, and 

differentiation9, while undergoing continuous remodeling.10 These physical interactions between 

proteins and remodelability are believed to be responsible for the dynamicity, viscoelasticity, and 

stress relaxation behavior of the native ECM.2 Engineering both viscoelasticity and fibrous 

assembly in synthetic hydrogels remain a challenge. 

Stress relaxation is a measure of viscoelasticity, which is the ability of the ECM to dissipate cell 

stresses by either reorganization of physical cross-links or remodeling by degradation. Stress 

relaxation has been shown to influence stem cell lineage and cell behavior. 1,2,11,12,13,2,14–18 Faster 

stress-relaxing hydrogels enhance cell spreading11, and proliferation18, and support the formation 

of actin stress fibers and focal adhesions.16 By tuning stress relaxation, the differentiation of 

mesenchymal stem cells (MSCs) can be controlled towards either osteogenic18 or adipogenic19 

lineages. Furthermore, therapeutic cells like primary chondrocytes produced more cartilage-like 

ECM in fast-relaxing hydrogels.20 Myoblasts (C2C12) have also shown sensitivity to stress 

relaxation, spreading and forming robust actin in fast relaxing hydrogels.14 Such stark differences 

are observed largely due to the viscous component (viscoelasticity) of these hydrogels, which is 

responsible for dissipating stresses in the materials when a cell pulls or pushes against the matrix. 
1,21,22,23 While the effect of network dynamics on cell adhesion have been well documented24, less 

is known about the effect these network dynamics can also have on cell aggregation. 

On the molecular scale, the rate of stress relaxation in a hydrogel is inherently dictated by the 

dynamics of network cross-links.1,25 An early example of tunable stress relaxation involved 

grafting polyethylene glycol (PEG) on alginate to affect the binding of Ca2+ cross-links.18 More 

recent approaches use knowledge from small molecule studies including dynamic covalent 

chemistry and supramolecular chemistry.1,26,27,28,29 These strategies offer a more rational way to 

tune the hydrogel using the equilibrium constant Keq, the ratio of the rate constants of the on 

and off rates of binding. Exploiting dynamic covalent chemistry, stress relaxation has been tuned 

by utilizing differences in k1 and k-1 of aliphatic (fast) versus aromatic (slow) aldehyde to form a 

hydrazone bond.14 Other strategies include leveraging equilibrium kinetics of esterification of 

boronate esters30, mixing two different phenylboronic acid derivatives with unique diol 

complexation rates31, and employing either distinctly different imine-type dynamic cross-links 

(oxime versus hydrazone)32 or modular mixing of dynamic cross-links (oxime and hydrazone).33 

Host–guest chemistry has also been applied to engineer stress relaxation by using guest 
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molecules with a range of affinity to host in both cucubiturils34 and cyclodextrins.35 Despite these 

advances, the control of viscoelasticity in fibrous hydrogels based on self-assembly remains 

elusive.36,24  

Among hydrogels, one-dimensional (1D) synthetic supramolecular biomaterials stand out, 

thanks to their fibrous structure, dynamicity, and ability to create a biomimetic ECM.37,38 Similar 

to the self-assembly of ECM proteins via physical interactions, building blocks in a 

supramolecular fiber self-assemble via non-covalent interactions such as hydrogen bonding, 

hydrophobic interactions, and π−π stacking. Monomers in supramolecular fibers can be dynamic 

and can undergo exchange between fibers, which mimic the association and disassociation of 

physical cross-links between fibers in ECM proteins.39,37 Supramolecular polymerization enables 

the creation of fibril structures with similar length scales found in native ECM proteins, tuning 

dynamics on the molecular scale, and building a structure-property relationship between 

molecular dynamics and bulk properties.40,39,37 Molecular engineering of peptide amphiphiles41, 

short peptides42, ureido-pyrimidinone (UPy)43, and BTAs36,44,45 has been done to achieve fibrous 

structures and control the macroscale mechanical properties of hydrogels. Several recent reports 

have shown the ability of nanofibrillar hydrogels to support and facilitate cell aggregation46,47; 

however, the role of viscoelastic timescales (or network exchange) on the speed or amount of 

cell aggregation has not been investigated. 

Owing to the high specificity and directionality of supramolecular interactions, modular mixing 

via mix-and-match of supramolecular monomers or copolymerization is a unique opportunity 

to create new materials on the benchtop without having to synthesize new molecules or 

polymers. This modular approach opens up possibilities to build generalizable platforms for the 

mix-and-match of supramolecular monomers for tuning material composition, mechanical 

properties, and bioactivity. Modular mixing has been used to create elastomeric scaffolds for 

tuning bioactivity in UPy polymer platforms,48,49,50,24 and to carry different biological signals in 

peptide amphiphiles.51 Recent progress has shown that modular mixing also offers the potential 

to tune the exchange dynamics in UPy52 and BTA36,45-based supramolecular materials, which 

can be utilized to control hydrogel structure, dynamicity, and viscoelasticity. While both the UPy 

and peptide amphiphile architectures have a long history of use in hydrogel biomaterials, BTA 

systems have only been sparingly investigated.53  

Here, we explore a simple and versatile supramolecular tuning strategy for cell culture 

applications. We build on the recently published work where BTA and BTA-PEG-BTA (a 

telechelic PEG functionalized with BTA on both ends) were mixed in different ratios to create 

1D fibrous structures with competitive interactions.36 By tuning the formulations at higher 

concentrations, we can achieve hydrogels with mechanical and viscoelastic properties in the 

physiological range for soft tissues. We investigated these BTA fibrous hydrogels for 3D cell 

culture with several different cell types. Since these BTA hydrogels are composed of non-

covalent interactions, which are dynamic and can facilitate cell-cell contact and cell aggregation, 

we were able to employ hydrogels with different viscoelastic timescales to investigate the 

aggregation behavior of chondrocytes (ATDC5) and primary hMSC. To our best knowledge, 
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this is the first study that studies the effect of dynamic timescales on cell aggregation and 

spheroid formation in viscoelastic hydrogels. BTA viscoelastic hydrogels offer alternatives to 

typical 2D plastics and microwells for studying cell aggregation and spheroid formation, as they 

provide ECM mimicking 3D fibril structure with physiological stiffness ranges and controlled 

viscoelasticity. 

Results and Discussion 

Hydrogel Formation and vial inversion  

In this study, we used two BTA architectures (Figure 1A and 1B): a small molecule BTA (slow 

exchange dynamics) and a telechelically functionalized PEG BTA-PEG-BTA (fast exchange 

dynamics). The BTA-PEG-BTA architecture was formed by connecting two BTA molecules 

with telechelic poly(ethylene glycol) (PEG) (PEG20K) using copper-catalyzed azide-alkyne click 

chemistry.36 To start with, we investigated the ability of BTA and BTA-PEG-BTA to form 

hydrogels via a simple heat–cool approach. Both BTA and BTA-PEG-BTA formed hydrogels 

successfully at 10 wt% (Figure 1C and 1D). The BTA formed an optically opaque hydrogel, 

while the BTA-PEG-BTA formed an optically clear hydrogel. Hydrogel out of BTA-PEG-BTA 

can also be made by mixing BTA-PEG-BTA powder with water/DPBS/media and placing 

overnight at 37 °C. When subjected to a vial inversion test, we observed that the hydrogelators 

had markedly different behavior (Figure S1). After 24 hours, the BTA hydrogel stayed at the 

top of the vial while the BTA-PEG-BTA hydrogel flowed to the bottom of the glass vial 

demonstrating differences in viscoelastic properties. The flow behavior of BTA-PEG-BTA 

suggested greater viscoelasticity compared to BTA.   

We then mixed the two hydrogelators in different ratios with a final concentration of 10 wt% 

(Figure S1). For this study, the different formulations of copolymerized hydrogels explored were 

90:10, 75:25, 50:50, 25:75, and 10:90; this nomenclature indicates % of BTA:BTA-PEG-BTA. 

For example, 200 µL of a 100:0 hydrogel contains 20 mg of BTA and zero mg of BTA-PEG-

BTA while a 75:25 hydrogel contains 15 mg of BTA and 5 mg of BTA-PEG-BTA. All tested 

formulations formed stable hydrogels in water and DMEM using a simple heating-cooling 

procedure. Transparency of the hydrogel increased with increasing % of BTA-PEG-BTA 

(Figure SI). During a cursory vial inversion test, only the 10:90 hydrogel flowed to the bottom 

of the vial after 24 hours and all other tested copolymerized hydrogels stayed at the top of the 

vial.   

Storage Moduli  

To investigate mechanical properties, we turned to oscillatory rheology. First, we investigated 

BTA and BTA-PEG-BTA with a frequency sweep at 1% strain and with a final concentration 

of 10 wt%. BTA (100:0, grey color Figure 2a) showed an equilibrium storage modulus around 

300 Pa, which stayed constant over almost five decades of angular frequency. This could be 

attributed to the very long (several micrometers in length) and entangled fibers observed under 
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cryogenic transmission electron microscopy (cryo-TEM)44, which would result in persistent 

network formation. BTA-PEG-BTA (0:100, black color in Figure 2A) showed a plateau storage 

modulus of 9000 Pa. This 0:100 formulation displayed a classic viscoelastic response; decreasing 

storage modulus with decreasing angular frequency. The elastic plateau at a higher frequency is 

Figure 1. Chemical structures and schematic representation of BTA and BTA-PEG-BTA. A) BTA chemical 
structure has a benzene core covered with dodecyl hydrophobic spacer and tail of tetra-ethylene glycol units 
for solubilizing in water. BTA-PEG-BTA chemical structure where two BTA are connected with 
polyethylene glycol 20K (PEG20K) using copper-azide click chemistry. B) Schematic representations of the 
supramolecular networks of BTA (100:0) and BTA-PEG-BTA (0:100) hydrogelators; benzene core and 
hydrophobics are shown in yellow and gray, and blue represents tetra-ethylene glycol units. PEG20K is 
shown in light blue. C) A schematic representation of BTA units stacking over each other via 3-fold hydrogen 
bonding interactions, resulting in micron length long fibers. Inset images are zoomed in areas, top showing 
BTA stacks in single fiber and bottom demonstrates BTA fibers physical cross-links/entanglements between 
fibers. The image with black arrows shows slow rate of molecular exchange dynamics. D) A schematic 
representation of BTA-PEG-BTA forming micelles due to polyethylene glycol steric hindrance. BTAs are 
shown in yellow and PEG polymer in blue. Red represents bridges between micelles. Faster rate of molecular 
exchange dynamics is shown in image with black arrows for BTA-PEG-BTA.   
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believed to originate from the formation of elongated objects owing to the bridging of micelles 

by BTA-PEG-BTA molecules.36 

To explore if BTA copolymerization would result in a library of hydrogels with different 

mechanical properties, we mixed BTA and BTA-PEG-BTA in different proportions and 

recorded a frequency sweep. BTA had a storage modulus of 300 Pa. When 10% BTA-PEG-

BTA (90:10) was added, the storage modulus increased to ~20 kPa, indicating a surprising 

increase in stiffness with low amounts of the telechelic architecture. The storage moduli stayed 

constant upon increasing the BTA-PEG-BTA to 25% (75:25) and then decreased to 15 kPa, 9 

kPa, and 6 kPa (Figure 2B) with increasing BTA-PEG-BTA (50:50, 25:75, and 10:90, 

respectively). Conveniently, these modularly mixed hydrogels have storage moduli in the range 

of soft tissue shear moduli such as cardiac muscle (5–50 kPa), kidney (4–8 kPa), spleen (15–20 

kPa) and thyroid (1.3–1.9 kPa)4, and can easily be tailored simply by mixing different proportions 

of the two components. 

Non-linear dependence of storage moduli has also been observed by Vereroudakis et al36 of  

BTA and BTA-PEG-BTA copolymerized binary hydrogels at low concentrations (5 wt%). 

Storage modulus gradually increases upon the addition of BTA-PEG-BTA to BTA and reaches 

a maximum of 10 kPa for 50:50 formulation. A decrease in supramolecular fiber length with 

increasing BTA-PEG-BTA % and the resulting changes in the connectivity of the network have 

been attributed to be responsible for the non-monotonic dependence of storage moduli on BTA 

formulation.36  

Viscoelasticity 

Previous work has shown that BTA forms largely elastic hydrogels, while BTA-PEG-BTA is 

viscoelastic44. We explored if this still holds at the higher concentration used for cell culture 

applications. The pure BTA largely showed frequency-independent storage and loss moduli, 

which is typical for a Hookean solid (see Figure 2A, grey color). BTA-PEG-BTA showed a 

complex viscoelastic behavior, with G’’ crossing G’ at around 5 rad/s (see in Figure 2A, black 

color), which is a typical transition (rubbery plateau to terminal region, going from high to low 

frequency) for viscoelastic materials (Figure S2). These results were in agreement with 

previously reported studies44 and with our visual observations during the vial inversion test.  

All modularly mixed hydrogel formulations showed characteristic viscoelastic behavior as shown 

in Figure S3A. In general, we observed a shift towards more of a viscoelastic character with 

higher weight fractions of BTA-PEG-BTA. The formulation 90:10 showed that G’, and G’’ 

remained largely independent of frequency (Figure S3A). The formulation 75:25 also did not 

show a crossover point between G’ and G’’ within the experimental window; however, the 

decreasing G’ as we moved to a lower frequency forecasts a convergence (shown in Figure 

S3A). This effect was more pronounced when we increased BTA-PEG-BTA to 50% (50:50) 

which showed the convergence point G’’ and G’ around  = 0.1 rad/s, which is roughly 2 

decades lower on the frequency axis when compared to 0:100 crossover point. Interestingly, the 

25:75 hydrogel did not show any convergence or crossover point even though it has 25% more 
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BTA-PEG-BTA compared to the 50:50 formulation. Upon increasing BTA-PEG-BTA to 90% 

(10:90), the crossover point reached 3 rad/s which is close to the 0:100 formulation (5 rad/s). 

The shifting of crossover points to a higher frequency by adding BTA-PEG-BTA indicated that 

modular mixing of supramolecular BTA units allowed tuning of viscoelasticity across a relatively 

broad range. 

Tanδ, the ratio of G’’/G’, provides information on viscous behavior or stress dissipation 

characteristic of a material. We investigated Tanδ of the different formulations as shown in 

Figure 2C. Tanδ is highest for 0:100 (BTA-PEG-BTA) across all investigated frequencies, which 

indicates that it has the highest viscous component in all formulations. In general, adding BTA 

in BTA-PEG-BTA led to a decrease in Tanδ indicating more elastic properties added to the 

mixture. For example, at 0.1 rad/s, 0:100 had Tanδ of 10, which decreased to 1 and 0.1 for 50:50 

(50% BTA) and 90:10 (90% BTA). Interestingly, 90:10 had lower Tanδ than 100:0 (at all angular 

frequencies), indicating that 90:10 has more viscoelastic solid characteristics and less stress 

dissipation capacity compared to 100:0. Another exception to the general trend of adding BTA 

and decreasing Tanδ was 25:75 (75% BTA-PEG-BTA) which showed a Tanδ value lower than 

50:50. Important to note, differences in the Tanδ value increased as we gradually moved to lower 

frequencies (from 102 to 10-2 rad/s), indicating that the hydrogels behave very different at low 

frequencies, which points to different exchange dynamics in BTA formulations.   

Next, we investigated the stress relaxation behavior of the hydrogels for an in-depth analysis of 

stress relaxation modes within the hydrogels. BTA-PEG-BTA (0:100) relaxed fully under just 

one second, while BTA (100:0) barely relaxed to 60% after 10,000 seconds (Figure 2D). We 

found that stress relaxation time scales can be fine-tuned by mixing BTA with BTA-PEG-BTA 

in different ratios. While average stress relaxation times are often calculated using the Maxwell 

model (equation 1), this model only contains a single characteristic relaxation mode in which a 

Hookean spring and a Newtonian dashpot are connected in series 

𝐺(𝑡) =  𝐺0𝑒−𝑡 𝜏0⁄                      (1) 
Where G(t) is the storage modulus, G0 is the equilibrium storage modulus, and τ is the relaxation 

time. After the initial fitting, we realized that our supramolecular systems exhibited more 

complex relaxation behavior. Therefore, we use the Maxwell-Weichert model for viscoelastic 

fluids (equation 2), which consists of spring-dashpot Maxwell elements in parallel. Total stress 

in the system would be the sum of stress in each of Maxwell's spring-dashpot elements.  

𝐺(𝑡) = ∑ 𝐺𝑖𝑒−𝑡 𝜏𝑖⁄    

𝑖

                 (2)     

Using this approach, the average stress relaxation time can be obtained by summation of stress 

in each Maxwell-dashpot element over the time interval of the stress relaxation test.   

< τ > = ∑ 𝐶𝑖τ𝑖                          (3) 

𝑖
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Using equation 3 for two Maxwell elements in parallel, the average stress relaxation time <τ> 

was calculated as shown in Table 1 and Table S1 . Increasing BTA-PEG-BTA percentages led 

to decreases in stress relaxation time and via modular mixing of BTA and BTA-PEG-BTA stress 

relaxation times can be tuned from under a few seconds to several thousand seconds. Average 

relaxation times ranged from several thousand to a few seconds and half relaxation times are 

between several hundred to a few seconds, as shown in Table 1. Many BTA formulations have 

stress relaxation half times between 0.1–100 seconds which are in a similar range of soft tissue 

such as brain, breast tumor, coagulated marrow, fracture hematoma, liver, and muscle2. In 

addition, our hydrogel's stress relaxation half times (below 100 seconds) are in the range of stress-

relaxing hydrogels promoting osteogenic differentiation18 and producing cartilage-like matrix 

formation.20  

A general trend was observed, where increasing BTA-PEG-BTA resulted in faster-relaxing 

hydrogels (Figure 2D). This is likely due to the presence of telechelic PEG20K in BTA-PEG-

BTA, which could result in less stable BTA aggregates and faster exchange dynamics. In previous 

studies, hydrogen/deuterium exchange (HDX) mass spectrometry (MS) experiments showed 

that mixing BTA-PEG-BTA with BTA weakens the association strength between BTA 

molecules within the assembly leading to less stable aggregates and faster exchange dynamics.36 

In a similar study with a UPy supramolecular polymer, bivalent UPy (UPy molecules connected 

with telechelic PEG20K) accelerated the exchange dynamics when mixed with small-molecule 

UPy.52 These studies support that faster exchange dynamics in the presence of telechelic PEG 

are mainly responsible for the fast relaxation behavior of BTA-PEG-BTA and that different 

exchange dynamics, in combination with the differences in hydrogel morphology36, are a likely 

source of the different relaxation behavior in these multi-component supramolecular systems.  

Self-healing: 

Initially, self-healing was visualized in the lab by placing two pieces of hydrogel, colored with red 

and green food coloring dye, side by side and compressing them. The hydrogels with ≥ 75% of 

BTA-PEG-BTA self-healed after 24 hours, yet the 90:10 and 100:0 formulations did not (Figure 

S5). Next, self-healing behavior was quantitatively investigated using cone-plate configuration. 

Initially, a strain amplitude sweep was conducted to find the critical strain needed to break the 

hydrogel structure. BTA (100:0) showed strain at break around 100%. Strain at break sharply 

decreased to ~ 2% for 90:10 (10% BTA-PEG-BTA), increased to ~ 20% for 75:25 (25% BTA-

PEG-BTA), and then stayed almost constant for 50:50 and 25:75. When % of BTA-PEG-BTA 

increased to 90%, strain at break declined to 10% for 10:90 and ~2% for pure BTA-PEG-BTA 

(0:100). The data showed that modular mixing of BTA architectures allows tuning strain at break.  
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We then investigated self-healing via step strain shear rupture cycles (1% to 400% strain) at a 

constant frequency (ω = 10 rad/s) for investigating the self-healing behavior of the hydrogels 

(Figure S5). Hydrogel rupture was observed upon applying high strain (G’>G’’) and quickly 

recovered to original values during the low strain cycle. Interestingly, 100:0 and 90:10 also 

showed full self-healing capacity, which we did not observe in the visual macroscopic self-healing 

test. This shows that shear rheology and visual self-healing test can result in contradicting results 

and macroscopic visual self-healing tests should be conducted for investigating macroscopic self-

healing capacity. Self-healing behavior within BTA-based hydrogels can be associated with 

reversible and dynamic supramolecular interactions.  

 

 

Figure 2. BTA modular mixing allows tuning viscoelastic properties of hydrogels: A) BTA (100:0, in grey) 
and BTA-PEG-BTA (0:100 in black) storage moduli (filled symbol) and loss moduli (empty symbol) as a 
function of frequency. B) Tuning of storage moduli by copolymerization of BTA and BTA-PEG-BTA. 
C) Tanδ (G’’/G’) as a function of frequency of copolymerized hydrogels. D) Stress relaxation profiles of 
hydrogels when subjected to constant 1% strain. Duplicates were performed for all hydrogel formulations 
in A, B, and C. Similar trends in viscoelasticity were found and the tanδ (G’’/G’) values for all runs are 
reported in supplementary Fig S3E. Duplicates were performed for 25:75 (BTA:BTA-PEG-BTA) in D in 

order to confirm the outlier and reported in Fig S4C.   
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 Table 1: Average stress relaxation times for BTA formulations. 

Sample 100:0 90:10 75:25 50:50 25:75 10:90 0:100 

𝜏 average 
(seconds) 

11,000 18,555 64 5 417 0.4 0.3 

𝜏1/2 
(seconds) 

524 *N/A 4 0.4 33 0.2 0.1 

*did not reach half value even after 10,000 seconds 

 

Cell studies 

BTA based Hydrogels are cytocompatible and allow cell growth 

Next, we moved to determine the biological compatibility of these materials. BTAs have been 

used in the presence of cells before in low concentrations53, but their cytocompatibility as 

hydrogels is not well explored. To investigate cytotoxicity, preliminary studies were carried out 

using fibroblasts with pure BTA-PEG-BTA. Fibroblasts were seeded on top (2D) and 

encapsulated within hydrogels (3D) utilizing the self-healing of the hydrogel. BTA-PEG-BTA 

hydrogel was broken into small pieces and mixed with cells. The number of dead cells 

determined via a live/dead assay was below 10% for both 2D and 3D conditions, indicating low 

cytotoxicity of the material (Figure 3A and Figure S6). This experiment also showed that the 

self-healing of the hydrogels can be used to encapsulate cells and 3D encapsulation did not have 

a negative influence on cell viability.  

In initial trials, we observed aggregation of fibroblasts (Figure S6C and video 1) within BTA-

PEG-BTA hydrogels likely due to fast exchange supramolecular dynamics. Aggregation is 

beneficial for many cells and multicellular aggregates en route to tissue formation; however, 

aggregation is usually prevented by covalently cross-linked hydrogels due to their static mesh 

network. For example, the aggregation of chondrocytes is desired to produce cartilage-like ECM 

for the creation of cartilage tissue. Correspondingly, we were interested to see if these different 

hydrogels could control the cell aggregation of chondrocytes in a 3D culture. First, we compared 

the viability of chondrocytes (ATDC5) in alginate, a standard tissue engineering hydrogel54,55,18, 

to our BTA-PEG-BTA hydrogels (Figure S7). We determined live/dead cell area since accurate 

single-cell counting was misleading owing to cell aggregation. Chondrocytes cultured in both the 

BTA-PEG-BTA, and the alginate showed similar live/dead results; the total area for live cells 

was ~3x times greater than dead cells, suggesting low (15–20%) cytotoxicity (Figure S7B). 

Cytotoxicity was also monitored using an LDH assay and both BTA-PEG-BTA and alginate 

showed lower (8×) LDH release compared to a cell pellet negative control, suggesting again 

greater than 80% viability (Figure S7C).   

Next, in order to investigate cell viability for the complete BTA series, we attempted cell 

encapsulation using a chemically dissolved freeze-drying method. The self-healing method for 

cell encapsulation was not the best choice since 100:0 and 90:10 showed poor cell encapsulation 

due to the non-self-healing ability of hydrogel macroscopically (Figure S5A). We chemically 
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dissolved solid polymer in dichloromethane and methanol, dried in a vacuum oven, and DPBS 

was added to make hydrogel. Hydrogels were frozen and freeze-dried. BTA hydrogels have a 

porous structure after freeze-drying. The cell suspension was added on top of the freeze-dried 

BTA hydrogels and incubated for ~1 hour at 37 ºC for hydrogel formation. Though we were 

able to encapsulate cells within freeze-dried hydrogels, not all formulations made stable 

hydrogels, especially those which have a larger percentage of BTA. This might be due to the fact 

that BTA requires heating for dissolving in water/media for self-assembly. Also, 100:0 formed 

a foamy lightweight structure, which was soft and most of the cells sedimented at the bottom 

resulting in poor cell encapsulation. This procedure of cell encapsulation was not robust and 

needed 4–5 days of hydrogel preparation before cell encapsulation and involved toxic agents 

such as dichloromethane and methanol for molecularly dissolving BTA molecules before 

vacuum and freeze-drying. 

Using the chemically dissolved freeze-drying method, we observed greater than 80% viability (% 

of live cell area) in all the formulations besides 100:0 and 90:10, which showed around 40% dead 

cells (by cell area) relative to other formulations (Figure S8A and S8B). We hypothesized that 

100:0 could retain methanol because of BTA hydrogen bonding interactions with methanol, 

which likely compromised the cell membrane. In a control experiment, we prepared the 100:0 

hydrogel in cell culture media and encapsulated ATDC5s using the self-healing method. While 

this formulation did not self-heal rapidly enough for efficient cell encapsulations, live/dead 

staining showed almost no dead cells for both cells in the hydrogel and on the tissue culture 

plastic (Figure S8C–D). This indicated that the hydrogel, itself, was not toxic, but likely toxicity 

came from residual solvent or one of the processing steps during the freeze-drying method.  

Lastly, we also explored the quicker heating method for cell encapsulation for 90:10 and 0:100 

BTA formulations, where we heated BTA hydrogels until they turned into liquid so that the 

hydrogel was pipetteable to mix with the cell suspension; however, high temperatures (minimum 

60 ºC) were required (Figure S9), transferring the hydrogel from a glass vial to a cell culture well 

plate, gelation in the pipette tip, and rapid gelation (<30 s) upon mixing cell suspension 

prevented effective cell encapsulation. Compared to the self-healing method, relatively more 

dead cells were seen (Figure S10) and no advantages were found.  

We found the self-healing method to be more reliable, applicable, and reproducible compared 

to the other cell encapsulation methods we tested since the hydrogel could be broken into small 

pieces and mixed with the cell suspension. Formulations that could not effectively self-heal and 

encapsulate cells were left out and not studied further. We then investigate the cytotoxicity of 

different formulations within our small library of BTA-PEG-BTA and BTA hydrogels. 

Chondrocytes were encapsulated within the different hydrogels for 7 days and a live/dead assay 

was performed. All hydrogels showed greater than 80% of live cell area, indicating high cell 

viability within modularly mixed BTA hydrogels (Figure 3D and 3E and Figure S11).  
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Next, we set out to investigate neurite outgrowth in BTA-based hydrogel using the PC12 cell 

line. Neuronal cells require dynamic and cell remodelable microenvironment56,57. We 

encapsulated PC12 as dissociated cells in most dynamic BTA-PEG-BTA hydrogel and observed 

that the PC12 cells aggregated in the first 48 hours and then showed neurite outgrowth in 

dynamic BTA-PEG-BTA hydrogel over 4 days (Figure S12). Then we mixed a small amount of 

either laminin or fibrinogen and PC12 cells exhibited more neurite projections; from a few in 

BTA-PEG-BTA to tens of neurites per cell aggregate in BTA-PEG-BTA hydrogel with either 

laminin or fibrinogen (Figure S12). Next, dorsal root ganglia (DRGs) were embedded within 

Figure 3. High cell viability in BTA formulations: A) fibroblasts showed high cell viability using a live/dead 
assay after 24 hours. Green represents live cells and red represents dead cells. B) Dorsal root ganglion (DRG) 
cells showed outgrowth in BTA-PEG-BTA (0:100) hydrogels after 48 hours. C) ATDC5 chondrocytes were 
around 80% viable (green) using a live/dead assay and the cell viability was comparable to alginate gels cross-
linked using calcium ions.  D) ATDC chondrocyte viability in BTA formulations after 7 days. Green 
represents live cells and red represents dead cells. E) % area of live cells calculated using the analyze particle 
function in Image J software for BTA formulations; the cell area for three images (top, middle, and bottom 
of an aggregate) was calculated. A minimum of two biological replicates were used for each experiment.  
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our hydrogel system and they exhibited branching neurite outgrowth when cultured in pure 

BTA-PEG-BTA hydrogels in just two days (Figure 3B and Figure S12). This shows that PC12 

and DRGs can stay healthy and grow neurite projections in dynamic BTA-PEG-BTA hydrogels. 

To further understand the role of materials dynamics, exploration of the complete BTA series 

with neurons could be of interest to study neurite outgrowth or neuron sphere formation within 

BTA hydrogels utilizing aggregation properties of BTA hydrogels.  

BTA dynamic and stress-relaxing hydrogels facilitate cell-dependent aggregation (ATDC5 

versus hMSCs) 

In the cell viability experiments, we observed that cells tended to form aggregates within the 

hydrogels, presumably due to the remodelability of the hydrogels. In a preliminary experiment, 

we observed that the material composition appeared to influence cell aggregation behavior 

(Figure S13). Slower aggregation and smaller aggregates of ATDC5 were observed in 

formulations with higher amounts of BTA (slow stress relaxation) compared to faster 

aggregation and larger aggregates with higher amounts of BTA-PEG-BTA (faster stress 

relaxation). While all formulations supported ATDC5 cell aggregation, we saw the best 

aggregation and encapsulation performance (based on the self-healing method) in the 

compositions from 75:25 to 0:100 and moved forward to characterize aggregate behavior in 

these hydrogels in more detail (Figure 4).  

While several previous studies have shown spheroid culture24,58, formation of spheroids in 

supramolecular nanofibrillar hydrogels46,47, and pre-made spheroid fusion in the supramolecular 

hydrogel with viscous component59,60, hydrogel viscoelasticity influence remains unknown on 

cell aggregation/spheroid formation in the 3D hydrogel. We further hypothesized that changes 

in the viscoelasticity/stress relaxation of the matrix could lead to control over cell aggregation – 

more simply, is this phenomenon a viscoelastic timescale-dependent phenomenon? We chose 

75:25, 50:50, 25:75, and 0:100 for studying cell aggregation and compactness of aggregates 

formed when ATDC5 were encapsulated within the hydrogel (Figure 4B). An agarose microwell 

mold was used as a positive control for aggregation, which is a 2.5D cell aggregation model on 

a well plate, where the cells are confined by agarose, but the 3D environment is simply cell media. 

These agarose microwells allow for free self-assembly of cells and is the current standard for 

forming cell aggregates, but is limited to 2D culture platforms.61  

Cells started to aggregate in BTA hydrogels after 6 hours and formed larger and more compact 

aggregates in 0:100 compared to other BTA formulations. The ATDC5 did not form uniform 

aggregates in the BTA hydrogels over 24 hours, yet aggregates in the 0:100 formulation were 

more compact, with cells aggregating more densely when compared to other BTA formulations. 

In other BTA formulations, single-cell boundaries could still be identified in the cell aggregates, 

indicative of less compactness.62 Compared to BTA formulations, ATDC5 aggregates were more 

round and compact in agarose microwells after 24 hours, likely due to free assembly and the 

presence of only cell-growth media around the cells.  
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Having established the ability of these dynamic formulations to allow chondrocytes aggregation, 

we wanted to explore this phenomenon with hMSCs (Figure 4C), which have clinical potential 

in multiple applications. Studying the self-assembly of primary hMSCs for aggregation and 

spheroid formation has been linked to cadherin expression and the osteogenic, adipogenic, and 

chondrogenic phenotypes. 63,64 We were interested to investigate if MSCs aggregate within these 

hydrogels and the effect of BTA formulations on cell aggregation and compactness. MSCs 

started to aggregate after 6 hours; however, aggregation was slower in BTA hydrogels compared 

to the free self-assembly of MSCs in agarose mold control. With time, cell aggregates in the BTA 

hydrogels became more compact and changed their shape from elliptical to spherical after 24 

hours (Figure 4C). MSCs formed more compact and spherical aggregates in the 0:100 hydrogel 

compared to the other BTA formulations in 24 hours likely due to faster supramolecular 

dynamics, which supported rapid MSC aggregation. In addition, a clear trend could be seen in 

that aggregates were more compact and roundly shaped as the percentage of BTA-PEG-BTA 

increased (after 24 hours). Overall, the images revealed that the dynamicity and 

viscoelastic/stress relaxation properties of the BTA hydrogels support cell aggregation without 

the presence of proteolytically degradable cross-linkers.   

We hypothesized that cell aggregation can be controlled by the dynamic properties of the 

hydrogel (viscoelasticity/stress relaxation) and the main driving force is the exchange dynamics 

of the BTA molecule. However, differences in nutrient availability within the series could also 

influence cell aggregation. To determine if nutrient diffusion is similar across all BTA 

formulations, FRAP measurements were performed using fluorescently labeled dextran of 3–5 

and 70 kDa. Dextran of 3–5 kDa showed a two-fold higher diffusion coefficient compared to 

70 kDa likely due to differences in the hydrodynamic radii. Interestingly, no significant difference 

in the diffusion coefficient was observed for each molecular weight dextran (20 µm2/s for 3–5 

kDa and around 10 µm2/s for 70 kDa) when comparing all BTA formulations (Figure S14).  

FRAP data indicated that, even though the diffusion coefficient is different for different sizes of 

dextran, diffusion of macromolecules stays constant across the BTA series. This FRAP data 

supports that the differences in cellular self-assembly are not likely due to differences in nutrient 

diffusion. 

We next explored if pre-formed spheroids would fuse within the hydrogels. We continued the 

hMSC culture and observed the fusion of aggregates at 48 hours in all BTA formulations except 

0:100 (Figure 5A). Fusion behavior in BTA hydrogels could be attributed to reversible 

supramolecular interactions and viscoelasticity of the hydrogels. Observed stable aggregate 

formation and MSC spheroids fusion after 48 hours is indicative of healthy and viable cells.  

Overall, we have observed that hydrogel dynamicity supported ATDC5 and MSC cell 

aggregation without any presence of degradable cross-linkers. MSC aggregates formed well-

defined spheroids compared to less defined aggregates for ATDC5 in 24 hours, which indicates 

cell-dependent aggregation behavior facilitated by supramolecular dynamics in stress-relaxing 

BTA hydrogels.  
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Considering the increasing need for platforms for developing 3D building blocks for tissue 

engineering and animal alternatives scaleable drug testing models, these dynamic and viscoelastic 

BTA hydrogels can be promising candidates since current technologies are limited to 2D culture. 

For example, by removing dimensional constraints (e.g., 2D or 2.5D), such dynamic hydrogels 

offer new flexibility in the scaling and size of aggregated cells and tissues which would be more 

physiologically relevant when compared to current 2D models. In addition, the tunable 

mechanical properties and controlled fibrous structures make these BTA hydrogels ideal as a 

biomimetic environment. In short, our results suggest that these BTA hydrogels, and potentially 

other dynamic hydrogels, can provide a scalable platform where cells in physiologically relevant 

cell densities, mechanical properties, and architectures can reorganize, assemble into desired 

morphologies, and develop into complex tissues.  

 BTA dynamic and stress-relaxing hydrogel supported hMSC spheroid fusion and 

affected hMSC proliferation and aggregate size and morphology 

After illustrating spheroid fusion, we subsequently investigated hMSC proliferation capacity 

within the different BTA formulations. Previous studies have shown that proliferation rates are 

different in 2D and 3D, and many cell lines show reduced proliferation in 3D spheroid cultures62 

and hydrogels (synthetic and natural)65,66,67 compared to 2D monolayer cultures. The type of 

matrix66 and stress relaxation18 also have been shown to influence proliferation rates for cells. 

We hypothesized that mechanical confinement would reduce proliferation as compared to 2D 

agarose mold (allowing free 3D self-assembly of hMSC) and the different exchange dynamics of 

BTA hydrogels could influence cell proliferation. To assess the influence of BTA formulations 

on the proliferation of cells, EdU was added in cell culture media. EdU is incorporated into 

newly synthesized DNA by cells and therefore can be correlated to cell proliferation. Given that 

the doubling time of hMSCs on tissue culture plastic was approximately 48 hours, we used a 48-

hour EdU incubation to detect proliferating cells. 

Free self-assembled spheroids in agarose mold showed more proliferating cells 

compared to BTA formulations suggesting that physical confinement in BTA hydrogels 

reduced proliferation (Figure 5B and 5C). Agarose showed a mean value for EdU-

positive MSCs at around 12%. All tested BTA formulations showed proliferating cells 

(EdU positive) and the mean value for EdU-positive MSCs varied from 0.5 to 10%. 

The lowest number of proliferating cells was found in the 0:100 formulation and the 

highest in the 50:50, when compared to all other BTA formulations. A decrease in 

proliferating cells in 0:100 could also be attributed to the clumping of hMSCs. These 

results show that 3D confinement still allowed for significant cell proliferation, yet 

reduced proliferation compared to free self-assembly of cells when cultured in 

suspension (in agarose mold). 
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Figure 4. Self-assembly and aggregation of ATDC5 and hMSC within BTA hydrogels: A) Cell aggregate 
formation in cell media in agarose microwell versus cell aggregate formation in BTA viscoelastic 
hydrogels. B) ATDC5 form round and compact aggregate in agarose mold (positive control). ATDC5 
chondrocytes tends to aggregate in all BTA formulations; however, cell aggregate are not as compact as 
compared to agarose mold. Among BTA formulations, 0:100 showed more compact aggregates, scale bar 
100 µm, n = 2 biological replicates. C) Self-assembly and aggregation of hMSCs within BTA gels. Cell 
aggregates size decrease in agarose mold (positive control) showing that aggregate is getting more compact 
over time. All BTA formulations showed cell aggregation and spheroids formation. However, it can be 
seen that cells form smaller aggregates and that there is more spheroid fusion with increasing % of BTA-
PG-BTA, scale bar 100 µm. n = 3 biological replicates.  
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We further determined shape descriptors such as spheroid size (largest length), area, and 

morphology of MSC spheroids in BTA hydrogels after 48 hours. Quantification revealed that 

the longest length of an aggregate was significantly reduced in BTA hydrogels compared to 

agarose, except 0:100 which was similar (Figure 5D). Next, we evaluated the aggregate area and 

observed similar trends: BTA hydrogels showed a smaller aggregate area compared to agarose 

(Figure 5E). BTA-PEG-BTA (0:100) showed a significantly higher area compared to other BTA 

formulations. Smaller length, reduced spheroid area, and less circularity of other BTA 

formulations compared to 0:100 likely could be due to slow supramolecular dynamics; for 

example, fewer MSCs would be able to find each other and form aggregates, resulting in smaller 

aggregates. In contrast, 0:100, faster supramolecular exchange dynamics would support larger 

aggregate formation. 

Next, we determined circularity (Figure 5F) in order to find differences in spheroids 

morphology. Free self-assembled spheroids in agarose mold showed the highest circularity mean 

value of 0.94 and lowest was 0.86 for 75:25. Spheroids circularity mean value increased with 

increasing % of BTA-PEG-BTA and reached 0.94 (similar to free self-assembly in agarose mold) 

for 0:100. Significant differences in circularity were found between 75:25 (0.86) and 0:100 (0.94) 

in BTA formulations could be due to slower supramolecular dynamics of 75:25 compared to 

0:100. In the cell aggregation study, we observed that 75:25 supported slower cell aggregation 

and the shape was relatively elliptical compared to 0:100 which is near-spherical after 24 hours, 

which suggests faster supramolecular dynamics supported faster aggregation into more spherical 

shapes.   
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Figure 5. MSCs spheroid fusion, proliferation, and morphology after 48 hours. A) Fusion of spheroids at 
48 hours in BTA hydrogels. B) Proliferating hMSCs cultured in BTA formulations stained for EdU. All 
formulations showed EdU poEdU-positivesitive cells in cell aggregates; however, the fewest EdU-positive 
cells per spheroids were seen in the 0:100 formulation. Agarose control (allow free directed self-assembly 
of hMSC) showed the highest number of proliferating cells (EdU positive) compared to BTA formulations. 
C) Quantitative analysis of EdU positive cells per aggregate in BTA BTA-basedbased hydrogel versus 
agarose. EdU+ cells were counted in six aggregates. D) Largest length of an aggregate in BTA-based 
hydrogel versus agarose; aggregates mean length value was smaller in BTA-based hydrogels compared to 
agarose after 48 hours. E) Mean value of an aggregate area is smaller in BTA-based hydrogels compared 
to agarose. F) MSC aggregates are more circular in agarose compared to BTA-based hydrogels. n = 3 
biological replicates were used for D-F and between 20–40 aggregates were randomly selected and 
analyzed. *p < 0.05, and **p<0.005. Statistically significant test was performed using one-way ANOVA 
with Tukey’s post-hoc test.  
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Conclusions 

Findings from this study show that the modular mixing of supramolecular architectures with 

slow and fast exchange dynamics provides quick access to tunable biomaterials. These 

copolymerized hydrogels resulted in materials with tunable stiffness and viscoelasticity in the 

physiological range of soft tissues and ECM. We were able to encapsulate cells in the hydrogels 

and showed that the dynamic properties of the hydrogel allowed cell aggregation, spheroid 

formation, and spheroid fusion—features that are not readily possible in traditional covalent 

hydrogels. Furthermore, the different hydrogel formulations were able to steer cell aggregation 

speed and aggregate fidelity, as attributed to changes in the dynamic character and viscoelasticity 

of the hydrogel. FRAP experiments showed that differences in diffusion were not seen in the 

different formulations. In the effort to find more complex and tunable ECM replacements, 

supramolecular systems like this offer significant advantages to rapidly increasing the materials 

space by leveraging modular mixing. For the creation of multi-cellular aggregates, 

supramolecular systems give significant advantages over 2D cell aggregate models since they 

recapitulate fundamental properties of ECM such as fibrous morphology and tunable 

viscoelastic properties. This work introduces these BTA hydrogels as promising supramolecular 

biomaterials for spheroid formation. Furthermore, this concept may be generalizable to other 

dynamic and supramolecular hydrogels. Control over viscoelastic timescales may aid in the quest 

to create scaleable environments for directing cell aggregation/spheroid formation and towards 

developing larger tissues for organ development and drug screening.  

Materials and Methods 

Synthesis of BTA architectures  

The synthesis of BTA44 and BTA-PEG-BTA36 architectures was performed according to 

previous reports and were provided by SyMOChem B.V. Eindhoven, The, Netherlands. 

Preparation of Hydrogels for Rheology and Cell Culture 

A heating and cooling procedure was adopted to make BTA hydrogels. The solid polymer was 

weighed in a glass vial and Milli Q water/DPBS/media was added. Water was used for rheology 

and DPBS and Dulbecco's Modified Eagle Medium (DMEM) media with 1% 

penicillin/streptomycin (P/S) was used to make hydrogels for cell culture. All hydrogels were 

made at a final concentration of 10% (w/v). This was followed by a 2x heating to go above the 

lower critical solution temperature (LCST, ~80 °C) of polyethylene glycol (PEG), vortexing, and 

cooling. The last (3rd step) included more controlled cooling where all hydrogels were placed on 

a heating plate at 80 °C and slowly cooled to room temperature.  

For nerve cells (PC12 and DRGs) growth, hydrogels were made by incubating pure solid BTA-

PEG-BTA (0:100) overnight in DPBS with either laminin or fibrinogen at 37 ºC. The well plate 

was left overnight at 37 ºC for BTA-PEG-BTA to form a hydrogel. BTA-PEG-BTA formed a 
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transparent hydrogel after overnight incubation in DPBS. Fibrinogen's final concentration in the 

hydrogel is 3.5 mg/mL and laminin's final concentration in the hydrogel is 20 µg/mL.  

Preparation of hydrogels by chemically dissolving and freeze-drying 

BTA hydrogels were also made by chemically dissolving BTA formulations in DCM using 

cosolvent methanol between 10–50%. Chemically dissolved BTA was added into a well plate 

and solvents were removed overnight using a vacuum oven at room temperature. Upon solvent 

drying, the solids form a layer at the bottom of the well plate to which the required amount of 

DPBS was added to adjust hydrogel concentration to 10% (w/v). The well plate was left at 37 

°C overnight for hydrogelators to form hydrogels. Subsequently, hydrogels were frozen and 

freeze-dried. After freeze-drying, a porous foam structure was obtained to which required cell 

suspension in cell culture media (high glucose DMEM with 1%P/S) was added and the final 

concentration was adjusted to 10% (w/v). 

Rheological measurements 

Rheological measurements were performed on a DHR-2 rheometer (TA instruments). The 

rheometer is equipped with an evaporation control chamber. A 20 mm 2,002° cone plate 

geometry was used.  Samples were loaded at room temperature (RT) ~20 ºC and trimmed. The 

final gap was set to 53 µm. 

An amplitude sweep ( = 10 rad/s,  = 0.01–400%) was performed on each sample to act as a 

pre-shear for all samples to erase any mechanical history and confirm the material’s linear 

viscoelastic region. Afterward, a time sweep at 0.1% strain, and 10 rad/s, was run until the 

material’s G’ was stabilized which allowed the material to set before a subsequent measurement.  

A frequency sweep from 100 to 0.01 rad/s with 0.1% strain was performed next followed by 

another time sweep to ensure the material was stable before stress relaxation measurement. The 

relaxation modulus was recorded via a step relaxation experiment for 1000–10000s where we 

used 1% strain and a rise time of 0.01s.     

Vial inversion and macroscopic self-Healing experiment  

Hydrogels were made in Milli Q water using the standard procedure described above and vials 

were inverted and imaged at time zero and after 24 hours. For the self-healing test, the same 

formulation was colored either red or green using food color dyes for visibility. Two pieces of 

the hydrogels were placed side by side adjacent to each other in a petri-dish closed environment. 

Water was added around the hydrogel making sure that no water touched the hydrogel in order 

to control humidity. Self-healing of the hydrogel was tested after 24 hours by looking at how 

uniformly the interface had healed and then the hydrogel was lifted using a spatula and observed 

if the hydrogel’s two pieces can fall apart under gravity. 
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Agarose microwell fabrication for aggregate formation 

Agarose microwell arrays were prepared as previously described.61 Briefly, 3% ultra-pure agarose 

solution (Invitrogen) was cast onto a poly(dimethyl siloxane) stamp with microstructures to 

imprint microwells, de-molded upon solidification, cut to size, and inserted into 12-well plates. 

Each well of the microwell array contained 450 microwells with a diameter of 400 µm. 

Fluorescent recovery after photobleaching (FRAP) experiment 

Hydrogels were made using the standard heating-cooling procedure described above. A volume 

of 200 µL of all formulations was transferred in 35 mm diameter 4-compartment cell culture 

disk (VWR 391-0225, Greiner bio-one), 1 mL of FITC-labelled dextran solution (3–5 or 70 kDa 

at 0.1 mg/mL, Sigma-Aldrich, FD4-250MG and 46945-100MG-F) was added and incubated 

overnight at 4°C in the dark. Fluorescent recovery after photobleaching (FRAP) imaging was 

performed on a Leica TCS SP8 STED using the FRAP modules of Leica Application Suite X 

software (LAS X FRAP). FRAP bleaching was performed on a z-height of 20 µm in each 

hydrogel. Parameters were set as followed: bleaching point of 60 µm diameter, bleaching laser at 

100%, pre/post bleaching laser at 5%/ 488 nm/ 800 gain, and a time per frame of 0.223 sec. 

After 5 frames pre-bleach (1.2 sec), samples were bleached for 90 frames (21.2 sec), and 

fluorescent recovery was gathered for 400 frames post-bleaching (110.5 sec). 5 different areas 

within the hydrogels were bleached (N=5). ROI data were extracted in Fiji ImageJ-win64. Area 

and mean gray values were obtained for the bleach, total and background ROIs. The obtained 

values were imported (.cvs files) in the open-source application FrapBot68 to obtain the τ1/2 (half-

time) of the fluorescent recovery curve. Obtained half times (τ1/2) were used to calculate the 

diffusion coefficients by the Soumpasis equation, with D=diffusion coefficient, r=radius of the 

bleaching area, and τ1/2=the halftime of recovery (eq. 4). Statistical analysis was performed in 

GraphPad Prism 8.2.0, one-way ANOVA. 

                                                  𝐷 = 0.224 ∗ (
𝑟2

𝜏1
2

)              eq. 4 

 

Cell culture and cell encapsulation in hydrogels 

Human dermal fibroblasts (HDFs) cell culture  

HDFs (#R2320, ScienCell Research Laboratories) were cultured at 37 °C in 5% CO2 atmosphere 

incubator and expanded using Dulbecco’s modified Eagle’s medium (DMEM, high glucose) 

supplemented with GlutaMAX, 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) P/S. 

ATDC5 chondrocyte cell culture 

ATDC5 (RIKEN cell bank, Japan) were expanded in high glucose DMEM basal medium with 

10% fetal bovine serum, 1% P/S at 37 °C in a humidified incubator with 5% CO2. The medium 

was changed every 2–3 days and the cells were passaged at 80% confluence. Cells were 
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trypsinized using 0.05% trypsin-EDTA, washed with DPBS, and re-suspended in chondrocyte 

cell culture media before encapsulation in the hydrogel.   

hMSCs cell culture 

Bone marrow-derived hMSCs (PromoCell) were obtained at passage 1 and tested for 

mycoplasma using the mycoplasma detection kit from BD Biosciences. The cells were 

maintained in a minimal essential medium (MEM α; Gibco) supplemented with 10% (v/v) fetal 

bovine serum (Sigma-Aldrich). The cells were maintained at 37 °C in 5% CO2 in a humidified 

incubator and the medium was changed every two days. Upon reaching 80% confluence, cells 

were detached by incubating with 0.05% trypsin-EDTA (Thermo Fisher Scientific) and re-plated 

for continuous passage. The cells were used for encapsulation experiments at passage five for all 

experiments. For encapsulation in the hydrogels, cells were washed with DPBS, detached using 

0.05% trypsin-EDTA, and re-suspended in the media before encapsulation in the hydrogels. 

Cell encapsulation (ATDC5, HDF, and hMSC) in hydrogels using the self-healing method  

The hydrogels were transferred to well plates and centrifuged at 5000 × g for 5 mins to make a 

uniform layer of the gel at the bottom of the well plate. The uniform layer was broken into small 

pieces using a spatula and then cell suspension of either fibroblast, ATDC5, or hMSC was added 

and spread uniformly on the hydrogel. Then a second layer of the hydrogel was added on top of 

the first layer, and centrifuged at 100 × g  for cells to get in the hydrogel and also for the second 

layer of the hydrogel to sandwich the cells between two layers. Next, the hydrogel was broken 

gently into small pieces using a spatula and mixed for uniform mixing of cells. In the last step, 

care was taken to be gentle and not damage the cell membrane using the spatula; however, we 

made sure that cells are in the hydrogel for them to be tolerant to shear stresses during the 

encapsulation method. After mixing, hydrogels were placed at 37 °C for 15–30 minutes for self-

healing. Cell culture media was added and the experiment was continued. Cell density for 

live/dead studies for fibroblasts, ATDC5, and hMSCs were between 1–5 million cells/mL of 

the hydrogel. Cell density for ATDC5 and hMSCs for cell aggregation studies was 10 million 

cells/mL of the hydrogel.  

Cell encapsulation in hydrogels using the chemically dissolved and freeze-dried method  

Cell suspension with the required number of cells was added on top of freeze-dried hydrogels. 

Hydrogels were incubated for 1 hour for the freeze-drying foam to turn into a hydrogel. Though 

we were able to encapsulate cells within freeze-dried hydrogels, not all formulations made nice 

hydrogels, especially which have a larger percentage of BTA. Also, 100:0 and 90:10 formed very 

soft foamy structures after freeze-drying, and upon adding cell suspension most of the cell’s 

sediment to the bottom of the hydrogel.  

Encapsulation cells in hydrogels using a heating method  

The hydrogel was made in chondrocyte cell culture media (high glucose DMEM basal medium 

with + 1% penicillin/streptomycin) by the heating-cooling method as described above. 
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Fabricated hydrogel (90:10 and 0:100) was maintained at 60 ºC in a clear glass vial (4 mL storage 

capacity, VWR, Netherlands) and then using a hydrogel pipette (Gilson, Netherlands) transferred 

to 24 tissue culture well plate. Cell suspension in 50 µL was added and mixed quickly using a 

hydrogel pipette. We noticed that 100:0 was not in solution state at 60 ºC and quickly gelled as 

soon as was transferred to the well plate while 90:10 was in solution state. Both formulations 

started to hydrogel as soon as the hydrogel pipette touch them in the glass vial and then in the 

24-well tissue culture plate rendering ineffective cell encapsulation.  

PC12 cell culture, expansion, and encapsulation in BTA-PEG-BTA hydrogel  

PC12 cells (DSMZ, Germany) were expanded in suspension at 37 °C in a 5% CO2 atmosphere 

using proliferation media composed of 85% RPMI 1640 (Thermo Fisher Scientific), 10% (v/v) 

Horse Serum, and 5% (v/v) FBS (Sigma-Aldrich). Cells were harvested by centrifugation (200 

g) and then re-suspended in the freshly warm medium. 1000 cells in 10µL of proliferation media 

were added on top of hydrogel and then centrifuged at 100 g for cell encapsulation within the 

hydrogel. After seeding, cells were cultured in a neural differentiation medium composed of 

RPMI media with 1% horse serum and 200 ng/mL nerve growth factor (NGF).   

DRG isolation and encapsulation in BTA-PEG-BTA hydrogel  

DRGs were dissected from decapitated P7 Brown Norway rats, following the protocol 

previously described by Malheiro et al69. After dissection, one DRG was placed over the hydrogel 

and centrifuged at 100g to entrap the DRG. Cells were cultured with 150 µl DRG medium, 

composed of Neurobasal Medium, 0.5 mM Glutamax, 100 U/ml penicillin and 100 μg/ml 

streptomycin (all Thermo Fisher Scientific), 100 μg/ml aprotinin, 50–100 ng/ml human nerve 

growth factor (NGF), 50 μg/ml ascorbic acid (all Sigma-Aldrich) and N21 supplement (R&D 

systems). Cells were cultured for 2 days, at 37 ◦C 5% CO2, with 150 µl medium refreshment at 

day 1 and day 2. All animal experiments were performed in accordance with the guidelines within 

the Experiments on Animals Act, and approved by the animal ethics committee at Maastricht 

University (DEC-UM). 

Cell encapsulation in ionically alginate hydrogel 

Alginate was purified as reported previously in our group.32 Purified alginate was dissolved in 

DMEM media with 1% penicillin/streptomycin (P/S) at an initial concentration of 2.5 wt%. The 

hydrogel was made by mixing alginate stock solution at 2.5 wt% with calcium sulfate slurry of 

1.22 M and ATDC5 cell suspension using Luer-lock syringes connected with a female-female 

connector. The mixed solution was deposited into 48 well-plate (non-adherent) and allowed to 

get for 45–60 minutes. Alginate final concentration was adjusted to 2wt% and calcium sulfate 

concentration was 25mM.  

Live/dead cell viability assay 

BTA hydrogelators were tested for cytotoxicity with fibroblasts, and chondrocytes. Cytotoxicity 

was evaluated by staining cultured cells with calcein-AM and ethidium homodimer-1, following 

the manufacturer’s kit instructions. Chondrocyte spreading/growth within hydrogels was 



Modular mixing of BTA hydrogelators allows control of cell aggregation in 3D  

 

129 
 

evaluated using Alexa Fluor 488-Phalloidin and DAPI staining. Images were acquired using an 

inverted epifluorescence microscope (Nikon Eclipse Ti-e) or a confocal laser scanning 

microscope (Leica TCS SP8).  

EdU cell proliferation detection 

To assess cell proliferation, 5-ethynyl-2'-deoxyuridine (EdU) staining was conducted using the 

Click-iT EdU Alexa Fluor 647 Imaging Kit (Thermo Fisher Scientific), according to the 

manufacturer’s protocol. HMSCs were incubated with 50 μM EdU for 48 h in the incubator 

before fixation for 30 min in 4% (v/v) formaldehyde (Sigma-Aldrich) in PBS at ambient 

temperature. Fixed samples were permeabilized with 0.5% (v/v) Triton X-100 (VWR) in PBS 

for 1 h and the incorporated EdU was labeled using a click reaction with Alexa Fluor 647 azide 

for 1 h according to the manufacturer’s protocol. The nuclear DNA was counterstained by DAPI 

(0.1 μg/ml) for 1 h. The fluorescence images were acquired on a Nikon E600 inverted 

microscope.  
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Supplementary information  

Figure S1. Tuning mechanical properties by modular mixing of BTA and BTA-PEG-BTA: Mixing of 
BTA and BTA-PEG-BTA allow tweaking of mechanical and viscoelastic properties of hydrogels. On the 
left is 100:0 BTA architecture and on the right is 0:100 BTA-PEG-BTA architecture with PEG20K 
connecting two BTA molecule via PEG20K polymer. Hydrogels were made with final 10 wt% and 
proportion or percentage of BTA and BTA-PEG-BTA were varied. BTA-PEG-BTA flowed and reached 
to the bottom of the glass vial after 24 hours while 100:0 did not flow at all. Mixed formulation with higher 
percentage of BTA-PEG-BTA such as 10:90 flowed and reached to the bottom of the glass vial but with 

increasing percentage of BTA no flow behavior was observed until 24 hours.   

Figure S2. The typical curve for viscoelasticity materials, which shows a transition from terminal region 
to rubbery plateau going from lower angular frequency to higher angular frequency. In the terminal region, 
loss modulus (G’’) is dominant indicating that the material behaves dominantly liquid while in rubbery 
plateau storage modulus is dominant indicating materials behave dominantly as solid. Pictures obtained 
from: AZO MATERIALS website: https://www.azom.com/article.aspx?ArticleID=16985 
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Figure S3. Mechanical and viscoelastic properties of hydrogels: A) Frequency sweep for BTA 
formulations, B) storage modulus (G’) as a function of angular frequency, C) loss modulus (G’’) a function 
of angular frequency and D&E) Tanδ (G’’/G’) as a function of angular frequency of two independent 

samples. Tanδ (G’’/G’) of BTAs showed similar trends in viscoelasticity.  



Chapter V 

 

136 
 

 

   

 

Figure S4. Relaxation modulus curves: A) Normalized relaxation modulus curve for different BTA 
formulations under constant 1% strain. B) Stress relaxation curves were smoothed by applying a smooth 
function (10-point average) using OriginLab. C) Stress relaxation curve of two independent samples for 
25:75, which shows exceptional behavior, and duplicates were performed for confirming stress relaxation 
behavior. Both replicates showed similar stress relaxation profiles. D) Curves obtained using two Maxwell 
elements. D) Average stress relaxation times obtained from curve fitting using two Maxwell elements in 
“D”. E) Shortest relaxation time for the fast mode of relaxation. F) Longest relaxation time for the slow 

mode of relaxation. 
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Table S1: Stress relaxation times for different BTA formulations. Average, longest, and smallest relaxation 
times are calculated by fitting two mode Maxwell element model. * indicate that the sample did not reach 
half relaxation time.  

Formulation Average 
relaxation 

time 
(seconds) 

Longest 
relaxation 

time 
(seconds) 

Smallest 
relaxation 

time 
(seconds) 

𝜏1/2 (seconds) 

100:0 11,000 21,600 48 524 

90:10 18,500 27,300 15 *N/A 

75:25 64 165 2.1 4 

50:50 5 18 0.5 0.4 

25:75 417 898 9 33 

10:90 0.4 1 0.2 0.2 

0:100 0.3 0.4 0.2 0.1 
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Figure S5. A) Visual demonstration of self-healing capacity of BTA hydrogel formulations, hydrogels with 
greater than fifty percentage of BTA-PEG-BTA show better self-healing capacity compared to other 
formulations. 90:10 and 100:0 showed very poor self-healing capacity. B) Amplitude sweep for BTA 
formulations from 0.1% to 500% strain recorded at 10 rad/sec to determine % strain required for gel to solution 
transition (gel point) and linear viscoelastic region of gels. C) Self-healing behavior of hydrogels under rheology. 
All hydrogels showed good self-healing capacity in recovery phase under 1% strain. Hydrogels were ruptured 
under 500% strain to destroy hydrogel network.   
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Cell viability 

 

 

 

 

 

 

 

 

 

Figure S6. A) Cell viability of Human dermal fibroblasts (HDF) on top (2D) of BTA-PEG-BTA and 
encapsulated (3D) within BTA-PEG-BTA hydrogels. The green color represents a live cell and the red color 
represents a dead cell. B) % of live cells plotted for 2D and 3D culture conditions, n=2 biological replicates 
and imaged at multiple locations on top (for 2D) and inside (for 3D) of the hydrogel. C) Pictures from time-
lapse video over 17 hours showing that HDF forming an aggregate within BTA-PEG-BTA hydrogels.  
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Figure S7. BTA-PEG-BTA and alginate hydrogels were equally effective for culturing chondrocytes. (a)  
Representative images of chondrocytes (ATDC5) encapsulated within gels after 24 h, stained for calcein 
(green=live cells) and ethidium homodimer (red=dead cells). The scale bar represents 200 µm. (b) 
Quantification of the total area of live and dead cells (n = 4 images for each hydrogel condition). (c) 
Quantification of LDH, a marker of cytotoxicity, after 24 hours of culture. Cell culture data was normalized 
to the negative control, cell aggregate Max LDH for which the LDH absorbance value is 1. For the negative 
control, lysis buffer was added to a cell pellet for maximum LDH release.   
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Figure S8. Chondrocytes cultured in chemically dissolved and freeze-dried hydrogels. A) Chondrocytes 
were cultured for 24 hours, and cells were stained for calcein (green=live cells) and ethidium homodimer 
(red=dead cells. More dead cells were seen in 100:0 compared to other formulations. B) Quantitative 
analysis of live-dead cell area. C) Chondrocytes, ATDC5, cultured in 100: using the self-healing method, 
the green color showed live cells within BTA100:0 hydrogel.  D) Not all the cells were retained in the 
hydrogel due to the poor macroscopic self-healing capacity of hydrogel and chondrocytes released from 
100:0 hydrogel and attached to tissue culture plastic while hydrogel sit on top (some pieces of the hydrogel 
were also floating). Chondrocytes attached to tissue culture plastic also stayed alive in the presence of 100:0 

hydrogel demonstrating 100:0 does not kill cells.  
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Figure S9. BTA formulation were heated to observe hydrogel to solution transition at different 
temperatures. We wanted to explore if cells can be encapsulated within gels when gels are in solution form.  
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Figure S10. Comparison of the viability of cell encapsulation methods. In the mechanical method 
chondrocytes cells suspension was mixed with gel using a spatula. Hydrogels were divided into small pieces 
and then utilizing self-healing capacity cells were encapsulated within hydrogels. In the heating method, 
hydrogels were heated until hydrogel goes into the viscous solution (80 °C) and then cell suspension was 
mixed. Upon cooling, the viscous solution will again form the hydrogel. We were expecting the heating 
method will provide more uniform cell mixing in gels without compromising cell viability. We did not 
observe improved cell viability and rather it led to new challenges. Heating of the hydrogel was done in a 
glass vial since the plastic well plate does not support it. For 0:100 we have a very narrow window of a few 
seconds of mixing and pipetting gel from the glass vial into the well plate since it goes to hydrogel very 
quickly upon cooling. For 90:10 we have a little broad window of mixing; however, upon introducing 
hydrogels into the well plate and during the process of gelation, a significant number of cells settle down 
at the bottom of the well. The heating method did not provide any additional benefit of uniform 
encapsulation and we stick with mechanical mixing and utilizing the self-healing capacity of hydrogels to 
mix to encapsulate cells within hydrogels.  
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Figure S11. A) Cell viability using live-dead assay. ATDC5 chondrocytes cultured in BTA formulations 
for 7 days and then stained for calcein and ethidium homodimer, which stain live (green) and dead (red) 
cells respectively. All formulation showed high cell viability after 7 days in culture.  

Figure S12. Nerve cell growth in BTA-PEG-BTA hydrogels. A) PC12 nerve cell growth in BTA-PEG-
BTA hydrogels after 4 days in culture. Addition of laminin and fibrinogen enhanced outgrowth of nerve 
cells within BTA-PEG-BTA hydrogels. B) Numbers of neurite growing out of single cell aggregate, three 
cell aggregate were analyzed per condition, n=3 biological replicates. C) Dorsal root ganglion (DRG) cells 
growth in BTA-PEG-BTA hydrogel after 2 days in culture showing neurites outgrowth in BTA-PEG-BTA, 
n=2 biological replicates.  
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Figure S13. ATDC5 chondrocytes cultured in BTA formulations. Cell forms aggregates within all 
hydrogels with faster and bigger aggregates in hydrogels with greater percentage of BTA-PEG-BTA. 
ATDC5 chondrocytes form smaller aggregates in hydrogels with greater percentage of BTA.  

Figure S14. FRAP experiment. Recovery curves after photo bleaching were obtained for A) 3-5 kDa 
and B)70 kDa FITC-dextran. C) Diffusion halftimes were calculated from the normalized recovery 
curves and D) diffusion coefficients were calculated via the Soumpasis equation.  
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Abstract: 

Supramolecular materials based on the self-assembly of benzene-1,3,5-tricarboxamide (BTA) 

offer an approach to mimic the fibrous self-assembled proteins found in numerous natural 

systems. Yet, synthetic methods to rapidly build complexity, scalability, and multifunctionality 

into BTA-based materials are needed. The creation of multifunctional and diverse BTA 

structures is often hampered by the limited flexibility of existing desymmetrization routes and 

the purification of multifunctional BTAs. To alleviate this bottleneck, we have developed a 

desymmetrization method based on activated ester coupling of a symmetric synthon. We created 

a small library of activated ester synthons and found that a pentaflurophenol (F5Ph) benzene-

1,3,5-activated triester (BTE) enabled effective desymmetrization and creation of 

multifunctional BTAs in good yield with high reaction fidelity. This new methodology enabled 

the rapid synthesis of a small library of BTA monomers with hydrophobic and/or orthogonal 

reactive handles and could be extended to create polymeric BTA hydrogelators. These BTA 

hydrogelators are self-assembled in water to create fiber and fibrous sheet-like structures as 

observed by cryo-TEM, and the identity of the BTA conjugated can tune the mechanical 

properties of the hydrogel. These hydrogelators display high cytocompatibility for chondrocytes, 

indicating the potential for the use of these systems in 3D cell culture and tissue engineering 

applications. This newly developed synthetic strategy facilitates the simple and rapid creation of 

chemically diverse BTA supramolecular polymers, and the newly developed and scalable 

hydrogels can unlock the exploration of BTA-based materials in a wider variety of tissue 

engineering applications.  
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Introduction: 

Supramolecular materials offer the ability to build complex and organized materials via 

directional non-covalent interactions.1 Natural systems have evolved to rely on these weak 

supramolecular interactions to provide complex materials functions based on the reversibility 

and responsiveness enabled by supramolecular interactions.2 However, the chemical diversity of 

fully synthetic supramolecular molecules and assembled architectures are relatively simple when 

compared to the natural world. In order to continue the push toward more complex 

supramolecular materials, new synthetic methodology (molecular complexity) and assembly 

strategies (supramolecular complexity) are needed. 

For example, recapitulating the complexity of the native extracellular matrix (ECM) in a 

controllable synthetic system is paramount for the control and guidance of cell-based therapies 

in applications from drug delivery to tissue engineering. Supramolecular hydrogels offer a 

decidedly biomimetic solution to create an artificial ECM due to their ECM mimicking fibrous 

structure, physical interactions, dynamics, and mechanical properties.3,2 Such supramolecular 

hydrogels are designed using non-covalent interactions like hydrogen bonding, van der Waals, 

pi-pi, and hydrophobic interactions, which mimic the physical interactions found between 

proteins in the native ECM.2 The specificity and directionality of supramolecular interactions 

have been used for the creation of fibrous structures similar to the ECM3 and can enable the 

tuning of bioactive properties4. Furthermore, the self-organization and specificity of 

supramolecular interactions make it possible to combine different modules/monomers simply 

by mix and match approach to finely tune materials composition, structure, bioactivity, 

dynamicity, and mechanical properties on the nanoscale.4,5,6,1,7,8,9 

Benezene-1,3,5-tricarboxamide (BTA) is a promising supramolecular synthon due to the 

supramolecular fibril structure in the assembled state, the potential to design multifunctional and 

multiarm derivatives for increased complexity, and known structure-property relationships via 

modular modifications.10,11,9 BTAs can self-assemble into helical, one-dimensional 

supramolecular polymers via threefold hydrogen bonding and have been utilized in fundamental 

studies and applications12 including catalysis13, polymer reinforcement14, and vaccine delivery.15 

Water-soluble versions have been shown to form long structurally complex fibers, approximately 

tens of microns in length and 5 nm in diameter.16,17,18 At higher weight percentages (2–10 wt%) 

these water-soluble BTAs can also form hydrogels.10 Additionally, the BTA core offers the ability 

to connect different sidearms and different BTA monomers (with various functionality) can be 

mixed to rapidly create libraries of multicomponent materials with tunable fibril structure, 

dynamics, and mechanical properties.10,18,5,19,17 This modularity, fibril structure, and potential for 

multifunctionality make BTAs ideal candidates for biomateirals11, especially toward 3D cell 

culture and tissue engineering applications. 

In moving towards BTA-based materials (especially biomaterials), modular, scalable, flexible, 

and facile synthetic methods are necessary. For example, most BTAs are C3 symmetric, due to 

ease of synthesis and the symmetry of the core motif; however, non-C3-symmetric derivatives 
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offer the potential for increased complexity and control over the supramolecular assembly. 

Desymmetrization, a process to create a non-symmetrical molecule starting from a symmetrical 

core, is a potential strategy to create multifunctional BTA supramolecular materials. Previous 

approaches toward the synthesis of multifunctional/multiarm BTA derivatives involve multiple 

steps and protection/deprotection.10,20,18,21,22,23 These previous synthetic strategies have enabled 

the creation of multifunctional BTAs; however, long linear procedures (at least seven steps) and 

harsh deprotections limit the approach and speed (shown in Scheme 1). The challenge remains 

to devise a strategy that provides the freedom to create multiarm and multifunctional BTA 

monomers in good yield, under mild conditions, and with a reduced number of steps.  

Several strategies in the literature exist for the desymmetrization of a symmetric core (cyanuric 

chloride24,25,26, benzene trifurnanone27,28, and polyphenylene dendrimers27). With the aim to form 

an amide bond during the desymmetrization, we chose to use an activated ester approach, using 

stable benzene-activated tri-esters which are synthetically accessible and selective to aminolysis. 

Activated esters for amide bond formation are widely used in polymer and small molecule 

modifications30–32, while the electronic coupling across the aromatic ring gave us the potential 

for kinetic activation/deactivation of the synthon upon reacting.  

We aimed to create a simple, yet powerful, desymmetrization strategy to create multifunctional 

BTAs and polymeric supramolecular hydrogels. We envisioned creating a small library of 

activated benzene-1,3,5-tricarbonyl triester (BTE) synthons to find a BTE molecule that can 1) 

shorten the route to desymmetrized BTAs, 2) produce BTA derivatives with multi-functionalities 

via aminolysis, 3) be selective towards controllable aminolysis, and 4) be stable under common 

laboratory conditions. Furthermore, we aimed to expand this desymmetrization strategy to create 

functional macromolecular architectures to be used as hydrogels. Taken together, we 

hypothesized that a new desymmetrization strategy would allow us to shorten the route for the 

synthesis of desymmetrized BTAs, allowing the creation of multifunctionality and 

macromolecular BTA-hydrogels opening up further exploration of BTA-based biomaterials.  

Results and discussion: 

Activated Benzene-1,3,5-Tricarbonyl Triester (BTE) Library Synthesis:  

In attempting to create BTAs of lower symmetry, the most convenient approach would be the 

desymmetrization of a commercial starting material. Benzene-1,3,5-tricarbonyl trichloride 

(BTCl) would be an ideal candidate, though the acid chloride functionality would not be 

envisioned to be stable to purification. Nevertheless, we attempted to react BTCl with one 

equivalent of hexylamine to investigate its suitability as a synthon (Figure S1 in supplementary 

information).  

In the absence of side products, the reaction would result in three product molecules 

(monosubstituted, disubstituted, and trisubstituted) and leftover starting material (upon workup 

it is expected that the acid chlorides would hydrolyze into acids). Upon 1H NMR analysis of the 

reaction mixture, numerous peaks appeared in the aromatic region (Figure S1B in 
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supplementary information, 8–10 ppm) and we could not easily obtain useful information on 

the constituency of the complex mixture formed during the reaction. This result was further 

supported by a long continuous streak on TLC without distinct spots in the reaction mixture 

(Figure S1C and D). The reaction was run at different temperatures (20, 4, and -75 °C) to see 

if the temperature could clean up the product profile; however, all attempts resulted in similar 

peaks on the 1H NMR spectrum. Testing this reaction confirmed our suspicion that 

desymmetrization via an activated ester approach was the best way forward.  

In order to find an alternative to BTCl that can facilitate desymmetrization via aminolysis, the 

formation of activated esters including aromatic carboxylic esters and thioesters are appealing 

approaches33 and have remained unexplored to create BTA derivatives. Aromatic carboxylate 

esters were determined to be a better choice since they are less susceptible to hydrolysis and 

more stable compared to thioesters.34 Commonly employed phenols and N-hydroxysuccinimide, 

which are commercially available, were chosen for creating a library of activated BTEs (1–4, 

Scheme 2). Phenols with differences in pKa value were chosen with pKa of 8.3635, 7.1536, 5.437, 

and 6.038,39 for 3-nitrophenol (3NO2Ph), 4-nitrophenol (4NO2Ph), 2,3,4,5,6-pentafluorophenol 

(F5Ph), and N-hydroxy succinimide, respectively.  

 

Scheme 1. Synthesis of non-symmetric BTAs are critical for creating functionally diverse supramolecular 
polymers. Existing routes include: A) desymmetrization via protection/deprotection and functional group 
conversion, B) stochastic coupling of on symmetric molecule benzene-1,3,5-tricarbonyl trichloride (BTCl) 
followed by extensive purification. C) A route based on activated ester stepwise coupling with stable 
intermediates is an attractive synthetic route with greater speed and step economy. For example, the 
activated ester route developed in this article allowed the creation of an ABC tri-functional BTA in fewer 
steps (4 steps from commercially available material) and has reduced the total synthetic procedure from 
weeks to days. 

(A)

(B)

(C)
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The aim of creating the BTE library was to investigate the ease of synthesis, stability, and 

desymmetrization potential via controlled aminolysis of BTEs. We started our investigation with 

the synthesis of nitrophenol-activated esters from BTCl (Scheme 2). Both the 3-NO2Ph and 4-

NO2Ph show limited solubility in many solvents (Table S1), yet tetrahydrofuran (THF) was 

found as a suitable solvent facilitating reaction completion in <6 h. After optimization of 

purification (Table S2) 1 could be obtained in good yield (76%, Figures S2 and S3), and 2 could 

be obtained in excellent yield (92%, Figures S4 and S5) by recrystallization. Next, the library 

was expanded, and we synthesized 3 (Scheme 2) by coupling F5Ph to BTCl. Due to the high 

solubility of F5Ph, this reaction could be easily run in DCM in under 4 hours. The reaction was 

clean, and TLC showed only two spots (Rf ~0 and 0.9). The reaction mixture could be easily 

passed through a filter to remove the DIPEA salt and then through a bed of silica to yield 3 in 

91% yield (Figures S6 and S7, for alternative workups see Table S3).  

Attempting the synthesis of 4 proved problematic. NHS offered limited solubility, aside from 

THF and DMF (shown in Table S4). Running the reaction in DMF produce only non-

symmetrical derivatives (based on 1H NMR spectrum Figure S8), while running the reaction in 

THF produced the symmetrical target compound 4. While TLC analysis of the reaction showed 

two spots (Figure S9), 4 was not able to be fully isolated from free NHS under numerous mobile 

and solid phases (Figure S10). Furthermore, pure 4 was not obtained via crystallization, and 

during numerous work-up attempts, the 1H NMR evolved extra peaks suggestive of degradation. 

Importantly, our experiments show that production and isolation of 4 are not straightforward 

and appear to be very sensitive to degradation during handling.  

Desymmetrization of activated BTE synthons  

After a mostly successful BTE library synthesis, we moved to investigate the desymmetrization 

potential of the symmetrical BTEs. Via stoichiometric control, we aimed to maximize the % 

yield of monosubstituted and disubstituted derivatives. For reference, previous statistical 

simulations showed a maximum of 37% monosubstituted derivative using one equivalent of the 

nucleophile27 for a triply reactive system. Using hexylamine as a model nucleophile, we set out 

to create a monosubstituted derivative (using one equivalent (per BTE synthon). DMF was 

found to be the best solvent for 1 (although not fully soluble, Table S5), and during the reaction, 

dissolution occurred (Figure S11).  
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In the absence of any side products, desymmetrization of molecule 1 (Scheme 3 and Figure 

S11&S12) would result in five molecules in the reaction mixture (monosubstituted, disubstituted, 

trisubstituted, free phenol, and remaining 1). TLC of the reaction mixture of 1 showed three 

spots suggesting that some products were not formed or only formed in small amounts (Figure 

S11C).  

Reaction mixtures resulting from the substitution of molecule 1 were partially soluble in DCM 

and the products could be isolated via column chromatography, though 7 and the trisubstituted 

BTA could not be fully resolved. 1H NMR analysis (chemical shift, peak splitting pattern, and 

integration analysis of peaks) was used to identify the compounds (Figures S13 and S14). Most 

importantly, this separation allowed us to identify the complex aromatic peak splitting found in 

the reaction mixture and assign peak patterns to the mono-, di-, and tri-substituted derivatives 

(doublet and triplet at 8.95 and 8.92 ppm for 5, doublet, and triplet at 8.70 and 8.65 ppm for 7, 

and singlet at 8.34 ppm for the trisubstituted BTA). 

With the knowledge of proton chemical shift and peak splitting pattern of products, we were 

able to analyze the crude reaction mixtures (Figure S12 for 1 equiv) and quickly determine the 

relative amount of the products in the reaction mixture. Molecule 1 produced a 57% yield of 5 

(monosubstituted) when treated with 1.0 equiv nucleophile. The desymmetrization of 2 behaved 

similarly (Figure S15&S16), and after separation and characterization, the crude reaction mixture 

produced a 38% yield of 6 (monosubstituted derivative, Figure S16–17). Interestingly, 1 

produced the monosubstituted product significantly higher than statistically calculated, while 2 

produced almost equal to statistically predicted. When the same reaction was run for two 

equivalents of hexylamine, 1 produced 7 (disubstituted) in 35% yield (Figure S14), and 2 

produced 8 in 54% yield. Interestingly both produced disubstituted derivatives roughly twice 

than statistically predicted, which is 28% using two equivalents of the nucleophile.27  

With promising results, we then turned to desymmetrization of the Penta-fluorophenol synthon, 

3. After running the reaction with 1 equiv of hexylamine in DCM, the crude reaction mixture 

showed five spots on TLC (Figure S19), which were isolatable via column chromatography. 

After 1H NMR analysis, we were able to determine the ratio of substituted derivatives in the 

 
Scheme 2. Library of activated 1,3,5-benzene tricarboxyesters (BTEs) synthesized in this study. Isolated 

% yields are reported in parenthesis.  
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crude reaction mixture (a similar pattern of doublet/triplets and singlets was observed as in the 

desymmetrization of 1). Peak integration from the 1H NMR spectrum of the crude reaction 

mixtures showed that 3 produced 49% of 9 (Figures S20&S21) and 53% of 10 (Figures 

S22&S23) using one and two equivalents of hexylamine, respectively. Both desymmetrization 

reactions yielded higher than statistical yields and the products were able to be readily isolated 

via column chromatography.  

When developing a reactive synthon for desymmetrization, stability, and scalability are also 

important factors to consider. Both 1 and 2 were stable in a desiccator when stored for a year; 

however, upon handling in the lab over 2–3 months both molecules started to hydrolyze (1H 

NMR). We did observe that 1 was more stable than 2. In comparison, 3 showed excellent stability 

in the lab; it was found to be stable for more than two years, even after open handling in a humid 

environment (the Netherlands). Purification of 1 and 2 required a large volume of solvents owing 

to limited solubility (100s of mL for 10s of mg), while 3 offered a short one-step workup with 

good solubility. 

Due to its ease of synthesis, stability, desymmetrization, and purification, 3 was determined to 

be the best candidate to work with moving forward. We found 3 was stable over years under an 

inert atmosphere, stable in the humid environment of the lab, purified in a short one-step 

workup, easily scaled to gram scale, showed good solubility in low boiling point solvent, and 

showed straightforward NMR analysis. Furthermore, the stability of the F5Ph esters on 3 also 

offers easy separation of desymmetrized intermediates using flash column chromatography. 

Desymmetrization of BTE-F5Ph (3)  

In order to investigate if temperature affected the product outcome in the desymmetrization of 

3, we attempted the desymmetrization at different temperatures. Using the one-mole equivalent 

of hexylamine, 9 was made in 50% yield at 4 °C (Scheme 4 and Figure S20&21), and this yield 

remained 50% when the reaction was run at -78 °C. Interestingly, the producing the disubstituted 

derivative 10 (Scheme 4 and Figure S22&23) from two equivalents of amine resulted in 53% 

and 65% yield at 4°C and -78°C (Table S6), respectively, showing a small temperature influence 

on the second aminolysis. In these test reactions, we observed only a small (5–10%) decrease in 

the yield after separation using a silica hydrogel flash column, resulting in an isolated yield of 

40% (9) and 48% (10).  

In order to test the applicability of the reaction methodology to different amine-based 

nucleophiles/side-arms, we attempted a few different amines. Dodecylamine resulted in a 

maximum 39% yield of 11 (monosubstituted derivative, 1 equiv amine, Scheme 4 and Figure 

S24&S25) and 56% yield of 12 (disubstituted derivative, 2 equiv amine, Scheme 4 and Figure 

S26&S27) at 4 °C (Scheme 4). There was little change in the product profile when running at -

78 °C, and the isolated yields again showed the stability of the activated ester to handling and 

purification (e.g. 49% isolated yield for 12). The desymmetrized synthons (9, 10, 11 and 12) were 

found to be stable over months under an inert and dry atmosphere in a desiccator at room 
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temperature, indicating the potential for storage and resumption of synthetic pathways towards 

multifunctional BTAs.  

After successful desymmetrization using simple hydrophobic sidearms, we next explored more 

functional side arms. Monosubstituted and disubstituted derivatives with 5-Norbornene-2-

methylamine (5Nb-2MA, Scheme 4 and Figure S28) were targeted using one and two-mole 

Scheme 3. Investigating desymmetrization of activated BTEs via controlled aminolysis using hexylamine. 
A) All BTEs are successfully desymmetrized. B) Reaction yields are reported in the table and calculated 
from 1H NMR integration analysis. Molecules 7–10 could be obtained pure; however, molecule 5 and 6 

were not stable to purification. *difficulty with stoichiometry control attributed to instability of 1.     
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equivalents to produce 13 and 14, respectively. Conveniently, 13 (Figures S29&S30) and 14 

(Figures S31&S32) were produced in 50% and 70% yield (via 1H NMR integration). Going 

further, we explored if an amine nucleophile would show selectivity over a hydroxyl nucleophile 

when in competition for the activated ester. To investigate this, 3 was desymmetrized using one 

equivalent of 6-amino-1-hexanol (Figure S33) and we find that the amine selectively acted as a 

nucleophile over the hydroxyl. 1H NMR analysis showed that 40% of the molecules were 

monosubstituted, and no traces of the hydroxyl-substituted core were observed.  

Multifunctional BTA derivatives synthesis: 

With the confidence that we could install different sidearms and functionalities on BTA using 

this activated ester methodology, we moved to create BTA derivatives with different side arms. 

Monosubstituted 11 was utilized and desymmetrized further, producing 15 with one dodecyl and 

one hexyl sidearm (Scheme 5 and Figure S34–S36). This reaction resulted in a 60% yield based 

on 1H NMR analysis and 50% isolated yield. Next, we created a molecule with one hydrophobic 

sidearm and one reactive functionality (norbornene), which could later be utilized for thiol-ene, 

norbornene-tetrazine, or ROMP polymerization. From 9, 16 was made (Scheme 5 and Figure 

S37&S38) in 61% yield by 1H NMR and 44% yield isolated. Important to note that in both of 

these reaction pathways the starting monosubstituted 9 and 11 are recovered around 10–15% 

and can be utilized in future reactions; thus, the isolated yield based on recovered starting 

material approaches 60%. 

Knowing that we can create a multifunctional di-substituted derivative, next we wanted 

to create tri-substituted BTA derivatives. We utilized 12 with two dodecyl side arms and 

reacted the last activated ester to either 5Nb-2MA or 3-azido-1-propanamine to create 

functional BTAs 17 and 18 (Scheme 6) with orthogonally reactive handles. After an 

overnight (16–20 hours) reaction in DCM, 1H NMR analysis showed a 100% 

conversion of 12 to both 17 (Figures S39&S40) and 18 (Figures S41&S42). The 

isolated yield (from 12) for 17 and 18 was 87% and 85%, respectively, while the linear 

two-step yield (starting from 3) was 42% and 40%, respectively. This shows that the 

high fidelity desymmetrization can be expanded to functional handles, and potential can 

be utilized to attach biological molecules, probes, and effective post-assembly 

modifications of resultant supramolecular polymers. 

 

Finally, we aimed to create a fully desymmetrized ABC-type BTA in order to test the 

full desymmetrization efficiency. In three steps, we synthesized BTA 19 (starting from 

16) with a hydrophobic sidearm (hexyl), norbornene sidearm, and azide sidearm 

(Scheme 6) as orthogonal functionalities. After separation 19 was obtained in 85% 

isolated yield (Figure S43&S44). Starting from symmetrical 3 to create 19 the full linear 

yield of the reaction was 31% by 1H NMR and 24% by mass. This approach doubles 
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the yield (12%) afforded by already existing desymmetrization routes to create ABC 

BTA.18,21 This represents the first linear and general approach towards fully 

desymmetrized BTAs, and this approach is envisioned to work with a wide variety of 

amine sidearms due to the high fidelity and mild reaction conditions. 

 

Molecular design and synthesis of polymeric BTA (BTA-PEG20K-BTA) 

Next, we moved to explore if the developed methodology could be employed for the rapid and 

facile creation of polymeric supramolecular macromolecules in addition to the small molecules 

presented above. Towards this aim, we wanted to employ our new methodology to create a small 

library of telechelic BTA-PEG-BTA polymers to be used as potential hydrogelators and 3D 

environments for cell culture. Previous work showed that a  hydrophobic spacer is required to 

protect the BTA amides in an aqueous environment, and BTAs undergo self-assembly via 

hydrogen bonding and hydrophobic interactions to form long fibrils.16,20 Previous studies on 

telechelic BTAs have also shown that a minimum of an eight-carbon hydrophobic spacer was 

needed for stable hydrogel formation;10 however, the ability to vary the outer side arm on these 

hydrogelator architectures has been limited by the previous methodology. 

Scheme 4. Desymmetrization of synthon 3. A) Desymmetrization was tolerant to aliphatic amines such as 
hexylamine (C6H13), dodecylamine (C12H25), and methyl norbornene (CH2-Nb). B) Reported % yield of BMA 
and BDA molecules formed during a reaction, derived from 1H NMR integration analysis. 
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 In our design, we chose dodecyl as a hydrophobic spacer between BTA and PEG20K and varied 

the outer sidearms on the BTA. Amine end-functionalized PEG with dodecyl as an internal 

spacer (bisaminododecane PEG20K, Figure S45&S46), was created by conjugating dodecyl 

diamine to PEG20K diol using carbonyldiimidazole (CDI) chemistry. A small library of BTA 

hydrogelators (20, 21, and 22) with C6 sidearms (20), mixed C6 and C12 sidearms (21), and C12 

sidearms (22) was generated by coupling bisaminododecane PEG20K to 10, 15, and 12 (Scheme 

7). Important to note that this newly developed methodology not only allowed the rapid variation 

of outer sidearms on the BTA, but also allowed the creation of macromolecular BTA 21 with 

mixed outer side arms hexyl (C6) and dodecyl (C12).  

All telechelic architectures were obtained with more than 95% yield, showing the high fidelity of 

the final pentafluorophenol ester for conjugation to macromolecules. 1H NMR showed that all 

polymers are pure and have a high degree of functionalization 81%, 67%, and 78% for 

hydrogelator 20, 21, and 22, respectively (Figure S47–49). GPC analysis confirms showed that 

all hydrogelators have weight average molecular weight around (Mw) around 23 kg/mol with a 

PDI of 1.2 (Table S7). With this new methodology, we were able to make new telechelic BTA 

Scheme 5. A) Molecule 15 with dodecyl and hexyl aliphatic side-arms was synthesized by desymmetrizing 
molecule 11 using hexylamine. Molecule 15 was obtained in 60% yield by 1H NMR integration analysis B) 
Molecule 16 was synthesized by desymmetrizing molecule 9 using 5-Norbornene-2-methylamine.  Molecule 
16 was obtained in 61% yield by 1H NMR integration analysis. Norbornene is a light active functionality and 
offers the potential to be employed later for attaching biological molecules. 
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 architectures on a multi-gram scale in under two weeks, which indicates the rapid large-scale 

capability of the designed methodology. 

Self-assembly studies  

With the small library of telechelic BTA supramolecular macromolecules in hand, we wanted to 

explore the self-assembly of these materials and their potential use as hydrogelators. Previous 

studies have shown that, successful BTA assembly in water requires a hydrophobic pocket 

formation to facilitate amide stacking and stable aggregate formation.16 Consequently, we initially 

utilized a Nile red assay to investigate the hydrophobic pocket formation upon assembly. In pure 

water, Nile red shows very low intensity, and the fluorescence intensity increases in more apolar 

environments.40 Self-assembly of BTA has been shown to increase the fluorescence intensity of 

Nile red owing to the hydrophobic pocket formation.16,5 In dilute solution, we observed an 

increase in fluorescence with increasing hydrophobic length on the exterior of the BTA (Figure 

1A), suggesting an increase in the size and volume of the hydrophobic pocket. The fluorescence 

intensity increased twice when the hydrophobic length was doubled on a single BTA unit 

(hydrogelator 20 to 22). The maximum fluorescence intensity wavelength (λmax) can be indicative 

of the polarity of the hydrophobic pocket. For all tested concentrations 1 (45 μM), 2 (90 μM), 

and 5 mg/ml (230 μM) of telechelic BTA hydrogelators (Figure S50), the maximum 

fluorescence intensity stayed constant at 621 nm with a small 4 nm red shift for 22 going from 

1mg/ml to 2mg/ml (Figure 1B). This result suggests that all hydrogelators adopt a similar 

 
 

Scheme 6. Final step towards the production of non-symmetric BTAs. Partially desymmetrized BTAs 
17 and 18 were synthesized using 12 and attaching methyl norbornene or propyl azide. Fully 
desymmetrized, ABC type BTA 19 was synthesized by coupling propyl azide to molecule 16. Such 
multifunctional azide and norbornene BTAs can be used to functionalize supramolecular fibers or 
individual BTAs.  

17 18 19

87 % one step

42% two step

85 % one step

40% two step

85 % one step

24% three step



Chapter VI 

 

160 
 

polarity hydrophobic environment upon BTA aggregation,16 with differences mostly in 

hydrophobic pocket size. 

With confidence from the Nile red experiments that the BTAs formed a hydrophobic pocket 

via aggregation, we moved to investigate the morphology of the aggregates in solution. Cryogenic 

transmission electron microscopy (cryo-TEM) was employed to investigate the BTA 

hydrogelator structure in a dilute solution (Figure 1 C). Moving up the series, we observed that 

the fibers became more sheet-like and longer with increasing hydrophobic character on the 

outside of the polymer. Hydrogelator 20 showed thin fibers between 5–10 nanometers in 

diameter, 21 showed fibrous sheets with a diameter between 20–60 nanometers, and 22 showed 

fibrous sheets of diameter around 150 nanometers which consist of nanofibers resting parallel 

and next to each other. Hydrogelator 20, 21, and 22 are a couple of hundred nanometers long. 

The diluted hydrogel of 22 in water in a similar concentration range as dilute solutions (10mg/ml) 

showed fibrous sheets of diameter between 40–150 nanometers and several micrometers long 

(Figure S51). All the macromolecular hydrogelators showed successful self-assembly in dilute 

solution. Furthermore, the self-assembly resulted in the formation of fibrous structures, which 

can start to mimic ECM fibrous morphology as seen in collagen and fibrin.  

Hydrogel formation and critical gelation concentration (CGC) 

First, we assessed the ability of the telechelic BTA supramolecular macromolecules to form a 

hydrogel in water. To this end, we formed 10 % (w/v) hydrogels via a successive (3x) heat/cool 

procedure. A final heat/cool cycle on a heating plate (80 °C) with slow cooling to 20 °C was 

employed to facilitate controllable hydrogel formation. Next, we were interested to determine 

the critical gelation concentration (CGC), via a qualitative vial inversion (no flow under 30 

seconds). We found that CGC depends on the hydrophobic length; architectures with more 

hydrophobic exteriors result in lower CGC. As shown in Figure S52, hydrogelator 20 and 22 

showed CGC ~5% and ~2.5% (w/v). The difference in CGC indicates the importance of the 

hydrophobic pocket on the formation of a hydrogel at low concentrations, this two-fold higher 

CGC is conspicuously mirrored by the two-fold higher Nile red intensity seen above. Taken 

together, we can conclude dodecyl spacer resulted in larger hydrophobic pocket formation and 

stable aggregate formation, which provide more stability to hydrogels. Interestingly, the 

asymmetric hydrogelator 21 showed the lowest CGC of 1.42% (w/v), however, the exact reason 

remains to be unknown. Such fully desymmetrized architectures are potentially interesting for 

future studies. 
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Mechanical properties of hydrogels  

Next, we set out to investigate the mechanical properties of the resultant hydrogels. First, we 

qualitatively investigated the flow behavior of the hydrogelators with the vial inversion test. As 

shown in Figure 2A&S53, the hydrogelators flowed (or did not flow) on different timescales, 

from minutes (20) to no flow after 72 hours (22). A significant difference in flow behavior 

suggests that these hydrogels have different viscoelasticity.  

In order to investigate the storage moduli and dynamic mechanical properties of these hydrogels, 

we turned to cone-plate rheology. A frequency sweep was performed at 1% strain, within the 

linear viscoelastic region. As seen in Figure S54, all hydrogelators showed nearly identical 

equilibrium shear storage moduli around 10,000 Pa. The similar equilibrium storage modulus of 

these materials would suggest a similar topology or morphology of the hydrogels, as the cross-

link density remains relatively constant at a given concentration between the series. Interestingly, 

Scheme 7. A) Schematic representation of macromolecular hydrogelators targeted in this study. B) 
Chemical structure of BTA hydrogelator made by connecting two small molecule BTAs with PEG 20K, 

and C) Hydrophobic side groups employed to create hydrogelators 20, 21 and 22.  
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the viscoelastic properties of the hydrogel changed greatly as a function of the side arms. 

Hydrogelator 22 showed a storage modulus largely independent of frequency across almost five 

decades, while hydrogelators 20 and 21 responded dynamically to applied shear; the storage 

moduli increased from low to high frequency and plateaued (Figure S54). While the similar 

Figure 1. Dilute solution self-assembly studies: A) Nile red encapsulation shows an increase in fluorescence 
intensity from the C6 to C12 hydrogelators (5 mg/ml, 230 μM), B) The lambda max (λmax) of encapsulated 
Nile Red at 1, 2, and 5 mg/ml showed minimal changes across the hydrogel series, suggesting a similar 
strength of the hydrophobic environment. C) cryo-TEM images showing the fibrous self-assembly 
morphology for hydrogelator 20 and fibrous sheet-like morphology for 21 and 22. 
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equilibrium storage moduli indicated a similar internal structure to the hydrogel, the differences 

in the viscoelastic behavior suggested differences in internal dynamics.  

Self-healing and moldability:  

Due to the reversibility of supramolecular interactions, we wanted to test the self-healing 

behavior of these hydrogels. The self-healing behavior was visualized by cutting a macroscopic 

hydrogel disc in two pieces and then compressing two pieces of hydrogel together. All 

hydrogelators showed excellent self-healing properties under a few minutes at room temperature 

(Figure 2B& S55). Next, we studied the moldability of hydrogels. The hydrogel was transferred 

from a round mold to a square mold. For hydrogelator 20, the hydrogel flowed quickly, under 

one minute, and filled the square mold (shown in Figure S55A). For hydrogelators 21 and 22 

(Figure 2B), we had to compress the hydrogel using a spatula to take the shape of a square. This 

suggests the responsive nature of hydrogels to external forces and the ability to adapt to different 

shapes under stress. Such hydrogels with the ability to take the desired shape may find 

applications to fill the voids resulting from damaged tissues after injury or cavities after surgical 

operations.  

Self-healing behavior was quantitatively investigated using oscillatory rheology by applying high 

and low-strain shear rupture cycles. During a strain sweep, hydrogelator 20 behaved like a liquid 

(G’’>G’), and hydrogelator 21 and 22 showed a crossover point around 100% and 20% strain, 

respectively (Figure 2C). The storage moduli recovered 80% and 100% for hydrogelator 21 and 

22 under tens of seconds (Figure 2D). We also observed that 22 increases slightly in storage 

modulus after each strain cycle, which perhaps could be due to slippage of material at such high 

strain or owing to residual stresses. Rapid recovery of storage moduli indicates rapid self-healing 

behavior, dynamicity, and reversibility of cross-links in BTA hydrogelators.  

Cell viability:  

Using the newly developed methodology, we were able to create scaleable and tunable fibrous 

hydrogels which could be considered as suitable ECM mimics. Ultimately, we would like to use 

this methodology and similar hydrogel architectures for 3D cell culture and tissue engineering 

applications. Though dilute solutions of BTAs have been used in the presence of cells before41, 

BTA materials and hydrogels have only limitedly been investigated for their cytocompatibility11 

and never in 3D encapsulation. Consequently, we wanted to quickly explore cell encapsulation 

and viability in these materials. Dynamic and viscoelastic matrices have been shown to greatly 

affect chondrocyte proliferation and cartilage-like matrix production.42,43 We chose to use 

chondrocytes (ATDC5) as they are important cells for the investigation of enhanced 

chondrogenic differentiation and a cell line model to study cartilage tissue regeneration.44  

ATDC5 could be encapsulated within 10% (w/v) hydrogels via a mixing protocol that leverages 

the self-healing nature of the hydrogels. To investigate cell viability, we utilized the live/dead 

staining where cells were stained calcein (green) and ethidium homodimer (red) after four days. 

The large majority of cells stayed alive within these hydrogels after mixing and over four days 
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(Figure 3), and interestingly we observed that cells were able to form multicellular 

aggregates within hydrogels over four days. These initial cell viability tests show that 

this methodology and these hydrogelator structures possess no major cytotoxicity 

concerns. More detailed cell/material characterization is to be performed in the future. 
  

 

Figure 2. Mechanical properties of hydrogels and viscoelasticity. A) All BTA supramolecular 
macromolecules form hydrogels at 10% (w/v). Vial inversion test showed exterior hydrophobic dependent 
critical gelation concentration. B) Hydrogels are self-healing when two cut pieces of hydrogel are pressed 
against each other. Hydrogels can be remolded into different macroscopic shapes by pressing with spatula, 
for example round hydrogel can adapt square shape (green C6C12; red C12C12). C) In the strain sweep C6C12 
and C12C12 are observed to have the same moduli, with a greater linear viscoelastic regime for C6C12. At 
this frequency (1 rad/s), C6C6 was mostly liquid. D) Hydrogels are self-healing under shear rheology. After 
rupture, the materials quickly recover to initial moduli in just few seconds. C6C12 is in green and C12C12 is 
in red color. Rheology samples were measured at 10% (w/v). 
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Conclusions 

In this work, we have developed a new synthetic strategy to create desymmetrized BTA 

molecules, macromolecules, and ultimately functional materials. We employed an activated ester 

Figure 3. Synthesized BTA supramolecular macromolecules hydrogels show good cytocompatibility. A) 
Chondrocytes (ATDC5) were encapsulated within gels and stained after 4 days in culture. Green color 
represents live cells and red color represents dead cells. Scale bar: 200 µm. B–D) Live and dead stack images 
were flattened and using image J B) cell aggregates area, C) roundness of aggregates, and aspect ratio were 
calculated. Statistical significance was determined using one-way ANOVA (Origin software) and means 
comparison were analyzed using Tukey post test. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. 
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desymmetrization methodology, which was economically viable, mild, and fast. We found that 

BTE-F5Ph is the most stable activated ester and offers a flexible synthon for the creation of 

BTA derivatives with different sidearms and several functionalities. The yield for BTA 

monosubstituted, disubstituted, and trisubstituted derivatives was high and above statistically 

expected results for almost all reactions. Unlike existing synthetic approaches to BTAs, 3 offers 

a flexible desymmetrization strategy; intermediates are stable, solid, and do not require 

protection, starting materials can be recovered, and intermediates can be stored for further 

multifunctional BTA synthesis.  

These BTA monomers offer the potential to be incorporated into a variety of BTA materials via 

modular mixing e.g., for tuning bioactivity and creation of polymeric BTA hydrogelators. 

Utilization of some of our desymmetrized BTAs allowed the creation of a small library of 

telechelic BTAs on a multi-gram scale with a high yield. One of the major advantages this strategy 

offers is that now BTA functionalized materials can be made with two different external arms 

on the BTA (i.e., hydrogelator 21).  

The telechelic BTA macromolecules synthesized in this study showed fibrous morphology in a 

dilute solution, akin to the fibrous assemblies within the native ECM. At higher concentrations, 

the telechelic BTA macromolecules form stable hydrogels and offer similar equilibrium storage 

moduli, but show differences in dynamic mechanical properties. Furthermore, these BTA 

hydrogels are moldable, self-healing, and show good cytocompatibility (chondrocytes).  

This methodology is envisioned to be highly tolerant to sensitive functional groups and favors 

the creation of linear and divergent libraries quickly within the lab. With the ability to create 

more complex molecules, the ability to create more complex supramolecular polymers becomes 

more attainable. While we chose to investigate the ability to create ECM-mimicking BTA fibrous 

hydrogels, this approach should be amenable to numerous applications where BTA serves as a 

supramolecular motif. With this new scalable strategy, we can confidently explore more complex 

BTA hydrogels in a variety of tissue engineering applications, and more complex BTA 

architectures can be accessed for a variety of studies and applications utilizing BTA 

supramolecular assembly.  
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Supplementary information 

Abbreviations: 

Dichloromethane (DCM), Tetrahydrofuran (THF), N, N-Diisopropylethylamine (DIPEA), 

Benezene-1,3,5- tricarbonyl trichloride (BTCl), Dimethyl sulfoxide (DMSO), milligram (mg), 

milliliter (mL), micromolar (µM) 

General:  

All chemicals were purchased from commercial sources and used as received unless stated 

otherwise. 5-Norbornene-2-methylamine (mixture of isomers, TCI Chemicals), N, N-

Diisopropylethylamine (DIPEA)solution was dried using sodium hydroxide pellets. The 

Hexylamine solution was dried using a powder magnesium sulfate drying agent. 

Dichloromethane (DCM) and Tetrahydrofuran (THF) employed for desymmetrization reactions 

were ≥99% anhydrous. Thin-layer chromatography (precoated 0.25 mm, 60-F254 silica gel plates 

from Merck) was used to follow the reactions, and silica gel (40–63 µm, 60 Å from Sigma-

Aldrich) flash chromatography was run to isolate the pure compounds.  

Nuclear Magnetic Resonance (NMR) analysis and sample preparation.  

NMR analysis was performed using a Bruker Ascend 700MHZ NMR Spectrometer for proton 

and 176MHZ for carbon. The data was analyzed using the TopSpin 3.5 and spectra were 

calibrated to either chloroform (CDCl3: 7.27ppm) or d6-DMSO (2.5ppm). for sample 

preparation, a 2–7 mg sample was dissolved in either deuterated chloroform or deuterated 

DMSO (roughly 700 µl). Chemical shifts are given in ppm (δ) values relative to the residual 

solvent. Splitting patterns are labeled as s, singlet; bs, broad singlet, d, doublet; dd, double 

doublet; t, triplet; q, quartet; p, pentet; m, multiplet, and b stands for broad.  

MALDI-TOF: 

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight (MALDI TOF)-MS has 

performed on an Applied Biosystems 4800 MALDI TOF/TOF system in reflector positive 

mode. α-cyano-4-hydroxycinnamic acid in 50% water / 50% acetonitrile containing 0.1% TFA 

was used as a matrix. Samples were spotted on the plate and dried in the open air before analyses. 

Chloroform was used as a solvent in case of low solubility in acetonitrile. 

Nile red studies: 

For each hydrogelator, three samples with the final concentration of 1 mg/mL, 2mg/mL, and 

5mg/mL were prepared. To start with solid polymer was weighed in a glass vial and 50 µl 

methanol was added to the glass vial for dissolving hydrogelators molecularly so that there is no 

stacking of BTA units. A little bit of heating is required especially for 17 to fully dissolve. Later, 

950 µl of water was added to the glass vial. Heating and cooling cycles were repeated until the 

solution become transparent and let the BTA molecule age overnight. The next day, 200 µl from 
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each solution was transferred to a transparent bottom black well plate, and added to it 3.2 µl of 

Nile red (from a stock solution of 1 mg/10 mL= 315 µM) resulting in a final Nile red 

concentration of 5 µM. The well plate was incubated for 30 mins in the dark at room temperature 

and fluorescence emission spectra were recorded.  

Cryo-TEM:  

All samples were prepared at 10 mg/mL. The polymer was dissolved in 50 µl of methanol and 

then 950 µl of water was added to the hydrogelator solution. The sample solution was heated 

until the sample became transparent and was allowed to cool at room and age overnight (16–24 

hours) before imaging. The sample vitrification procedure was carried out using an automated 

vitrification robot (FEI Vitrobot™ Mark IV). Cryo-TEM grids, R2/2 Quantifoil Jena grids, were 

purchased from Quantifoil Micro Tools GmbH. Before the vitrification procedure (3 µL 

aliquots, blotting time varied from 3 s to 4 s, -5 mm blotting offset, 100% relative humidity) the 

grids were surface Glow discharged using a Cressington 208 carbon coater operating at 7 mA 

for 30 s. The cryo-TEM experiments were performed on an FEI Arctica 200KV microscope. 

The Arctica is equipped with a FEG operating at 200 kV and the images were recorded using a 

Falcon III camera. 

Hydrogel formation  

The solid polymer was weighed in a glass vial and water was added to make the final 

concentration 10% (w/v). The glass vial was heated until the polymer solution became turbid 

and vortexed, and then the solution was allowed to cool until it turns into a hydrogel. Heating-

cooling cycles were repeated 3x. Subsequently, the hydrogel was placed on the heating plate, and 

the temperature was raised to 80 °C. Then the temperature was turned off and the hydrogel was 

cooled to 20 °C. 

CGC determination 

Starting from 10% (w/v), the hydrogel was diluted to half by adding water and performing a vial 

inversion test after 24 hours. The vial was inverted and hydrogel flow was observed for under 

30 seconds. If hydrogel did not begin to flow after 30 seconds, it was considered a hydrogel, and 

if the hydrogel flowed earlier then it was not considered a hydrogel. 

Macroscopic self-healing and moldability: 

The hydrogel was formed as mentioned above (“hydrogel formation” heading) and a few µl of 

food-grade water-based liquid colorant was added on top of the hydrogel to give hydrogel a 

color for better visual presentation. Hydrogelator 15, 16, and 17 are colored yellow, green, and 

red. Hydrogels were placed in a round mold, divided into two parts, and then placed together 

and pressed with the spatula for the self-healing test. Self-healing was determined successful if 

two pieces of hydrogel merged to give a single hydrogel which is stable and did not fall apart 

when lifted under forces of gravity. After a few minutes in a closed container under a humid 

environment, the hydrogels were lifted using the spatula and hydrogelator 21 and 22 can be lifted 
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successfully and no separation of two pieces of hydrogel occur. Hydrogelator 20 could not since 

it is a weak hydrogel and started to flow like viscous liquid when handled with a spatula, and 

lifted under the gravity force. However, hydrogelator 20 does show self-healing.  

For moldability, the hydrogel was taken from a round mold, placed in the square mold, and 

pressed with a spatula a little bit to adjust to a new shape.   

Mechanical properties:  

Rheological measurements were performed using a DHR-2 rheometer using a 20 mm cone-plate 

geometry with a 2.002° angle. All measurements were performed at 20 °C. First, the linear 

viscoelastic region was determined by performing a strain sweep on the 10 wt % hydrogels. We 

found that storage and loss modulus is independent of strain below 10% strain and that 

hydrogels from 21 and 22 clearly showed hydrogel dominant behavior (G’>G”), while the 

hydrogel from 20 showed liquid dominant behavior at this frequency (1 rad/s). A rejuvenation 

process was carried out to remove any mechanical history within hydrogels. We choose a 400% 

strain amplitude at a frequency of 1 rad/s. Strain amplitude is well into the non-linear regime of 

the samples. Following the rejuvenation process, a time sweep at 1% strain was carried out to 

observe the aging kinetics and allow sample equilibration. Subsequently, a frequency sweep was 

carried out from 0.01 rad/s to 627 rad/s at 1% oscillation strain followed by oscillatory strain 

amplitude sweeps 1 to 1000% at an angular frequency of 1 rad/s. For self-healing measurements, 

a step-strain experiment was carried out, the strain was varied between 400% and 1% (at 1 rad/s) 

for the rupture and recovery phase of the sample. 

Cell encapsulation and viability: 

ATDC5 (chondrocytes) were encapsulated in 200 µL BTA hydrogel at a concentration of 5 

million (M) cells per mL of hydrogelator. For encapsulation of cells within hydrogels, 100ul of 

hydrogel was transferred to the well plate and centrifuged to form a uniform layer at the bottom 

of the 48-well plate (non-treated for cell culture). Cell suspension in 25 µL of media was spread 

on top of the hydrogel and centrifuged at 80xg for cells to sediment in a hydrogel. After 

centrifugation, the other 100 µL of the hydrogel was added on top of the hydrogel and gently 

mixed using a spatula. On top of each hydrogel, 200 µL media was added and the hydrogels were 

incubated at 37°C. Dulbecco’s Modified Eagle’s Medium-F12 (DMEM-F12, low glucose) 

supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) P/S) was used in this 

study.  

LIVE/DEAD™ Viability/Cytotoxicity Kit (ThermoFisher SCIENTIFIC) was used for 

evaluating cell viability. For live-dead staining, the hydrogels were transferred into a 35 mm glass 

bottom dish (ibidi, Germany), washed with PBS, and a solution of calcein AM (final 

concentration 1 µM) and ethidium homodimer-1 (final concentration 2 µM) was added to each 

hydrogel. The hydrogels were incubated for 45-60 minutes in the dark at 37 °C and imaged using 

an inverted fluorescence microscope (Nikon Eclipse Ti-e) under the conditions of 37 °C and 

5% CO2. Images were analyzed using ImageJ.  
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Benezene-1,3,5- tricarbonyl trichloride (BTCl) desymmetrization using hexylamine:  

 

 

Figure S1. A) BTCl desymmetrization reaction scheme using hexylamine as a model molecule, B) 1H NMR of 
BTCl desymmetrization using hexylamine. Separation using thin-layer chromatography: C) Left: in DCM, 
middle: in 5% (v/v) MeOH+95% (v/v) DCM, right: 10% (v/v) MeOH+90% (v/v) DCM. D) Left: in ethyl 
acetate (EA), middle: in 80% EA (v/v) +20% (v/v) hexane, right: 60% (v/v) EA+40% (v/v) Hexane. 

(A) 

(B) 
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Table S1: Nitrophenol solubility 

 Solvent BTCl 3NO2PH 4NO2Ph 

DCM S NS NS 

Chloroform  S P P 

THF S S S 

DMSO S S S 

Synthesis of 1-(3-nitrocyclohexa-1,3-dien-1-yl) 3,5-bis(3-nitrophenyl) benzene-

1,3,5-tricarboxylate (1): 

In a flame-dried flask, benzene-1,3,5- tricarbonyl trichloride (BTCl, 0.1 g, 0.38 mmol, 1 equiv.) 

was dissolved in 4 mL of freshly dried THF (over NaOH). First, DIPEA (0.29 g, 2.26 mmol, 6 

equiv.) and then 3-nitrophenol (3NO2Ph, 0.26 g, 1.88 mmol, 5 equiv.) were added to the reaction 

flask under a nitrogen atmosphere. The formation of solid crystals started to appear in just 5 

minutes and the reaction solvent color turns light yellow. TLC was obtained after 1 hour of the 

reaction in DCM and showed three spots with Rf close to 0, at Rf 0.5 (3-nitrophenol ) and  0.7 

(expected product, 1). Adding 5% methanol and running TLC moved these spots higher with Rf 

close to 0 and Rf at 0.6 and 0.9 but no other spot became visible. The reaction mixture was 

allowed to stir at room temperature for 20 hours and the color of the reaction solvent turned 

dark yellow. After 20 hours, the stirring was stopped and the volatiles was removed under a 

vacuum. The crude reaction mixture was purified by repeated crystallization: 1x using ethyl 

acetate/hexane (50:50) and 2x using ethyl acetate/hexane/THF (40:40:20). Molecule 1 (BTE-

3NO2Ph) was obtained as light yellowish solid (0.16 g, 76% yield) and stored under nitrogen 

atmosphere at room temperature in a desiccator. 1H NMR (700 MHz, d6-DMSO) δ 9.09 (s, 3H), 

8.41 (t, H), 8.24 (dd, H), 7.93 (dd, H), 7.83 (t, H). 13C NMR (176 MHz, d6-DMSO) 162.75, 150.64, 

148.38, 135.48, 130.99, 130.60, 129.06, 121.44, 117.68. The mass of the molecule was not 

obtained using MALDI-TOF in a positive mode.  MS (MALDI-TOF) calcd. for C27H15N3O12 

[M+H]+ 574.07, not obtained in reflector positive ion mode.  

NOTE: [M+H]+ using MALDI was not obtained, we think perhaps the molecule did not ionize.  

DCM=Dichloromethane, THF= tetrahydrofuran, DMSO= dimethylsulfoxide,  NS=not soluble, P= 
partially soluble, S= soluble. between 3–5 mg of each compound in 3–4 mL of the solvent.   
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Figure S2. 1H NMR (d6-DMSO) of BTE-3NO2Ph (molecule 1)  

Figure S3. 13C NMR (d6-DMSO) of BTE-3NO2Ph (molecule 1)  
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Synthesis of 1-(4-nitrocyclohexa-1,3-dien-1-yl) 3,5-bis(4-nitrophenyl) benzene-

1,3,5-tricarboxylate (2): 

Benezene-1,3,5- tricarbonyl trichloride (BTCl) (0.1 g, 0.38 mmol, 1 equiv) was weighed in the 

dried round bottom flask and DIPEA (0.29 g, 2.26 mmol, 6 equiv) and 4-nitrophenol (3NO2Ph) 

(0.26 g, 1.88 mmol, 5 equiv) dissolved in 4 mL of freshly dried THF was added to the flask under 

nitrogen atmosphere through a syringe under stirring. Solid crystals started to appear in the 

reaction mixture under 5 mins. Thin-layer chromatography (TLC) in DCM showed two spots 

with Rf close to 0.5 (3-nitrophenol ) and at Rf 0.7 (expected product, 2). When TLC was run by 

adding 5% methanol and two spots moved higher with Rf values 0.6 and 0.9 and no other spot 

showed up. The reaction mixture was stirred for 20 hours at room temperature. TLC showed 

the same spots after 20 hours. The reaction mixture was then vacuum dried and purified by 

repeated crystallization: 1x using ethyl acetate/ hexane (50:50) and 2x using ethyl 

acetate/hexane/THF (40:40:20). Molecule 2 (BTE-4NO2Ph, 0.2 g, 92% yield) was obtained as 

creamy white/light yellowish solid.  1H NMR (700 MHz, d6-DMSO) δ 9.08 (s, 3H), 8.40 (d, 3H), 

7.75 (d, 3H). 13C NMR (176 MHz, d6-DMSO) 162.15, 154.95, 145.39, 135.39, 130.42, 125.17, 

123.15. MALDI-TOF peak for C27H15N3O12 [M+H]+ 574.07 was not detected in reflector 

positive ion mode. 

 

 

Figure S4. 1H NMR (d6-DMSO) of 2 (BTE-4NO2Ph) 
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Table S2: Alternative workups for purification of molecules 1 and 2 and obtained % yields 

Solvent 
BTE-3NO

2
Ph 

Isolated yield 

BTE-4NO
2
Ph 

Isolated yield 

Hexane:Ethyl 
acetate (50/50) 

Not fully soluble with 
heating 

Not fully soluble with 
heating 

THF:Ethyl acetate 
(40/60)  

26% N/A 

THF:ethyl 
acetate:hexane 

(20:40:40) 

76% 92% 

 

Synthesis of tris(perfluorophenyl) benzene-1,3,5-tricarboxylate (3):  

To a clean and dry 250 mL round bottom flask equipped with a stir bar and under nitrogen was 

added pentafluorophenol (5.56 g, 30.13 mmol, 4 equiv) followed by anhydrous dichloromethane 

(DCM, 30 mL), and the reaction solution was stirred until complete dissolution of 

pentafluorophenol. Subsequently, dry diisopropylethylamine (DIPEA, 3.89 g, 30.13 mmol, 4 

equiv) was mixed with anhydrous dichloromethane (20mL) and was added dropwise to the 

reaction mixture, and then the reaction mixture was placed into an ice bath and allowed to cool. 

After cooling, 1,3,5, benzene tricarbonyl trichloride (2.0 g, 7.53 mmol, 1 equiv) dissolved in 30 

Figure S5. 13C NMR d6-DMSO of 2 (BTE-4NO2Ph) 
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mL of dry DCM and added dropwise to the reaction mixture. The reaction mixture was removed 

from the ice bath after 30 minutes and allowed to stir at room temperature for 4 hours. TLC 

(run in DCM) showed two spots at Rf close to zero and at Rf 0.9. The reaction mixture in DCM 

was passed through a silica bed twice. The solvent (DCM) was removed under reduced pressure, 

yielding BTE-F5Ph as pure white solid crystals (4.9 g, 91% yield). 1H NMR (700 MHz, CDCl3) 

δ 9.29 (s, 3H). 13C NMR (176 MHz, CDCl3) 160.5, 142.1, 140.9, 140.6, 139.5, 139.0, 137.8, 137.5, 

129.6, 124.9, HRMS (MALDI-TOF) m/z: [M+H]+ calcd. for C27H3O6F15, 707.97; found 708.02. 

 

 

 

 

 

 

 

 

 

 

Figure S6. 1H NMR (CDCl3) of BTE-F5Ph (molecule 3) 
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Table S3:  Workups for purification of molecule 3 and obtained % yields 

Methods Solvent  BTE-F5Ph % Yield 

Excessive 
washing of 

reaction mixture 
with acetonitrile 

Acetonitrile 45% 

Crystallization  acetonitrile+hexane/chloroform  60% 

Filtration and 
passing through a 

bed of silica 

Dichloromethane  91% 

 

 

 

 

 

 

Figure S7. 13C NMR (CDCl3) of BTE-F5Ph (molecule 3) 
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Table S4: NHS solubility in different organic solvents for the synthesis of molecule 4 

Synthesis of tris(2,5-dioxopyrrolidin-1-yl) benzene-1,3,5-tricarboxylate (4): 

A 50 mL clean and dry single-neck flask equipped with a stir bar was purged with nitrogen. BTCl 

(0.1 g, 0.38 mmol, 1 equiv.) was added under a nitrogen atmosphere and the flask was closed 

with a screw cap. Freshly dried THF (using NaOH pellets) was added to the flask using a cannula 

and stirred until dissolved. DIPEA (0.39 g, 3 mmol, 8 equiv.) and NHS (0.22 g, 1.88 mmol, 5 

equiv.) dissolved in 7mL of anhydrous THF were added drop by drop to the reaction mixture 

using a syringe. The resulting mixture was stirred for 20 hours and then the volatiles was removed 

by vacuum. TLC showed two spots at Rf equal to ~0.1 and ~0.4 (Figure S9); however, during 

separation using silica gel flash column chromatography, 4 was not obtained pure and free NHS 

seems to eluted with 4 (Figure S10, 1H NMR collected fractions for Rf 0.4). Crystallization in 

ethyl acetate: hexane (80:20) provided a greasy solid and the reaction mixture was not fully 

soluble even in a hot boiling solvent. TLC showed that a greasy solid is not pure. No product 

crystallization was observed in THF: ethylacetate: hexane (33:33:33). 

 

Solvents NHS 
DCM P 

Chloroform P 

DMF S 

DMSO S 
THF S 

DCM=Dichloromethane, THF= tetrahydrofuran, DMSO= dimethylsulfoxide, DMF= 
dimethylformamide, NS=not soluble, P= partially soluble, S= soluble. NHS compound 3–5 mg was 
dissolved roughly in 3–4 mL of the solvent.   
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Figure S8. 1H NMR (CDCl3) of reaction mixture when reaction was run in DMF (top) to synthesize 4 
(BTE-NHS). Appearance of three peak around 9 ppm suggests that this reaction produced non-
symmetric BTE-NHS molecule which is not of interest for this study. 1H NMR (d6-DMSO) of the 
reaction mixture when 4 was synthesized in dry THF. Appearance of singlet for aromatic proton “A” 
indicates formation of symmetrical molecule 4.  
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Table S5: BTE-3NO2Ph (1) and BTE-4NO2Ph (2) solubility in different organic solvents 

 

Solvent  BTE-3NO2Ph (1) BTE-4NO2Ph (2) 

Toluene NS NS  
DMF P P 

acetonitrile P P 
DCM NS NS 
THF NS NS 

2-propanol P P 
1,4 dioxane P P 
Dimethyl 
carbonate 

P P 

Figure S9. BTE-NHS synthesis in THF: Thin layer chromatography spots for benezene-1,3,5- 
tricarbonyl trichloride (BTCl), N-Hydroxysuccinimide (NHS) and reaction mixture in (Left) 5% (v/v) 
CH3CN+95% (v/v) DCM, (middle) 10% (v/v) CH3CN+90% (v/v) DCM, and (right) 10% (v/v) 
CH3OH+90% (v/v) DCM. 

NS = not soluble, P = partial solubility, S = fully soluble. Each Nitrophenol compound between 2–5 mg 
was dissolved in ~4 mL of the solvent.   
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Figure S10. 1H NMR (d6-DMSO) after flash column chromatography using 10%(v/v) 
CH3OH+90%(v/v) DCM showing presence of free NHS. Free NHS appears to be travelling with 4. We 
were able to separate reaction mixture spots on TLC as shown above in figure S9 but 4 was not obtained 

pure when separated using silica gel flash column chromatography.  
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Desymmetrization reaction scheme of 1-(3-nitrocyclohexa-1,3-dien-1-yl) 3,5-bis(3-

nitrophenyl) benzene-1,3,5-tricarboxylate (1): 

 

  

Figure S11. A) Reaction scheme of desymmetrization reaction of molecule 1 using DMF solvent. B) 
Molecule 1 showed partial solubility in DMF (left), solubility increased, and the reaction solution became 
clear with the reaction proceeding (right). C) TLC of the reaction mixture in DCM (labeled as 1), in 5%(v/v) 
CH3CN+95%(v/v) DCM, 10%(v/v) CH3CN+90%(v/v) DCM, 50%(v/v) ethylacetate+50%(v/v) hexane, 
and in the ethyl acetate. Different solvent combinations were used to separate product spots formed during 
the reaction. Maximum three spots were visible on TLC when using solvent 10%(v/v) CH3CN+90%(v/v) 
DCM.  
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Synthesis of molecule 5: 

Under nitrogen atmosphere, 1 (20mg, 0.035mmol, 1 equiv.) was dissolved in a dry round bottom 

flask using 3 mL anhydrous DMF. The color of the reaction mixture was milky white and 1 was 

not fully soluble in the reaction solvent. DIPEA (12 µl, 0.069 mmol, 2.0 equiv.) and hexylamine 

(4.6 µl, 0.035 mmol, 1.0 equiv.) were dissolved in 3–4 mL and added drop by drop to the reaction 

flask using a syringe and under nitrogen atmosphere. The reaction solution was stirred at room 

temperature for 5 hours. With the reaction proceeding solubility of 1 increases and color of the 

reaction mixture changes from milky white to light yellow and all the crystals disappeared.  TLC 

of the reaction mixture was taken in different solvent combinations as shown above in Figure 

S11 and showed a maximum of three spots with Rf close to 0.1,  0.7, and 0.9 in DCM with 10% 

(v/v) acetonitrile. After 5 hours of reaction solvent was concentrated in a vacuo and molecules 

were separated using silica gel flash column chromatography.  Using eluent dichloromethane 

with 5% (v/v) acetonitrile, 5 was obtained (6.9 mg, 37% isolated yield). 1H NMR (700 MHz, d6-

DMSO) δ 9.03 (t, 1H), 8.94 (d, 2H), 8.91 (t, 1H), 8.35 (dd, 2H), 8.22 (t, 2H), 7.90 (DD, 2H), 7.82 

(t, 2H), 3.30 (t, 2H), 1.56 (p, 2H), 1.31 (m, 6H), 0.86 (t, 3H). 13C NMR (176 MHz, d6-DMSO) δ  

163.6, 163.1, 150.7, 148.39, 135.9, 133.48, 133.1, 130.98, 129.8, 129.1, 126.2, 121.3, 115,81. 

 

 

 

 

Figure S12. 1H NMR (d6-DMSO) of reaction mixture of 1 (BTE-3NO2PH) when desymetrized using one 
equivalent of hexylamine. Different expected molecules (mono-substituted, di-substituted and tri-
substituted) peaks are assigned based on chemical environment of proton and 1H NMR peaks integration 

analysis. Zoomed in area is shown for sake of clarity of the peaks.     
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Figure S13. 1H (top) and 13C (bottom) NMR of molecule 5 (BMA-3NO2Ph). Free 3-nitrophneol which 
cleaved off from 1 during desymmetrization eluted with 5. 3-nitrophenol peaks are labeled with color 
circles.  
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Synthesis of molecule 7: 

Under nitrogen atmosphere, 1 (20mg, 0.035mmol, 1 equiv.) was dissolved in a dry round bottom 

flask using 5–6 mL anhydrous DMF. The reaction mixture color was milky white and non-

transparent and 1 was partially soluble in anhydrous DMF. DIPEA (18 µl, 0.11 mmol, 3 equiv.) 

and hexylamine (9.2 µl, 0.07 mmol, 2.0 equiv.) were dissolved in 7–8 mL of anhydrous DMF 

and added drop by drop to the reaction flask using a syringe and at room temperature under 

nitrogen atmosphere. The reaction mixture was stirred for 5 hours, and the color of the reaction 

goes from milky white to yellow and clear without any solid crystals. 7 was separated using silica 

gel flash column chromatography using DCM with 10% (v/v) acetonitrile. 1H NMR (700 MHz, 

d6-DMSO) δ 8.85 (t, 2H), 8.71 (d, 1H), 8.65 (t, 2H), 8.31 (t, 1H), 8.22 (dd, 1H), 7.88 (dd, 1H), 

7.81 (t, 1H), 3.26 (t, 4H), 1.55 (p, 4H), 1.29 (m, 12H), 0.86 (t, 6H). 13C NMR (176 MHz, d6-

DMSO) δ  164.54, 163.57, 150.81, 148.41, 135.59, 131.48, 130.98, 130.72, 129.08, 129.00, 121.24, 

117.57, 31.00, 28.95, 26.16, 22.05, 13.92. 

  

Figure S14A. 1H NMR of molecule 7  
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Figure S14B. 13C NMR of molecule 7  
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Desymetrization of 1-(4-nitrocyclohexa-1,3-dien-1-yl) 3,5-bis(4-nitrophenyl) 

benzene-1,3,5-tricarboxylate (2): 

  

Figure S15. A) Molecule 2 desymmetrization reaction scheme and reaction were run in anhydrous DMF. 
B) Molecule 2 was partially soluble in DMF (reaction flask at left), and solubility increased and the reaction 
solution become clear (right reaction flask) with the reaction proceeding. C) TLC of the reaction mixture 
showed one spot in DCM at Rf 0.3 (TLC labeled as 1) and three spots in DCM with 5% acetonitrile (TLC 
labeled as 2) at Rf  0, 0.5, and 0.8, and four spots in DCM with 10% acetonitrile (TLC labeled as 3) at Rf 

0.3, 0.5, 0.6, 0.9. TLC labeled as 4 was run using DCM with 50% hexane and 50% ethyl acetate. TLC 
labeled as 5 was run in 100% ethyl acetate.  
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Synthesis of molecule 6: 

In a dry round bottom flask, 2 (20mg, 0.035 mmol, 1 equiv.) was dissolved 3–4 mL anhydrous 

DMF under a nitrogen atmosphere. DIPEA (12 µl, 0.069 mmol, 2.0 equiv.) and hexylamine (4.6 

µl, 0.035 mmol, 1.0 equiv.) were dissolved in 3–4 mL and added drop by drop to the reaction 

flask using a syringe and under nitrogen atmosphere. The color of the reaction mixture was milky 

white and upon adding DIPEA and hexylamine, the reaction solvent turned yellow, and the 

reaction mixture was clear without any solid crystals. After 5 hours, the reaction mixture was 

dried in vacuo 6 was separated by silica gel flash column chromatography using DCM with 5% 

(v/v) acetonitrile. 6 was not obtained as pure and it contains starting materials 2, free 4-

nitrophenol, which can be seen in Figure S17 1H NMR spectrum. Molecule 6 was produced in 

38% yield from proton 1H NMR peak integration analysis. 

Figure S16. 1H NMR of reaction mixture of BTE-4NO2PH (molecule 2) desymetrization using hexylamine 
(2 equiv). Expected molecules (mono-substituted, di-substituted and tri-substituted) peaks are assigned 
based on 1H NMR peaks integration analysis. 
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Figure S17. 1H NMR (CDCl3) (top) and C 13NMR (bottom) of 6 (BMA-4NO2Ph). It contains starting 
materials BTE-4NO2Ph and free 4-nitrophenol. All eluted together in flash column chromatography 

separation.  
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Synthesis of molecule 8: 

In a dry round bottom flask, 2 (20mg, 0.035 mmol, 1 equiv.) was dissolved 5–6 mL anhydrous 

DMF under a nitrogen atmosphere. DIPEA (18 µl, 0.1 mmol, 3 equiv.) and hexylamine (9.2 µl, 

0.07 mmol, 2.0 equiv.) were dissolved in 5–6 mL of anhydrous DMF and added dropwise to the 

reaction flask under nitrogen atmosphere. After 5 hours, the reaction solvent was dried in a vacuo. 

DCM with 10% (v/v) acetonitrile solvent mixture was used to elute 8 on silica gel flash column 

chromatography. Molecule 8 was obtained (3 mg, 17% isolated yield). 1H NMR (700 MHz, d6-

DMSO) δ 8.86 (t, 2H), 8.70 (d, 2H), 8.66 (bs, 1H), 8.39 (d, 2H), 7.68 (d, 2H), 3.29 (t, 4H), 1.54 

(p, 4H), 1.39 (m, 12H), 0.87 (t, 6H), 13C NMR (176 MHz, d6-DMSO) δ  164.54, 163.55, 155.67, 

145.65, 135.93, 131.90, 131.00, 129.16, 125.71, 123.71, 31.29, 29.23, 26.44, 22.34, 14.21. Note, 

Carbon labeled as 1 in the 13C spectrum of the molecule shows up under DMSO peaks.  

 

  

Figure S18A. 1H NMR of molecule 8. Molecule 8 is around 95% pure and contains around 5% of 
trisubstited hexylamine derivative labelelled as BTA.   
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Figure S18B. 13C NMR of molecule 8.  
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Desymmetrization of tris(perfluorophenyl) benzene-1,3,5-tricarboxylate (3): 

 

Figure S19. Reaction scheme (top) of desymmetrization of molecule 3 (BTE-F5PH). Thin layer 
chromatography showed that there are total of five spots which indicates that there are five molecules 
in reaction mixture. 1H NMR (bottom) of desymmetrization of molecule 3 (BTE-F5PH) using 
hexylamine. 

F5Ph? 
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Synthesis of molecule 9:  

In the dried round bottom flask under nitrogen atmosphere molecule 3 (15 mg, 0.021 mmol, 1 

equiv.) was dissolved in 3 mL of anhydrous DCM and the reaction glass flask was placed into a 

cold dry ice bath in acetone (-78 °C). DIPEA (14.8 µl, 0.085 mmol, 4 equiv.) dissolved in 

anhydrous DCM was added to the reaction flask. After this, a solution of hexylamine (2.8 µl, 

0.021 mmoles, 1.0 equiv.) dissolved in 4 mL anhydrous DCM was added dropwise to the reaction 

flask under a nitrogen atmosphere. The reaction solution was stirred for 1.5 hours at -78 °C. The 

reaction solution was concentrated in vacuo and purified by silica gel flash column 

chromatography. Monosubstituted derivative, 9, was separated using eluent dichloromethane 

and obtained as a white solid (5.3 mg, 40% isolated yield). 1H NMR (700 MHz, CDCl3) δ 9.1 (t, 

1H), 8.88 (d, 2H), 6.5 (t, 1H), 3.54 (dt, 2H), 1.68 (m, 2H), 1.32 (m, 6H), 0.9 (t, 3H). 13C NMR 

(176 MHz, CDCl3) δ 164.6, 161.1, 137.1, 134.9, 134.6, 128.8, 40.8, 31.6, 29.6, 26.8, 22.7, 14.2. 

MS (MALDI-TOF) calcd. for C27H17F10NO5: 625.09, found: 626.12 [M+H]+. 

 

 

 

 

Figure S20. 1H NMR (CDCl3) of molecule 9 
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Synthesis of molecule 10:  

Molecule 3 (15 mg, 0.021 mmol, 1 equiv.) was dissolved in anhydrous DCM (3 mL) under a 

nitrogen atmosphere and cooled with a dry ice bath to -78°C. Solution of DIPEA (14.7 µl, 0.085 

mmol, 4.0 equiv.) in anhydrous DCM (3 mL) was added dropwise to the reaction flask under a 

nitrogen atmosphere. Subsequently, dry hexylamine (5.6 µl, 0.042 mmol, 2.0 equiv.) solution in 

anhydrous DCM (3 mL) was added dropwise to the reaction flask and cooled to -78°C in about 

15 minutes under a nitrogen atmosphere.  The reaction solution was stirred for 1.5 hours at -

78°C and concentrated in vacuo. The reaction mixture was purified using silica gel flash column 

chromatography and molecule 10 was separated using eluent 95% by volume DCM and 5% by 

volume acetonitrile. Molecule 10 was obtained as a white solid in 48 % yield (5.5 mg). 1H NMR 

(700 MHz, CDCl3) δ 8.66 (d, 2H), 8.52 (t, 1H), 6.5 (t, 2H), 3.47 (dt, 4H), 1.63 (m, 4H), 1.32 (m, 

12H), 0.9 (t, 6H).13C NMR (176 MHz, CDCl3) δ 165.3, 161.7, 136.3, 131.5, 131.4, 128.0, 40.7, 

31.6, 29.6, 26.8, 22.7, 14.2. MS (MALDI-TOF), calcd. for C27H31F5N2O4: 542.2, found: 543.2 

[M+H]+. 

 

 

 

 

 

 

Figure S21. 13C NMR (CDCl3) molecule 9 
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Figure S22. 1H NMR (CDCl3) of molecule 10 

Figure S23. 13C NMR (CDCl3) of molecule 10 
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Synthesis of molecule 11: 

 In a dry round bottom flask, 3 (50 mg, 0.071 mmol, 1 equiv.) was dissolved in 2.5 mL of 

anhydrous DCM under a nitrogen atmosphere. The temperature of the solution was maintained 

at 4°C using an ice bath. DIPEA solution (49 µL, 0.28 mmol, 4.0 equiv.) was dissolved in 

anhydrous 2 mL anhydrous DCM and added to the reaction flask. The reaction solvent color 

turns yellow. Subsequently, a solution of dodecyl amine (13 mg, 0.07 mmol, 1.0 equiv.) in 3 mL 

anhydrous DCM was added dropwise to the reaction flask. The reaction was allowed to stir at 

4°C and after 2 hours reaction solvent was removed under reduced pressure 1H NMR of the 

reaction mixture was taken and 11 was produced in 39% yield from proton 1H NMR analysis. 

Using DCM solvent on silica gel flash column chromatography, 11 was separated.  1H NMR (700 

MHz, CDCl3) δ 9.1 (1H, t), 8.88 (2H, d), 6.32 (1H, t), 3.53 (2H, q), 1.68 (2H, m), 1.45–1.26 (18H, 

m), 0.88 (3H, t). 13C NMR (176 MHz, CDCl3) δ 164.5, 161.1, 137.1, 134.9, 134.6, 128.8, 40.8, 

32.08, 29.82, 29.79, 29.76, 29.74, 29.71, 29.51, 29.48, 27.18, 22.85, 14.26. MS (MALDI-TOF) 

calcd. for C33H29F10NO5: 709.9, observed:710.2 [M+H]+.  

 

 

Figure S24. 1H NMR (CDCl3) of molecule 11 



Desymmetrization via activated esters enables rapid synthesis of multifunctional BTA 

 

199 
 

 

Synthesis of molecule 12: 

In a dry round bottom flask, 3 (1000 mg, 1.4 mmol, 1equiv.) was dissolved in 50 mL of anhydrous 

DCM under a nitrogen atmosphere. The reaction flask was set into ice cold bath at 4 °C. DIPEA  

(861 µL, 5.0 mmol, 3.5 equiv.) solution in anhydrous DCM was added dropwise to the reaction 

flask at 4 °C using a syringe. Once the reaction solution temperature was maintained at 4 °C, 

dodecylamine (523 mg, 2.8 mmol, 2.0 equiv) in 25 mL anyh DCM  was added dropwise to the 

reaction flask under nitrogen atmosphere and over the time interval of 10–15 minutes.  The 

reaction was stirred for 1.5 hours at 4 °C. The reaction mixture was vacuum dried under reduced 

pressure and 12 was obtained using eluent DCM with 5% (v/v) acetonitrile in 49% isolated yield 

(486 mg) as a white powder. 1H NMR (700 MHz, CDCl3) δ 8.69 (2H, d), 8.51 (1H, t), 6.68 (2H, 

t), 3.45 (4H, q), 1.61 (4H, m), 1.4–1.2 (36H, m), 0.86 (6H, t). 13C NMR (176 MHz, CDCl3) δ 

165.2, 161.7, 136.3, 131.5, 131.4, 128.0, 40.7, 32.08, 29.82, 29.80, 29.77, 29.72, 29.71, 29.52, 29.49, 

27.18, 22.86, 14.28. MS (MALDI-TOF), calcd. for C39H55F5N2O4: 710.4, found : 711.4 [M+H]+. 

 

 

 

Figure S25. 13C NMR (CDCl3) of molecule 11. 
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Figure S26. 1H NMR (CDCl3) of molecule 12 

Figure S27. 13C NMR (CDCl3) of molecule 12 
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aBMA and BDA molecule formation was found to be maximum at an equimolar concentration of aliphatic 

amines. % of molecules formed reported in the table are derived from 
1
H NMR peaks integration analysis. 

 

Desymetrization of tris(perfluorophenyl) benzene-1,3,5-tricarboxylate (3) using 

5Nb-2MA: 

 

 

 

 

 

Table S6: Table showing molecules formed in desymmetrization reaction. a 

 

Figure S28. Desymmetrization of molecule 3 using 5-Norbornene-2-methylamine to create molecule 13 
(monosubstituted) and 14 (disubstituted) derivatives.   
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Synthesis of molecule 13: 

Under nitrogen atmosphere and in a dry round bottom flask, 3 (20 mg, 0.028 mmol, 1equiv.) 

was dissolved in 3mL anhydrous DCM. The reaction flask was placed into the ice-cold bath (4 

°C) and then DIPEA (9.84 µl, 0.056 mmol, 2.0 equiv.) dissolved in anhydrous DCM was added 

into the reaction flask. Later, 5Nb-2MA (3.6 µl, 0.028 mmol, 1.0 equiv.), dissolved in anhydrous 

DCM, was added to the reaction flask drop by drop over 5–10 minutes using a syringe under a 

nitrogen atmosphere. After addition, the reaction solution was allowed to stir for 2 hours and 

the formation of 13 was checked by thin layer chromatography shown in Figure S28. The excess 

of DCM was removed in vacuo and 13 were separated using silica gel flash chromatography using 

eluent DCM as a white powder in 40% isolated yield (7.2 mg). 1H NMR and 13C NMR are shown 

below. 1H NMR (700 MHz, CDCl3) δ 9.10-9.09 (m, 1H, HA-endo-exo), 8.9 (d, 2H, HB-exo), 8.87 (d, 

2H, HB-endo), 6.5 (t, 1H, HC-exo ), 6.4 (t, 1H, HC-endo), 6.24(dd, 1H, H5endo), 6.1 (m, 2H, H5,6exo), 

6.04 (dd, 1H, H6endo), 3.6(m, 2H, H8), 3.5(m, 2H, H8), 3.25(m, 2H, H8), 2.91 (s, 1H, H1), 2.87 (s, 

1H, H4), 2.7(m, 2H, H2), 2.43(m, 2H, H2), 2.35(t, 2H, H2), 1.94 (m, 2H, H3), 1.50 (dd, 2H, H7), 

1.43 (bs, 2H, H7), 1.41-1.33 (m, 2H, H7), 1.31 (s, 2H, H7), 1.29(s, 2H, H7), 1.26 (m, 2H, H3), 0.69 

(ddd, 2H, H3). 13C NMR (176 MHz, CDCl3) δ 164.4, 161.07, 142.08, 140.8, 140.5, 139.3, 138.8, 

138.2, 137.45, 137.2, 137.1, 137.0, 136.2,  134.95, 134.91, 134.65, 134.59, 132.07, 128.8, 124.9, 

45.9, 45.2, 44.7, 44.5, 42.6, 41.94, 39.3, 39.00, 31.16, 30.32. MS (MALDI-TOF), calcd. for 

C29H15F10NO5: 647.08, found : 647.94 [M+H]+. 
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Figure S29. 1H NMR molecule 13. 
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Synthesis of molecule 14: 
A dry round bottom flask was loaded with molecule 3 (500 mg, 0.71 mmol, 1 equiv.) under a 

nitrogen atmosphere and dissolved in 40 mL anhydrous DCM. Subsequently, a solution of 

anhydrous DIPEA (369 µL, 2.11 mmol, 3 equiv.) in 2 mL anhydrous DCM was added to the 

reaction flask. The reaction flask was set into an ice bath (4 ºC). Solution of 5Nb-2MA (182 µL, 

1.41 mmol, 2.0 equiv.) in DCM (25 mL) was added dropwise to the reaction flask for roughly 10 

minutes under a nitrogen atmosphere. The reaction was stirred for 2.5 hours at 4 ºC and the 

reaction mixture was vacuum dried to remove excess solvent. 14 was separated by running flash 

column chromatography on silica gel using eluent DCM/acetonitrile (92.5/7.5) by volume. 14 

was obtained as a white powder (202 mg) in 49% isolated yield and 52% yield based on the 

recovered starting material. 1H NMR (700 MHz, CDCl3) δ 8.71-8.69 (m, 2H, HAexo-exo, endo-exo), 

8.68-8.65(m, 2H, HAexo-end, endo-endo), 8.55 (t, 1H, HBexo-exo), 8.53 (t, 1H, HBendo-exo), 8.51(t, 1H, 

HBendo-endo),  6.5 (t, 1H, HC ), 6.4 (t, H, HC) 6.24(dd, 1H, H5endo-endo, exo-exo), 6.1 (t, 2H, H5,6 endo-exo), 

6.04 (dd, H, H6endo-endo, exo-exo), 3.58(m, 2H, H8), 3.51(m, 2H, H8), 3.25(m, 2H, H8), 2.90 (bs, 1H, 

H1), 2.86 (bs, 1H, H4), 2.7(m, 2H, H2), 2.41(m, 2H, H2), 2.31(t, 2H, H2), 1.94 (m, 2H, H3), 1.49 

(dd, 2H, H7), 1.43 (bs, 2H, H7), 1.41-1.33 (m, 2H, H7), 1.30 (bs, 2H, H7), 1.29(bs, 2H, H7), 1.26 

(m, 2H, H3), 0.67 (ddd, 2H, H3). 13C NMR (176 MHz, CDCl3) δ 165.13, 161.72, 142.12, 140.63, 

139.28, 138.87, 138.80, 138.22, 137.45, 137.19, 136.38, 136.29, 132.11, 131.5, 131.42, 128.12, 

125.06, 49.7, 45.8, 44.6, 44.5, 42.6, 41.9, 39.2, 39.0, 31.1, 30.3.   MS (MALDI-TOF), calcd. for 

C31H27F5N2O4: 586.19, found : 587.13 [M+H]+. 

 

Figure S30. 13C NMR molecule 13. 
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Figure S31A: 1H NMR (CDCl3) 14, zoomed in from 5.8ppm to 9.0 ppm. 

Figure S31: 1H NMR (CDCl3) molecule 14. 



Chapter VI 

 

206 
 

 

 

 

Figure S32. 13C NMR (CDCl3) 14. 

Figure S31B. 1H NMR (CDCl3) 14 molecule, zoomed in from 0.0 ppm to 4.5 ppm.  
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Desymmetrization using 6-amino-1-hexanol: 

Figure S33. A) Reaction scheme for desymmetrization of molecule 3 using hexylamine alcohol. B) 1H NMR 
(CDCl3) of reaction mixture. Integration peak analysis indicates that there are total 4 molecules in reaction 
mixture which based on their peak ppm and peak integration analysis are mono-substituted, di-substituted 
and tri-substituted and leftover starting molecule 3 (BTE-F5PH).  

 

(A) 

(B) 
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Synthesis of molecule 15:  

A dry round bottom flask was charged with 11 (20 mg, 0.028 mmol, 1 equiv.) under a nitrogen 

atmosphere and dissolved in 4mL anhydrous DCM. It was stirred until fully dissolved and then 

a solution of anhydrous DIPEA (9.8 µL, 0.06 mmol, 2 equiv.) in 2mL anhydrous DCM was 

added to the flask. The reaction flask was transferred to an ice bath and subsequently, hexylamine  

(3.7µL, 0.03 mmol, 1.0 equiv.) solution in DCM (3mL) was added dropwise to the reaction flask 

in 15 minutes under continuous stirring. The reaction mixture was stirred for 1.5 hours and then 

the reaction mixture was vacuum dried. 15 was separated by running flash column 

chromatography on silica gel using eluent DCM/acetonitrile (95/5) by volume. 15 was obtained 

from white powder in 50% (9mg) isolated yield. 1H NMR (700 MHz, CDCl3) δ 8.68 (2H, d), 

8.52 (1H, t), 6.43 (2H, t), 3.50 (4H, m), 1.65 (4H, p), 1.43–1.20 (24H, m), 0.93–0.85 (6H, dt). 13C 

NMR (176 MHz, CDCl3) δ 165.2, 161.7, 136.3, 131.5, 131.4, 128.1, 53.61, 40.72, 32.08, 31.64, 

29.82, 29.80, 29.77, 29.72, 29.71, 29.68, 29.52, 29.48, 27.17, 26.83, 22.85, 22.70, 14.28, 14.18. MS 

(MALDI-TOF), calcd. for C33H43F5N2O4: 626.31, found: 627.23 [M+H]+. 

 

Figure S34. Reaction scheme of synthesis of molecule 15. Using hexylamine, 11 was desymmetrized for 
creating molecule 15. 
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Figure S35. 1H NMR (CDCl3) of 15 

Figure S36. 13C NMR (CDCl3) of molecule 15 
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Synthesis of molecule 16: 

A dry round bottom flask was added 9 (75 mg, 0.12 mmol, 1equiv.) under a nitrogen atmosphere 

and dissolved in 6mL anhydrous DCM. Subsequently, a solution of anhydrous DIPEA (27 µL, 

0.16 mmol, 0.65 equiv.) in 12mL anhydrous DCM was added to the reaction flask. 5Nb-2MA 

(11.6 µL, 0.096 mmol, 0.84 equiv.) solution in DCM (6mL) was added dropwise to the reaction 

flask in 10-15 minutes under an inert atmosphere. After 2 hours of continuous stirring, the 

reaction mixture was vacuum dried.  16 was separated by running flash column chromatography 

on silica gel using eluent DCM/acetonitrile (95/5) by volume. 16 was obtained white powder in 

44% (30mg) yield. 1H NMR (700 MHz, CDCl3) δ 8.69-8.63 (m, 2H, Ar), 8.55-8.49 (m, H, Ar), 

6.68 (t, 1H, Hc), 6.57 (t, 1H, Hc), 6.22(dd, H, H5), 6.08 (m, 2H, H5,6), 6.02(dd, H, H6), 3.48(q, 2H 

HD), 3.22(m, 2H, H8), 2,89 (bs, H, H4), 2.85 (bs, H, H1), 2.68 (m, H, H2exo), 2.39 (m, H, H2endo), 

2.01 (bs, 2H, H7), 1.92 (m, 2H, H7), 1.7 (m, 2H, H7), 1.64 (p, 2H, HE), 1.47 (dd, 2H, H3), 1.4 (m, 

2H, HF), 1.32(m, 4H, HG), 0.89 (t, 3H, HH), 0.65 (dd, 2H, H3). 13C NMR δ 165.29, 165.24, 161.67, 

138.16, 137.16, 136.29, 136.26, 132.09, 131.51, 131.45, 131.40, 128.01, 49.73, 45.79, 45.22, 44.62, 

44.49, 42.58, 41.92, 40,67, 39,26, 38.98, 31.60, 31.15, 30.32, 29.63, 26.79, 22.67, 14.13.  

 

Figure S37. 1H NMR (CDCl3) of molecule 16  
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Figure S38. 13C NMR (CDCl3) of molecule 16  
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Synthesis of molecule 17 

To a clean and dry round, the bottom flask was added 12 (25 mg, 0.035 mmol, 1equiv.) and 

dissolved in anhydrous dichloromethane (DCM, 4 mL) under an inert atmosphere. To a stirring 

reaction, the solution was added dry DIPEA (13.5 µL, 0.077 mmol, 2.2 equiv.) and 5Nb-2MA 

(9.4 µL, 0.074 mmol, 2.1 equiv) solution in anhydrous DCM (3mL) was added to the reaction 

flask. After overnight stirring excess, DCM was removed in vacuo and 17 was obtained via column 

chromatography using eluent methanol/dichloromethane  (5/95) by volume. The isolated yield 

of the reaction was 87% (20.1 mg). 1H NMR spectrum is shown in Figure S39. It was not 

possible to evaluate the peak splitting pattern for some of the peaks in 1H NMR and we leave all 

the information in the  1H NMR spectrum. Perhaps that could be already BTA stacking of the 

molecules in CDCl3.13C NMR δ 166.43, 166.39, 137.90, 137.00, 136.42, 135.56, 135.49, 132.30, 

128.03, 127.99, 53.75, 49.69, 45.67, 45.22, 44.48, 44.46, 42.58, 42.04, 41.93, 40.54, 39.21, 38.96, 

32.06, 30.34, 29.82, 29.79, 29.74, 29.65,29.50, 27.20, 22.83. MS (MALDI-TOF), calcd. for 

C41H67N3O3: 649.52, found: 650.37 [M+H]+.  

  

Figure S39. 1H NMR (CDCl3) molecule 17 



Desymmetrization via activated esters enables rapid synthesis of multifunctional BTA 

 

213 
 

 

  

Figure S40. 13C NMR (CDCl3) molecule 17  
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Synthesis of molecule 18: 

A clean and round bottom flask equipped with a stir bar was charged with 12 (25 mg, 0.035 

mmol, 1equiv.) and dissolved in anhydrous dichloromethane (DCM, 4 mL) under an inert 

atmosphere. The reaction solution was stirred until 12 dissolved and then to a stirring solution 

was added a solution of DIPEA (13.4 µL, 0.08 mmol, 2.2 equiv) and 3-Azido-1-propanamine 

(7.2 µL, 0.074 mmol, 2.1 equiv.) in anhydrous DCM (3 mL) was added. After overnight stirring 

at RT, the reaction mixture was vacuum dried to remove the excess solvent (DCM) and 12 were 

obtained in 85% yield (19mg) by running flash column chromatography on silica gel using eluent 

methanol/dichloromethane (5/95) by volume. 1H NMR (700 MHz, CDCl3) δ 7.82 (bs, 2H, Ar), 

7.59 (bs, H, Ar), 7.24 (bs, 3H, (C=O)NH), 3.49 (q, 2H,(C=O)NHCH2CH2CH2N3), 3.41 (t, 2H, 

CH2N3), 3.38 (q, 4H, (C=O)NHCH2), 1.89 (p, 2H, CH2CH2N3), 1.58(p, 4H, 

(C=O)NHCH2CH2), 1.26–1.43 (m, 36H, aliphatic), 0.88 (t, 6H, aliphatic). 13C NMR (176 MHz, 

CDCl3) δ 166.7, 166.43, 135.62, 135.26, 127.95, 127.82, 49.38, 40.53, 37.85, 32.07, 29.84, 29.81, 

29.76, 29.64, 29.51, 28.92, 27.20, 22.83, 14.26. MS (MALDI-TOF), calcd. for C36H62N6O3: 

626.49, found : 627.43 [M+H]+. 

 

 

  

Figure S41. 1H NMR (CDCl3) molecule 18 
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Synthesis of molecule 19 

A dry round bottom flask was charged with 16 (22 mg, 0.039 mmol) under a nitrogen atmosphere 

and dissolved in 2mL anhydrous DCM. Subsequently, solution of anhydrous DIPEA (13.4 µL, 

0.078 mmol, 2 equiv.) in 2mL anhydrous DCM was added into the reaction flask.  Next, 3-Azido-

1-propanamine (6.1 µL, 0.062 mmol, 1.6 equiv.) solution in DCM (2 mL) was added to the 

reaction flask using a glass pipette. The reaction was stirred overnight and then the reaction 

mixture was vacuum dried to make the reaction solution concentrated.  19 was separated by 

running flash column chromatography on silica gel using eluent DCM/MeOH (95/7.5) by 

volume. Molecule 19 was obtained from white powder in 85% (17 mg). 1H NMR (700 MHz, 

CDCl3) δ δ 7.73 (bs, 3H, Ar), 7.56 (bs, 1H, Hb), 7.29 (bs, 1H, Hc), 6.20 (dd, 1H, H5endo), 6.12-

6.06 (m, 2H, H5,6exo), 6.02(dd, H, H6endo), 3.64-3.33(m), 3.20-2.7 (m), 2.65 (bs, H, H2exo), 2.34 (m, 

H, H2endo), 2.05-1.78 (m), 1.7-1.54 (m), 1.42-1.19 (m), 0.90 (m, 3H, HH), 0.65 (dd, 2H, H3). 13C 

NMR (176 MHz, d6-DMSO) δ 165.38, 135.1, 134.86, 128.32, 54.91, 40.02, 31.00, 28.99, 26.15, 

22.04, 13.91. since we took carbon spectra in d6-DMSO which showed septet at 39.52 and 

several peaks from hexyl, methyl norbornene and propyl hid under d6-DMSO peaks. MS 

(MALDI-TOF), calcd. for C26H36N6O3: 480.28, found : 481.21 [M+H]+. 

 

 

 

 

Figure S42. 13C NMR (CDCl3) molecule 18  
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Figure S43. 1H NMR of molecule 19  

Figure S44. 13C NMR of molecule 19 
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PEG-CDI synthesis: 

Bishydroxy PEG (20 kg/mol) was dried via azeotropic distillation using toluene. Dried 

bishydroxy PEG (30 g, 3 mmol, 1equiv.) dissolve in 100 mL of anhydrous 1,4-dioxane at 37 °C 

under a nitrogen atmosphere. Vacuum-dried (at 50 °C for 3 hours) carbonyl diimidazole (CDI, 

0.08 g, 0.5 mmol, 5 equiv. per OH) dissolved in 30 mL of anhydrous 1,4-dioxane was added to 

the reaction flask under nitrogen inert atmosphere. The reaction mixture was stirred at 37 °C for 

3 hours. The reaction mixture was precipitated out in excess cold diethyl ether twice and dried 

overnight in rotavap at 40 °C. The product was obtained as a white solid with a 96% (29g) yield. 
1H NMR (700 MHz, CDCl3) δ 8.11 (s, 2H, Ar), 7.61 (s, 2H, Ar), 7.40 (s, 2H, Ar), 4.51(t, 4H, 

CH2OC=O), 3.79 (t, 4H, OCH2CH2), 3.4 (b, 1772H, O-CH2CH2-O). The mass of the polymer 

is 19313 g/mol with a polydispersity index of 1.1.  

Figure S45. 1H NMR (CDCl3) of PEG-CDI 
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PEG-Bisamino dodecane synthesis: 

PEG-CDI (27 g, 1.34 mmol, 1 equiv.) was vacuum dried at 60 ºC for 3 hours and dissolved in 

270 mL anhydrous DMF. The polymer solution was added dropwise to the solution of 1,12 

diaminododecane (3.5 g, 19 mmol, 14 equiv.) dissolved in 275 mL of anhydrous DMF and 

maintained at 70 ºC.  The reaction mixture at 70 ºC was stirred for 24 hours under a nitrogen 

atmosphere. The reaction mixture was concentrated by removing DMF and precipitated in 

excess cold diethyl ether. The product was again dissolved in DCM and precipitated out in excess 

cold diethyl ether. The product was obtained as a white solid with a 97% yield. The mass of the 

polymer is 25760 g/mol with a dispersity index of 1.2. 1H NMR (700 MHz, CDCl3) δ 4.83 (s, 

2H, NHC=O), 4.20 (t, 4H, CH2OC=O), 3.7 (b, 1776H, O(CH2)2O), 3.15 (q, 4H, CH2NHC=O), 

2.68 (t, 4H, CH2NH2), 1.47-1.25 (m, 40H, aliphatic) 

 
  

Figure S46. 1H NMR (CDCl3) of bismainodeodecane PEG 20K.  
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Synthesis of hydrogelator 20 

In a dry round bottom flask, 10 (0.2g, 0.34mmol, 1.1equiv) was dissolved in 8mL anhydrous 

DCM, and DIPEA (0.06g, 0.44 mmol, 1.5 equiv) was added into the reaction flask. Subsequently, 

PEG bisaminododecane (3.2g, 0.3 mmol, 1 equiv) solution in anhydrous DCM (5–6 ml) was 

added dropwise to the reaction flask.  The reaction mixture was stirred for 40 hours at room 

temperature (~20°C) under a nitrogen atmosphere. Excess solvent was removed in vacuo and 

the crude reaction mixture precipitated in excess cold diethyl ether obtaining BTA 1 

hydrogelator, as a white powder in 98% yield. The second purification was done by dialyzing the 

sample in methanol against methanol to remove any unreacted small molecule impurities. 

Hydrogelator 20  was obtained in 89% yield with a mass of 24344 g/mol and with a 

polydispersity index of 1.2. 1H NMR (700 MHz, d6-DMSO) 8.65-8.6 (m, 6H, NH(C=O)), 8.35 

(s, 6H, Ar), 7.15 (t, 2H, CH2NH(C=O)O), 4.04-4.0 (t, 4H, NH(C=O)OCH2), 3.5 (bs, 1776H, 

O-(CH2)2-O), 3.29-3.24 (t, 12H, (C=O)NHCH2), 2.95-2.90 (q, 4H, CH2NH(C=O)O), 1.6-1.14 

(mm, 72H, aliphatic), 0.88-084 (t, 12H, CH2CH3, aliphatic).  

Figure S47. 1H NMR (d6-DMSO) of hydrogelator 20 
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Synthesis of hydrogelator 21 

15 (0.03 g, 0.043 mmol, 1.1 equiv.) was dissolved in 3 mL anhydrous DCM, and DIPEA (0.008 

g, 0.06 mmol, 1.5 equiv) was added to it. PEG bisaminododecane (0.4 g, 0.04 mmol, 1.0 equiv) 

was weighed in a dried flask, dissolved in anhydrous DCM (3–4 mL), and added to the flask.  

The reaction continued to run for 40 hours at 20 °C under an inert atmosphere. The reaction 

mixture was concentrated using a vacuum and precipitated out using excess cold diethyl ether. 

The same procedure was repeated twice. The product was dried in a vacuum oven at 45 °C for 

3 hours and the white product was obtained with a 75% yield.  Hydrogelator 21 was obtained 

with a mass of 21,207 g/mol with a polydispersity index of 1.2. 1H NMR (700 MHz, d6-DMSO) 

8.65–8.58 (m, 6H, NH(C=O)), 8.36–8.32 (s, 6H, Ar), 7.17–7.12 (t, 2H, CH2NH(C=O)O), 4.06–

3.99 (t, 4H, NH(C=O)OCH2), 3.64–3.37 (bs, 1776H, O-(CH2)2-O), 3.29–3.24 (m, 12H, 

(C=O)NHCH2), 2.95–2.90 (q, 4H, CH2NH(C=O)O), 1.56–1.17 (mm, 76H, aliphatic), 0.88–0.84 

(t, 12H, CH2CH3, aliphatic). 
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Synthesis of hydrogelator 22 

12 (C12C12, 0.23g, 0.32 mmol, 1.1 equiv) was dissolved in 8mL anhydrous DCM, and DIPEA 

(0.056g, 0.44 mmol, 1.5 equiv.) was added to it. PEG bisaminododecane (3g, 0.29 mmol, 1 equiv) 

was weighed in a dried flask, dissolved in anhydrous DCM (5-6 ml), and added to the flask.  The 

reaction continued to run for 40 hours at 20°C under an inert atmosphere. The reaction mixture 

was first purified by precipitation in cold diethyl ether and a pure molecule was obtained in 98% 

isolated yield as a white powder. Later also sample was dissolved in methanol and dialyzed against 

methanol for further purification. The pure molecule was obtained in 84% yield. Hydrogelator 

22  was obtained in 84% yield with a mass of 23573 g/mol and with a polydispersity index of 

1.2. 1H NMR (700 MHz, d6-DMSO) 8.65-8.57 (t, 6H, NH(C=O)), 8.38-8.31 (s, 6H, Ar), 7.18-

7.10 (t, 2H, CH2NH(C=O)O), 4.06-3.94 (t, 4H, NH(C=O)OCH2), 3.6-3.37 (bs, 1776H, O-

(CH2)2-O), 3.29-3.22 (t, 12H, (C=O)NHCH2), 2.96-2.90 (q, 4H, CH2NH(C=O)O), 1.59-1.15 

(mm, 120H, aliphatic), 0.88-0.80 (dt, 12H, CH2CH3, aliphatic). 

Figure S48. 1H NMR (d6-DMSO) of hydrogelator 21 
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Figure S49. 1H NMR (d6-DMSO) of hydrogelator 22 
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Table S7: Details on molecular weight average for hydrogelator 20, 21, and 22. All the samples were 

dissolved in DMF at concentrations around 5 mg/mL, and filtered through 0.2 µm filters before being 

injected into the GPC system for analysis. 

Hydrogelator 
name  

Mn 

(g/mol) 
Mw 

(g/mol) 
Đ 

(Mw/Mn) 

20 20039 24344 1.2 

21 18146 21207 1.16 

22 19500 23573 1.2 

 

 

 

 

 

Figure S50. Nile red of hydrogelator 20 (A), 21 (B) and 22 (C) at concentration 1mg/mL, 2mg/mL, and 
5mg/mL.  
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Critical gelation concentration (CGC): 

Figure S52. Critical gelation concentration experiment: hydrogelator 20, 21, and 22 are labeled as HH, DH, 
and DD. The hydrogelators 20, 21, and 22 showed CGC ~5% (w/v), 1.42%, and ~2.5% (w/v). The vial 
was inverted at each wt% and observed if the hydrogel will flow or stay stable on top of the inverted vial. 
Observing or waiting time of the inverted vial to determine CGC was a maximum of 30 seconds.  

Figure S51. Cryo-TEM image of 22 gel when diluted in water around 10mg/ml.  
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Vial inversion experiment:   

 

Mechanical Properties:   

 

Figure S53. Vial inversion experiment to determine flow behavior of hydrogels at 10% (w/v). 
Hydrogelator 20, 21, and 22 are labeled as HH, DH, and DD. Flow behavior is a qualitative test that 
provides information on hydrogel viscoelastic behavior. Hydrogelator 20 (HH) roughly started to flow 
after 20 minutes of vial inversion. A small flow can be seen for hydrogelator 21 after 1680 minutes (28 
hours) and hydrogelator 22 did not flow even after 4320 minutes (72 hours).   

Figure S54. All hydrogelator showed frequency dependent loss moduli (G’’) which show that 
hydrogelators are viscoelastic 
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Self-healing and moldability:  

 

 

(A) 

(B) 

(C) 

Figure S55. Self-healing and moldability of hydrogelators 20 (orange), 21 (green), and 22 (red). All 
hydrogelators are self-healing instantaneously when hydrogels pieces are placed and pressed together with 
spatula. Also, hydrogels are moldable since they can adopt to different mold shapes when subjected to 
stress.  
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Chapter VII 
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Abstract:  

Hydrogels are an important class of materials for applications in cell culture and tissue 

engineering; however, traditional covalent hydrogels lack the native tissue dynamics and 

hierarchical fibrous structure found in the extracellular matrix. Consequently, there remains a 

large challenge to engineer functional dynamics in a fibrous hydrogel and recapitulate these 

native properties. In this study, we report on the molecular tuning of a self-assembling 

supramolecular benzene-1,3,5-tricarboxamide (BTA) hydrogelator resulting in fibrous hydrogels 

with accessible viscoelasticity over 5 orders of magnitude, while maintaining a constant 

equilibrium storage modulus. Using the recently developed synthetic methodology, we created 

BTA hydrogelators with twelve, sixteen, eighteen, twenty, and twenty-four hydrophobic carbon 

atoms. All BTA hydrogelators formed hydrogels with fibrillar morphology, akin to the ECM, 

and all hydrogels were observed to be self-healing, shear-thinning, and injectable. We observed 

that the hydrophobic endcap carbon length controlled the viscoelasticity and stress relaxation 

time scales in a logarithmic fashion. Utilizing the shear-thinning and self-healing properties, we 

found that the BTA supramolecular hydrogels are extrudable, injectable, and can be 3D printed 

into multiple layers without the need for a supporting bath and secondary cross-linking. These 

hydrogels showed high cell viability for chondrocytes as observed in a 2D contact assay, bulk 

3D hydrogels, and bioprinted hydrogels. This simple molecular tuning by changing 

hydrophobicity (with just a few carbon atoms) provides precise control of the viscoelasticity and 

3D printability in fibrillar hydrogels and could be ported onto other 1D self-assembling 

structures. The molecular control and design of hydrogel network dynamics can push the field 

of supramolecular chemistry towards designing new ECM-mimicking hydrogelators for 

numerous cell culture and tissue engineering applications and give access towards highly 

biomimetic bioinks for bioprinting.   
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Introduction: 

The natural extracellular matrix (ECM) is a non-cellular component present within all tissues and 

provides mechanical and biological cues to embedded cells to maintain cell differentiation and 

development.1,2,3 The ECM is a fibrillar hydrogel consisting of self-assembled proteins such as 

collagen, laminin, and fibrin in an aqueous environment. This self-assembly within and between 

proteins is mainly driven by non-covalent supramolecular interactions and imparts transient and 

dynamic properties to the ECM.1,4 Hydrogels are often used in numerous biomaterials 

applications to mimic this hydrated hydrogel microenvironment around the cell and are 

considered an ideal material for cell growth and tissue engineering. Though traditional hydrogels 

allow tuning static mechanical properties and bioactive cues presentation, they lack the 

dynamicity of native fibril ECM.5,6 Scientists have responded by designing dynamic hydrogels 

for applications in cell culture and tissue engineering.7,8 

Various fibrous hydrogels using self-assembly principles and supramolecular chemistry have 

been developed.4,9,10 For example, hydrogels made up of self-assembling peptides, self-

assembling peptide amphiphile (PA), low molecular weight hydrogelators (LMWH), and 

supramolecular self-assembling polymers are prominent areas of research.9 Self-assembling 

peptide-based hydrogels have been shown to promote osteogenic11, neuronal differentiation (in 

co-culture with astrocytes)12, and promote enamel regeneration13. Similarly, PA nanofibers with 

RGD have been shown to support the adhesion and migration of fibroblasts14, osteogenic 

differentiation of MSCs15, and induce rapid differentiation of cells into neurons.16 Ureido-

pyrimidone (UPy) an example of supramolecular self-assembling polymers allows tuning 

bioactivity via modular mixing17,18 and sustained delivery of growth factors for promoting 

regeneration of infarct19,20 and fibrotic tissues.21 A few recent studies have reported fibrous 

LMWH BTA22 and telechelic polymeric BTA hydrogels23 as biomaterials. While the use of 

nanofibrillar hydrogels biomaterials is well studied, the control of the dynamics via molecular 

motion and links to functional properties remains an area less developed.18,24 

Viscoelasticity has been shown to influence cell spreading25,26, differentiation27,28,29,30,31, and 

mechanochemical pathways (YAP/TAZ).32 Reversible cross-links dynamics offer a conceptually 

appealing approach for engineering viscoelasticity by utilizing knowledge of the equilibrium 

constant Keq, and the forward and reverse rate constants of binding. Utilizing imine-type 

dynamic covalent chemistry (DCvC), the hydrolysis rate (k-1) has been varied for tuning 

viscoelasticity 3332343536. Using pKa differences in phenylboronic acid derivatives37 and knowledge 

of boronate ester equilibrium38, viscoelasticity has also been tuned. Furthermore, the lifetime of 

supramolecular host-guest complexes, defined by the rate of rupture (koff), has been directly 

linked to hydrogel viscoelastic properties.39,40,41,42,43 Tuning viscoelasticity using reversible 

chemistries mostly has been done in non-fibrillar hydrogel with some recent attempts of tuning 

viscoelasticity in fibrous hydrogels i.e., in amphiphilic peptides44, in BTA45, and in UPy18 

hydrogelators; however, tuning viscoelasticity and stress relaxation across broad timescales in 

synthetic fibrous hydrogel remains a challenge.  
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Hydrogel dynamics is not only important for control over cellular behavior but can also be 

exploited for creating shear-thinning and self-healing materials, which holds great potential for 

applications in 3D printing and as injectable carriers for cell and drug delivery.46,47,48 Shear-

thinning materials can rupture upon applied shear stress, resulting in a decrease in viscosity and 

easier to inject, and self-heal to their original mechanical after injection. Reversible covalent and 

supramolecular chemistries are employed for developing shear-thinning and self-healing 

hydrogels as injectable carriers and for 3D printing. Dynamic covalent reversible networks, 

particularly imine type, have been employed successfully as injectable hydrogels49,35,50 and 

applications in 3D printing and bioprinting.36,35 Reversible covalent phenylboronic acid (PBA) 

derivatives based on hydrogels with shear-thinning and self-healing properties have been shown 

to be injectable51. Host-Guest supramolecular hydrogels with shear-thinning properties have also 

shown potential in 3D printing.52,49 Most of the reported shear-thinning and self-healing 

hydrogels are non-fibrillar, and thus do not mimic the nanostructure seen in the native ECM. 

Separate studies have reported tuning viscoelasticity in shear-thinning hydrogels36,53 and tuning 

3D printability in short peptide fibril hydrogel54; however, development of fibril hydrogels with 

controlled viscoelasticity, which can be 3D printed, remains desired. 

In light of the interesting properties that supramolecular interactions have to offer, we set out to 

develop supramolecular hydrogel with a fibrous structure and a broad range of viscoelasticity. 

We aimed to achieve this with benzene-1,3,5-tricarboxamide (BTA) supramolecular moiety, 

utilizing our newly developed and recently reported desymmetrization strategy.23 We 

hypothesized that by simply tuning the hydrophobic length, we could alter the viscoelasticity and 

stress relaxation timescales of the resultant hydrogels without an appreciable increase in the 

molecular weight of the polymer. We created a small library of BTA hydrogelators by 

systematically varying end group carbon length from 6 to 12 carbon units. We were also 

interested to see if systematic tuning of this hydrophobicity can provide control on shear-

thinning, self-healing, and 3D printability. Using shear rheology, we investigated the effect of 

hydrophobic carbon length on viscoelasticity, stress relaxation timescales, self-healing capacity, 

and shear-thinning. Furthermore, using an extrusion 3D printer, we investigated the 3D 

printability and shape fidelity of the resultant constructs. Finally, we validated the 

cytocompatibility of these newly developed BTA hydrogelators with chondrocytes in dilute 

solutions, 3D hydrogels, and bioprinted constructs.   

Results and Discussion 

Molecular design and BTA hydrogelator synthesis 

With the aim to study the influence of external hydrophobics on structure and viscoelasticity, 

we designed a series of telechelic BTA hydrogelator derivatives by varying the length of the 

external aliphatics (Figure 1). The external hydrophobic aliphatic length was varied from six to 

eight, ten, and twelve methylene units for systematic investigation. The internal hydrophobic 

aliphatic spacer of twelve carbon atoms/methylene units was kept constant to align with 

previous studies.55  
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We employed our newly developed desymmetrization strategy, which allowed us to agilely and 

systematically vary external hydrophobic length from six to twelve carbon/methylene units. 

Using a symmetrical benzene-1,3,5-tricarbonyl tripentafluoroester (BTE-F5Ph), we utilized 

aliphatic amines of six, eight, ten, and twelve carbon atoms to desymmetrized into di-substituted 

(R-BDA) derivatives (Figure 1A and Figure S1). Integration of the 1H NMR spectrum of the 

crude reaction mixtures showed that R-BDA was produced above statistical yields, in line with 

previous observations23. C6C6-BDA and C12C12-BDA were synthesized and characterized 

Figure 1. BTA hydrogelator synthesis. A) Reaction scheme for making BTA synthon using benzene-1,3,5-
tricarbonyl tripentafluoroester (BTE-F5PH) by desymmetrization using nucleophilic aliphatic amine. 

Aliphatic amines were employed with six, eight, ten, and twelve carbon lengths. B) Reaction scheme for 
polymer BTA hydrogelator synthesis by connecting BTA synthon synthesized in “A” and conjugating it 
with bisaminododecane PEG20K. The external hydrophobic length is varied from six to eight to ten to 
twelve for creating a library of hydrogelators. C) Schematic representation of polymer BTA hydrogelator, 
benzene core is indicated in yellow, amide bonds are shown with orange wedges, hydrophobics are in gray 
and PEG20K is in blue.   
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following the procedure reported in our previous study23 and detailed information on the 

synthesis and characterization of  C8C8-BDA and C10C10-BDA can be found in SI (Figure S2–

S5).  

Next, the R-BDA synthon was connected to poly(ethylene glycol) 20K (PEG20K) dodecane 

amine (Figure 1B) for the creation of telechelic BTA hydrogelators C6C6 BTA-PEG-BTA, 

C8C8 BTA-PEG-BTA, C10C10 BTA-PEG-BTA, and C12C12 BTA-PEG-BTA. In this study for 

the sake of simplicity, we will call telechelic BTAs by their short names C6C6 BTA, C8C8 BTA, 

C10C10 BTA, and C12C12 BTA, respectively. C6C6 BTA and C12C12 BTA were reproduced 

following the procedure as reported in our recently published work.23  We extended the series 

by including and synthesizing C8C8 BTA, and C10C10 BTA using the same synthetic strategy.23 

All final hydrogelators were obtained pure (confirmed with proton nuclear magnetic resonance 

spectroscopy, Figure S6 &S7) with a weight average molecular weight ~23000 g/mol and Đ 

1.2 (gel permeation chromatography, Figure S8). All hydrogelators were obtained in greater than 

95% isolated yield. This newly developed methodology allowed us to make all hydrogelators on 

the multi-gram scale in just two weeks, which shows the synthesis capability and scalability of 

the approach. More details on 1H NMR characterization and molecular weight analysis can be 

found in SI (Figure S6–S8). 

 Self-assembly studies in dilute solutions and hydrogel form  

With the target polymers in hand, we next wanted to investigate the propensity for self-assembly 

within the series in water. Since the self-assembly of the BTA-based hydrogelators should create 

a hydrophobic pocket in aqueous solutions, we turned to Nile Red to obtain information on this 

molecular environment. Nile red is a solvatochromic dye and its spectrophotometric properties 

can provide information on the hydrophobic pocket formation and polarity of the hydrophobic 

pocket in supramolecular systems. As shown previously, Nile red show low fluorescence signal 

in water, and fluorescence intensity increased in the more apolar solvent56, and can be used to 

probe the molecular environment of self-assembled systems in water.55,57 Nile red shows very 

low fluorescence intensity in water and Nile Red fluorescence intensity gradually increased with 

increasing hydrophobic length on the BTA (Figure S9 E–H). The fluorescence intensity 

increased nearly two-fold as the number of carbon atoms went from 12 to 24 (from 12 carbon 

atoms for C6C6 BTA to 24 carbon atoms for C12C12 BTA). The results suggest that a higher 

number of carbon atoms created a larger hydrophobic pocket resulting in more Nile red 

encapsulation, yet the step-wise effect suggests some non-linear changes in the hydrophobic 

volume within the series. In addition, fluorescence intensity increased mostly linearly with 

increasing concentration of the hydrogelators in 1–10 mg/ml concentration range (45mM to 

~450 mM telechelic BTA (FigureS9 A–D for all other BTA). This linear increase suggests no 

major changes to the self-assembly mode in this range. 

Maximum fluorescence intensity wavelength (λmax) provides information about the polarity of 

the environment 56. Water showed λmax at 645 nm and blue shifted to around 621 nm for all 

hydrogelators (Figure S9 I). The increase in fluorescence intensity and a similar blue shift in λmax 
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confirm the hydrophobic pocket formation with similar polarity within the self-assembled 

structures at these lower concentrations, with a small but notable difference between the <16 

and >20 architectures. 

Cryo-TEM was employed for investigating the structure of the self-assembly in a dilute solution 

(dissolved in minimal methanol and self-assembly in water). We found that all the hydrogelators 

created high-aspect-ratio fibers in a dilute solution, with some differences in the amounts of fiber 

aggregation. Shown in Figure 2A and Figure S10, C6C6 showed a mixed population of thin 

fibers (10 nm in diameter) and fibrous sheets (width between 20–180 nm); relatively speaking, 

more fibers were observed compared to sheets. C8C8 BTA also showed a mixed population of 

nanosheets ranging from 110–180 nm in width and fibers with a diameter of around 10 nm; here 

we observed more sheets and fewer fibers. C10C10 BTA and C12C12 BTA showed only fibrous 

sheets of 80–225 nm width. Fibrous sheets contain many flat parallel BTA nanofibers, with an 

individual nanofiber having a diameter between 1–2 nm. All nanostructures (fibers and sheets) 

are a few hundred nanometers in length. Larger structures for C10C10 BTA and C12C12 BTA 

under cryo-TEM are also in agreement with the larger hydrophobic pocket formation during 

Nile red compared to C6C6 and C8C8. Fibrous sheets of similar length scales (for C8C8, C10C10, 

and C12C12) were also observed in dilute solutions when samples were prepared only in water 

using a similar heating-cooling procedure (Figure S11). The hydrophobic length influences the 

structure of the hydrogelator, and hydrogelators are inclined to form 2D fibrous sheet 

morphology with increasing hydrophobic length. 

Next, we employed cryo-SEM for BTA hydrogel structure investigation. All hydrogelators 

formed hydrogels in water. BTA hydrogelators showed anisotropically aligned fibrous 

morphology, and fibers were bundled together. Single fibers showed a diameter between 1–2 

µm (Figure 2B and Figure S12). Interestingly, each fiber was made up of a bundle of fibrils. 

Unlike the changes in self-assembly seen in dilute solution (Nile Red and cryo-TEM), cryo-SEM 

showed a very similar fibrous morphology for all hydrogels in the series, likely due to hydrogel 

formation at higher concentrations. 

The BTA hydrogelator structures mimic the dimensions of collagen structures at the nanoscale 

and micron scales. Collagen fibrils are made up of tropocollagen molecules. A tropocollagen 

molecule has a diameter of 1.5 nm and a length of 300 nm.58 The individual BTA nanofibers 

found in BTA sheets had a diameter of ≈1.5 nm and a length of 150–300 nm, on a similar scale 

of tropocollagen molecules. BTA hydrogelators nanosheets' width of 20–225 nm matched 

collagen fibrils diameter of 10–300 nm (Figure 2). In addition, a BTA hydrogelator fiber 

diameter of 1–2 µm (cryo-SEM in hydrogel form, Figure 2C) overlapped with a collagen fiber 

diameter of 1–20 µm.59,60 Not only does BTA hydrogelator mimic the structural dimensions of 
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collagen, but also mimicked anisotropically aligned collagen fibers. In short, cryo-TEM and cryo-

SEM (vide supra) showed that BTA hydrogelators mimicked the nanoscale and microscale 

structural aspects and anisotropy of collagen fibrous structure. 

 

Figure 2. Self-assembly structure evaluation. A) cryo-TEM images of hydrogelators at a concentration 10 
mg/ml. All samples were dissolved in minimal methanol and then mixed with water for self-assembly. All 
hydrogelators showed fibrous sheet-like morphology. C6C6 and C8C8 also showed fiber-like morphology.  
B) cryo-SEM structure of hydrogels formed in water, all hydrogels showed fibrous morphology. C) 
Suggested schematics of BTA molecules from micron scale, a micron size fiber which was observed in 
cryo-SEM (most left panel), nanofiber and nanosheets observed in cryo-TEM (second panel from left), 
BTA aggregation and hydrophobic pocket formation observed Nile red (third panel from left), BTA 
molecules in BTA aggregates are held together via 3-fold hydrogen bonding interactions facilitated by 

hydrophobic interactions (most right panel).   
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Hydrogel formation, critical gelation concentration, vial inversion, and hydrogel 

structure 

The ability of hydrogel formation was initially assessed in water. Solid polymer at 10% (w/v) was 

dissolved in Milli-Q water by heating (until it becomes turbid) and vortexing. The polymer 

solution forms a hydrogel upon cooling to room temperature. All of the hydrogelators form self-

supporting slightly turbid hydrogels at 10% (w/v) (Figure 3A). Hydrogel formation was also 

tested in PBS and DMEM and all hydrogelators formed similar hydrogels in these environments.  

Next, we assessed critical gelation concentration (CGC). Finding the CGC serves as a qualitative 

assessment of the hydrogelators to stay stable upon vial inversion. Here, we defined the 

“hydrogel” as a material that showed no flow within 30 seconds of vial inversion. The CGC was 

found to be 5.0, 3.3, 2.0, and 1.8 %(w/v) for C6C6, C8C8, C10C10, and C12C12 BTA (Figure 3A 

and Figure S13), respectively. This shows that hydrophobic length has a large influence on CGC, 

the larger the hydrophobic length, the more gel-like the material at lower concentrations. Trends 

in critical gelation concentration also explain larger hydrophobic pocket formation for C10C10 

and C12C12 compared to C6C6, and C8C8 observed during Nile red experiment (Figure S9). A 

larger aliphatic hydrophobic spacer forms a bigger hydrophobic pocket, which provides effective 

shielding to the BTA core and lowers the CGC.  

Then, we assessed the flow behavior of hydrogels via a vial inversion test, which is also a 

qualitative assessment of hydrogel viscoelastic properties (Figure S14). C6C6 BTA started to 

flow slowly after the vial inversion and reached the bottom of the glass vial after one hour. C8C8 

BTA began to flow after three hours and almost reached the bottom of the glass vial in 48 hours. 

Interestingly, C10C10 BTA and C12C12 BTA did not flow even after 240 hours (10 days). These 

results showed that the hydrophobic length has a significant influence on the hydrogel flow 

behavior; with increasing hydrophobic length on BTA hydrogel changes to more solid-like 

behavior. This crude experiment also clearly suggests that C6C6 BTA and C8C8 BTA are more 

viscoelastic compared to C10C10 BTA and C12C12 BTA.  

Hydrogels show highly tunable viscoelasticity at a constant storage modulus  

To obtain more insight into the flow differences observed in the vial inversion test, the storage 

moduli and viscoelasticity of the hydrogel series were investigated using shear rheology. All 

mechanical characterization of hydrogels was carried out at 10% (w/v) in water. In determining 

the linear viscoelastic regime, we observed a decrease in rupture strain with an increase in 

hydrophobic length; however, at 1% strain all samples were within the linear regime (Figure 

S15). When running the frequency sweep, we observed that all hydrogelators have identical high-

frequency equilibrium storage modulus of around 10,000 Pa (Figure 3B and 3C). Interestingly, 

the high-frequency equilibrium storage modulus was found to be independent of hydrophobic 

length. The basic theory of transient networks (by Green and Tobolosky) predicts a high-

frequency storage modulus directly related to the number density of elastically effective chains 

(𝑣) 61. 
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𝐺∞ = 𝑣𝑘𝑇                                (1) 

Where 𝑣 is the number density of elastically effective chains, k is the Boltzmann constant, T is 

the temperature, 𝐺∞ is directly related to the mesoscopic structure, which is determined by 

structural arrangement in self-assembled amphiphilic molecules. This similar high-frequency 

storage modulus suggests similar cross-link density and similar hydrogels internal structure,62 

supported by the similarities in the cryo-TEM and cryo-SEM (vide supra) structures.  

Frequency sweeps indicated that all of the hydrogelators are viscoelastic (Figures 3B and 3C). 

The crossover point between loss moduli and storage moduli shifted to a higher frequency with 

decreasing hydrophobic length forming a more dynamic hydrogel. Yet, the moving of crossover 

point to higher frequency followed a very regular trend over 5 decades of frequencies, roughly 

moving almost two decades going from  C12C12 BTA (at 0.0005 rad/s) to C10C10 BTA (at 0.021 

rad/s) to C8C8 BTA (1.1 rad/s) to C6C6 BTA 1 (~85 rad/s). The C12C12 BTA showed a 

rubbery plateau region across 5 decades and showed a crossover point relatively in the lower 

frequency range forming a less dynamic hydrogel compared to other BTAs. Increasing 

hydrophobic length to enhance elastic properties has also been utilized for wormlike micelles 

and pseudo-Gemini surfactants (vide infra).63 Frequency sweep results coupled with similar high-

frequency storage modulus suggest that exchange dynamics of BTA are directly responsible for 

BTA hydrogel dynamics.  

We were intrigued by this regularity with carbon chain length and investigated C6C12 BTA (made 

in chapter V) hydrogelator with hexyl and dodecyl sidearms. Importantly, this is an asymmetrical 

molecule unlike others reported in this study and would also answer if the number of carbon 

atoms determines viscoelastic crossover points or symmetry of the BTA molecule influences 

viscoelastic properties. Ideally, if the number of carbon atoms is dictating crossover 

frequencies/viscoelastic properties, there should be one decade shift for C6C12 BTA on the 

angular frequency axis relative to either C8C8 BTA (to the left) or C10C10 BTA (to the right). 

Satisfyingly, the C6C12 BTA showed a crossover point at 0.25 rad/s (Figure 3C, S16) which is 

almost one decade shift to the right and left when compared to C10C10 BTA and C8C8BTA, 

respectively. Observing viscoelastic response and such defined crossover frequencies suggests 

the dynamic nature of BTA cross-links and distinct exchange dynamics for each BTA 

hydrogelator.  

Tan delta (G’’/G’) provides information about stress dissipation capacity. Tan delta was highest 

for C6C6 BTA at 0.1rad/s and 1.0 rad/s and decreased with an increasing number of carbon 

atoms on BTA (Figure S16 A–C). A decreasing tan delta shows a decrease in the dynamicity or 

stress dissipation capacity of hydrogels from C6C6 to C12C12 BTA (Figure S16 C). Maxima in 

loss moduli and Minima in the Tan delta curve describe a relaxation process (Figure S16 A–B, 

shown with arrows) and both shifted to the lower angular frequency with an increasing number 

of carbon atoms, indicating BTA exchange dynamics at the origin of this relaxation mode, since 

longer hydrophobic would decrease the kinetics of exchange dynamics between BTA fibers64 

resulting in the less dynamic and slow relaxing hydrogel. 
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Hydrogels with tunable stress relaxation 

Early attempts to fit the frequency sweep data with single Maxwell elements (using equations 

S1 and S2 in supporting information) resulted in poor fitting for loss moduli (see Figure S17–

S21) on frequency sweep data, except for C6C6, suggesting a second mode of relaxation in these 

hydrogels. Then, the data was fit for two Maxwell elements in parallel (Figure S17–S21), which 

lead to considerably better curve fitting for storage and loss moduli.  The fitting using the two 

modes of relaxation resulted in average relaxation times of 0.01, 0.9, 36, and 2250 s for C6C6, 

C8C8, C10C10, and C12C12 BTAs, respectively (Figure S22). The stress relaxation time for the 

C6C12 BTA is 2.7 s (Figure S24), nicely fitting in this stepwise trend. The two-mode Maxwell 

curve fit indicated a fast relaxation process (ranging from 0.005–0.01 s) with a relatively small 

contribution (maximum 10%) to the average stress relaxation times. Such fast relaxation times 

have been attributed to polymer chains motion in dynamic hydrogels.33 

Then, we moved to investigate stress relaxation times with a step strain test using rheology. The 

C6C6 BTA relaxed in a fraction of a second, the C8C8 BTA around 10 seconds, the C10C10 BTA 

approximately in a few hundred seconds, and the C12C12 BTA relaxed approximately 90% after 

roughly 4000 seconds (Figure 3D). Still, in line with the series, the C6C12 BTA took roughly 

around 40 seconds to fully relax the stress (Figure 3D). The stress relaxation profile shifted to 

longer stress relaxation times with an increasing number of carbon atoms from C6C6 BTA to 

C12C12 BTA. Supramolecular materials may have more than one molecular mechanism of stress 

relaxation, which can be better predicted with the generalized Maxwell model or Maxwell-

Weichert model for n-elements in parallel for viscoelastic fluids (shown in equation S3 in SI).27 

Curve fitting using the generalized Maxwell model for two Maxwell elements in parallel 

(equation 3 and Figure S23 in SI) resulted in an average stress relaxation time of 0.04, 1, 48, 

1300 seconds for C6C6 BTA, C8C8 BTA, C10C10 BTA, and C12C12 BTA, respectively; the stress 

relaxation time for C6C12 BTA was 5 s (Figure 3E and S24). Curve fitting for a single Maxwell 

element also resulted in similar stress relaxation times (Figure S24) indicating one mode is 

mainly responsible for stress relaxation and minimal contribution from the second mode of 

relaxation (in line with frequency sweep curve fitting and contribution of modes). Satisfyingly, 

the stress relaxation times obtained from the step strain test are consistent with the results 

obtained from frequency sweep data (Figure 3E) with the exception of C12C12 showing a 

relatively shorter average stress relaxation time in step strain compared to oscillatory shear 

(frequency sweep). Taken together, molecular tuning of hydrophobicity on the exterior of the 

BTA by varying only a few carbon atoms on the BTA hydrogelator with a Mw 23,000 molecule, 

stress relaxation can be controlled over 5 orders of magnitude in the fibrous hydrogel. Stress 

relaxation curves obtained in BTA hydrogels are similar to stress relaxation curves of tissues 

such as the brain29, peripheral nerve65, muscle33, liver66,67, and articular cartilage68.  

Supramolecular self-assembled systems are dynamic and supramolecular assembly undergoes 

continuous dissociations and associations of supramolecular complexes, or depolymerization 

and polymerization of supramolecular polymers. Relaxation time in supramolecular structures is 

referred to as structural relaxation time (τstr), resulting from the constant breaking and reforming 
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of supramolecular structures. Structural relaxation time in supramolecular systems provides 

information about the kinetics and exchange dynamics of supramolecular structure. Structural 

relaxation time in self-assembled (colloidal systems or worm-like micelles) has been correlated 

to activation energy (Ea) and binding time (A) of hydrophobic monomers within a self-

assembled micelle as shown with equation 2.69,70 

                     𝑆𝑡𝑟𝑒𝑠𝑠 𝑟𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛 𝑠𝑡𝑟𝑐𝑢𝑡𝑢𝑟𝑎𝑙⁄ (𝜏𝑠𝑡𝑟) = 𝐴𝑒
𝐸𝑎
𝑘𝑇

                   (𝟐) 
                   
Ea is the activation energy required for breaking up a given cross-linking point or self-assembling 

connection, A is the fastest possible break-up time of the hydrophobic monomer, and T is 

temperature.  

In wormlike micelles, activation energy (Ea) required for a hydrophobic chain to be taken out of 

hydrophobic assembly into an aqueous/polar environment is 1.2 kT per CH2 group.70 In our 

library, we find surprising agreement with this previously established theory. According to this 

theory, adding four additional CH2 groups increases the relaxation time (τstr) by a factor of ~100. 

We observed that adding four CH2 groups on a single BTA molecule leads to an increase in 

stress relaxation by a factor of ~100. Using equation 2, the activation energy required for BTA 

molecules to exit the hydrophobic assembly core is between 1–1.2 kT per CH2 group.  The 

activation energy required for a hydrophobic chain to exit in BTA self-assembled structure is in 

agreement with previously reported wormlike micelles.70,71,72,73 This alignment again reinforces 

the concept of slower BTA exchange dynamics for the BTA hydrogelator with a larger number 

of carbon atoms on the BTA exterior.   
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Figure 3. Hydrogel formation, viscoelasticity, and stress relaxation: A) All hydrogelator form hydrogels in 
water, and critical gelation concentration (CGC) decreases with decreasing carbon length. CGC for C6C6, 
C8C8, C10C10, and C12C12 BTA was 5% (w/v), 3.3% (w/v), 2% (w/v), and 1.8% (w/v) respectively. B–C) 
Frequency sweep of hydrogelators at 1% strain. All hydrogelators showed the same equilibrium storage 
moduli. Each hydrogelator showed a cross-over point between loss moduli and storage moduli at a different 
angular frequency. C12C12 showed a crossover point around 0.0005 rad/s. The cross-over point moved to a 
higher angular frequency with decreasing end-cap carbon length with the C6C6 BTA crossover point appearing 
around 100 rad/s. Moving of crossover point to higher angular frequencies indicates faster dynamics of the 
BTA hydrogelator. The frequency sweep for C6C12 showed a crossover point between C10C10 and C8C8 
suggesting that viscoelasticity can be tuned on a broad range spectrum by varying end-cap carbon length via 
non-symmetric BTAs. D) The stress relaxation profile for different hydrogelators obtained from the step strain 
experiment by applying a constant 1% strain. E) Stress relaxation times are determined by fitting the 
generalized Maxwell model of viscoelasticity. Hydrogels were made in Milli-Q water at 10% (w/v) for all 
viscoelasticity measurements. F) Schematic representation of carbon atoms in a single hydrophobic group and 
arrow shows the trend in stress relaxation. 
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An increase in temperature enhances the dynamicity and viscoelasticity of 

hydrogels 

Next, we investigated the hydrogel’s viscoelasticity at 37 ºC, more relevant for cell culture. All 

BTA hydrogels showed a high-frequency storage modulus similar to 20 ºC indicating similar 

crosslink density (Figure S25). In contrast, the terminal region or crossover angular frequencies 

(rad/s) between G’ and G’’ moved one order of magnitude to the right on the angular frequency 

axis (rad/s), which shows hydrogels are more dynamic at 37 ºC (Figure S25 B). Supramolecular 

systems are known to have faster dissociation/association and depolymerization/polymerization 

kinetics with an increase in temperature 74, and the shift of viscoelastic spectra with temperature 

is well established. Our results also align with previously reported hydrogen/deuterium (H/D) 

exchange dynamics of small supramolecular BTAs determined using mass spectrometry, where 

H/D molecular exchange becomes faster with increasing temperature (40 ºC, 50 ºC, and 55 ºC) 

compared to room temperature (20 ºC)64. Overall, these results showed that control over BTA 

supramolecular dynamics can be achieved by varying temperature without changing the high-

frequency storage modulus.  

Then, we fit the frequency sweep data using two Maxwell elements at 37 ºC. The Maxwell model 

for two elements resulted in average stress relaxation times of 0.01, 0.2, 6.3, and 360 seconds for 

C6C6, C8C8, C10C10, and C12C12, respectively. C6C12 showed an average relaxation time of 0.6 

seconds (Figure S26). We noticed that with nearly doubling the temperature (20 ºC to 37 ºC), 

most hydrogelator relaxed almost 6x faster. We were curious if this will match when equation 

2 is solved for an increase in temperature from 20 ºC to 37 ºC. Surprisingly, the solution of 

equation 2 shows a factor of 6.4x faster/slower stress relaxation when the temperature is 

increased/decreased from 20 ºC to 37 ºC and vice versa. These results show that an increase in 

temperature can result in faster relaxing hydrogels.  

Hydrogel preparation in DMEM did not alter viscoelasticity and stress relaxation  

Having established the viscoelasticity of these hydrogels in water, we next explored hydrogel's 

viscoelasticity in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12). 

DMEM/F-12 is a basal medium for many cell types and contains amino acids, vitamins, and 

ions, which could potentially influence supramolecular interactions and resulting viscoelastic 

properties. We, therefore, investigated C8C8, C10C10, and C12C12 viscoelastic properties in 

DMEM/F-12. We found that DMEM/F-12 did not affect equilibrium storage moduli and 

hydrogelators (C8C8, C10C10, and C12C12) showed surprisingly similar crossover frequencies 

(rad/s) to water (Figure S27). We fit the data for two Maxwell elements, which resulted in 

similar stress relaxation times compared to water (Figure S28). Overall, these results suggest 

viscoelasticity and stress relaxation timescales are well maintained when hydrogels are prepared 

in DMEM/F-12. 
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BTA hydrogelators are self-healing, shear-thinning, and injectable 

Supramolecular interactions are reversible and can result in self-healing behavior within 

hydrogels. We first investigated the dynamicity and reversibility of hydrogelators with a visual 

qualitative self-healing test. Hydrogels were formed in a round mold, cut into two pieces, and 

pressed against each other using a spatula (Figure 4A and Figure S29) except C6C6 BTA 

hydrogel, which is liquid as it flowed and showed self-healing. Qualitatively all hydrogelators 

showed self-healing in under just 1 minute. C8C8 BTA C10C10 BTA showed a more homogenous 

and compact self-healing interface, while C12C12 hydrogel had a somewhat granular texture and 

a little less compact and inhomogeneous self-healing interface. All hydrogels could be lifted using 

a spatula and were found to be stable, except C6C6 BTA, which started to flow when lifted using 

the spatula. In order to investigate the self-healing behavior of hydrogels more quantitatively, 

step strain shear rupture self-healing cycles were carried out (Figure 4B). Hydrogels recovered 

almost 100% in the recovery phase (low strain, 1% strain) under a few seconds demonstrating 

the self-healing behavior of the hydrogel, which was reproducible over several cycles.  

Next, we investigated shear-thinning using continuous flow sweep (Figure S30 E). A decrease 

in viscosity was observed with increasing shear rate; however, the exuding of hydrogel during 

the experiment at the high shear rate was observed, which makes the data less representative at 

high shear rates. Then, we confirmed hydrogel shear-thinning using frequency sweep which 

showed that complex viscosity decreases with increasing angular frequency (Figure 4C Figure 

S30 D). Complex viscosity decreased with applied angular frequency strain and all hydrogelators 

flowed very similarly under higher shear rates, suggesting similar flow behavior of ruptured 

networks.  

After confirming shear-thinning behavior, the BTA hydrogelators (shown in Figure S30 A–C) 

injectability was investigated. All BTA hydrogelators were injectable using 20G (internal diameter 

=0.603 mm) at 10% (w/v). C8C8 BTA resulted in continuous smooth fiber compared to other 

BTA hydrogelators; however, it took more force (qualitatively). Next, injectability was tested at 

a low hydrogelator concentration, 5% (w/v) using 20G and 22G (internal diameter =0.41 mm). 

While all hydrogelators could be injected, C10C10 and C12C12 injected fibers were more stable 

compared to C8C8 BTA.    
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Figure 4. Self-healing, shear-thinning, and 3D printing of BTA hydrogels: A) All hydrogelators showed self-
healing; each hydrogel was cut into two pieces and then the pieces were placed together and pressed with a 
spatula. B) Self-healing of hydrogels at room temperature under alternating strain. Gels recovered to their 
initial moduli in just a few seconds. C) Complex viscosity decreases with increasing angular frequency 
showing that gels are shear-thinning assuming COX-MERZ transformation holds. D) Single filament 
extruding for measuring diameter uniformity. E) Grid-like structure was printed for evaluating pore 
geometry. F) Multiple layer structure was printed and C10C10 and C12C12 maintained multilayer structure, 
while C8C8 could not carry the weight of the extra layers on the first layer and deform post-printing. G) 
Filament width or diameter of extruded filament in “D” measured at three different locations, diameters 
(w1, w2, and w3) are identical showing filament homogeneity for all hydrogelators. C10C10 and C12C12 showed 
filament diameters around 500 µm considerably smaller than C8C8, which is around 1000 µm. H) Printability 
index calculated from grid-like structure geometry printed in “C”. Ideal rectangular pore shape is defined 
with printability index = 1 and C10C10 and C12C12 showed printability index close to 1. I)  Shape fidelity was 
determined by comparing the height of computer designed structure to the post-printing height printed in 
“F”. C10C10 and C12C12 retained above 80% of their height compared to C8C8, which is around 40%. J) 
Printing of hexagon structures, using different hydrogelators at 10% w/v, C10C10, and C12C12 hydrogel 

resulted in better hexagon shape printing compared to C8C8.  
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We then investigated the hydrogelators ability to adapt to different shapes by placing them into 

different molds. The moldability of hydrogels showed the hydrogelator's ability to adapt to 

different shapes, which can find application to fill in cavities for example during surgeries. All 

hydrogelators, when placed in different molds and pressed with a spatula, adapted the shape of 

the new mold (Figure S31). For C6C6 BTA, pressing with the spatula was not required since it 

would flow and take the shape of the mold. Adapting the shape of the mold in response to 

applied stresses visually showed that hydrogels were viscoelastic fluids and could dissipate 

applied stresses by taking the shape of the new mold.  

Self-healing, shear-thinning, injectability, and moldability within BTA hydrogelators likely are 

because of reversibility and dynamics of supramolecular interactions. Self-healing and shear-

thinning properties in supramolecular systems have been associated with their transient and 

dynamic interactions 59. When injected through a syringe, supramolecular interactions dissociate 

(shear-thinning) and re-associate within seconds (self-healing) after injection 39,75. Transient 

dynamics have been engineered by tuning non-covalent interactions21,76 and host-guest 

supramolecular interactions 77,52,78 for designing injectable hydrogels. Injectability and 

moldability within our materials are interesting properties and could find a use for delivering 

cells, and drugs and for filling surgery cavities via injection.  

BTA hydrogelator offers control on 3D printability and retained bulk anisotropic 

structure 

Shear-thinning and self-healing properties also make them a strong candidate to be explored for 

3D printing applications and investigate the hydrophobic length effect on printability. We were 

encouraged by our rheological and handling observations to try extrusion-based 3D printing for 

the developed hydrogels (Figure 4D–J and Figure S31–33). We chose to investigate printing 

with C8C8BTA, C10C10 BTA, and C12C12 BTA at 10 % (w/v),  since at these concentrations the 

C6C6BTA does not retain its shape (see injectability studies). We started extruding a single fiber 

and found that the shape fidelity of the extruded fiber is better for the C10C10 BTA and C12C12 

BTA compared to the C8C8 BTA (Figure 4D and 4G). Next, we calculated the printability 

index (PI) by printing and quantifying a square grid-like structure (Figure 4E). The printability 

index is a measure of printing accuracy and a perfect square has a PI of 179. We printed a square 

grid pattern for determining the PI. We find PI roughly equal to 1 for C10C10 BTA and C12C12 

BTA confirming good printing accuracy of extruded fibers; however, for C8C8 BTA printability 

index was 0.8, which can be attributed to the spreading of C8C8 BTA extruded fiber (Figure 

4H).  

Then, we were interested to investigate if hydrogelators allow the printing of multilayer self-

supporting structures. This free-standing print has been a challenge for materials based on non-

covalent and supramolecular interactions; however, close tuning of the properties of the material 

should enable free-standing prints. We printed 5 layers of a hollow cube structure for each 

hydrogelator (Figure 4F) and interestingly C10C10 BTA and C12C12 BTA showed excellent shape 

fidelity. To obtain more quantitative information on structural accuracy, a percentage shape 
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fidelity was calculated by dividing the as-printed height (HP) by the designed height (HH). Shape 

fidelity for C12C12 BTA and C10C10 BTA was close to 100% and 90%, respectively, while shape 

fidelity for C8C8 BTA decreased to 40% (Figure 4I).  

Then, we also extruded a few complex hexagon-like structures, which could be printed 

successfully with C8C8 BTA, C10C10 BTA, and C12C12 BTA hydrogelators (Figure 4J), showing 

the flexibility of hydrogelators to be 3D printed into somewhat complex shapes.   

These printing experiments suggested that the hydrophobic length has a significant influence on 

the stability of 3D fabricated structures and there is a critical threshold for hydrogels to be stable 

post-extrusion. In terms of the molecular picture, this suggests that the addition of a few carbon 

atoms keeps the speed of self-healing, and limits creep, while still allowing the hydrogelator to 

be suitably shear thinning for printing.  

Shear-thinning hydrogels based on supramolecular chemistry (host-guest) have been 3D printed 

before; however, hydrogel requires either UV52,78 or ionic80 crosslinking post-printing for 

stability since supramolecular interactions are weak. BTA hydrogels allow being printed as 

multilayer constructs without introducing extra covalent crosslinks or changing pH.  

Furthermore, BTA hydrogels retained bulk anisotropic fibril structure post extrusion. C10C10 

BTA and C12C12 BTA showed anisotropic fibril morphology post extrusion, while C8C8 BTA 

and C6C6 BTA showed more planar surface with ridges on the surface (Figure S34). Different 

morphology of C8C8 BTA and C6C6 BTA post extrusion could be attributed to different surface 

fracture patterns i.e., a surface crack appeared parallel to the ice crystal, and fibers remain hidden 

under the surface. Short peptide54, supramolecular polypeptide DNA81, and peptide amphiphile-

based supramolecular hydrogels80 have been printed before with fibril morphology; however, 

there are no reports of the broad range of viscoelasticity and stress relaxation tuning in 3D 

printable fibril supramolecular hydrogels. In addition, BTA hydrogels remain the only purely 

synthetic supramolecular fibril hydrogel with tunable broad-range viscoelasticity, which offers 

tunable 3D printing.   

Cell viability  

After establishing mechanical properties and tunable 3D printing, we wanted to investigate the 

cytocompatibility of newly developed BTA hydrogels to explore their use as bioinks and 

platform biomaterials. We choose to run initial viability experiments with chondrocytes since 

dynamic hydrogels are shown to affect positively chondrocytes proliferation and cartilage-like 

matrix production28,34. Live-dead assay after 4 days of encapsulation showed that a large number 

of chondrocytes stayed alive within BTA hydrogels (Figure 5A). Quantitatively, the live and 

dead projection areas of the ATDC5 cell aggregates were calculated using image J. Live-cell 

multicellular aggregates showed a mean area value greatly higher compared to dead cells (Figure 

5B) and all hydrogelators showed greater than 90% of the average area of live cells, except C6C6 

BTA, which showed 82% live cells area (Figure S35A). We calculated live and dead cell areas, 

since single-cell counting was not feasible owing to multicellular aggregate formation.  



Molecular tuning of BTA fibrous hydrogel enables unprecedented control over viscoelasticity 

 

245 
 

Interestingly, chondrocytes formed multicellular aggregates within all BTA hydrogels. 

Supramolecular dynamic hydrogels have been shown to support spheroid fusion within 

hydrogels and fusion behavior has been credited to viscous properties, which allow cells to 

remodel their microenvironment in the absence of protease.82 BTA hydrogels are viscoelastic (as 

discussed above) and multicellular aggregate formation can be attributed to the viscous and 

dynamic properties of BTA hydrogel. We also observed some erosion of hydrogel over 4 days 

of culture, which likely can be due to the dynamic nature of BTA supramolecular interactions.  

In addition, we assessed cell viability in a two-dimensional (2D) setup by exposing cultured cells 

on tissue culture plastic to dilute solutions (100 µg/mL) of BTA hydrogelators for investigating 

cytotoxicity at low concentrations (in solution form). In addition, we were interested to 

understand if the presence of a BTA hydrogelator in solution form would negatively affect the 

spreading morphology of ATDC5. The addition of supramolecular BTA hydrogelator solutions 

did not affect cells negatively and only a few dead cells were spotted (Figure 5C). Similar to 

tissue culture plastic control (without any BTA hydrogelator solution), cells continuously 

proliferated and covered ~70–80% area of the well plate by day 4 (Figure 5C). ATDC5 cells 

also showed spreading morphology similar to tissue culture plastic (Figure S35C) and the BTA 

hydrogelator solution did not change cell morphology. Live and dead cell areas were calculated 

using Image J and greater than 95% of the average area of cells was found to be composed of 

live cells (Figure 5D and Figure S35B). Live and dead cells were also counted using image J to 

analyze particle function and greater than 95% of cells were alive. 

Bioprintability  

After successful 3D printing and cell viability, we were interested to see if the BTA hydrogelators 

would be suitable as a bioink. In order to enable 3D printing with live cells (bioprinting), the 

bioink material must be printable with cells mixed in and allow cell survivability post-printing 

process. Chondrocytes (ATDC5) were encapsulated in C8C8 BTA, C10C10 BTA, and C12C12 BTA 

hydrogelators and bioprinted into grid-like structures using a 22G needle (Figure S36A). Cell 

viability was monitored after 2 hours and 24 hours of bioprinting via live/dead staining. All 

tested hydrogelator showed viability above 90% after 24 hours (Figure S5E). We further 

observed that cells were largely single cells right after printing and cell aggregation was observed 

after 24 hours of bioprinting (Figure S36). This indicates that hydrogels allow cellular 

interactions, likely due to the dynamic nature of interactions in BTA hydrogel.  
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Figure 5. Chondrocytes cell viability in 3D and 2D. A) showing live and dead chondrocytes (ATDC5) 
encapsulated within hydrogels after 4 days. Live-dead image of C12C12 was adapted from chapter VI. B) Live 
and dead cell area of multiple cellular aggregates within gels (3D), quantification of single cell area was not 
possible since chondrocytes form multicellular aggregates, each point on the graph represents an area of an 
aggregate calculated using image J and a number on the top represents a number of counted cellular aggregates. 
C) Live-dead images of cells cultured on tissue culture plastic and exposed to a dilute solution of BTA 
hydrogelators at a concentration of 100 µg/ml. D) Quantification of single cell area cultured on tissue culture 
plastic and exposed to dilute solutions. E) Live-dead images of bioprinted chondrocytes (ATDC5) after 24 
hours in culture. F) Live-dead area of multicellular chondrocyte aggregates in bioprinted constructs, like in 
panel “D” the area of multicellular aggregate was calculated and each point on the graph shows an area of 
aggregate. The live cell average area is higher than dead cells in all culture conditions. Grubbs outlier test with 
a significance level of 0.01 was performed on B, D, and F to remove the outliers. The statistical analysis of live 
and dead cell areas was conducted using one-way ANOVA, with Tukey's post-hoc test for comparisons. The 
software OriginLab was used for the analysis, and the level of significance was set at *P < 0.05, **P < 0.005, 
***P < 0.0005, and ****P < 0.0001. A total of 20-800 cell aggregates or single cells were examined during the 
analysis. 
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Conclusion 

In this work, we have synthesized a library of BTA hydrogelators by changing external 

hydrophobic length with above 90% yields and on the multi-gram scale. All telechelic BTA 

hydrogelators showed fibrous morphology in dilute solution and hydrogel state, on a similar 

dimensional scale to native ECM (collagen). All hydrogelators formed stable hydrogel at 10% 

w/v and showed similar high-frequency storage modulus. Changing the total number of carbon 

atoms from 12 (C6C6) to 24 (C12C12) on the BTA end group allowed tuning viscoelasticity and 

stress relaxation over 5 orders of magnitude within fibril hydrogel. Increasing hydrophobic 

length resulted in reduced viscoelasticity and increased average stress relaxation times. This can 

be explained by the existing theory and methodology of the self-assembling theory of self-

assembling worm-like micelles. All hydrogel showed shear-thinning, self-healing, and injectable 

properties. C8C8, C10C10, and C12C12 can be 3D printed, and hydrophobic carbon length exhibited 

a marked effect on the shape fidelity of 3D printed constructs post-printing. Chondrocytes 

exhibited good cell viability in bulk and bioprinted hydrogels. This study shows BTA hydrogels 

3D bioprinting for the very first time and introduces BTA hydrogels as a promising candidate in 

the list of dynamic ECM mimicking bioinks. In summary, this study represents a step forward 

in designing and developing synthetic fibril supramolecular hydrogels with unprecedented 

control over viscoelasticity and tunable bioinks. Our approach teaches a conceptual 

methodology for the creation of dynamic supramolecular hydrogels with controlled 

viscoelasticity and 3D printability. We anticipate that this methodology can thus be translated 

into other supramolecular structures such as bis-urea, UPy, and peptide amphiphile.    

Experimental section 

Self-assembly studies using Nile red and cryo-TEM 

The solutions of hydrogelators (C6C6 BTA, C8C8 BTA, C10C10 BTA, and C12C12 BTA) at a 

concentration of 1mg/ml, 2mg/ml, and 5mg/ml were prepared. The desired amount of 

hydrogelator was molecularly dissolved in ~50 µL methanol with vortexing and heating using a 

heat gun (mostly required for C10C10 BTA and C12C12 BTA). Water (milli-Q) was added to the 

methanol solution and the total amount of solution was adjusted to 1000 µL. Next, the BTA 

solution was heated, vortexed, and cooled. The same procedure was repeated a minimum of 

twice and a maximum of thrice to ensure no precipitation or aggregation of BTA and that the 

BTA solution is transparent. During the last step, the BTA solution was controlled and cooled 

to ~20°C from the heating plate maintained at 80°C. The solution was aged overnight (16–24 

hours) before self-assembly studies. Next, we transferred 200 µL of the BTA solution to a well 

plate and 3.2 µL of Nile red solution was added. The Nile red final concentration was adjusted 

to 5μM. The samples were incubated on the orbital shaker for and in the dark for 30 minutes 

and then fluorescence spectra were recorded.  
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For cryo-TEM, the same procedure was repeated and the samples were prepared at 10mg/ml. 

The sample vitrification procedure was followed as reported in chapter V and samples were 

imaged using FEI Arctica 200KV microscope.  

Hydrogel formation 

The desired amount of hydrogelator was weighed in the glass vial and Milli-Q water (rheology) 

or in DMEM with 1% Penicillin-Streptomycin (P/S). The final concentration of the 

hydrogelator was adjusted to 10% w/v. BTA polymer was heated using a heat gun until ~80 °C 

and the solution becomes opaque (above the LCST of the PEG20K). The heating solution was 

vortexed for dissolving the BTA polymer uniformly. The same procedure was repeated twice. 

Subsequently, the hydrogel mixture was centrifuged at 2000g for five minutes for water vapors 

and polymer residues to sit at the bottom of the glass vial. Next, the hydrogel mixture was placed 

on a heating plate set to 80°C (using a controlled thermometer knob), the temperature was 

turned off and the hydrogel mixture was cooled to room temperature (~20°C).  

Rheology  

Rheological measurements were performed using a DHR-2 rheometer using a 20 mm cone-plate 

geometry with a 2.002° angle. All measurements were performed at room temperature (20 °C). 

A rejuvenation process was carried out to remove any mechanical history within hydrogels. We 

choose a 400% strain amplitude at a frequency of 1 rad/s. Strain amplitude is well into the non-

linear regime of the samples. Following the rejuvenation process, a time sweep at 1% strain was 

carried out to observe aging kinetics and let the sample equilibrate. Subsequently, a frequency 

sweep was carried out from 0.01 rad/s to 627 rad/s at 1% oscillation strain followed by 

oscillatory strain amplitude sweeps 1 to 1000% at an angular frequency of 1 rad/s. A time sweep 

at 1% strain was conducted until the sample reached the equilibrium storage modulus. Then, a 

step strain stress relaxation experiment was conducted under 1% strain for 1000 seconds. 

Followed by stress relaxation, a self-healing test was performed. Step strain cycles of 400% and 

1% strain were applied for 120 seconds for rupturing the hydrogel network and watching for 

recovery of storage and loss moduli. 

Moldability and self-healing 

The hydrogel was made at 10% (w/v) following the standard procedure described above in the 

hydrogels-making section. A few microliters of the green food dye were added to give green 

color for good visibility. The hydrogel was introduced in the hexagonal mold and then switched 

(using a spatula) to a round-to-star-to-heart-shaped mold. During each turn, the hydrogel was 

compressed with a spatula for adjusting to the desired shape.  

Injectability 

For injectability, the hydrogel was introduced into the syringe using the spatula and then injected 

using 20 gauge and 22 gauge stainless steel needles. 
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3D printability 

To investigate printability, we used the BioX bioprinter (CellInk, Sweden). All printing was 

performed at room temperature. Conical plastic needles (VIEWEG GmbH, Germany) were 

fixed to 3 mL syringes with different needle diameters as follows (ID = inner diameter): 20 G 

(ID = 0.58 mm) and 22 G (ID = 0.41 mm). The minimum pressure applied depends on the 

hydrogel, which was 60, 110, and 90 kPa for C8, C10, and C12, respectively. The infill density 

was set to 100% and the distance from the needle to the print surface was optimized so that the 

leading edge of the flow was in line with the needle. Printability tests were carried out using a 

plastic Petri dish as the printing surface. All blends had two drops of green food dye added 

during the mixing process for better post-print visualization. We then imaged each print (20-

megapixel camera) and used ImageProPlus (MediaCybernetic, USA) software to threshold 

images and measure dimensions.  

Filament uniformity 

The first test conducted was to print a single layer, continuous strand of material following a 

path designed using 3D Builder (Microsoft®). An image of the printed structure was analyzed 

in ImageProPlus where the width of the strand was measured at multiple locations and averaged.  

Layer stacking 

A 5-layered hollow cube was designed in 3D Builder (Microsoft®) and printed using the 

optimized parameters found earlier. Three structures of each hydrogel were printed. Images were 

then obtained as before and analyzed using ImageProPlus to find the height of each cube. The 

printing fidelity was then calculated by comparing the printed height hi (mm) to the design height 

h (mm), to obtain a percentage shape fidelity for each sample using the following formula. 

%𝑆ℎ𝑎𝑝𝑒𝑓𝑖𝑑𝑒𝑙𝑖𝑡𝑦 =
|ℎ𝑖−ℎ|×100

ℎ
     

 

Pore geometry 

Other parameter investigated to show the printing accuracy of BTA hydrogels was the 

printability index (Pr), which was proposed by Ouyang et al.83. This parameter compares the 

pore geometry, considering square holes as an ideal condition for regular grid printed structures 

(Pr = 1). However, in an under-gelation condition, the extruded filament would demonstrate a 

more liquid-like state and the upper layer would fuse with the lower layer, thus creating 

approximately circular holes. They defined the ink printability (Pr) based on square shape using 

the following formula.  

𝑃𝑟 =
𝐿2

16×𝐴
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where L means perimeter and A means area. To determine the Pr value of each printing 

parameter combination, images of printed structures were analyzed in ImageProPlus software 

to determine the perimeter and area of interconnected channels (n=5). 

ATDC5 chondrocytes cell culture  

ATDC5 were cultured at 37 °C in Dulbecco's modified eagle medium (DMEM-F12) with  10% 

fetal bovine serum, and 1% penicillin/streptomycin. Cells were placed in the humidified 

incubator at 37 °C and 5% CO2. Cells were given a fresh cell culture medium every other day 

and harvested when reached 85% confluency.  

Cell encapsulation in BTA hydrogel 

Chondrocytes (ATDC5) were encapsulated in BTA hydrogel at a concentration of 5 million (M) 

cells per mL of hydrogelator. The hydrogel was made in DMEM-F12+1%P/S for cell studies. 

For encapsulation of cells within a hydrogel, hydrogels (200μl) were divided into two wells (48-

well plate, non-adherent), and centrifuged for five minutes at 2000g to make a uniform layer at 

the bottom of the well plate. Cell suspension in 50ul volume was spread on top of the hydrogel, 

waited for 5-10 minutes for hydrogel to soak up the media, and centrifuged at 80g for one 

minute. The centrifugation step was done to help cells settle in the hydrogel. The second layer 

of the hydrogel from another well was added on top of the first hydrogel layer with cells and 

again centrifuged at 80g for one minute. After centrifugation, the hydrogel was folded from the 

edge to the center multiple times and let it relax for cells to spread evenly. The moldability of 

the hydrogels allows folding and stress-relaxing properties to allow the flow of the hydrogel. To 

ensure good cell encapsulation and that cells are well spread throughout the hydrogel, the 

hydrogel was cut gently into many pieces using the spatula and then pieces were placed together 

for self-healing. Self-healing is surprisingly fast and it just takes a maximum of 10 minutes for 

self-healing of the hydrogel. Cell culture media was added (500 ul per well) and hydrogels were 

incubated in the incubator maintained at 37 °C with 5% CO2.  

Cell seeding on tissue culture plastic for BTA dilute solution cell viability studies 

We seeded 5000 cells per well in a 24-well plate treated for cell adhesion. The cell-cultured well 

plate was incubated at 37 °C in the humidified incubator overnight for cell attachment. The next 

day, BTA dilute solution at a final concentration of 100 µg/ml in cell culture media was added 

on top of the cells. The well plate was again placed back in the incubator and cell viability 

(Live/dead) was investigated after 4 days of exposure to BTA dilute solutions.  

Live-dead cell viability assay  

Cell viability was assessed using the LIVE/DEAD™ Viability/Cytotoxicity Kit (Thermo Fisher 

Scientific). Cell cultured hydrogels were transferred 35 mm glass-bottom dish (ibidi, Germany), 

gently washed with PBS, and a solution of 1 µM calcein AM and 2 µM ethidium homodimer-1 

in PBS was added and hydrogel was immersed. The hydrogels were incubated (in the dark) for 

~45 minutes in 37°C incubators with 5% CO2. The solution of calcein and ethidium homodimer 
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was removed and gently washed with PBS. Hydrogels were imaged using an inverted 

fluorescence microscope (Nikon Eclipse Ti-e).  

For cells cultured on tissue culture plastic and exposed to BTA dilute solution, media was 

removed gently from the well plate, and live/dead solution (as prepared above) was added to the 

well plate and incubated at 37°C incubators with 5% CO2 in the dark for 45 minutes. Live/dad 

solution was removed, cells were washed with PBS (1x), and imaged using an inverted 

fluorescence microscope (Nikon Eclipse Ti-e).    

Bioprinting 

Cells were encapsulated in the hydrogels as described in the cell encapsulation procedure. 

Hydrogels were transferred to a 3 mL syringe and bioprinted using a 22G conical nozzle with 

the BioX bioprinter in an in-built cleanroom environment. The grid-like structure was designed 

in the BioX software using a basic shape of 10 mm x 10 mm and an infill of 20%, resulting in 

four layers grid structure. The applied pressure was 60 kPa for C8 and 90 kPa for C10 and C12; 

while the printing speed was 3 mm per second for all samples. Once the constructs were printed 

in µ-Dish 35 mm high Glass Bottom dish, DMEM media was added to each dish, and 3D printed 

constructs were cultured at 37°C and 5% CO2.  

Statistical Analysis 

The statistical analysis was conducted utilizing Origin-Lab 2022 software. One-way ANOVA 

with Tukey's post-hoc test was used to determine significant differences. 
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Supporting information 

Figure S1. BTA hydrogelator structure and schematics. A) Benzene-1,3,5-tricarbonyl tripentafluoroester 
(BTE-F5PH) desymmetrization scheme and schematics to create BTA synthon molecule. B) List of BDA 

molecules produced to be used as synthon to produce BTA hydrogelator. C) Chemical reaction scheme to 
produce BTA hydrogelators C6C6 BTA, C8C8 BTA, C10C10 BTA, C12C12 BTA. D) Synthetic chemical 

reaction scheme for hydrogelator C6C12 BTA.   

 



Chapter VII 

 

258 
 

BTE-F5PH synthesis  

BTE-F5Ph was resynthesized according to our recently reported study1 and proton and carbon 

NMR were matches for the purity check of the molecules1.     

C8C8 BDA precursor synthesis 

BTE-F5Ph (0.5g, 2.1 mmol, 1equiv.) was dissolved in 35 mL of anhydrous DCM in a dried 

reaction flask under a nitrogen atmosphere. DIPEA (369 µL, 2.1 mmol, 1equiv.) solution in 25 

mL anhydrous DCM was added to the reaction flask. The reaction flask was set in the ice water 

bath and the reaction mixture was cooled to 4 °C. Octylamine (0.2 g, 1.4 mmol, 0.67 equiv) in 

25 mL anhydrous DCM was added dropwise to the reaction flask under a nitrogen atmosphere. 

The reaction stirred for 1.5 hours at 4°C. The reaction mixture was vacuum dried under reduced 

pressure and C8C8 BDA was isolated on silica gel using eluent DCM/acetonitrile (95/5). 1H 

NMR yield of the reaction mixture was 51% and the isolated yield was 45% (189 mg). 1H NMR 

(700 MHz, CDCl3) δ 8.65 (d, 2H), 8.52 (t, 1H), 6.63 (t, 2H), 3.47 (q, 4H), 1.63 (p, 4H), 1.39-1.25 

(m, 20H), 0.87 (t, 6H). 13C NMR (176 MHz, CDCl3) δ 165.4, 161.6, 136.2, 131.5, 131.4, 128.0, 

40.7, 31.9, 29.64, 29.39, 29.31, 27.12, 22.76, 14.2.  

 

 

 

Figure S2. 1H NMR of C8C8 BDA 
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C10C10 BDA precursor synthesis 

BTE-F5Ph (0.5g, 2.1 mmol, 1equiv.) was dissolved in 35 mL of anhydrous DCM under a nitrogen 

atmosphere and placed into an ice bath (4°C) followed by dropwise addition of DIPEA  (369 

µL, 2.1 mmol, 1equiv.) dissolved in 25 mL anhydrous DCM. Following this, decylamine (0.22g, 

1.4 mmol, 0.67 equiv) dissolved in 25 mL anhydrous DCM was added dropwise (slowly over 10-

15 minutes) to the reaction flask under a nitrogen atmosphere.  The reaction solution was stirred 

for 1.5 hours at 4°C and then the reaction mixture was vacuum dried under reduced pressure to 

remove excess of DCM. C10C10 BDA was separated using silica gel column chromatography 

using eluent DCM/acetonitrile (95/5). 1H NMR reaction yield was 50% and the isolated yield 

43 (201 mg). 1H NMR (700 MHz, CDCl3) δ 8.66 (d, 2H), 8.52 (t, 1H), 6.59 (t, 2H), 3.47 (q, 4H), 

1.62 (m, 4H), 1.28-1.39 (m, 28H), 0.88 (t, 6H). 13C NMR (176 MHz, CDCl3) δ 165.3, 161.6, 

136.2, 131.5, 131.4, 128.0, 40.7, 32.01, 29.68, 29.66, 29.43, 27.13, 22.80, 14.22.  

 

 

 

 

 

Figure S3. 13C NMR of molecule C8C8 BDA 
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Figure S4. 1H NMR of molecule C10C10 BDA 

Figure S5. 
13

C NMR of molecule C10C10 BDA 
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C6C6 and C12C12 BDA precursor synthesis (references to the synthesis article) 

C6C6 and C12C12 were synthesized according to our recently reported procedure and 1H NMR 

and 13C NMR were matched1.  

C6C6 and C12C12 BTA hydrogelator synthesis                                                                                                    

C6C6 BTA and C12C12 BTA hydrogelator were synthesized as described in our recently published 

work1.   

C8C8 BTA hydrogelator synthesis 

C8C8 BDA (0.2g, 0.3 mmol 1.1equiv) was dissolved in 8mL anhydrous DCM, and DIPEA 

(0.052g, 0.44 mmol, 1.5 equiv) was added to it. PEG20K bisaminododecane (2.8g, 0.3 mmol, 1 

equiv) was weighed in a dried flask, dissolved in anhydrous DCM (5-6 ml), and added to the 

flask.  The reaction continued to run for 40 hours at 20 ºC under a nitrogen-inert atmosphere. 

The reaction mixture was first purified by precipitation in cold diethyl ether and a pure molecule 

was obtained in 97% isolated yield as a white powder. Later also sample was dissolved in 

methanol and dialyzed against methanol for 3 days. The pure molecule was obtained in 96% 

isolated yield. 1H NMR (700 MHz, (CD3)2SO) 8.65-8.58 (t, 6H, NH(C=O)), 8.37-8.34 (s, 6H, 

Ar), 7.16-7.11 (t, 2H, CH2NH(C=O)O), 4.03-4.00 (t, 4H, NH(C=O)OCH2), 3.59-3.42 (bs, 

1776H, O-(CH2)2-O), 3.29-3.23 (t, 12H, (C=O)NHCH2), 2.95-2.90 (q, 4H, CH2NH(C=O)O), 

1.57-1.15 (mm, 88H, aliphatic), 0.88-0.80 (dt, 12H, CH2CH3, aliphatic). 



Chapter VII 

 

262 
 

 

C10C10 BTA hydrogelator synthesis 

C10C10 BDA (0.2g, 0.3 mmol 1.1 equiv) was dissolved in 8mL anhydrous DCM, and DIPEA 

(0.052g, 0.4 mmol, 1.5 equiv) was added to it. PEG bisaminododecane (2.8g, 0.3 mmol, 1 equiv) 

was weighed in a dried flask, dissolved in anhydrous DCM (5-6 ml), and added to the reaction 

flask.  The reaction was allowed to run for 40 hours at room temperature (~20°C) under an inert 

atmosphere. The reaction mixture was concentrated in a minimal amount of DCM and 

precipitated in cold diethyl ether and obtained in 98% yield as a white powder. Subsequently, the 

hydrogelator was dissolved in methanol and dialyzed against methanol for 3 days. The pure 

molecule was obtained in 80% yield. 1H NMR (700 MHz, (CD3)2SO) 8.63-8.59 (t, 6H, 

NH(C=O)), 8.36-8.33 (s, 6H, Ar), 7.18-7.12 (t, 2H, CH2NH(C=O)O), 4.00-4.00 (t, 4H, 

NH(C=O)OCH2), 3.56-3.44 (bs, 1776H, O-(CH2)2-O), 3.31-3.30 (t, 12H, (C=O)NHCH2), 

2.96-2.90 (q, 4H, CH2NH(C=O)O), 1.58-1.15 (mm, 104H, aliphatic), 0.87-0.80 (dt, 12H, 

CH2CH3, aliphatic). 

Figure S6. 1H NMR of C8C8 BTA  
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Figure S7. 1H NMR of C10C10 BTA  
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Figure S8. GPC graph using DMF eluent and RI detector. Molecular masses show two peak tops around 
19,000 and 37,000 g/mol. All hydrogelator showed average molecular weight of around 23,000 g/mol with 

Đ of 1.2.  
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Figure S9. Hydrophobic pocket formation study via solvatochromic Nile red dye. A), B), C), and D) for 
C6C6, C8C8, C10C10 and C12C12 BTA hydrogelators. Each hydrogelator was tested at 1 mg/ml, 2.5 
mg/ml, 5 mg/ml and 10 mg/ml. Fluorescence signal increases with increasing BTA hydrogelator 
concentration, indication of more Nile red capture in hydrophobic core.  E), F), G), and H) comparison of 
C6C6, C8C8, C10C10 and C12C12 BTA hydrogelators at concentration of 1mg/ml, 2.5mg/ml, 5mg/ml 
and 10mg/ml. Nile red fluorescence emission spectrum of water is shown with black color line. Nile red in 
water showed very low fluorescence intensity signal. An increase in fluorescence intensity for the 
hydrogelators compared to water showed the presence of hydrophobic pocket. Increase in fluorescence 
intensity with increasing hydrophobic length indicates larger hydrophobic pocket formation. I) All samples 

showed very similar maximum fluorescence intensity indicating hydrophobic pocket of similar polarity.  
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Figure S10. Self-assembly studies using cryo-TEM. All BTA hydrogelators showed fibrous morphology. 
C6C6 BTA and C8C8 BTA showed fiber-like and sheet-like morphology while C10C10 BTA and C12C12 
BTA showed fibrous sheet-like morphology. All hydrogels were dissolved in minimal methanol, self-
assembled in water, and investigated after overnight aging at room temperature.  
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Figure S11. Self-assembly studies using cryo-TEM. BTA hydrogelators samples were prepared in water only. 
We quickly investigated BTA hydrogelator samples prepared only in water. C8C8 BTA, C10C10 BTA and 

C12C12 BTA showed fibrous sheet-like morphology.  

 

Figure S12. Self-assembly studies using cryo-SEM. All BTA hydrogelators showed anisotropically 
aligned fibrous morphology.  
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Figure S13: Critical gelation concentration. Hydrogels were made at 10% (w/v) and diluted to find out 
critical gelation concentration (CGC). CGC was found to be 5% (w/v), 3.3% (w/v), 2% (w/v) and 1.8% 

(w/v) for C6C6, C8C8, C10C10, and C12C12 BTA hydrogelator.  

 
 

Figure S14. Vial inversion experiment. Vial inversion experiment showing flow behavior of hydrogels. The 
vial inversion test is a quick way to show the qualitative viscoelasticity of hydrogel. The time that a hydrogel 
starts to flow after a vial inversion depends on the end cap carbon length or hydrophobic length on BTA. 
Larger The larger the endcap carbon length on BTA the longer it takes for a hydrogel to flow. C6C6 
BTAhydrogelator reached to the bottom of the vial in one hour and the C8C8 BTA hydrogelator started 
to flow after 3 hours and reached ¾ in 48 hours. C10C10 BTA and C12C12 BTA did not flow even after 
240 hours (10 days), indicating that gels are more solid than C8C8 and C6C6 BTA hydrogelator.        
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Strain sweep 

First, we determine rupture strain and linear viscoelastic region. Rupture strain decreases with 

increasing hydrophobic length; Rupture strains of ~90%, 42%, and 25% were observed for 

C8C8, C10C10, and C12C12 BTAs (Figure S15). C6C6 BTA behaved as a liquid at an 

investigated angular frequency of 10 rad/s. All BTA hydrogelators showed a yielding point (onset 

of the decrease in storage modulus) of 5–10% strain before rupture strain. BTA hydrogelators 

showed strain-independent storage modulus before the yielding point. 

  

 

 

 

 

 

 

Figure S15. Oscillation strain sweep for C6C6 BTA, C8C8 BTA, C10C10 BTA, and C12C12 BTA 

hydrogelators.  
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Hydrogels with tunable stress relaxation 

A crossover point between loss moduli and storage moduli is a characteristic of Maxwellian 

viscoelastic fluids. This characteristic frequency showing a crossover point is directly correlated 

to a dissipation time scale.  Using the Maxwell model for viscoelastic fluids as shown in 

equations 1 and 2, stress relaxation times can be calculated. Maxwell's model consists of an 

elastic component (spring) connected in series with a viscous component (dashpot). 

 

𝐺′(𝜔) = 𝐺∞ ∑
 𝑓𝑖𝜔2𝜏𝑖

2

1 + 𝜔2𝜏𝑖
2

𝑛

𝑖=1

            (𝑆1) 

 

𝐺′′(𝜔)
= 𝐺∞ ∑

 𝑓𝑖𝜔𝜏𝑖

1 + 𝜔2𝜏𝑖
2

𝑛

𝑖=1

            (𝑆2) 

Figure S16. Viscoelastic properties: A) loss moduli plotted for hydrogelators; all hydrogelators showed two 
maximum in loss moduli besides C6C6 which has only one, B) Tan delta for all hydrogelators; arrows show 
minima in tan delta, which shows relaxation frequency, C) Tan delta at 0.1 rad/s and 1.0 rad/s; Tan delta 

decreases with increasing the end cap carbon length. 
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Where G∞ is the equilibrium modulus, ω is the angular frequency and 𝜏 is stress relaxation time. 

Frequency sweep obtained data when fit into equations 1 and 2 for one Maxwell element (Figure 

S17–S22). Using equations 1 and 2 for single Maxwell elements, curve fitting was poor for loss 

moduli for all hydrogelators and resulted in improved curve fitting for two Maxwell elements in 

parallel (Figure S17–S22). As shown in Figure S23, stress relaxation times were similar for one 

and two Maxwell elements, which suggests that there is one dominant mode of stress relaxation 

and the second mode is present but the contribution in stress relaxation is relatively small. 
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Figure S17. Maxwell model fitting for one A) and two Maxwell elements B) on frequency sweep data for 
C6C6 BTA hydrogelator. 
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Figure S18.  Maxwell model fitting for one A) and two Maxwell elements B) on frequency sweep data for 

C8C8 BTA hydrogelator. 
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Figure S19. Maxwell model fitting for one A) and two Maxwell elements B) on frequency sweep data 

for C10C10 BTA hydrogelator. 
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Figure S20. Maxwell model fitting for one A) and two Maxwell elements B) on frequency sweep data 
for C12C12 BTA hydrogelator. 
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Figure S21. Maxwell model fitting for one A) and two Maxwell elements B) on frequency sweep data for 
C6C12 BTA hydrogelator. 
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Figure S22. Average stress relaxation times calculated by applying one and two Maxwell elements on 
BTA hydrogelators.  
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Stress relaxation from step strain experiment  

Data was also fit into Maxwell Model of viscoelastic fluids for single Maxwell elements and two 

Maxwell elements in parallel. Stress relaxation times were obtained by fitting step strain data into 

equation S3.   

𝐺𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑀𝑎𝑥𝑤𝑒𝑙𝑙 𝑚𝑜𝑑𝑒𝑙 𝐺(𝑡) = ∑ 𝐺𝑛𝑒
−𝑡
𝜏𝑛

𝑛

                   (𝑆3) 

 

 

Figure S23. A) Stress relaxation data from shear rheology step strain experiment where constant strain of 
1% was applied. B) Data was smoothed using adjacent point average smoothing function in origin and 10 
adjacent data points were averaged. C) Stress relaxation profiles from fitting data into Maxwell model of 
viscoelastic fluids for single Maxwell elements, (D) Stress relaxation profiles obtained by fitting data into 
generalized Maxwell model of viscoelastic fluids or Maxwell-Wiechert model of viscoelastic fluids for two 

Maxwell elements in parallel.  
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Figure S24. Stress relaxation times determined from step strain experiment using one and two Maxwell 
elements in parallel for viscoelastic fluids.  

 

Figure S25. Frequency sweep. A) Angular Frequency sweep of C6C6, C8C8, C10C10, C12C12, and C6C12 
at 20 ºC.  All hydrogelators showed similar equilibrium storage moduli and the crossover point between loss 
moduli and storage moduli moved to the higher angular frequency with decreasing endcap carbon length 
on BTA, which indicates that the viscoelasticity of hydrogels is increasing with decreasing endcap carbon 
length on BTA. B) Frequency sweep of hydrogelator at 37 ºC. Almost one-decade shift to the higher angular 
frequency with an increase in temperature from 20 ºC to 37 ºC indicates faster hydrogel dynamics at 37 ºC.  
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Figure S26. Frequency sweep of A) C6C6, B) C8C8, C) C10C10, D) C12C12, and E) C6C12 BTAs at 37 
ºC. Blue represents the original data and grey represents when the data were fit to two Maxwell elements 
in parallel. F)  Stress relaxation times obtained from A), B), C), D), and E) upon fitting data to two Maxwell 
elements in parallel. Hydrogels at 37 ºC also show logarithmic stress relaxation increase with increasing 
carbon length on BTA.   
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Figure S27. Frequency sweep comparison in Milli-Q water versus in DMEM: A), B) and C) for C12C12 
BTA, C10C10 BTA, C8C8 BTA in Dulbecco's Modified Eagle Medium (DMEM) and in Milli-Q water. 
Frequency sweeps overlapped and showed no difference in storage moduli and angular frequency 
crossover points indicating hydrogel dynamics are not affected when hydrogels were prepared in DMEM 
compared to Milli-Q water.  

 



Chapter VII 

 

282 
 

 

 

 

 

 

 

 

 

 

 

Figure S28. Frequency sweep of A) C8C8, B) C10C10, and C) C12C12 in DMEM. Blue color represents 
the original data and grey color represents the when the data was fit to two Maxwell elements in parallel. 
D)  Stress relaxation times obtained when the data was fit to two Maxwell elements in parallel.   
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Figure S29. Self-healing of hydrogels. A) macroscopic self-healing with cutting a hydrogel in two pieces 
and then pressing two pieces of the hydrogel together, B) self-healing of hydrogels in step strain 
experiment, hydrogel was ruptured with 400% strain and recover under 1% strain. All hydrogelators 
recovered to their initial moduli under few seconds after each rupture cycle.       
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Figure S30. The injectability of hydrogelators. A) 10% (w/v) using 20G, C8C8 resulted in smooth fiber 
compared to all other hydrogelators. B) 5% (w/v) using 20G, all hydrogelators are injectable, and 
extruded hydrogel fibers are softer and more fragile compared to 10% (w/v). C) 5% (w/v) using 22G, 
all hydrogels showed injectability. D) Flow sweep curve shows viscosity decreases as we increased the 
shear rate. This decrease in viscosity when subjected to shear stress is a demonstration of the shear-
thinning behavior of the hydrogels. E) In this continuous flow sweep experiment, the shear rate was 
increased continuously, and hydrogel started to break and exude out of cone-plate (at some places) 
geometry for all hydrogelator with increasing shear rate. Therefore, reported viscosity values might not 
be 100% true and only be used for looking at the trend in viscosity with increasing shear rate for 
demonstrating that hydrogels are shear-thinning. 

 



Molecular tuning of BTA fibrous hydrogel enables unprecedented control over viscoelasticity 

 

285 
 

 
3D printing  

 

 

 

 

 

Figure S32. C8C8 BTA, C10C10 BTA, and C12C12 BTA hydrogels were printed into continuous zigzag 
strand filament shapes in order to determine the filament width using 20 gauge (internal diameter =0.603 
mm) and 22 gauge (internal diameter =0.41 mm).  

 

Figure S31. Moldability of BTA hydrogelators. Hydrogels are moldable into different shapes; from round to 
square to hexagon to star shape. Adaptability into different shapes shows stress dissipation capacity of 

hydrogels to adopt to different shapes and responsiveness to applied stresses.  
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Figure S33. C8C8 BTA, C10C10 BTA, and C12C12 BTA hydrogels were printed in grid-like structure 
for determining printability index.  
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Figure S34. C8C8 BTA, C10C10 BTA and C12C12 BTA hydrogels were printed in as hollow cubes for 
determining structure shape fidelity. We printed 5-layers hollow cube and compared printed height to 
theoretical height for determining shape fidelity. C10C10 BTA and C12C12 BTA retained above 80% of 
their height compared to C8C8 BTA, which retained around 40% of theoretical printed height.   
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Figure S35. Cryo-SEM structure post extrusion. Structure of hydrogels after extruding through 22 gauge 

(0.413 µm) stainless steel needle.  
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Figure S36. Live-dead cell quantification. A) % area of ATDC5 live cells aggregates when cells were 
encapsulated in hydrogelators. Greater than 300 cell aggregates were measured for live and dead cells and 
then % of live and dead cells determined. B) % area of live-dead cells cultured on tissue culture plastic 
(2D) and exposed to dilute solutions of hydrogelators. Green color bar represents % of live cells and red 
color bar represents % of dead cells. For both 2D and 3D, greater than 85% cells were alive after 4 days 
in culture. Mostly live cells were found and greater than 700 live cells area was counted and averaged. C) 
ATDC5 cells exhibited spreading morphology on tissue culture plastic. Tissue culture plastic was used as 
a control for comparing cell morphology to conditions where cultured ATDC5 were exposed to dilute 

solutions of BTA hydrogelators.    
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Bioprinting 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S37. Cell viability in 3D printed grid structures. A) Bioprinting of grid structures, three to six layers 
were printed for each hydrogelator, B) Live-dead images of encapsulated chondrocytes (ATDC5) after 
roughly 2 hours in culture and C) live-dead image after 24 hours in culture, images show Z stack of extruded 
fiber under a microscope. Cell aggregation was observed in all hydrogelators. The inset graph shows the 
percentage of live and dead cell areas. The green color represents live cells, and the red color represents dead 
cells.  

 



 
 

290 
 

 

 



Covalent cross-linking of a supramolecular assembly creates tough hydrogels and bioinks 

 

291 
 

Chapter VIII 
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Abstract  

Conventional synthetic hydrogels often lack the load-bearing capacity and mechanical properties 

of native biopolymers, such as cartilage. In some natural tissues, like cartilage, toughness is often 

imparted via the combination of fibrous non-covalent self-assembly with covalent bond 

formation. The controlled combination of supramolecular fibers and covalent interactions 

remains difficult to engineer, yet could provide a clear strategy for advanced biomaterials. Here, 

a synthetic supramolecular/covalent strategy is investigated for creating a tough hydrogel that 

embodies the hierarchical fibril architecture of native tissues. A benzene-1,3,5-tricarboxamide 

(BTA) based hydrogelator was developed with synthetically addressable norbornene handles, 

which self-assembled across multiple length scales to form a fibrillar and viscoelastic hydrogel. 

Inspired by collagen’s covalent cross-linking of fibrils, we fine-tuned the mechanical properties 

such as toughness, stiffness, and strength of the hydrogels by covalent inter- and intra-fiber 

cross-links. At over 90% water, the hydrogels withstood up to 550% tensile strain, 90% 

compressive strain, and dissipated energy with recoverable hysteresis. The norbornene BTA 

hydrogels were shear-thinning, and could be 3D bioprinted with good shape fidelity. The 

fabricated structures were further toughened by introducing covalent cross-linking. These 

materials enabled the bioprinting of hMSC spheroids and differentiation/maturation into 

chondrogenic tissue. Collectively, our findings highlight that the conjunction of self-assembly 

and covalent cross-linking of supramolecular fibers offers a potentially powerful strategy for the 

bottom-up design of dynamic, yet tough, synthetic hydrogels and bioinks.   
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Introduction 

Tissues such as cartilage, muscles, tendons, and ligaments exhibit remarkable toughness, 

elasticity, and fast recovery1, especially when compared to synthetic soft biomaterials. The 

exceptional mechanical properties of many tissues are often attributed to the hierarchical fibril 

macromolecular structure across multiple length scales. An excellent example of this hierarchical 

structure is collagen, the backbone of many tough tissues. Collagen fibrils are composed of a 

self-assembled structure of tropocollagen, mainly driven by non-covalent interactions. These 

supramolecular fibrils are further stabilized by intra- and intermolecular covalent cross-links (via 

aldol condensation and aldimine cross-links).2 Theoretical and molecular modeling studies 

suggest that intermolecular hydrogen-bonding interactions and permanent cross-links between 

the collagen fibrils are mainly responsible for the impressive mechanical properties and 

toughness of collagen.3 This supramolecular/covalent strategy is not only seen in collagen. Other 

examples include the self-assembly of tropoelastin into fibrous elastin, driven by lysine forming 

bi-functional and tetra-functional cross-links,4,5 and α-actinin forming cross-links between actin 

filaments.6 While this conjunction of supramolecular assembly and covalent reinforcement is 

widely observed in natural systems, it is much less explored in synthetic materials. 

Hydrogels mimic many aspects of soft tissues and offer the potential to be used as instructive 

biomaterials and structural implants, among many other biomedical applications. Yet, the 

applications of hydrogels are often limited by their mechanical properties, especially mechanical 

toughness. To overcome this limitation, several synthetic strategies for forming tough hydrogels 

are emerging and include double networks7,8,9, dual cross-linking (covalent bonds and H-

bonding)10, conjoined networks11, sacrificial H-bonding interactions12,13, force-triggered reactive 

strand extension14, and dense entanglements.15,16 Most strategies for tough hydrogels reported 

in the literature have homogenous mesh-like structures. In contrast, nature has extensively 

utilized one-dimensional (1D) supramolecular polymers, such as tropocollagen, microtubules, 

and actin filaments as powerful structural motifs for strong and tough tissues. In synthetic 

hydrogel design, little attention has been paid to mimicking the synergy of 1D self-assembly and 

covalent fixation as seen in nature. The Stupp group has introduced cross-links in a 1D 

supramolecular peptide amphiphile17,18; however, these hydrogels are soft (shear moduli ~1000 

Pa) and toughness has not been investigated. Burdick and coworkers also reported a tough 

hydrogel through tandem supramolecular and covalent cross-linking; however, the hydrogel is 

made up of a double network and lacks 1D self-assembly19. Despite these major advances, the 

tuning of toughness utilizing nature’s synergy of self-assembly and covalent cross-linking in 

synthetic fibrous hydrogels remains a challenge. 

Supramolecular and dynamic hydrogels are attractive candidates for three-dimensional (3D) 

printing with living cells20, due to the benefits of being biomimetic, mechanically tunable, self-

healing, and shear-thinning. The 3D bioprinting of hydrogels has been used to fabricate complex 

tissue-like structures such as heart valves21,22, vascular networks23,24,25,26, corneal domes27, and 

kidneys.28 Yet, balancing the dynamics of a hydrogel with stability and toughness has created 
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additional challenges toward bioprinting complex 3D life-like structures. Consequently, most of 

the bioinks developed are only marginally suited for extrusion bioprinting since they are highly 

viscous liquids29, can sediment cells at the bottom of ink cartridges, block the nozzle owing to 

fast UV cross-linking30, involve large pH shifts (for collagen hydrogels), or have 

supraphysiological levels of calcium ions (e.g., for alginate bioinks). Shear-thinning hydrogels 

have clearly been shown to increase cell viability during bioprinting,31 and this property has been 

rationally designed using dynamic covalent bonds32,33, and supramolecular host-guest 

interactions.34–36 Recent reports showed the engineering of shear-thinning behavior in 1D 

peptide amphiphile37 and short peptide bioinks;38 however, designing a synthetic biomimetic 

bioink with 1D self-assembled fibers that possess both shear-thinning and remarkable toughness 

remains a formidable challenge.  

To create a biomimetic, tough, and processable hydrogel, we took inspiration from nature’s 

conjunction of self-assembly and covalent reinforcement. We designed a benzene-1,3,5-

tricarboxamide (BTA) hydrogelator with norbornene (NB) functional handles that we surmised 

could self-assemble into 1D fibrils. We hypothesized that these biomimetic supramolecular 

assemblies could be fixed/cross-linked, ultimately leading to a tough hydrogel via intra- and 

inter-fiber cross-links. Via rheology and mechanical testing (compression and tensile), we 

discovered that the toughness, stiffness, and strength of the hydrogels could be tuned in 

biomimetic regions. Ultimately, this supramolecular-co-covalent strategy allowed the creation of 

remarkably tough 3D bioinks, which were explored for 3D printing of an in vitro cartilage tissue 

model. 

Results and Discussion 

Molecular design and NB BTA synthesis 

We designed the norbornene BTA (NB BTA) macromonomer by introducing norbornene 

functionalities on the two outer ends of a telechelic BTA polyethylene glycol macromonomer 

(Figure 1a). The hydrophobic nature of the norbornene, in combination with a dodecane 

internal spacer,39 was envisioned to provide a hydrophobic pocket upon self-assembly, while the 

poly(ethylene glycol) (20 kg/mol, PEG20K) would provide good water miscibility. The 

unsaturated norbornene would also serve as a functional handle on the macromonomer, 

enabling functionalization using the thiol-ene reaction. With a previously reported 

desymmetrization strategy40, the di-norbornene BTA synthon was readily obtained by 

desymmetrizing benzene-1,3,5-tricarbonyl tripentafluoroester (BTE-F5Ph) with two equivalents 

of 5-norbornene 2-methylamine (5NB-2MA) (Figure S1). The target NB BTA macromonomer 

was synthesized by covalently connecting two di-norbornene BTA synthon molecules to 

dodecane amine-terminated polyethylene glycol (20 kg/mol, PEG20K) (Figure S1). We 
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successfully synthesized the pure macromonomer (1H NMR in Figure S2) with an average 

molecular weight of ~23 kg/mol and dispersity of 1.2 (Đ, hydrogel permeation chromatography, 

Figure S3). Schematics of the NB BTA macromonomer, self-assembly, thiol-ene chemistry, and 

inter- and intra-fiber cross-linking using different thiol cross-linkers are shown in Figure 1 b–d. 

NB BTA aggregates to form fibrillar morphology  

The self-assembly of the NB BTA macromonomer was first investigated in an aqueous 

environment by dissolution in a minimal amount of methanol and assembly via injection into 

water. Utilizing the solvatochromic dye Nile Red41 as a reporter, we observed an increase in 

fluorescence, consistent with the formation of a hydrophobic pocket.42 The fluorescence 

intensity increased with increasing hydrogelator concentration from 1, 2, and 5 mg/ml, which 

suggested an increasing volume of hydrophobic pocket (Figure 2a). These fluorescence intensity 

wavelengths (λmax, ~620 nm) remained constant for all tested concentrations and was blue-

shifted compared to a PEG20K solution in water (Figure S4). The blue shift suggests a non-

polar environment, and the similar λmax pointed to a consistent strength of the hydrophobic 

pocket at all concentrations. These observations are in line with previously reported 1D fibrous 

Figure 1. Molecular structures of NB BTA and cross-linkers employed in the study. a) Chemical structure 
of norbornene functionalized NB BTA hydrogelator. Cartoon representation of NB BTA hydrogelator, 
proposed stacking of NB BTA molecules (middle) to form a fibril (right). b) Thiol cross-linkers utilized 
for cross-linking supramolecular assemblies. c) Reaction scheme for thiol-ene chemistry of norbornene 
and thiol. d) Schematic of the supramolecular hydrogel network (top left), after cross-linking with a short 
2-arm thiol cross-linker (top right), 4-arm thiol cross-linker (bottom left), and MMP sensitive 2-arm thiol 
cross-linker (bottom right). 
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BTA structures with aliphatic hydrophobic spacers, and gave us confidence that we had a well-

behaved supramolecular assembly within a range of accessible concentrations.40   

In order to gain structural information on this self-assembly, we investigated the self-assembled 

NB BTA macromonomer (at 10 mg/mL) with cryo-transmission electron microscopy (cryo-

TEM). Cryo-TEM revealed NB BTA superstructures, the size of which presumably points to 

the formation of bundled, parallel nanofibers in samples that had been aged between 16–24 

hours (Figure 2c and Figure S5). A single nanofiber measured approximately 1.5 nm in 

diameter, and the bundles varied between 15–60 nm in diameter. Next, an aged sample was 

examined after 30 days (5 mg/ml, Figure 2e). Immediately apparent are the high-aspect-ratio 

fibers formed in these samples. The NB BTA showed fiber bundles with diameters of 5 nm and 

15–50 nm, and the fingerprint-like bundles transitioned to well-defined fibers. The length of the 

nanofibers varied between a couple of hundred nanometers to a micrometer. Aging the samples 

further did not provide significant differences, as similar dimensions were observed after 270 

days (Figure S6).  

The self-assembled NB BTA retained the hydrophobic pocket and fibrillar 

morphology after cross-linking  

Having established hydrophobic formation and fibrous morphology, we next tested if the self-

assembled NB BTA structures underwent major changes to the hydrophobic pocket after being 

subjected to cross-linking conditions (2 mM LAP photoinitiator, 365 nm UV light and ~1 

mW/cm2 for 1–4 minutes). Using a short (8-atoms) di-thiol cross-linker, we cross-linked a dilute 

solution of the macromonomer. This cross-linked NB BTA displayed similar Nile Red 

fluorescence to the non-crosslinked controls both in intensity and λmax (Figure 2b). Neither red 

nor blue shift was detected, which suggests that the polarity of the hydrophobic pocket was not 

majorly affected by the cross-linking reaction.  The fixed supramolecular assemblies were further 

probed by cryo-TEM to examine any potential structural changes after the covalent cross-

linking. No changes were observed in the structure or fibrillar morphology on the micron and 

10s of nm scale.  (Figure 2d and Figure S5). With this knowledge in hand, we subsequently 

pursued uncovering the potential of these macromonomers as hydrogel materials. 

Formation and cross-linking of hydrogels from supramolecular NB BTA  

We investigated the ability of the NB BTA macromonomer to form hydrogels in water at 

different concentrations (2.5, 5.0, 7.5, and 10% w/v). Hydrogel formation was confirmed at all 

tested concentrations via the vial inversion test (Figure S7). The lower-concentration hydrogels 

were qualitatively soft and fragile with increasing stiffness upon increasing concentration. The 

NB BTA hydrogels were subsequently cross-linked with a short di-thiol. After equilibration at 

room temperature for ~2 hours, the hydrogels were cross-linked using a photoinitiator and UV-

light (LAP, 365 nm for 30–60 seconds, Figure 3a,b, Figure S7). Immediately we noticed that 

all concentrations transitioned from fragile samples to remarkably tough and stretchable 

(Movies S1–S4). These qualitative changes suggested successful cross-linking.  
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We then further investigated the macroscopic properties of the 5% (w/v) hydrogel before and 

after cross-linking with the short di-thiol at 1:1 ratio of [NB]:[thiol] (Figure 3). While both the 

non-crosslinked and cross-linked hydrogels were compressible, the cross-linked hydrogel 

showed immediate recovery upon removing the force (Figure 3c,d). The supramolecular 

hydrogel could be cut easily using a spatula and sharp blade (Figure 3e,g) while the cross-linked 

hydrogel required substantially more effort and was only severed after several cycles of aggressive 

cutting (Figure 3f,h and Movie S5). The cross-linked hydrogel resisted a considerable load 

when compressed with a spatula before cracking (Figure S8), while the supramolecular-only 

hydrogel was much more fragile. Furthermore, the supramolecular hydrogels (pre-crosslinking) 

were able to be extruded into uniform filament shapes (Figure 3i,k), indicative of good 

injectability and potential for 3D printing. After cross-linking, the originally weak filament could 

then be extended to 4.5 times (i.e., 450% strain) its original length before breaking (Figure 3j,l 

and Movie S6).  

The NB BTA hydrogel exhibited fibrous morphology 

Next, the internal structure of the supramolecular hydrogel before and after cross-linking was 

probed using cryo-TEM and cryo-SEM. One supramolecular hydrogel was diluted (a 5% w/v 

hydrogel diluted to 5 mg/ml) for cryo-TEM, which revealed fibers with a diameter of around 15 

nm and lengths of several hundreds of nanometers (Figure 2f and Figure S9). These diluted 

Figure 2. Self-assembly studies. a) Nile red fluorescence as a function of NB BTA concentration in water. 
b) Nile red fluorescence for cross-linked versus non-cross-linked (supramolecular) NB BTA solution at 5 
mg/ml. c) Nanofibres of NB BTA at 10 mg/mL as observed via cryo-TEM. d) the supramolecular 
structure is still observed after exposure to UV light (365 nm at ~1 mW/cm2) for cross-linking. e) 
Supramolecular fibers in dilute solutions at 5 mg/mL aged for 30 days showed nanofibre bundles with a 
diameter of around 5 nm. f) A dissolved supramolecular hydrogel (to 5 mg/ml) also showed bundles of 
fibrils around 10–15 nm in diameter.  
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supramolecular hydrogel structures closely resembled the aged supramolecular solutions seen in 

the dilute solution studies (vide supra). The bulk hydrogel microstructure was visualized using 

Figure 3. Cross-linking of the supramolecular hydrogel leads to strong, tough, and stretchable hydrogels. 
a, g) Optical image of NB BTA hydrogel at 5% (w/v) before (a) and after (b) cross-linking. c–h) Optical 
images of supramolecular and cross-linked hydrogel under extreme compression (c vs d), cutting using 
spatula (e vs f), and cutting using sharp blade (g vs h). i–l) Stretching of extruded supramolecular (i and k) 
and cross-linked filament (j and l). Supramolecular filament broke while cross-linked can be stretched to 
4.5× of its original length. m–o) The supramolecular hydrogel (50 mg/ml) showed anisotropic fibril 
morphology via cryo-SEM at low (m) and high (n) magnification, and the hydrogel aged for 30 days (o) 
showed aligned bundle of fibres. 
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cryo-SEM. The supramolecular hydrogel (5% w/v in water) showed bundles of fibers that 

appeared to be parallel (i.e., anisotropically aligned) (Figure 3 m,n and Figure S10). The 

supramolecular hydrogel retained this anisotropic alignment and bundled fibril morphology in a 

sample aged for 30 days at room temperature (Figure 3o and Figure S11). 

Tuning of the mechanical properties via concentration and cross-linker type 

With ample evidence for the impressive change in mechanical properties, and the conservation 

of supramolecular structure before/after cross-linking, we turned to the mechanical fine-tuning 

of these hydrogels. We hypothesized that mechanical tuning could be simply achieved via 

polymer concentration (2.5% to 10% w/v). Investigated with shear rheology (Figure 4a), the 

hydrogels possessed a rather large linear viscoelastic regime up to about 30% strain (Figure S12). 

The storage moduli increased monotonically with increasing polymer concentration, consistent 

with increased physical interactions between the fibers. Yet notably, the viscoelasticity 

diminished with increasing concentration. The crossover points during a frequency sweep, which 

reflects the dynamic nature of the supramolecular interactions, decreased from 34 rad/s for 2.5% 

to 0.25 rad/s and 0.01 rad/s for 5% and 10% NB BTA hydrogels, respectively (Figure 4a and 

Figure S12).  

After knowing the effect of concentration on the mechanical properties, we wished to explore 

the mechanical properties of cross-linked hydrogels. The in situ thiol-ene cross-linking was 

performed on the rheometer. Using a short thiol cross-linker in a 1:1 [NB]:[thiol] ratio, all 

formulations (2.5–10%) cross-linked quickly as indicated via a sharp rise in the storage modulus 

(below 10 seconds, 365 nm and ~10 mW/cm2 at 1% strain and 10 rad/s, Figure 4b). Under 

these conditions, the 2.5% (w/v) hydrogel was initially a viscous liquid, but gelled rapidly after 

cross-linking; its storage modulus increased 10-fold to 1 kPa. A two-fold increase in storage 

modulus was observed for 5% (w/v) and 10% (w/v) formulations, with final values of 7 kPa 

and 15 kPa, respectively. Looking into the cross-linked hydrogels further, they showed a plateau 

storage modulus across almost 4 orders of angular frequency, indicative of their elastic nature. 

Of considerable note, the plateau moduli for the cross-linked hydrogels are nearly identical to 

the high-frequency equilibrium storage modulus for the non-cross-linked hydrogels (Figure 4a,c 

and Figure S12). This equilibrium storage modulus is generally considered to be the modulus 

outside of the timescale of materials dynamics and is the modulus representative of the structure 

of the network. Observing identical moduli before and after cross-linking suggests that the 

network/structure stayed largely the same; it appeared that the cross-linking mainly shuts down 

the dynamics and does not alter the network topology heavily. Additionally, we also observed 

that the cross-linking does not change the self-assembled nanostructure when comparing cryo-

TEM images (in dilute solution; vide supra, Figure 2 and Figure S5).  

Subsequently, the molar ratio of the thiol cross-linker (0.25, 0.5, 1, and 2 equivalents) was 

explored as a handle to tune the mechanics of the hydrogel at a constant polymer concentration 

(5% w/v). All formulations were initially viscoelastic (Figure S13). However, the equilibrium 

storage moduli varied with the molar ratio of the thiol cross-linker: from ~4 kPa for the lowest 



Chapter VIII 

 

300 
 

and highest (0.25 and 2.0, respectively) molar equivalents, to ~8 kPa for 1 molar equivalent. 

Upon cross-linking the hydrogels followed the common trend in traditional covalent hydrogels 

of an increase in storage modulus with an increasing degree of cross-linking, until equimolar 

ratios, followed by a drop once the cross-linker is in excess; however, this trend was also 

observed in the pre-cross-linked samples. All of the hydrogels transitioned to being dominantly 

elastic after cross-linking (Figure 4d and Figure S13), and the equilibrium storage modulus of 

each formulation remained constant, again suggesting that the cross-linking did not significantly 

change the underlying hydrogel’s network. 

To probe the effect of cross-linking on the storage modulus, topologically more complex cross-

linkers were employed. We compared 5K-PEG-4-arm and 2K-PEG-2-arm variants, keeping the 

arm length roughly constant. We observed that the 4-arm PEG cross-linked slowly when 

compared to the 2-arm PEG during rheology. However, both exhibited a similar storage 

modulus of 4.5 kPa. The similar storage moduli between the two samples indicated that the extra 

topological cross-link in the 5K-PEG-4arm did not contribute significantly to the modulus of 

the hydrogel (Figure 4e and Figure S14) at low strains. This again suggests that the covalent 

network topology does not appreciably influence the storage modulus at low strains, prompting 

us to further investigate the effect of cross-linker length on mechanical properties.  

We then proceeded to explore the molecular length of the cross-linker and its influence on 

mechanical properties. In principle, a shorter cross-linker would preferentially form interfiber 

connections, while longer cross-linkers could form more interfiber cross-links. The hydrogels 

were cross-linked using di-thiols of varying lengths: short, 2K-PEG-2-arm, 5K-PEG-2-arm, and 

20K-PEG-2-arm. The molar ratio (1:1 of [NB]:[thiol]) and concentration (5% w/v) were kept 

constant in all cases. Each sample showed elastic behavior after cross-linking, and marginal 

changes in the mechanical properties were observed as a function of length. A delayed speed of 

cross-linking was observed with an increasing molar mass of the cross-linker, and the moduli of 

the hydrogels dropped stepwise from ~8 kPa for the short thiol cross-linker to 4 kPa for the 

20K-PEG-2-arm cross-linker (Figure S15). The experiments do not support an increase in inter-

fiber cross-linking with the higher lengths, yet do show that the mechanical properties are slightly 

perturbed by larger polymers. Again, the supramolecular hydrogels (before cross-linking) 

displayed similar equilibrium storage moduli to the cross-linked hydrogels(Figure S15a–c). 

These results further reinforced the observation that the shear moduli of the hydrogel 

formulations are not dependent on the covalent cross-linker as much as the initial 

supramolecular network formed.  

If the stress on the network is not transferred to the covalent bonds until high strains, the cross-

linker length series may be interesting for large deformations. We did start to observe a relative 

trend in the strain at break, increasing with increasing cross-linker length. The shorter cross-

linkers showed a gel-to-sol transition between 200 to 400% strain, while the longer cross-linkers 

could withstand up to 500% strain on the rheometer (Figure S15e). Since shear rheology 

becomes less accurate at high strains, we explored the mechanics in more depth with tensile 

testing. During uniaxial extension, the failure strain increased with increasing cross-linker length: 
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~225% for short, 425% for 2K-PEG, and 550% for 5K-PEG (Figure 4g–i).  Unfortunately, 

the 20K-PEG sample could not withstand the handling forces required to reliably fix the sample 

in the grips. Considering that the pre-cross-linked supramolecular hydrogel stretched very little 

(and could not withstand loading on the tensile tester), connecting the self-assembled structures 

through molecular bridges resulted in tunable stretchability correlated with the cross-linker 

length. We also observed that the tensile modulus was dependent on the cross-linker length with 

~25 kPa for the short cross-linker and ~5 kPa for both the 2K-PEG and 5K-PEG (Figure S16). 

Work of extension was around ~30 kJ/m3 for short and 2K-PEG cross-linkers, and ~55 kJ/m3 

for PEG5K cross-linker indicating that the longer cross-linker resulted in relatively higher strain 

energy at the breakpoint (Figure S16).  
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Figure 4. Mechanical properties of hydrogels before and after cross-linking. a) Supramolecular hydrogel 
storage moduli (G’, filled symbols) and loss moduli (G’’, open symbols) as a function of angular frequency 
at 2.5%, 5%, and 10% (w/v) NB BTA.  b) Evolution of (G’, filled symbols) and loss moduli (G’’, open 
symbols) over time for cross-linking of the supramolecular hydrogel when exposed to a UV-light source. 
c) Storage moduli (G’, filled symbols) and loss moduli (G’’, open symbols) as a function of the angular 
frequency of the cross-linked gels. d,e) Storage moduli as a function of the angular frequency of uncross-
linked and cross-linked hydrogels using different mole equivalents of short di-thiol crosslinker (d) and using 
2arm versus 4arm cross-linkers (e). f) Diffusion coefficients of supramolecular and cross-linked hydrogels 
using short di-thiol and PEG2K cross-linker remain similar before and after cross-linking. g–i) Stress-strain 
curves of the cross-linked hydrogels during a tensile test (g), and optical images of the short (h) and PEG 
5K (i) hydrogels during the test. j,k) Elastic modulus (j) and strain energy (k) calculated from the 
compression tests. l) Compression stress-strain curves of the cross-linked hydrogels until 90% strain loaded 
at 1 mm/min. m) Compression stress-strain curves for ramped cyclic loading of the 10% (w/v, 1:1 
NB/thiol) cross-linked hydrogel of varying strain loaded at 1 mm/min and released at 0.2 mm/min. The 
same sample was reloaded immediately for the next cycle without any waiting time. n, strain energy, 
relaxation energy and hysteresis energy calculated for each cycle in the graph (m). 
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Next, we wished to investigate these supramolecular/covalent hydrogels further using 

compression testing, in order to understand their ability to withstand the compression forces 

found in many load-bearing tissues. We first tested the supramolecular hydrogel, since this was 

precluded from the tensile testing. A 10% w/v supramolecular hydrogel was observed to have 

an elastic compressive modulus of 7 kPa, while the strength and strain energy at 90% strain was 

327 kPa and 30.49 kJ/m3, respectively (Figure S17). Then, after cross-linking (short di-thiol, 1:1 

ratio), this same sample exhibited a ~10-fold increase in elastic compressive modulus (90 kPa), 

a ~7-fold increase in strength (~2 MPa), and a ~6-fold increase in strain energy (180 kJ/m3, 

Figure 4j,k,l, and Figure S17). We also investigated the cross-linked hydrogel (using the short 

di-thiol) at 5% w/v with a 1:1 and 1:0.25 ratio of [NB]:[thiol] in order to probe both the effect 

of concentration and cross-link density. The elastic moduli were 20 kPa and 5 kPa and the 

compressive strengths were ~0.5 MPa and ~1 MPa for the 5% 1:1 and 1:0.25 hydrogels, 

respectively (Figure 4j,k,l). These results indicated the ability to tune the compressive moduli 

as a function of both the concentration of the macromonomer and the concentration of the 

cross-linker. Important for tissue engineering applications, these elastic moduli (between 5–90 

kPa) fall within the range observed for various native tissues,43 and the compressive strengths 

(~0.5–2.5 MPa) are within in the range of biological tissues such as cartilage44 and the human 

Annulus Fibrosus.45  

During these compression tests, we noticed that the supramolecular hydrogels exhibited 

pseudoplastic deformation (Figure S17, shown for 10% w/v), while none of the cross-linked 

hydrogels fractured even under 90% compression (Figure 4l). Visually, we observed elastic 

recovery rates corresponding to their moduli and cross-link density after these compression tests. 

Near instantaneous recovery was observed for the 10% (w/v, 1:1 [NB]:[thiol]), while the 5% 

(w/v, 1:1 [NB]:[thiol]) recovered ~ 93% of its original height in under 2 minutes and the 5% 

(w/v, 1:0.25 [NB]:[thiol]) recovered greater than 90% of its height in 20–30 minutes. This elastic 

recovery behavior can be expected since the covalent cross-links store energy elastically, and the 

elastic recovery can be enhanced with the increasing number of covalent cross-links.7 

Seeing this clear trend in elastic recovery after the compression test, the combination of 

supramolecular and covalent cross-links was investigated for their ability to effectively dissipate 

energy reversibly. Performing cyclic loading from 20–80% strain revealed that the 10% 1:1 ratio 

hydrogel had enhanced hysteresis (area between loading and unloading curves) with increased 

strain, consistent with an effective dissipation mechanism. The loading cycle curves matched 

well, demonstrating elastic recovery and no appreciable change in the elastic modulus was 

observed (Figure 4m). Interestingly, during a constant strain of 80% in three consecutive cycles 

without any lapse time, the maximum stress and strain energy remains the same (Figure 4n) and 

no softening was observed46, which usually occurs in classical double networks19 and hybrid 

hydrogels.7 The data suggested that the supramolecular interactions are disrupted with the 

applied strain, yet were able to rapidly and reversibly recover without rupturing covalent bonds. 

Furthermore, while individual molecules may pull out of fibers during high strain, fibril sliding 

(like in collagen fibrillar sliding1) could also contribute significantly to energy dissipation. During 
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this energy-dissipating rearrangement of the supramolecular polymers and network, the covalent 

bonds resist deformation by storing elastic energy and enabling elastic recovery. Using the above-

proposed mechanism, we could also rationalize the bimodal stress-strain response observed 

during compression: a compliant response at low strains and a stiff response at higher strains 

like the load-bearing soft collagenous tissues.47  

The supramolecular and cross-linked hydrogels showed similar diffusion 

coefficients 

So far, our experiments have suggested that the topology of the underlying supramolecular 

hydrogel network after cross-linking is not noticeable at low deformation, yet is only discernible 

upon the application of larger amounts of force or strain. To further understand the nanoscale 

structure before and after cross-linking, we surmised that the diffusion coefficient should also 

remain relatively constant if there are no significant changes to the low-strain moduli. We turned 

to fluorescence recovery after photobleaching (FRAP) experiments with two different dextrans 

sizes (3-5 and 70 kDa) to probe this hypothesis. No significant difference in diffusion coefficient 

was observed between the supramolecular NB BTA hydrogel and those samples cross-linked 

with short di-thiol or 2K-PEG (Figure 4f and Figure S18). We did observe the normal decrease 

in diffusion coefficient as a function of the dextran size. Our observations differ from traditional 

covalent hydrogels in which network density and topology typically influence the diffusion 

coefficient of analytes48; however, our strategy closely mimics Nature’s approach of cross-linking 

semi-flexible bundles of fibers with an open porous network without appreciable changes in the 

open structure.49 Our results point to a similar mechanism in these synthetic 

supramolecular/covalent materials. Altering the topology and connectivity of the network on a 

molecular level is only seen at higher forces and strains, yet still allows the free diffusion of 

analytes throughout the sample. 

The supramolecular and cross-linked hydrogels are self-healing   

With a biomimetic and tough hydrogel in hand, we then proceeded to investigate the self-healing 

capability of the NB BTA hydrogels. Mainly, could the supramolecular self-assembly still impart 

self-healing, and what were the limits when subjected to covalent bond formation? Furthermore, 

self-healing is an important property required for hydrogels to quickly reform the network and 

maintain shape fidelity in a variety of applications from reprocessable materials, to injectability 

and 3D printing. The supramolecular NB BTA hydrogels (5% and 10% w/v) showed self-

healing in under 2 minutes after cutting into two pieces and then pressing firmly together (Figure 

S19). More quantitatively, the self-healing of the networks was investigated using shear rheology 

and determined to be within a few seconds (Figure 5a and Figure S19). 

We subsequently determined the ability of hydrogels cross-linked with short di-thiols to self-heal 

after 2 and 24 hours (5% w/v with di-thiol 0.5, 1, and 2 equivalents, Figure S20 and 21). The 

hydrogels were cut into two pieces, which were then manually re-joined. While the 1-mole 

equivalent provided little resistance to separation (Movie S8), the 2-mole equivalents (Movie 
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S9) provided relatively more resistance. The sample with 0.5-mole equivalents offered the most 

resistance and required repeated mechanical stretching to separate the two pieces (Movie S7). A 

similar trend was observed for longer time points; however, the self-healing was slightly more 

pronounced after 24 hours and required more force to disrupt cohesion. The self-healing 

behavior of the cross-linked sample can be attributed to the reversible supramolecular 

associations of NB BTAs; however, it is worth noting that all samples eventually broke at the 

original defect. The samples with 0.5 and 2 molar equivalents likely showed better self-healing 

due to fewer covalent cross-links and more mobility of the supramolecular macromonomers 

within the hydrogel.  

Finally, we investigated the self-healing of the hydrogels using shear rheology of cross-linked 

hydrogels at 2.5%, 5%, and 10% (w/v) with an equimolar amount of short cross-linker (1:1 

[NB]:[thiol]). In contrast to qualitative self-healing, the shear rheology showed near-

instantaneous self-healing/recovery. We also tested the longer cross-links (2K-PEG-2-arm, 5K-

PEG-2-arm, and 20K-PEG-2-arm) and found rapid self-healing (Figure S22). In line with 

previous experiments, we find that self-healing kinetics on the rheometer do not translate well 

into macroscopic self-healing of hydrogel monoliths. 

The NB BTA supramolecular hydrogels exhibited shear-thinning properties  

Shear-thinning behavior is highly beneficial to engineers in hydrogels for injectability and 

bioprinting. The NB BTA hydrogel at 10% and 5% (w/v) shows almost a linear decrease in 

complex viscosity with increasing shear rate and reached 30 Pa s and 8 Pa s, respectively, at shear 

rates of 6 Hz (Figure 5b and Figure S23). A continuous flow sweep also showed a continuous 

decrease in viscosity with an increasing shear rate (Figure S23). These rapid shear-thinning 

properties can be attributed to fast exchange rates (i.e., low lifetimes) of NB BTA molecules 

between fibers. This shear-thinning and self-healing forecasted a promising potential for these 

hydrogels in injectable and 3D bioprinting applications.  

The NB BTA hydrogel is injectable and creates anisotropically aligned fibers after 

injection and cross-linking  

Knowing that the NB BTA hydrogel exhibits good self-healing and shear-thinning, we next 

moved to investigate the injectability of the hydrogel and the post-injection hydrogel 

morphology. For both the 5% and 10% (w/v) hydrogels, manual injection with a 22-gauge 

needle led to the extrusion of continuous filaments with good shape fidelity (Figure S23 and 

Movie S5). Overall, the 5% hydrogel provided easier injection (less pressure) and more 

continuous fiber formation upon injection compared to the 10%. These hydrogels can also be 

shaped upon injection; we were capable of extruding different institute names (BIOMATT, 

MERLN, CTR) by hand (Figure S23).  

The micron-scale structural features of the extruded hydrogels were investigated after injection 

and before/after cross-linking using cryo-SEM. The extruded supramolecular hydrogels showed 

anisotropically aligned bundles of fibers that were more compact and strongly bundled when 
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compared to the non-extruded supramolecular hydrogel (vide infra, Figure 5e, and Figure S10). 

After cross-linking, the fiber bundles were slightly distorted, yet were largely retained as in 

previous experiments. Of note, during the sample preparation for cryo-SEM, the cross-linked 

hydrogel took a large amount of force to break, which could result in the observed non-uniform 

and distorted structures (Figure 5f and Figure S10).   

The NB BTA can be used as a biomaterial ink for the 3D printing of a cartilage 

structure  

After establishing that syringe-extruded hydrogel retained an aligned bundle morphology, 

hydrogels at 5% and 7.5% (w/v) were tested for 3D printing using pressure-based extrusion. 

The hydrogel at 5% (w/v) displayed more continuous and uniform filaments compared to the 

7.5% (w/v) hydrogel. The applied pressure to extrude 5% was 90 kPa compared to the 200 kPa 

required for 7.5% (w/v) using a 22 gauge conical nozzle, while the field knows that high 

pressures can impact cell viability.33 Correspondingly, hydrogels at 5% (w/v) were used for 3D 

printing of a single filament, a grid-like structure, 6 layers of a hollow cube, a hexagonal structure, 

and then 8 layers of a circular hollow tube (Figure 5g–i). All of the structures were printed with 

uniform filaments and retained their shapes post-printing. Subsequently, a solid-tissue-like 

structure was printed, namely a 3D model of a human meniscus. The meniscus was chosen given 

the hydrogel’s toughness and fast elastic recovery. A meniscus cartilage model (meniscus shape, 

15 x 17 mm, 6 layers, and rectilinear infill pattern) was 3D printed (using the 5% (w/v)) into 

several meniscus shapes (Figure 5 j, k and Figure S24); in all cases, the hydrogel printed easily, 

the transitions from thick to thin edges were made smoothly, and the hydrogel shape remained 

stable post-printing.  

Next, we investigated the effect of cross-linking on the resolution, retention of fine structural 

details, and mechanical robustness during printing. A meniscus was 3D printed using the 5% 

(w/v) hydrogel with the short di-thiol cross-linker. The hydrogel was cross-linked by irradiation 

using 365 nm UV-light from 30–60 seconds between each layer (Figure 5l,m and Figure S25). 

The 3D printed and cross-linked hydrogels retained fine details of the 3D cartilage model when 

compared to the supramolecular hydrogel (vide supra). To demonstrate toughness, the printed 

cartilage model was placed between two glass plates, and a student weighing 60 kg was placed 

on the plates for 30 seconds repeatedly (three times). After unloading, we observed that the 

hydrogel did not break and recovered more than 90% of its original height within 5 minutes 

(Figure 5p–r).  

Tissues and especially tissue interfaces are rarely uniform. They often possess spatial gradients 

of mechanical properties; for example, the stiffness increases in cartilage tissue from the 

superficial soft zone to the calcified deep zone.43 In line with this reality, we wondered if this 

platform could enable zonal gradients by printing using a layer-by-layer approach. Utilizing the 

self-healing capacity of our hydrogels, along with the knowledge that the equilibrium storage 

modulus can be tuned by changing cross-linker mole equivalents (vide supra), we aimed to create  
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Figure 5. Shear-thinning, self-healing, injectability and 3D printability of NB BTA hydrogel. a) a self-
healing rheology test showed recovery of the storage modulus before and after rupturing the gel network 
indicating rapid self-healing behaviour. b) Decrease in complex viscosity with increasing shear rate showed 
shear-thinning behaviour of the hydrogels. c) Extruding of supramolecular hydrogel (5% w/v) into a 
continuous uniform fibre with 1 equivalent short thiol crosslinker and 2mM LAP photoinitiator. Extruded 
fibre was crosslinked using 365 nm UV-light. d) Cross-linked fibre was observed to be strong and 
stretchable. e, f) Cryo-SEM images of non-crosslinked (e) and crosslinked (f) hydrogels after extruding 
through 22 gauge syringe showed fibril morphology before and after crosslinking. g–i) Supramolecular 
hydrogel extruded into single filament (g), hexagonal (h), and hollow tube structures (i). j, k) Hollow (j) and 
solid (k) Meniscus cartilage model 3D printed using supramolecular hydrogel. l,m, Meniscus cartilage model 
printed with 5% hydrogel, then crosslinked after printing each layer. n, o) Cartilage model printed with 5% 
hydrogel with inks with different equivalents of thiol crosslinker. Green ink (top part in n and bottom part 
in o) has 1:1 ratio of NB to thiol and clear ink (bottom part in n and top part in o) has 1:0.5 ratio of NB to 
thiol. p–r) Meniscus cartilage model recovery before (left) and after (right) 60 kg of weight exerted three 
times. s) Schematic of 3D printing of cartilage model using extruding printer. 
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a prototype of a zonal construct. Toward this aim, we created a NB BTA cartilage model with 

two different moduli by varying the short thiol cross-linker ratio while keeping the NB BTA 5% 

(w/v) constant. The different biomaterial inks were deposited at different sites on the cartilage 

model to show that the inks can be deposited spatially with desired mechanical properties. The 

printed gradient was then cross-linked as a single solid entity without any discontinuities or 

cracks (Figure 5n,o).  

Cross-linking with matrix metalloproteinases (MMPs) enzyme-sensitive cross-

linkers enables a degradable and dynamic hydrogel  

So far, all the hydrogel formulations created within this study result in biomimetic, but not 

biodegradable constructs. An appealing approach would be to create a degradable cross-linker, 

which can impart cell-responsive degradability to the hydrogel. Consequently, we moved to 

develop cross-linked hydrogels using an MMP-sensitive di-thiol cross-linker. We used a CGDG-

VPLSLYSG-GDGC cross-linker, which is susceptible to degradation upon exposure to MMP2 

and MMP9 enzymes. This peptide cross-linker led to successful hydrogel formation, and we first 

studied the hydrogel degradation using type IV collagenase in DMEM (comprised of MMP-2 

and MMP-9). The hydrogel with the MMP-sensitive cross-linker degraded within 10 days (100% 

mass loss), while even after 20 days, the non-degradable hydrogels was a maximum of 10% 

weight loss; a hydrogel cross-linked using a 1:1 ratio of MMP-sensitive:non-degradable cross-

linkers exhibited approximately 20% mass loss. We further observed that degradation was 

delayed when the media had fetal bovine serum (FBS, 10% by volume, Figure S26), perhaps 

due to reduced activity of MMP2 and MMP9 in the presence of FBS. Taken together, these 

findings show that the incorporation of MMP sensitive cross-linker into the NB BTA hydrogels 

leads to a reversibly dynamic hydrogel for creating a reversibly dynamic hydrogel, of which 

degradation rate can be partially controlled via the mixing of cross-linker types. 

The NB BTA hydrogels maintained cell viability in bulk, after injection, and during 

bioprinting 

 To evaluate the bioprintability of the NB BTA hydrogels, relevant to tissue engineering 

applications, we determined the cell viability of printed cell-laden hydrogels. Towards this aim, 

we chose to work with ATDC5 chondrocytes, a widely studied cell type for cartilage tissue 

engineering and cartilage-like matrix production. ATDC5s were encapsulated within the NB 

BTA hydrogels (5% w/v) and cell viability was observed in the supramolecular hydrogel before 

and after cross-linking (1:1 NB/thiol, schematically shown in Figure 6a). After 2 hours, the 

hydrogels were stained with calcein-AM (green=live cell) and ethidium homodimer (red=dead 

cell) to determine cell viability. Quantification of the cells showed that >80% of cells were alive 

after 2 h in both the supramolecular and cross-linked hydrogel (Figure 6b,c, and Figure S27). 

Similar cell viability (>80% by numbers and >90% of the total cell area) between the 

supramolecular and cross-linked samples demonstrated that exposure to the cross-linking 

conditions did not detrimentally affect the cell viability.  
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Many studies have shown that shear-thinning and self-healing hydrogels protect cells from shear 

stresses during injection and extrusion bioprinting,31,32,50 so we investigated the NB BTA 

hydrogel as a potential injectable cell carrier. ATDC5 cell-laden hydrogels (4% w/v) were 

extruded manually (using hand pressure) through a 22 gauge syringe (ID=0.41 mm, schematically 

shown in Figure 6a) and cell viability was determined before and after cross-linking. We 

observed that >80% via cell counting and >90% via cell area were alive before and after cross-

linking; this result suggested that cells remained highly viable in the NB BTA hydrogel after 

extrusion and the post-extrusion cross-linking did not decrease cell viability (Figure 6d,e, and 

Figure S27).  

After demonstrating that the NB BTA hydrogel was a suitable carrier for cell viability and 

extrusion, we investigated bioprinting of a complex meniscus shape. Bioprinting (4% w/v) the 

same meniscus shape as above, yet now using ATDC5 chondrocytes, allowed the determination 

of cell viability by staining with a live-dead assay at day 1, 5, and 11. We observed that the cells 

remained highly viable (green color: live cells) through day 11 (Figure 6 g–j), providing 

confidence to pursue further bioprinting studies with this material. 

The NB BTA hydrogel supported primary cartilage-specific proteins in a bioprinted 

construct 

Finally, we studied the potential of the biomimetic and tough NB BTA hydrogel with controlled 

degradability for the differentiation of human mesenchymal stem cells (hMSCs) towards the 

chondrogenic lineage in a bioprinted scaffold. Here we chose to use hMSCs spheroids (mini 

tissue blocks, schematically shown in Figure 6f) as they are a promising platform for 

chondrogenic differentiation and have widespread therapeutic potential. Uniform hMSC 

spheroids were produced using a micro-molded non-adhesive agarose hydrogel, then the 

produced spheroids were bioprinted in the 4% w/v NB BTA hydrogel in a meniscus shape. In 

this study, we chose to study a partially (half MMP sensitive and half short di-thiol cross-linker) 

and non-degradable (fully short di-thiol) cross-linked hydrogel in order to study the degradation 

capabilities of the bioprinted constructs. The spheroids remained stable and maintained their 

near-spherical morphology in both hydrogels; however, we did observe some elongation of the 

spheroids in the fully short di-thiol hydrogel, likely due to shear forces during extrusion (Figure 

6l and Figure S29). The bioprinted constructs were cultured under both basic and chondrogenic 

differentiation conditions through day 28. The short di-thiol cross-linked hydrogel stayed stable 

for 28 days in both the basic and chondrogenic media cultures at 37 °C; however, the hydrogel 

partially cross-linked with MMP-sensitive cross-linkers degraded in 14 days in the chondrogenic 

differentiation media and 21 days in the basic media (Figure 6o and Figure S29,30). 

Degradation of these MMP-sensitive constructs in the presence of hMSCs spheroids indicated 

that the hMSCs were actively secreting MMP2 and MMP9 enzymes. 

We then investigated the cartilage-specific protein production, i.e., collagen II in the surviving 

constructs. The presence of collagen II was observed clearly after day 28 in culture and indicated 
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the in vitro maturation and chondrogenic differentiation of the hMSCs (Figure 6n–r and Figure 

S31). We also observed a small amount of collagen I after day 28 in culture, usually on the outer 

edge of the spheroids Figure 6m,q. In the negative control sample (after 28 days in basic 

medium), immunostaining did not show collagen II, and a limited amount of collagen I was 

observed (Figure S31). Overall, these results showed that the hMSC spheroids successfully 

produced collagen II, a cartilage-specific ECM protein, in the bioprinted NB BTA hydrogel 

scaffolds, and that the spheroids stayed stable and functional in the bioprinted constructs.  

Outlook  

Nature has extensively utilized the synergistic effect of combining 1D supramolecular fibril 

assembly with covalent cross-linking for designing materials with unique mechanical properties. 

Figure 6. Cell viability after injectability and in 3D bioprinted hydrogels. a) Schematics representing bulk 
hydrogel and injectability method employed for cell viability in b–e. b, c) Live-dead images of ATDC5 
chondrocytes in supramolecular and cross-linked hydrogel after 2 hours. Green colour represents live cell and 
red colour represents dead cell. d, e) Live-dead images of ATDC5 chondrocytes in after injectability through 
22 gauge after 2 hours of injection. f) schematics representing 3D bioprinting of chondrocytes and hMSC 
spheroids employed in  g–j and l–r, respectively. g) Visual image of NB BTA hydrogel bioprinted cartilage 
construct. Cartilage model was printed using 22 gauge and with ATDC5 encapsulated. h–j) live-dead images of 
cartilage model from day 0 until day 11. k) hMSC spheroids retains spherical morphology after mixing in NB 
BTA hydrogel. l–n) hMSC spheroid image (l) and immunostaining for collagen I (m) and collagen II (n) after 
1 day of culture in hydrogel. n, macroscopic hydrogel (crosslinked using short di-thiol) picture after 28 days in 
culture under chondrogenic differentiation conditions. p–r) hMSC spheroid image (p) and immunostaining for 
collagen I (q) and collagen II (r) after 28 days of culture in hydrogel.  
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Our findings suggest this ubiquitous, yet overlooked, strategy may be highly relevant in the 

design of synthetic biomaterials. Herein, we designed a synthetic hydrogel that combined the 

synergism of supramolecular assembly (first step) and covalent cross-linking (second step). The 

hydrogel mimicked the fibrous architecture of the native ECM, and the cross-linking of 1D 

supramolecular assemblies allowed tuning of the mechanical properties without affecting the 

fibrous morphology or diffusion of sample analytes through the material. Notably, the hydrogel 

platform allowed for tuning of the stiffness (5–100 kPa), toughness (50–180 kJ/m3), and strength 

(0.5–2 Mpa) of the hydrogels. The NB BTA hydrogel also exhibited room temperature recovery 

during ramped cyclic loading tests (between 20–80% strain), and no softening was observed. 

These NB BTA hydrogels were highly stretchable to ~550% strain and exhibited excellent shear-

thinning, self-healing, and injectable properties. The reversible self-assembly in the 

supramolecular hydrogel enabled extrusion and 3D bioprinting, while the thiol-ene modification 

offered instantaneous cross-linking to retain sharp features on the printed construct. The 

supramolecular hydrogel can be 3D printed in many types of shapes ranging from a single 

filament to a complex cartilage model with good shape fidelity, with and without secondary 

cross-linking. Furthermore, the NB BTA hydrogel allowed the 3D printing of gradient, yet 

cohesive, structures with distinct mechanical properties such as stiffness and toughness, and can 

remove the need to print different materials with different cross-linking mechanisms for each 

bioink. While tough supramolecular hydrogels have been reported before, this is the first 

synthetic 1D fibrillar and tough supramolecular hydrogel with the capacity to be bioprinted into 

complex 3D structures. The NB BTA hydrogel exhibited excellent biocompatibility with 

chondrocytes (ATDC5) and supported hMSC differentiation to produce cartilage-specific 

proteins. In addition, just like in the natural ECM, we were able to engineer cell-mediated matrix 

degradation and remodelability by cross-linking with MMP cleavable peptide cross-linker.  

Our approach opens up a conceptual framework to tailor supramolecular interactions for the 

design of nanoscale architecture, followed by covalently (but reversible or degradable) fixing the 

hierarchical structure. This strategy provides access to supramolecular assemblies for obtaining 

biomaterials with desired structures and mechanical properties previously unattainable by only 

supramolecular or covalent network strategies. Our approach thus can be generalized to build a 

1D fibrous structure with a given set of structure-property relationships and can be expanded 

not only into the design of hydrogels within bioinks and biomaterials but also in numerous other 

applications where strength and structure are needed. For example, this approach can likely be 

generalized to other supramolecular polymers and allows access to harnessing the specificity and 

reversibility of supramolecular interactions to design novel materials with unique architectures, 

multiple functionalities, and mechanical properties. Specific to bioinks, the design of modular 

inks with controlled structure, tunable mechanical properties, and 3D bioprinting for creating 

spatiotemporal mechanical and biological gradients will be an exciting, challenging, and essential 

future step.  
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Methods  

Materials 

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Bicyclo[2.2.1]hept-5-

en-2-ylmethanamine, also known as, 5-Norbornene-2-methylamine, a mixture of isomers, was 

purchased from TCI Chemicals. Silica gel (precoated 0.25 mm, 60-F254) was purchased from 

Merck. N, N-Diisopropylethylamine (DIPEA) used in the desymmetrization reaction was dried 

using sodium hydroxide pellets.  

Synthesis of bis-norbornyl amide mono-pentafluoroester BTA precursor 

(perfluorophenyl 3,5-bis((bicyclo[2.2.1]hept-5-en-2-ylmethyl)carbamoyl)benzoate 

The bis-norbornyl amide mono-pentafluorphenyl ester was synthesized according to our 

previously published protocol and reproduced for this study.40 In a dry, round-bottom flask, 

maintained under a nitrogen atmosphere tris(perfluorophenyl) benzene-1,3,5-tricarboxylate (510 

mg, 2.2 mmol, 1 equiv.) was dissolved in 40 mL anhydrous dichloromethane (DCM). The above 

solution was cooled in a water-ice bath for 20 minutes and then a solution of anhydrous N, N-

diisopropylethylamine (DIPEA) (376 µL, 2.2 mmol, 1 equiv.) in 18 mL anhydrous DCM was 

added into the reaction flask. Next, a solution of bicyclo[2.2.1]hept-5-en-2-ylmethanamine (186 

µL, 1.45 mmol, 0.67 equiv.) in DCM (36 mL) was added drop-wise to the reaction flask in 

approximately 20 minutes under nitrogen atmosphere. The reaction was stirred for 2 hours at 4 

ºC, after which the reaction mixture was vacuum-dried to remove excess solvent. The precursor 

molecule (perfluorophenyl 3,5-bis((bicyclo[2.2.1]hept-5-en-2-ylmethyl)carbamoyl)benzoate) 

(from crude) was separated on silica gel using eluent DCM/acetonitrile (92.5/7.5) by volume. 

The product was obtained as a white powder in a 52% (222 mg) isolated yield, and the 1H NMR 

matched the previous report.40  

PEG20K-bisamino dodecane synthesis 

PEG-bisamino dodecane was resynthesized according to our previously published protocol40. 

Briefly, in the first step CDI activated PEG20K was synthesized by using bishydroxy PEG20K 

and carbonyldiimidazole (CDI). In the second step, the polymer solution was added dropwise 

to the excess solution of 1,12 diaminododecane for creating PEG20K-Bisamino dodecane. The 

final polymer was precipitated in excess diethyl ether and characterized using 1H NMR.  

NB BTA macromonomer  synthesis and characterization 

In a dry, round-bottom flask, the BTA precursor (perfluorophenyl 3,5-bis((bicyclo[2.2.1]hept-5-

en-2-ylmethyl)carbamoyl)benzoate) (0.25 g, 0.43 mmol, 1.1 equiv) was dissolved in 10 mL 

anhydrous DCM and DIPEA (101 µL, 0.6 mmol, 1.5 equiv) was added into the reaction flask. 

Subsequently, PEG bisaminododecane (4 g, 0.4 mmol, 1 equiv.) solution, dissolved in anhydrous 

DCM (10 ml) by vigorous stirring, was added dropwise to the reaction flask.  The reaction 

mixture was stirred for 40 hours at room temperature (~20 °C) under a nitrogen atmosphere. 
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Excess solvent was removed in vacuo and the crude reaction mixture was precipitated in excess 

cold diethyl ether twice and NB BTA macromolecule was obtained as a white powder in 98% 

yield (3.9 g). A second purification was done by dialyzing the sample in methanol against 

methanol to remove any unreacted small molecule impurities and the target compound was NB 

BTA obtained in 93% yield (2.8 g out of 3 g). Gel permeation chromatography (GPC) analysis 

showed a molecular weight of around 23000 g/mol with a Đ of 1.2. 1H NMR shows that 

macromonomer is pure. H 1NMR and GPC characterizations are shown in Figures S2 & 3. 

Self-assembly studies sample preparation for Nile red and cryo-TEM 

NB BTA (1 mg, 2 mg, and 5 mg) was weighed and dissolved in 50–100 μL methanol with the 

help of heating using a heat gun. The NB BTA solution in methanol was either injected into 

water or water was added to the methanol solution, and the final volume of the solution was 

adjusted to 1000 μL (1 mL). The solution was heated (until it become opaque using a heat gun) 

and vortexed. The same procedure was repeated two times and then the NB BTA solution was 

placed on a heating plate maintained at 80 °C. The temperature was turned off for gradual 

cooling of the NB BTA solution to room temperature. The NB BTA solution was aged 

overnight (16–20 hours) at room temperature before investigating Nile Red and cryo-TEM 

studies.   

For cross-linking NB BTA self-assemblies,  NB BTA at 5 mg/mL was dissolved in 50–100 μL 

and then the total volume was adjusted to 900 μL. A similar heating, vortexing, and cooling 

procedure was repeated as above for supramolecular solutions. After overnight (16–20 hours) 

aging of NB BTA solution at room temperature, LAP photoinitiator and cross-linker solutions 

in Milli Q water were added and the total volume was adjusted to 1000 ul.  LAP final 

concentration was 2mM and NB to thiol was in a 1:1 equimolar ratio to the number of 

norbornene groups. The solution was cross-linked in a 365 nm UV oven at ~1mW/cm2 for 1–

4 minutes.  

Nile red  
For Nile red studies, a 200 µl sample was taken from the solutions prepared above for 

supramolecular assemblies at 1 mg/mL, 2 mg/mL, and 5 mg/mL, and 3 μL Nile red solution 

(from a stock solution of 315 μM) was added to adjust final Nile red concentration to 5 μM. The 

samples, protected from light, were left at RT for a minimum of 30 minutes and fluorescence 

was recorded using a ClarioStar plate reader (BMG LabTech) nm) at excitation wavelength 500 

nm and emission wavelength 550–740 nm.  

Similarly, for the cross-linked sample at 5 mg/mL, after exposure to UV, 3 μL Nile red solution 

was added to 200 µl of NB BTA solution prepared above and incubated for a minimum of 30 

minutes. Nile red final concentration was 5 μM. The supramolecular NB BTA sample without a 

cross-linker was used as a control and also has a Nile red final concentration of 5 μM.  
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Cryo-TEM 

NB BTA sample was prepared either at 5 mg/ml or 10 mg/ml in water as described above in 

the self-assembly sample preparation section. The cryo-TEM experiments were performed on a 

FEI Technai 20. The grid preparation, sample vitrification, and imaging procedure was 

performed as described in the study40.   

Cryo-SEM 

Hydrogel samples were made in water at 4% and 5% (wt) using the heating-cooling procedure 

described below in the hydrogel formation section. We used high-pressure freezer planchettes 

to embed the hydrogel sample and the hydrogel sample was cooled in liquid Ethane (−18 °C). 

Very quickly, the sample was transferred to liquid nitrogen (-196 °C) and freeze-fractured by 

pulling the planchettes inside the liquid nitrogen bath. Using a vacuum cryo-transfer shuttle of 

the SCIOS system, the specimen carrier was transferred to the CRYO-SEM (SCIOS from FEI) 

and cooled to −187 °C. The sample was sputter-coated using an in-built platinum coater. The 

cryo-scanning electron microscope was operated at an accelerating voltage of 2 kV. 

Hydrogel formation 

NB BTA hydrogelator as solid polymer was weighed and added in a clear glass vial (size of 2–4 

mL) and milli-Q water was added to adjust concentration to either 2.5% w/v, 5% w/v, and 10% 

w/v. Briefly, for 5% w/v, 10 mg of NB BTA hydrogelator was weighed in a glass vial and 200 

µl of water was added and heated until the solution become opaque, due to the lower critical 

solution temperature (LCST ~80 ºC) of the PEG20K. Next, opaque solutions were vortexed. 

The same procedure was repeated twice. The hydrogel was centrifuged at 2000 g for around 10 

minutes to ensure any residues on the glass walls settled down at the bottom of the glass vial. In 

the last step, the gel was cooled with a controlled decrease in temperature: the hydrogel mixture 

was placed on a heating plate set to 80 ºC and the temperature was turned off and the hydrogel 

gradually cooled to lab temperature set to ~20 °C.  

For cross-linked hydrogels, the hydrogel was made initially at a higher concentration and aged 

overnight. The next day photoinitiator (LAP) and short thiol cross-linker solution were added 

to adjust the final concentration to 2.5%, 5%, and 10% w/v. For example, for 5% w/v and 1:1 

ratio of norbornene to thiol for a short cross-linker, 10 mg were dissolved in 125 µL water (4 

mM, 8% w/v initial concentration,) and the hydrogel was made with the above-described 

procedure heating, vortexing, and aging overnight. Then 25 µL of 38 mM of short thiol cross-

linker, 25 µL of 16 mM of LAP photoinitiator solution, and 25 µL of Milli-Q water was added 

to adjust the final concentration of hydrogelator to 2.4 mM (5% w/v), LAP to 2 mM and short 

thiol final concentration to 4.7 mM. The hydrogel was broken and thoroughly mixed with the 

LAP and cross-linker solutions and the hydrogel was then equilibrated between 1–3 hours before 

cross-linking for uniform distribution of cross-linker. 
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For 2K, 5K, and 20K PEG di-thiol cross-linkers, the same above procedure was repeated and 

for equimolar concentration, the required mass of the cross-linker was weighed; for example, 2.1 

mg 2K di-thiol was weighed and to which 50 µL milli-Q water and 25 µL of 16 mM of LAP 

photoinitiator solution was added for adjusting concentration (mM) values as described above. 

The rest of the procedure was the same for making a hydrogel. For MMP-sensitive hydrogels, 

the cross-linker CGDGVPLS↓LYSGGDGC was used. The peptide cross-linker 1.4 mg was 

dissolved in 50 µL Mili-Q water and 25 µL of 16 mM of LAP photoinitiator solution. For 

different ratios of NB to thiol, mole equivalents and the concentration of cross-linkers were 

adjusted accordingly.  

Rheology 

Rheological measurements were performed using a DHR-2 rheometer (TA instruments). We 

used 20 mm cone-plate geometry with a 2.002° angle. All measurements were performed at room 

temperature (~20 °C). For removing any mechanical history, a rejuvenation protocol was 

performed, which was composed of strain amplitude sweep until 400–1000% strain (at frequency 

1 rad/s) for rupturing the network followed by time sweep (at 1% strain) for observing aging 

kinetics. Oscillatory strain amplitude sweeps from 1 to 1000% were carried out at an angular 

frequency of 1 rad/s. A frequency sweep was performed at 1% oscillation strain ranging from 

0.1 rad/s to 627 rad/s. Self-healing measurements, in the first step, the hydrogel network was 

ruptured at 400% strain followed by the recovery phase at 1% strain. A minimum of 3 cycles 

were done for the self-healing test. Cross-linking of hydrogel was performed in a time sweep at 

1% strain and 10 rad/s using UV light intensity of approximately ~10 mW/cm2.  

Uniaxial compression tests 

All uniaxial compressive tests were performed at room temperature using the Shimadzu AGSX 

universal mechanical testing instrument equipped with a 500 N load cell. Hydrogel specimens 

for mechanical testing were prepared using cylindrical-shaped PDMS molds with a diameter of 

10 mm and height of 2 mm or a diameter of 8 mm and height of 3 mm. The round PDMS mold 

was placed inside 12 well plates and then the mold was filled with hydrogel using a spatula. The 

well plate was covered with the lid and centrifuged at 3000g to remove any possible trapped air 

bubbles. The well plate lid was covered with parafilm and stored overnight in the fridge at 4 ºC 

before testing to avoid any water evaporation A preload force of 0.01–0.2 N   was applied to 

ensure good contact between hydrogel and compression plate. Each sample was deformed to 

90% strain at a constant strain rate of 1 mm min−1. Cross-linked hydrogel tests were carried out 

in triplicate and supramolecular gel at 5% w/v and 10% was done in duplicate. Elastic modulus 

was calculated as the slope of the stress-strain curve between either 0–10% or 0–20% strain 

region since correlation stays linear. 
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Cyclic compression tests 

To characterize the mechanical behavior of the materials in the loading condition close to the 

working conditions and to evaluate the reversible behavior of hydrogels and their ability to 

recover, besides the compression measurements, multiple cyclic loading-unloading compression 

experiments were performed using the Shimadzu AGSX universal mechanical testing instrument 

equipped with a 500 N load cell. The specimens were compressed to 20% of the initial height in 

the first cycle at a deformation speed of 1 mm min−1 and then released immediately at the velocity 

of 0.2 mm min−1. Then, the strain progressively increased to 40, 60 and 80 % in the following 

cycles. Moreover, three cycles of compression were applied from 0% to 80% strain. Strain energy 

and relaxation energy were calculated from the areas under the curve and  

Uniaxial tensile tests 

All uniaxial tensile tests were performed at room temperature using the Shimadzu AGSX 

universal mechanical testing instrument equipped with a 500 N load cell. Hydrogel samples were 

prepared in dog bone PMMA molds (dimensions L= 26 mm, W= 2 mm, D= 4 mm). All the 

tensile tests were repeated at least 3  times and each hydrogel was stretched at a strain rate of 5 

mm min−1 until failure. 

Fluorescence recovery after photobleaching (FRAP) 

Hydrogels of 200 uL in volume were prepared in 4-chamber 35 mm glass-bottom dishes 

(D35C4-20-0-N, Cellvis), 1 mL of FITC-labelled dextran solution (3-5 or 70 kDa at 0.1 mg/mL, 

Sigma-Aldrich, FD4-250MG and 46945-100MG-F) was added and incubated overnight at 4°C 

in the dark. Fluorescent recovery after photobleaching (FRAP) imaging was performed on a 

Leica TCS SP8 STED using the FRAP modules of Leica Application Suite X software (LAS X 

FRAP). FRAP bleaching was performed on a z-height of 40 µm in each hydrogel. Parameters 

were set as followed: bleaching point of 60 µm diameter, pre/post bleaching laser at 5%/ 488 

nm/ 800 gain, and a time per frame of 0.223 sec. After 5 frames pre-bleach (1.2 sec), samples 

were bleached for 90 frames (21.2 sec), and fluorescent recovery was gathered for 400 frames 

post-bleaching (110.5 sec). ROI data were extracted in Fiji ImageJ-win64. Area and mean grey 

values were obtained for the bleach, total and background ROIs. The obtained values were 

imported in the open-source application FrapBot51 to obtain the τ1/2 (half-time) of the 

fluorescent recovery curve. Obtained τ1/2 was used to calculate the diffusion coefficients by the 

Soumpasis equation, with D=diffusion coefficient, r=radius of the bleaching area, and τ1/2=the 

halftime of recovery (eq. 1). Statistical analysis was performed in GraphPad Prism 8.2.0, one-

way ANOVA. 

                                               𝐷 = 0.224 ∗ (
𝑟2

𝜏1
2

)                  eq. 1 
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3D printing 

NB BTA hydrogels, without photoinitiator, at a final concentration of 5% w/v was tested. To 

investigate printability, we used the extrusion-based BioX bioprinter (CellInk, Sweden). All 

printing was performed at room temperature. Conical plastic needles (VIEWEG GmbH, 

Germany) were fixed to 3 mL syringes with 22 gauge nozzle diameter (ID = 0.41 mm). The 

pressure applied to form a continuous filament depends on the hydrogel formulation, which was 

around 90 kPa. The infill density was set to 100% and the distance from the needle to the print 

surface was optimized so that the leading edge of the flow was in line with the needle. In order 

to explore the printability of NB BTA hydrogels, 4 structures were printed: (a zigzag path, 10 

mm in width and 32 mm in length), a 3-layer hollow cube (10 mm in width and length and 2 mm 

in height), grid-like structures (two layers 10 x 10 grid, 15 mm in width and length), and 3D 

meniscus (10.8 mm x 8.9 mm x 1.4 mm). Printability tests were carried out using a plastic petri 

dish as the printing surface. We then imaged each print (16-megapixel camera) and used 

ImageProPlus (MediaCybernetic, USA) software to threshold images and measure dimensions. 

Degradation mass loss studies 

The cross-linked hydrogel was made following the procedure mentioned in the hydrogel 

formation section above. Hydrogel cross-linked with short di-thiol (1:1 ratio of NB to thiol), 

MMP sensitive di-thiol (1:1 ratio of NB to thiol), and cross-linked with the 0.5-mole equivalent 

of short thiol and the 0.5-mole equivalent of MMP sensitive thiol cross-linker was made. 

Degradation was studied in DMEM media without FBS and with 10% FBS. Degradation media 

has 200 ng/ml of type IV collagenase (MMP-2 and MMP-9) until day 3 and then increased to 

500ng/ml from day 3 to day 20. Collagenase IV concentration was increased for accelerating 

degradation since hydrogel barely degraded until day 3 in 200ng/ml collagenase IV. The hydrogel 

was taken out of the media, and extra water on the surface was cleaned with tissues and then the 

wet weight of the hydrogel was recorded at days 1, 2, 3, 4, 7, 10, 13, 20. Data for each sample is 

normalized to day 1 for calculating mass loss percentage (%) or degradation over 20 days. The 

mass loss % of the hydrogel was quantified using the following equation.  

                                                            𝑀𝑎𝑠𝑠𝑙𝑜𝑠𝑠(%) =
𝑚𝑖−𝑚1

𝑚1
          eq. 2  

Where mi is the wet mass at a specific time point and m1 is the wet mass of the gel after 

24 hours in DMEM. 

 

ATDC5 chondrocytes cell culture 

ATDC5 was cultured at 37 °C in a humidified incubator with 5% CO2. Chondrocytes cell culture 

media for ATDC5 expansion consists of Gibco® DMEM/F-12 (1:1) no glutamine, and 10% 

fetal bovine serum, and 1% P/S. ATDC5 were passaged at 75–80% confluent. Using 0.05% 

trypsin-EDTA cells were detached and washed with PBS. Cells were re-suspended in the 

required amount of chondrocyte cell culture media for encapsulation in hydrogels.    
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ATDC5 cell encapsulation in NB BTA hydrogel and bioink preparation 

Chondrocytes (RIKEN cell bank, Japan) were encapsulated in NB BTA hydrogel at a 

concentration of 5 million (M) cells per mL of hydrogelator. For cell culture studies, the hydrogel 

was prepared in DMEM/F-12 (1:1) with 1% Penicillin-Streptomycin (P/S) at an initial 

concentration of 8% w/v following the method described in the hydrogel-making section above. 

The next day cell suspension was added to adjust the final concentration to 4% w/v for 

supramolecular hydrogel. For cross-linked hydrogel, LAP photoinitiator, cross-linker solution, 

and the cell suspension were added to adjust the final concentration to 4% w/v. For example, 

NB BTA was dissolved in 375 µL DMEM (with 1% P/S) at the initial concentration of 8% w/v 

(4mM). The next day, short thiol 75 µL of 38 mM and 75 µL of 16 mM LAP solution was added 

and mixed by breaking the hydrogel. After equilibration, a time of ~2 hours of cell suspension 

in 225 µL was mixed in hydrogel using the self-healing method described below.  For mixing cell 

suspension in the hydrogel, a uniform hydrogel layer covering an entire surface area of the well 

plate (48-well plate, non-adherent) was made by centrifugation at 2000g. Cell suspension in 

DMEM was uniformly spread on top of the hydrogel, and another layer of the same hydrogel 

was added on top of the previous layer. After a waiting time of 5–10 minutes when two layers 

are self-healed, the gel was broken gently into small pieces using a spatula and put the pieces 

together to ensure uniform cell distribution. After a waiting time of ~30 minutes in a sterile flow 

hood, which allows sufficient self-healing of small pieces of hydrogel, in presence of cell 

suspension, the hydrogel was transferred to a 3mL sterile syringe for injectability and bioprinting. 

Thiol to NB was in 1:1 ratios and the short thiol final concentration was 4 mM, NB-BTA final 

concentration was 2 mM. The LAP photoinitiator's final concentration was 2mM. 

Cell culture conditions and production of hMSC spheroids  

Human mesenchymal stromal cells (hMSC, 8F3543, Lonza) were expanded in alpha MEM 

medium with GlutaMAX (32561-029, Gibco) supplemented with 10% (v/v) of fetal bovine 

serum (FBS, F7524, Sigma-Aldrich) by culturing 3,000 cells/cm2 until they reached 70% of 

confluence up to passage 5, at 37° C under a 5% CO2 atmosphere. The microwell array insert 

used to produce hMSC spheroids was previously described.52 Briefly, 5×105 cells were seeded in 

each microwell array to obtain 164 spheroids containing an average of 3,048 cells each. The cells 

were cultured in these arrays (37° C, 5 % CO2 atmosphere) until day 5 to form highly spherical 

spheroids. The culture medium was refreshed every 48 hours.  

MSC spheroids encapsulation for Bioink preparation 

The hMSC spheroids were collected from the microwell array inserts, washed twice with PBS, 

and mixed into the hydrogel. Two types of hydrogel were used for encapsulation spheroids; a 

hydrogel cross-linked fully with short thiol and a 0.5-short:0.5MMP hydrogel which is partially 

cross-linked with short thiol (0.5-mole equivalent) and partially with MMP sensitive cross-linker 

(0.5-mole equivalent). Around 2,500 hMSCs spheroids were mixed per milliliter of hydrogel, 
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giving a total cell suspension of around 7.6 × 106 cells/mL encapsulated. A similar procedure of 

bioink preparation was repeated for short thiol cross-linker as described above for chondrocytes.  

For a 0.5-short:0.5MMP hydrogel volume of 750 µL, 30 mg NB BTA polymer was dissolved in 

375 µL of MEM (1% P/S) at an initial concentration of 8% w/v (4mM), and hydrogel was aged 

overnight. The next day, 38 µL of short and 38 µL of MMP sensitive cross-linker, each with an 

initial concentration of 38mM, and 75 µL of LAP with 16mM initial concentrations were mixed 

in the hydrogel by breaking the hydrogel. After an equilibration time of ~1 hour, MSC spheroids 

suspension in 225 µL DMEM was mixed with hydrogel with described steps above in the 

procedure of bioink preparation for chondrocytes. Each cross-linker, NB BTA polymer, and 

LAP has a final concentration of 2mM in the hydrogel.  

Injectability 

The ATDC5-laden hydrogel was transferred to a sterile 3 mL syringe and then injected through 

a 22 gauge conical needle. Hydrogels were cross-linked using UV light at ~1 mW/cm2 between 

30–60 seconds.  

Bioprinting 

After MSC spheroids were encapsulated within hydrogels, 3D meniscus structures (stl file, 10.8 

mm x 8.9 mm x 1.4 mm) were printed using the BioX extrusion printer (CellInk, Sweden). All 

printing was performed at room temperature. Conical plastic needles (VIEWEG GmbH, 

Germany) were fixed to 3 mL syringes with 22 gauge nozzle diameter (ID = 0.41 mm). The 

pressure applied to form a continuous filament was 90 kPa. The infill density was set to 100% 

and the distance from the needle to the print surface was optimized so that the leading edge of 

the flow was in line with the needle. 

Morphological analysis of spheroids after mixing and bioprinting process over 28 

days 

To evaluate the impact of the bioprinting and spheroid encapsulation inside the hydrogel cross-

linked with short thiol cross-linker and 0.5-short and 0.5-MMP sensitive cross-linkers, bioprinted 

constructs were cultured for up to 28 days in alpha MEM basic medium and chondrogenic 

differentiation medium. Images of the constructs were taken using an optical microscope 

(Eclipse Ti-E Nikon, Japan) after the bioink preparation step, and on days 3, 7, 14, 21, and 28 

after bioprinting.  

Chondrogenic differentiation performed on bioprinted constructs  

First, the validation of hMSCs used in this work for chondrogenic differentiation was confirmed 

according to published protocol by Penick et al., 2005.53 Then, spheroid-based bioprinted 

constructs were differentiated for 28 days in a post-bioprinting process as previously described 

Decarli et al., 2022, using a chondrogenic culture medium initially defined by Johnstone et al. 

199854 with some modifications.   
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Cell viability (live/dead) 

LIVE/DEAD® Viability/Cytotoxicity Kit from Thermofisher (Netherlands) was used for 

evaluating cell viability. ATDC5 cultured hydrogels were transferred to a glass-bottom well plate, 

and a solution of calcein-AM (final concentration 1 µM) and ethidium homodimer-1 (EthD-1, 

final concentration 2 µM) was added to cover the whole hydrogel. The hydrogels were incubated 

for 45 minutes in the dark at 37 °C and imaged using an inverted fluorescence microscope 

(Nikon Eclipse TI-E microscope, Japan). Live and dead cell area was quantified using image J. 

At places where cells were clumped together and formed aggregates they were counted as one 

cell in ImageJ analysis, and this could affect the ratio between live and dead cell numbers. To 

overcome this we calculated the area of live and dead cells.  

Immunochemical analysis  

Immunohistochemical analysis was performed to determine the presence of collagen types I, II, 

and F-actin. The assays were performed in fixed samples containing the whole bioprinted 

constructs. Due to the complex composition of the spheroid-based constructs, some 

modifications were implemented in the immunostaining procedure to ensure efficient stain 

penetration throughout the sample, as previously described (Decarli et al., 2022). Briefly, the 

primary antibodies anti-mouse collagen-I (Abcam 6308), and anti-rabbit collagen-II (Abcam 

34712) diluted to 1:200 were used. The samples were also incubated with secondary antibodies 

(1:500), phalloidin (1:100), and DAPI DNA dye (1:100). The samples were then analyzed on a 

glass slide using a fluorescence microscope (Nikon Eclipse TI-E microscope, Japan).  
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Supplementary Figures 

 

 

 

 

 

Figure S1. a) Tris(perfluorophenyl) benzene-1,3,5-tricarboxylate desymmetrization using 5-Norbornene-2- 
methylamine molecule for creating Nb BTA precursor molecule. b) Reaction scheme showing PEG 
bismaino dodecane synthesis. c) Reaction scheme demonstrating NB BTA hydrogelator synthesis.   
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Figure S2. a) 1H NMR analysis after purification in diethyl ether.  b) 1H NMR analysis after second 
purification when dialysing in methanol against methanol.  
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Figure S4. a) Nile red at different concentrations of Nb BTA hydrogelator. b) λmax for different 
concentrations of Nb BTA in dilute solutions at given concentrations.  

Figure S3. a) Gel permeation chromatography (GPC) graph shows molecular weight distribution during 
gel permeation chromatography (GPC). GPC graph shows a peak around 20 kg/mol and 40 kg/mol. The 
peak around 40 kg/mol could be due to chain extension during synthesis of amine functionalized  PEG 
20K. b) average molecular weight of 23532 g/mol with polydispersity index (Đ)of 1.2.  
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Figure S5. a) Supramolecular self-assembly at 10 mg/ml. b) Cross-linked self-assembly at 10 mg/ml aged 

for 16–24 hours.  
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Figure S6. a–d) Supramolecular self-assembly aged for 30 days, shows fibrils around 5 nm and 15 nm. e,f) 
Sample aged for 270 days (~9 months) also shows bundle of fibrils. The sample is dilute solution at 
concentration of 5mg/ml.     
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Figure S7. a,e) Supramolecular hydrogel (a) on the left of the arrow and cross-linked hydrogel (e) on the 
right of arrows. b,f) On the left are vials with 10% w/v, 7.5% w/v, and 5% w/v and 2.5% w/v 
supramolecular hydrogel (b) and on the right of arrow are cross-linked hydrogel (f) after cross-linking. 
c,g) Schematic self-assembly of supramolecular (c) cross-linked (g) BTA single nanofiber using short 
dithiol crosslinker. d,h) Supramolecular (d) cross-linked (h) hydrogel network schematics.     
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Figure S9. a–c) Supramolecular hydrogel was made at 5 w/v % and then after overnight ageing, diluted 
to 0.5 w/v %, similar concentration to dilute solution condition (5mg/ml) for cryo-TEM sample 
preparation. Cryo-TEM showed that dissolved hydrogels possess fibrillar morphology.   

Figure S8. a, Cross-linked hydrogel recover to original position below critical load and b, crack started 
to appear after a critical load along spatula edge. 
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Figure S10. a) Supramolecular bulk hydrogel. b) Supramolecular extruded hydrogel. c,d) Cross-linked post 
extruding hydrogel imaged within 24 hours of cross-linking (c) and after roughly 3 months of storing at 
room temperature (d). Hydrogel in “d” was stored at room temperature in glass vial and we noticed that 
hydrogel was dryish before preparing sample for cryo-SEM. A little twisting in fibers could also be due to 
drying of hydrogel.        
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Figure S11. a) Supramolecular hydrogels aged for a month (30 days) retain fiber bundle morphology.  
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Tuning mechanical properties using network topology  
 

 

 

Figure S12. a) Strain sweep for supramolecular hydrogel for 2.5%, 5% and 10% w/v. b) Angular 
frequency sweep for 2.5%, 5% and 10% w/v. supramolecular hydrogel. c) Cross-linking of 
supramolecular hydrogel by exposing to UV light. d) Cross-linked hydrogel strain sweep for 2.5%, 5% 
and 10% w/v. e) Angular frequency sweep for 2.5%, 5% and 10% w/v for cross-linked hydrogel.  
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Figure S13. a) Strain sweep for supramolecular hydrogel for 2.5%, 5% and 10% w/v. b) Angular frequency 
sweep for 2.5%, 5% and 10% w/v for supramolecular hydrogel. c) Cross-linking of Nb BTA hydrogel 
using short thiol crossl-inker at different mole equivalents. d) Cross-linked hydrogel strain sweep for 2.5%, 
5% and 10% w/v. e) Angular frequency sweep for 2.5%, 5% and 10% w/v for cross-linked hydrogel. 
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Network topology of cross-linker can also affect mechanical properties owing to step growth 

nature of norbornene thiol-ene cross-linking. We cross-linked using 5K-PEG-4arm thiol and 

2K-PEG-2arm thiol for comparison such that each PEG arm would have a length of around 

1K. All hydrogels were investigated using shear rheology at a constant 5% w/v and 1:1 Nb/thiol 

ratio. Supramolecular hydrogels were viscoelastic, showed a crossover point at a similar angular 

frequency, and exhibited very similar equilibrium storage modulus. When cross-linking, 2 arm 

cross-linker showed fast cross-linking compared to the 4-arm. Cross-linked hydrogels for 5K-

PEG-4arm and 2K-PEG-arm showed plateau storage modulus of around 4500 Pa independent 

of frequency. Taking into consideration the theoretical number of bonds, 5K-PEG-4arm should 

show higher storage modulus compared to 2K-PEG-2arm since two 2arm PEG chains are 

covalently attached to make 4-arm PEG cross-linker resulting in one extra cross-link per two 

new cross-links formed. Apparently, extra cross-link between PEG chains for 4-arm does not 

contribute to storage modulus since we observed similar storage modulus for both cross-linkers, 

which potentially can suggest that only new formed bonds during thiolene chemistry contributed 

to storage modulus. 

 

 

 

 

 

 

Figure S14. a) Angular frequency sweep using 2K 2-arm and 5K 4-arm thiol cross-linker before cross-linking. 
Supramolecular hydrogel showed a crossover point between G’ and G’’, typical of viscoelastic materials. b) 
Cross-linking of BTA hydrogel using 365 nm UV light at 10 mW/cm2. c) Cross-linked hydrogel frequency 
sweep showed G’ and G’’ independent of angular frequency. All hydrogels were investigated at constant 5% 
w/v and 1:1 Nb/thiol ratio.  
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Figure S15. a) Angular frequency sweep at 5% w/v using 2-arm thiol cross-linker of different 
molecular lengths b) Cross-linking of BTA hydrogel using short dithiol cross-linker of different 
molecular lengths. c) Frequency sweep for cross-linked hydrogel at constant 5% w/v. d) 
Supramolecular hydrogel strain sweep. e) cross-linked hydrogel strain sweep. f) Table shows the 

values of strain at break for different cross-linkers.    

Figure S16. a) Elastic modulus calculated from tensile stress-strain curve between 0–20% tensile strain 
for hydrogels cross-linked using short, 2K and 5K dithiol cross-linker and at 5% (w/v, 1:1 Nb/thiol). b) 

resulting strain energy when the sample was cross-linked and stretched to rupture during tensile testing.  
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Figure S17. a) Stress-strain curve of 10% supramolecular and 10% w/v (1:1 Nb/thiol) cross-linked 
hydrogel during compression test. b) Representative sample elastic moduli (between 0–20% of compressive 
strain) for supramolecular versus crosslinked hydrogel. c) Resulting strain energy when compressed until 
90% strain for supramolecaulr and crosslinked hydrogel. d) Optical images of hydrogel before and after 
compression for 10%  w/v supramolecular hydrogels showing pseudo plastic deformation. e)  Crosslinked 
hydrogel using short dithiol crosslinker at 5% w/v (1:1 Nb/thiol) before and after compress, demonstrating 
elastic recovery in crosslinked supramolecular hydrogel.   
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Figure S18. a) FRAP recovery curves using fluorescently labelled dextran of 3–5 kDa and b) 70 kDa 
hydrogels cross-linked using short and 2K crosslinkers and c) Calculated recovery half time from recovery 

profiles above. No significant differences  were found between samples.  
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Figure S19. a) Self-healing of supramolecular hydrogel at 5% w/v and 10% w/v shown by optical images 
and b) using shear rheology shear rupture self-healing cycles.   
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Figure S20. Visual self-healing behavior of cross-linked hydrogel using different mole equivalents of short 
2-arm thiol cross-linker after 2 hours. Hydrogel cut into two pieces and then rejoined back into disk shape. 
All hydrogel self-healed and offer resistance to stretch before coming apart; however, 0.5 mole equivalents 
hydrogel offer relatively more resistance compared to all other hydrogels.   
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Figure S21. Visual self-healing behavior of crosslinked hydrogel after 24 hours. Each hydrogel cut into two 
pieces and then put them back together. All hydrogel self-heal nicely and offer slight stretch. Compared to 
others, 0.5 mole and 2 mole equivalents offer more stretch and more resistance before separation of 

rejoined pieces. 

Figure S22. a) Shear rheology of hydrogels crosslinked using short dithiol crosslinker at 2.5% w/v, 5% w/v 
and 10% w/v at equimolar (1:1) ratio of thiol to norbornene. b) Self-healing behavior of crosslinked hydrogel 
crosslinked using short, PEG2K, PEG5K, and PEG20K dithiol crosslinker at equimolar ratio of NB to thiol.  
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Figure S23. Shear-thinning and extruding of hydrogel: a) A decrease in complex viscosity as a function of 
shear rate. b) decrease in viscosity as a function of shear rate indicating shear-thinning behavior of 
hydrogels. c–e) Extruding of hydrogel using 22 gauge needle into a single filament. f–h) Different logos of 
institutes were extruded using by applying pressure manually with hand shows flexibility of the ink to adapt 
different shapes.  
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Figure S25. a–c) Layer by layer 3D printing of supramolecular hydrogel into cartilage model and then 
crosslinking to print a final cartilage model. d–e) 3D printing of two inks with different mechanical 
properties. White ink (bottom part) has 1:0.5 ratio of Nb to thiol and green ink (top part) has 1:1 ratio of 
Nb to thiol. f–j) Cartilage model recovery after 60 kg of weight exerted three times. 

Figure S24. a) 3D printing of supramolecular hydrogel (non-crosslinked) into a single uniform filament.  
b) 3D printing of grid likes structure, c) 3D printing of 6-layer cube structure.  d) 3D printing of 2-layer 
hexagonal structure. e–h) supramolecular hydrogel (non-crosslinked) printed into cartilage model. a–h) 
utilized 5% (w/v) of the hydrogel.  i–j) filament printing and k–l) square grid-like pattern printing using 

7.5% (w/v) Nb BTA hydrogel. 
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Figure S26. Degradation of hydrogel.  a) Mass loss in DMEM without FBS. b) Optical images of hydrogel 
during degradation study. C#1 shows a hydrogel crosslinked with short dithiol crosslinker, C#2 is a hydrogel 
crosslinked with MMP sensitive crosslinker, and  C#3 is a hydrogel crosslinked with 0.5 mole equivalent of 
short thiol and 0.5 mole equivalent of MMP sensitive crosslinker. c) Mass loss in DMEM with FBS. d) Optical 
images of hydrogel during degradation study in DMEM with FBDS. C#1, C C#2, and C#3 represents the 
same conditions as in the “b”.0.5-mole 

Figure S27. ATDC5 chondrocytes viability using live-dead assay. ATDC5 displayed greater than 80% 

viability in supramolecular and crosslinked hydrogel before and post injection using 22 gauge needle.  
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Figure S28. Spheroid formation and morphology of hMSC spheroids after mixing in hydrogel. a) 
Spheroid formation device making using mold. b)  Spheroids making in the device, left panel at day 0 and 
right panel at day 5. c)  Spheroids morphology after mixing in BTA hydrogel and before bioprinting. 
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Figure S29. Bioprinted constructs on 7, 14, 21 and 28 days after bioprinting. a, Hydrogel crosslinked using 
short dithiol crosslinker. Hydrogel was stable until day 28 and could be lifted under both basic and 
chondrogenic media conditions.  b, Hydrogel crosslinked using 50% (0.5 mole equivalent) of short dithiol and 
50% (0.5 mole equivalent) of MMP cleavable dithiol crosslinker. Hydrogel degraded in 14 days under basic 
media conditions and in 21 days in chondrogenic differentiation media.  

 

Figure S30. Bioprinted hydrogel stability and shape fidelity. Hydrogel crosslinked using short dithiol 
crosslinker stays stable until day 28.    
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Figure S31. Cartilage-specific ECM production in bioprinted hydrogel. Hydrogel was crosslinked using 
short dithiol and cartilage-specific ECM produced and investigated at 28 days by immunostaining. a, b,  
Collagen I (red), collagen II (green), and nuclei (blue) stainings after 28 days of differentiation under basic 
(a) and chondrogenic (b) differentiation media.   
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The work described in this thesis fits within the field of biomaterials for tissue engineering with 

a particular focus on developing dynamic hydrogels and bioinks. The overarching goal of the 

thesis was to develop and investigate dynamic hydrogels for applications in cell culture and 

bioinks for 3D bioprinting. Unlike traditional static hydrogels, a dynamic hydrogel has the 

potential to mimic the dynamicity, viscoelasticity, and structure of the natural extracellular matrix 

(ECM) and tissues. We developed and investigated hydrogels based on dynamic covalent 

chemistry (DCVC) and supramolecular chemistry for applications in cell culture and tissue 

engineering. More emphasis was given to supramolecular hydrogels based on benzene-1,3,5-

tricarboxamides (BTAs), owing to the potential of BTA assemblies to mimic fibril morphology 

and the freedom to tune dynamics.  

In this chapter, we start discussing hydrogels as biomaterials for tissue engineering and why they 

are suitable materials for cell culture and tissue engineering. Then we move our discussion to 

why we need dynamicity in hydrogels for applications in cell culture, tissue engineering, and 

advanced bioinks. We discussed different chemistries and strategies designed and developed for 

tuning viscoelasticity and 3D bioprinting and then discussed our contributions.  

Hydrogels for cell culture 

Typically, cells are cultured on flat stiff materials such as polystyrene and glass. Cells cultured in 

these environments tend to display flattened shapes, abnormal polarization, and loss of 

differentiated phenotypes. These culture conditions are very stiff compared to the relatively soft 

ECM microenvironment in which a cell resides in the body. This makes these matrices 

physiologically irrelevant and culture systems that better mimic the mechanical and biological 

milieu are needed to mimic the complex native ECM microenvironment. The ECM on average 

also contains more than 75% water, making it essentially a hydrogel. Scientists have responded 

by developing natural and synthetic hydrogels to recapitulate the ECM.   

Hydrogels are considered one of the most promising materials for cell culture owing to their 

ability to mimic the hydrated environment of the native ECM and provide freedom to engineer 

mechanical, compositional, and structural complexity into cell culture systems. In early studies, 

several hydrogel systems have been employed in answering a fundamental question on cell-

materials interactions. Hydrogels enabled answering if the matrix elasticity directs stem cell 

lineage. Using polyacrylamide hydrogels, Engler et al., demonstrated that matrix stiffness can 

specify lineage specification. For example, they discovered that soft matrices mimicking the brain 

are neurogenic, stiffer matrices mimicking muscle are myogenic, and rather rigid matrices 

mimicking collagenous bone are osteogenic.1,2  While elastic hydrogels allowed for answering 

fundamental questions and enhanced understanding of cell-matrix interactions on 2D matrices; 

however, they do not mimic non-linear time-dependent properties of native ECM and tissues. 

Additionally, cells in native tissues reside in a 3D environment and cells can migrate, spread, and 

form cell aggregates; however, a cell in elastic hydrogel often stays rounded. This led scientists 

to look beyond tuning stiffness and the development of new dynamic hydrogels for cells to 

actively remodel their microenvironment and for correct deposition of ECM.   



Discussion of dynamic hydrogels and bioinks 

 

351 
 

Dynamic hydrogels with tunable viscoelasticity 

In the early days, dynamic hydrogels were made by introducing hydrolytically degradable cross-

links such as ester bonds.3,4,5 Hydrolytically degradable hydrogels are useful for the release of 

drug molecules and for cell growth and spreading; however, these hydrogels showed bulk and 

uncontrolled degradation and complicated the mechanical properties and dynamics that 

influence cell behavior. This stimulated scientists to design a new set of hydrogels where 

degradation can be locally controlled by a cell-released enzyme. A new set of synthetic hydrogels 

with peptide cross-links with cleavage sites for cell-secreted matrix metalloproteinases were 

developed. Protease-degradable hydrogels enhanced understanding of cellular migration, 

remodeling, and tissue formation.6,7 The design of a protease-sensitive hydrogel provided a 

powerful tool to understand cell-ECM interactions for controlling cell function; however, 

engineering controlled viscoelasticity for matching cellular timescale remains a challenge.  

The emergence of viscoelastic hydrogels enabled an understanding of viscoelastic time scales 

influence on cell behavior. Several approaches have been utilized for engineering viscoelasticity 

within hydrogels. Viscoelastic polyacrylamide hydrogels with incomplete crosslinking were 

developed which allowed viscous behavior and creep in materials.8 Polyacrylamide viscoelastic 

hydrogels have been made by either varying the ratio of acrylamide and bisacrylamide or by 

introducing unbound linear acrylamide polymer chains in crosslinked polyacrylamide hydrogel 

network.9 Viscoelasticity in ionically crosslinked alginate hydrogels has been tuned using alginate 

of low, medium, and high molecular weight.10,11 Viscoelasticity has also been tuned in hydrogels 

by grafting polyethylene glycol and then ionically cross-linking12  and by forming interpenetrating 

networks of alginate and collagen and cross-linked with the combination of ionic and covalent 

cross-linking. 13  

Dynamic covalent chemistry has played a greater role in developing dynamic and viscoelastic 

hydrogels. Dynamic covalent chemistry enabled us to rationally tune dynamicity and 

viscoelasticity by utilizing the equilibrium constant (Keq) and forward rate constant (k1) and 

reverse rate constant (k-1). Dynamic covalent hydrogels based on dynamic covalent bonds such 

as hydrazone14,15–19,20,21,22, semicarbazone20, oxime20,18, boronate esters23,24,25,26,27 and thioester 

exchange28 are developed.  

Besides dynamic covalent chemistry, supramolecular chemistry also offers an appealing 

approach for tuning viscoelasticity in hydrogels. For example, by combining host molecules such 

as cyclodextrin29–31,32,33 and cucurbit[7]uril34,35 with complementary guest molecules, hydrogels 

with various degrees of viscoelasticity have been made. Recent studies show the utilization of 

hydrogen bonding and hydrophobic interactions for tuning viscoelasticity within supramolecular 

and fibrillar hydrogels such as UPy36 and BTA37.  
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Dynamic hydrogels as bioinks for 3D bioprinting 

3D bioprinting is a powerful and straightforward technique for the creation of complex and 

intricate 3D tissues. Many bioprinting techniques are developed with the final aim to create a 

functional tissue; however, we will discuss extrusion bioprinting in this section. First, we will 

focus on the requirements of a bioink for extrusion bioprinting and discuss the progress in the 

development of bioinks. Extrusion bioprinting involves continuous extrusion and deposition of 

filaments. Some important properties that require consideration for the application of bioinks 

for 3D bioprinting include viscosity, gelation kinetics, shear-thinning, self-healing, viscoelasticity, 

biodegradation, cytocompatibility, and biocompatibility. An ideal bioink should allow 

bioprinting with the required mechanical properties while maintaining good cytocompatibility 

and should steer cell phenotype for correct and healthy tissue formation.  

Traditional bioinks have focused heavily on low-viscosity bioinks to avoid excessive shear stress 

during the extrusion. Several bioinks composed of natural polymers (alginate38,39,40,41, hyaluronic 

acid42, gelatin43,44, collagen45, fibrin46, agarose47, and decellularized extracellular matrices48) and 

synthetic polymers (polyvinyl alcohol49 and PEG hydrogels50) have been developed. However, 

shape retention after printing remains poor. Sacrificial bioinks have also been employed for the 

bioprinting of low-viscosity bioinks. In recent years freeform reversible embedding of suspended 

hydrogels (FRESH) printing has been developed for overcoming shape retention limitations, 

especially for arches and projections51. Other notable bioink strategies include thermal and 

photo-triggered tandem gelation52, 3D bioprinting capabilities using complementary thermo-

reversible gelatin network bioinks53, and 3D bioprinting using universal orthogonal network 

(UNION) bioinks.54 While we have more generalizable strategies on the horizon, the controlled 

dynamicity and viscoelasticity within these hydrogels largely remain missing.  

Bioprinting of hydrogel with controlled dynamicity and with good shape retention has been 

considered mutually exclusive, and this conundrum has led to the development of shear-thinning 

hydrogels. Shear-thinning is a decrease in the viscosity of material upon application of shear 

stress or shear rate. In recent years granular hydrogels (jammed hydrogel microparticles) are 3D 

bioprinted owing to their shear-thinning properties55,56 while maintaining their near original 

mechanical properties post-printing with good cytocompatibility57 and spheroids formation.58 

Recent studies have also shown successful 4D bioprinting of micro-flake microparticle hydrogels 

while maintaining good cytocompatibility.59 Though granular hydrogels possess shear-thinning 

and dynamicity; systematic studies are missing on the bioprinting of granular hydrogels with 

controlled dynamicity and viscoelasticity.  

Dynamic covalent chemistry (DCvC) offers a more appealing approach for designing dynamic 

hydrogels with shear-thinning and controlled viscoelasticity. Dynamic covalent chemistry allows 

correlating molecular parameters directly to macroscopic properties; for example, the hydrogel's 

stiffness directly relates to the equilibrium constant (Keq), the hydrogel's self-healing directly 

relates to the forward rate constant (k1), and the hydrogel's shear-thinning and stress relaxation 

directly relates to the reverse rate constant (k-1). A dynamic covalent network of phenylboronic 
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acids and glucose-like complexes was developed. The initial selection of phenylboronic acid with 

characteristic pKa and systematic variation in pH allowed control over viscoelasticity. These 

hydrogels were injectable and showed tissue biocompatibility upon subcutaneous injection.25 

Bioprinting studies with phenylboronic acids-diol complexes remain unexplored. Imine-based 

hydrazone dynamic covalent chemistry has been utilized for developing bioinks with controlled 

viscoelasticity in dynamic and shear-thinning networks. Lattice shape structures were 3D printed 

with good shape retention; however, bioprinting was not shown.60 An injectable hydrogel using 

hydrazone dynamic covalent chemistry with thermoresponsive engineered elastin-like protein 

(ELP) was also developed. This hydrogel protects hMSC during injection and the ELP secondary 

network allowed tuning of the stiffness and stability of hydrogel. Though injection of hMSCs 

using clinically relevant gauge was shown, bioprinting of multilayer construct remained 

unreported.21 Polysaccharides-based bioink made of the acyl hydrazone and Schiff base reaction 

has been successfully bioprinted and chondrocytes maintained chondrogenic phenotype in these 

hydrogels.61  In our group, we have developed an imine-type dynamic bioink. The selection of 

imine-type cross-links (oxime, semicarbazone, and hydrazone) with appropriate Keq allowed 

tuning the viscoelasticity of these bioinks. All cross-links demonstrated injectability; however, 

only hydrazone allowed bioprinting. Chondrocytes showed good viability in bioprinted 

hydrogels.20 In the follow-up from our group, Morgan et al. demonstrated that modular mixing 

of slow (oxime) and fast (hydrazone) dynamic covalent chemistries allowed tuning viscoelasticity 

and controlling the cell behavior of these hydrogels. Cell spreading within extruded bioinks can 

be controlled from round to spreading morphology which has been attributed to the dynamicity 

and stress relaxation capability of these hydrogels.18  

Another exciting chemistry for the development of dynamic bioinks is supramolecular 

chemistry. Just like dynamic covalent chemistry, the association, and dissociation in 

supramolecular monomers can be rationally tuned for engineering dynamicity and viscoelasticity 

within bioinks. Supramolecular chemistry uses non-covalent interactions such as hydrogen 

bonds, metal chelation, hydrophobic interactions, and van der Waals interactions for the creation 

of rationally designed hydrogels and bioinks. What makes supramolecular interactions special 

and appealing is that they are very specific, reversible, and directional.62 The first supramolecular 

hydrogel bioink was based on polypeptide-DNA complexation. Cells remained functional in the 

3D bioprinted constructs.63 Widely explored examples of supramolecular bioinks have been 

based on β-cyclodextrin and adamantane host-guest chemistry. The dynamic nature of β-

cyclodextrin and adamantane interactions imparted properties such as shear-thinning, self-

healing, and viscoelasticity within these hydrogels. Bioprinted structures were produced by 

printing a shear-thinning hydrogel into a self-healing hydrogel.64 The  bioprinted structures did 

not show stability and required secondary stabilization.65 Self-assembling short peptides have 

also been employed to create supramolecular bioinks.  Lysine-containing hexapeptides have been 

shown to support embryonic stem cell culture and adipogenic differentiation of hMSC in 

hydrogel droplets.66 However, no large structures were bioprinted and reports on viscoelasticity 

are absent. Ultrashort tetrapeptides are another class of bioinks; these have been 3D printed into 

structures of a few centimeters in scale. Cells printed in these hydrogels remained viable (above 
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90% ) for 24 days of culture.67 Reports on viscoelasticity are not found for these bioinks. Peptide 

amphiphile inks have also been printed into 3D structures with nanoscale and bulk alignment.68 

In these bioinks, myoblasts showed good viability after 7 days of bioprinting. Other examples 

of supramolecular bioinks include pseudo-polyrotaxane structures (PEG side chains grafted 

onto chitosan and threaded with α-CD) dually cross-linked using β-glycerophosphate. Bioprinted 

fibroblasts showed higher levels of Paxillin, and N-cadherin in these hydrogels on day 14 as 

compared to day 3.69 

Our efforts of tuning viscoelasticity in hydrogels and 

bioinks 

In pursuit of developing advanced bioinks with controlled viscoelasticity, we worked on 

developing bioinks made of imine-type dynamic covalent chemistry and BTA supramolecular 

chemistry. 

Dynamic networks are essential for tuning viscoelasticity and bioprinting 

In Chapter IV, we presented our work on the tuning of viscoelasticity and bioprinting using 

reversible imine-type cross-links. Utilizing knowledge of Keq of small molecules from literature, 

we developed a series of imine-type (oxime, semicarbazone, and hydrazone) dynamic hydrogels. 

Storage modulus and viscoelasticity followed the expected trend of Keq. For example, oxime 

(3000 Pa) with the highest Keq showed the highest modulus followed by semicarbazone (500 Pa) 

and hydrazone (200 Pa). Hydrazone exhibited the highest viscoelasticity compared to 

semicarbazone and oxime. Human dermal fibroblasts (HDF) displayed spreading morphology 

in hydrazone hydrogel in contrast to less spreading morphologies in semicarbazone and oxime 

hydrogels. The dynamic nature of hydrazone cross-link enables the 3D printing of smooth fibers 

and life-like vascular structures. Chondrocytes (ATDC5) demonstrated high cell viability in the 

bioprinted hydrazone bioink. In summary, we demonstrated that imine-type dynamic covalent 

chemistry offers great potential for tuning viscoelasticity in bioinks.  

Though we were able to show tuning of viscoelasticity and bioprinting using imine-type dynamic 

covalent chemistry hydrogels, detailed studies on cell spreading and differentiation remain to be 

performed. These studies will help to find a suitable range of viscoelasticity for different tissues. 

This would enable answering the questions of which tissue cells like more or less dynamicity.  

Neuronal cell outgrowth, hMSCs spheroid formation, maturation, and embryonic and 

pluripotent stem cell organoids formation and growth will be interesting areas to explore.  

Modular mixing is a promising platform for tuning viscoelasticity (stress 

relaxation) and spheroid formation in supramolecular fibrous hydrogels 

In Chapter V, we tackled the challenge of tuning viscoelasticity in supramolecular fibrous 

hydrogels for recapitulating the ECM’s dynamicity and fibrous structure. Next, we showed for 

the very first time that the viscoelasticity and dynamics of supramolecular interactions can be 
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leveraged for influencing cell aggregation and spheroid formation. In this chapter, we utilized 

the modular mixing of BTA architectures with slow and fast exchange dynamics. Stable 

hydrogels with controlled viscoelasticity were formed when BTA architectures were 

copolymerized in various ratios.  Stress relaxation times within these hydrogels can be tuned 

from under a second to several thousands of seconds. Chondrocyte ATDC5 and human dermal 

fibroblast exhibited >80% viability. Neuronal cells (PC12 and dorsal root ganglion, DRG) 

showed out-growth within these hydrogels. ATDC5 formed cellular aggregates and human 

mesenchymal stem cells (hMSCs) formed spheroids within these hydrogels. Importantly, we 

discovered that cellular aggregation was driven by viscoelasticity and dynamicity of hydrogels: 

fast and more compact aggregates/spheroids were observed for hydrogels with greater 

viscoelasticity. These hydrogels can be a useful platform for growing spheroids which are mini-

blocks for growing larger tissues and finding applications in drug testing.  

This is an interesting set of hydrogels with some unique mechanical properties. Cadherin 

expression and lineage commitment of hMSCs spheroids as a function of the dynamicity of 

hydrogel would be the next steps to explore with these hydrogels. Since the brain is a stress-

relaxing tissue, investigation of neuronal cells with BTA hydrogel of controlled stress relaxation 

would allow a better understanding of stress relaxation's influence on neuronal cell growth.   

Simple synthetic strategies are essential for the upscale synthesis of 

multifunctional multicomponent supramolecular macromonomers 

In chapter V, we have presented BTA-based supramolecular materials that mimic the fibrous 

morphology and viscoelasticity found in the natural ECM. However, large-scale synthesis of 

complex and multifunctional BTA hydrogelators is required. Existing desymmetrization 

strategies have been limited in upscaling and purification of multifunctional BTAs70,71,72. To 

address this challenge, in chapter VI, we have developed a new desymmetrization based on 

activated ester coupling of a symmetric synthon. We developed a small library of benzene core-

based activated triesters (BTE) synthons and discovered that a benzene-1,3,5- 

tripentafluorophenol triester (BTE-F5Ph) allowed for successful desymmetrization and the 

production of multifunctional BTAs in good yield and with high reaction fidelity. This novel 

desymmetrization route has allowed for the quick synthesis of a small library of BTA monomers 

with hydrophobic and/or orthogonal reactive handles. We have successfully extended this 

desymmetrization strategy for creating polymeric BTA hydrogelators. Cryo-TEM revealed that 

newly synthesized polymeric BTA hydrogelators undergo aggregation and created fibers and 

fibrous sheets-like structures. We tuned the mechanical properties of the BTA hydrogelator by 

changing the hydrophobic arm on the BTA molecule. Chondrocytes showed high 

cytocompatibility within these hydrogels. Possible large-scale synthesis with the fibrous structure 

indicates the potential of these hydrogelators for cell culture and tissue engineering applications 

as synthetic ECM.  

Though we have shown the power and flexibility of this approach, this newly developed 

desymmetrization strategy offers immense potential for creating a diverse range of BTAs which 
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then can be utilized for creating more complex polymeric BTA architectures. For example, other 

click chemistry and dynamic covalent chemistry can be installed on BTA arms which then can 

be utilized for crosslinking BTA assemblies or bioactivation of BTA scaffolds. Dynamic covalent 

chemistry can also be utilized to enhance mechanical properties and tune viscoelasticity, 

dynamicity,shear-thinning, and self-healing capacity within BTA hydrogels for 3D bioprinting 

applications. Other potential areas to explore will be installing saccharides and peptides for 

mimicking glycans and the bioactivity of the natural ECM.   

Molecular tuning of supramolecular interactions creates hydrogel networks with 

controlled viscoelasticity 

Tuning viscoelasticity across a broad range of fibrous hydrogels remains a challenge. Utilizing 

the desymmetrization strategies developed in chapter VI, we created a library of supramolecular 

BTA hydrogelators in chapter VII with fibrous structure and controlled viscoelasticity. We 

varied the hydrophobic carbon length on the BTA from twelve to sixteen, eighteen, twenty, and 

twenty-four. All hydrogelators self-assembled into fibrous structures and formed hydrogels in 

water. We discovered that the carbon length on the BTA determines the viscoelasticity and stress 

relaxation of the hydrogels in a logarithmic fashion. These hydrogels were self-healing, shear-

thinning, and injectable. Additionally, these hydrogels were 3D printable into multilayer 

structures. Chondrocytes showed high cell viability in 2D contact assay, in bulk 3D hydrogels, 

and in bioprinted 3D hydrogels. This simple molecular tuning enables precise control over 

viscoelasticity and 3D printability and provides a more generalized strategy that can be ported 

to other supramolecular systems, such as UPy, peptide amphiphiles, and bolaamphiphiles.   

Though these hydrogels showed controlled viscoelasticity in fibrous hydrogels, it is hard to 

utilize them for longer cell culture duration. Owing to the dynamic nature of interactions, these 

hydrogels tended to degrade over time during cell culture. However, we have seen cell 

aggregation in these hydrogels during cell viability studies and these hydrogels offer a potential 

way to make cell aggregates in a controlled physiologically relevant environment for tissue 

engineering and drug testing applications. On controlling dynamicity for in vitro cell culture 

applications, one way to tune dynamicity would be to design a hydrogelator with bioorthogonal 

reactive chemistries for introducing cross-links. Another way could be to tune dynamics by 

introducing additional covalent cross-links for stability; for example, combining with 

polyethylene diacrylate (PEGDA) or other polymer solutions, which can provide a secondary 

stabilizing mechanism without affecting fibrous morphology. Cell-adhesion studies also remain 

missing in these hydrogels to find out the effect of viscoelastic timescales on cell spreading. 

Perhaps future studies can focus on introducing cell-adhesion peptides (i.e., RGD) for 

investigating cell morphology on top (2D) and within hydrogels (3D). Importantly, in vivo studies 

are needed where these hydrogels can be injected into cavities and tissue formation could be 

investigated. In vivo, studies will enable us to answer if the dynamic hydrogels promote tissue 

formation and how fast or slow is the erosion of these hydrogels in vivo compared to in vitro. This 

will be essential information to steer the future direction of dynamic hydrogels.  
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Covalent cross-linking of a supramolecular assembly creates tough, fibrous 

hydrogels and bioinks 

Tissues such as cartilage and muscle in the human body are dynamic, yet tough. Hydrogels 

developed in chapter VII are dynamic, yet lack toughness. To create tough hydrogels, we took 

inspiration from collagen structure which is abundantly found in tough tissues such as cartilage. 

Simulation studies have attributed this toughness in collagen to the combination of fibrous non-

covalent self-assembly with covalent bond formation, yet this remains difficult to engineer in 

synthetic hydrogels. We introduced a supramolecular/covalent strategy to create tough 

hydrogels with a fibrous structure. We developed a BTA-based hydrogelator with norbornene 

(NB-BTA) handles, which can undergo thiol-ene chemistry to generate covalent cross-links. The 

NB-BTA hydrogelator is self-assembled at a nanoscale and microscale, resulting in fibrillar and 

viscoelastic hydrogels. Then, just like covalent cross-links in collagen, we tuned the mechanical 

properties such as toughness, strength, and stiffness by covalent inter- and intra- fiber cross-

links.  The hydrogels showed maximum strength around 2 MPa without breaking at 90% strain 

and withstood 550% tensile strain and recovered to their original strength after multiple 

hysteresis cycles. We discovered that the NB-BTA hydrogel was shear-thinning, self-healing, and 

could be 3D bioprinted into complex life-like structures. The 3D bioprinted structures could be 

further toughened and strengthened by covalent cross-linking of the fibrous assemblies. Further, 

we have shown that hMSC spheroids differentiated into chondrogenic-like tissue in these 

hydrogels. Together, we have shown that the combination of self-assembly and covalent cross-

linking of supramolecular fibers offers a potentially effective method for the bottom-up creation 

of dynamic, yet robust, synthetic hydrogels and bioinks. 

With this hydrogel system we have demonstrated in vitro chondrogenic tissue formation; 

however, many interesting studies remain unexplored and would be interesting for future 

applications. For example, owing to the injectable properties and freedom of tuning mechanical 

properties, this hydrogel can be injected to fill in tissue cavities and the mechanical properties 

can be adjusted to match the requirement of different tissues. Additionally, we have 

demonstrated that this hydrogel can be made degradable by cross-linking with a protease-

sensitive di-thiol crosslinker. Such selective degradation in tough hydrogels would be useful for 

the creation of tough yet degradable hydrogels for successful new healthy tissue formation. One 

step further would be matching the degradation rate of hydrogels with new tissue formation.  

Another exciting area of research is the investigation of interactions of cells with hierarchically 

organized supramolecular materials. The NB-BTA is a hierarchical material and is an interesting 

candidate for investigating supramolecular material-cell interaction owing to tunable dynamicity 

and ability to bioactivate NB-BTA hydrogel. Preliminary work was carried out on the 

bioactivation of NB-BTA hydrogels and the investigation of cell attachment. While bioactivation 

of the NB-BTA hydrogel was accomplished with the cysteine RGD peptide (CGGGRGDS). 

We observed human umbilical vein endothelial cells (HUVECs) cell attachment and some 

spreading on these hydrogels (Figure S1). Then we studied the attachment and spreading of 
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hMSCs on these hydrogels using either 250 nM or 500 nM RGD concentration. HMSCs showed 

attachment and also a small spreading was observed (Figure S2). These observations were made 

on the bright field and perhaps the staining of the cell will allow a better understanding of the 

extent of spreading and morphology of hMSCs on NB-BTA hydrogels.  

Next, we hypothesized that changing spacer length between RGD and cysteine (C) amino acids 

might influence cell attachment and cell spreading. Spacer length will increase the distance of 

RGD from the hydrogel hydrophobic core. We employed cysteine RGD with a spacer length of 

3, 9, and 15 amino acids. RGD with spacer length of 3 amino acids (C-GGG-RGDS, labeled as 

short), 9 amino acids (C-GGSGGSGGG-RGDS, labeled as the medium), and 15 amino acids 

(C-GGSGGSGGSGGSGGG-RGDS, labeled as long) for investigation of the spacer length 

affect on cell spreading. ATDC5 chondrocytes were studied for cell attachment and spreading 

studies. We observed aggregate formation on all hydrogels after 72 hours of culture (Figure S3). 

Some cell spreading at the boundary of cell aggregate was observed for RGD with a short spacer 

length and some thin protrusions were also observed for RGD with a long spacer length. 

However, no conclusion can be drawn from preliminary cell studies on cell spreading. Perhaps, 

adhesion-dependent cells such as hMSCs and fibroblasts will be a good model to study cell 

attachment and cell spreading as a function of spacer length for future studies. Additionally, step 

by step, changes in the dynamicity of hydrogel would allow the decoupling effect of the 

dynamicity of hydrogel networks from spacer length (in other words dynamicity/mobility of 

RGD peptide on hydrogel surface). In this current design of Nb-BTA hydrogel, cysteine RGD 

is conjugated to a hydrophobic core since Norborne also acts as a hydrophobic core for the 

effective stacking of BTA monomers. The RGD conjugation to the hydrophilic region might be 

more interesting to explore cell attachment and spreading.  

Strain stiffening is an increase in storage modulus above a critical threshold strain. Many 

components of ECM such as collagen and fibrin exhibit strain-stiffening behavior. We observed 

some strain stiffening in some of the formulations; however, the shortage of time does not allow 

us to probe this further. The author would suggest probing strain stiffening behavior further. 

For example, wt% of hydrogel, aging of hydrogel or dilute solution before cross-linking, and 

cross-linking of hydrogel with inorganic nanomaterials would be interesting areas to explore for 

investigation of strain stiffening behavior in these hydrogels.  

Viscoelasticity tuning: future challenges and 

opportunities 

Living tissues and the ECM exhibit dynamicity and viscoelasticity.73,74 However, a big challenge 

remains in the better understanding of viscoelastic times scales of tissues; for example, only a 

few studies have reported on the viscoelastic time scales of different tissues73,75–77. Currently, the 

field is lacking extensive studies on the comparison of viscoelastic time scales of different tissues 

with a comparison between healthy versus diseased, during development versus young, and 

young versus old. Additionally, the comparison should be made across different species for 
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example human versus sheep and sheep versus rat. On recording these time scales, different 

measurement techniques are used, for example, compression testing, rheology, nanoindentation, 

and particle tracking microrheology for a different set of materials. This makes the comparison 

of relaxation time scales across different techniques and different materials difficult. General 

guidelines on recording and reporting stress relaxation time scales will enable a fair comparison 

across different techniques and different materials. This will enhance our understanding of 

viscoelastic time scales across different species and different tissues. Furthermore, these time 

scales will help in a better choice of materials for investigating cellular responses. 

The last decade has seen an increase in the number of studies demonstrating viscoelasticity 

influencing cell spreading and differentiation. However, contradicting results also have been 

shown on 2D hydrogels, which have been demonstrated to viscoplastic deformation alginate 

and collagen hydrogels. More work is needed first in measuring the viscoelasticity and 

viscoplasticity of tissues and then decoupling viscoelasticity and viscoplasticity to influence cell 

behavior in vitro. At this moment, it is unclear how viscoplasticity and viscoelasticity are related 

and how cell perceives information from such matrices. For example, cells can permanently 

deform viscoplastic matrix, which will complicate the mechanical response of materials. 

Additionally, one needs to be careful about the prediction of results from cellular studies 

considering cells could deform hydrogels permanently (viscoplasticity). Time-dependent 

mechanical response of viscoelastic and viscoplastic materials overtimes also remains 

unexplored. Furthermore, understanding of viscoelasticity in 3D culture remains limited. Now 

with the spheroids and organoids model on the rise, it is important to investigate the influence 

of viscoelastic time scales on the formation and maturation of organoids. However, decoupling 

viscoelasticity from viscoplasticity and other factors such as porosity, diffusion, and 

topography/orientation will be critical for a better understanding of the role of viscoelasticity on 

tissue maturation and growth.   

A range of chemistries including ionic, covalent, dynamic covalent, and supramolecular 

chemistries have been investigated for tuning viscoelasticity within hydrogels. These viscoelastic 

hydrogels have enhanced our understanding of cell-material interactions. There are still many 

challenges to be addressed. For example, most dynamic hydrogels are prone to dissolution, 

which affect the stiffness and stress relaxation of these materials. Long-term mechanical 

properties of dynamic hydrogels remain to be understood and how significantly this can affect 

cellular response also remains unclear. Engineering a broad range of viscoelasticity in hydrogels 

and linking them to molecular parameters remains a challenge. Viscoelasticity across three orders 

of magnitude has been demonstrated using hydrazone dynamic covalent bond; however, this 

study used organic catalyst in higher several hundred mM concentration, and cell studies are 

missing78. Viscoelasticity tuning in boronic acid hydrogels24 has also been linked to a molecular 

parameter such as pKa; however, viscoelasticity has been tuned by the change in pH which likely 

going to decrease the cytocompatibility of these hydrogels. New strategies are needed for 

engineering a broad range of viscoelasticity by either utilizing molecular design or biocompatible 

stimulus for the development of compatible viscoelastic hydrogels. Dynamic covalent 
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chemistries also offer some disadvantages; for example, dynamic chemistries can also undergo 

side reactions with the media and cells; for example, boronic acid hydrogels can be sensitive to 

glucose in the media, imine-type dynamic chemistries can be sensitive to amines, and thioester 

can be sensitive to free thiols in the media. Enzyme-based dynamic chemistries can be 

susceptible to uncontrolled release of enzymatic degradation. Controlling hydrogel dynamics 

with light can allow the selective change in dynamics and investigate cellular responses without 

releasing any by-products79–82. In particular, chemical motifs sensitive to visible light and infrared 

would be suitable to avoid any side effects of UV light. The development of hydrogels with 

multiple-wavelength orthogonal photochemistry will be an interesting area to explore.  

Other native features that remain largely missing in current dynamic hydrogels are 

spatiotemporal control of mechanical and viscoelastic properties. Most chemistries employed 

are irreversible.83,84 Reversible chemistries based on light have the potential of tuning mechanical 

properties reversibly. Some studies have shown the tuning stiffening and softening of matrices 

using light-based chemistries. For example, photodegradation and photoinitiated crosslinking 

reactions have been utilized for tuning the softening85 and stiffening86 of the hydrogels. 

However, tuning a wide range of stiffness and viscoelasticity remains challenging, and 

biorthogonal and light-based dynamic covalent chemistries offer future opportunities to address 

these challenges.82,87 Additionally, light-based reversible chemistries could allow local 

viscoelasticity tuning without affecting bulk hydrogel properties.  

Force-dependent hydrogel systems offer interesting future opportunities88,89–92. For example, 

collagen offers force-dependent stress relaxation and stress stiffening. Future dynamic hydrogels 

should envision designing hydrogels where cell-applied forces can be utilized for changes in 

material mechanical properties (stress relaxation and strain stiffening) and release of drug or 

growth factors88,91. This would require designing new mechanical bonds which are responsive to 

stresses in the range applied by cells (nanonewton to piconewton).  For designing such hydrogels 

natural ECM could be the source of inspiration; for example, supramolecular proteins in natural 

ECM are self-assembled via weak non-covalent interactions and possess fibril morphology. 

These complexes of weak non-covalent interactions in proteins not only exhibit stress relaxation 

(slip bonds), but also strengthen when multiple weak interactions work together (catch bonds)93. 

Supramolecular chemistry has already shown potential and offers a large toolbox for designing 

a material with non-linear and force-responsive properties.  

Bioinks development: future challenges and 

opportunities 

Despite advances in designing dynamic hydrogel networks, there remain challenges and 

opportunities for better design of bioinks. The field is still lacking rational design of dynamic 

bioinks with tailorable mechanical and bioprinting properties. Dynamic chemistries offer the 

advantages of recapitulating ECM dynamicity and non-linear mechanical properties; however, 

the very same dynamic nature also makes the hydrogel unpredictable once under a physiological 
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environment and in contact with cell culture media. For example, the infinite swelling of dynamic 

hydrogels results in erosion and creep of bioprinted constructs. Some recent studies have tackled 

this with secondary covalent crosslinking for prolonging cell culture times on the expanse of 

reduced dynamicity. The rational design of dynamic bioinks required knowledge of dynamicity 

from cell-specific ECM or specific tissue. For example, some tissues might need a more dynamic 

environment than other cell types for their maturation. More systematic studies on tissue either 

using rheology, mechanical testing, or atomic force microscopy are required for a better 

understanding of the level of dynamicity required for correct tissue formation. With this 

knowledge in hand, a better selection can be made on the choice of dynamic chemistry.  

Spatiotemporal control over mechanical properties remains still challenging to control in bioinks. 

Tissues have gradients of mechanical properties, which can be addressed by the bioprinting of 

different bioinks with different mechanical properties. Tissues’ mechanical properties also evolve 

during maturation and tissue formation; for example, cell-ECM interactions transition to cell-

cell interactions. This would suggest a low level of dynamicity at an earlier stage and a higher 

level of dynamicity at a later stage. Advanced bioinks can be designed which offer a low level of 

dynamicity at an earlier stage and in response to stimuli higher level of dynamicity can be 

achieved. For example, in such cases, light-based chemistries can be employed which are 

photolabile (nitrobenzyl) for achieving a higher level of dynamicity.  Photoreversible chemistry 

(photoreversible dimerization of coumarin) potentially could also be used for controlling the 

dynamicity of bioink. Other stimuli such as enzyme and pH changes can also be employed; 

however, they could lead to complex responses of cell behavior.  

The ECM is stimuli-responsive and multifunctional material and serves as the best motivation 

for the design of advanced bioink with stimuli-responsive and multifunctional bioinks. Stimuli 

responsiveness already have been engineered using enzyme, pH, and magnetic field.94 Enzymatic 

responsiveness potentially can be leveraged further for fine control over hydrogel behavior. For 

example, chemical moieties and cross-linkers, which are responsive to specific enzymes, can be 

incorporated for control over tuning mechanical and biological (growth factor release) 

properties. Orthogonal chemistries are also interesting for incorporating stimuli-responsiveness.  

The DeForest group created cross-linkers that successfully replicated Boolean logic operators 

YES/OR/AND.95 These chemistries offer great insights for the translation of such feedback 

loops in more advanced bioinks for releasing drugs/biomolecules and for tuning mechanical and 

dynamic properties.  

Four-dimensional (4D) living cell bioprinting has emerged as a powerful technique and involves 

time as 4th dimension in 3D bioprinted constructs. 4D bioprinting involves creating motion in 

3D bioprinted constructs. Recent studies have successfully shown 4D bioprinting using micro-

flake granular hydrogels. This study shows various complex 3D to 4D shape morphing in 3D 

printed constructs with and without cells; 4D cartilage-like tissue formation has been shown in 

these hydrogels.59 Another recent example includes the 4D printing of extrudable and degradable 

PEG microgel scaffolds for multidimensional cell culture. For spatiotemporal control over 

scaffolds properties (evolution of void spaces over time), semi-orthogonal chemistries (amide, 
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thioester, and ester) were utilized in logic gated manner.96 Other recent examples include the 4D 

printing of biocompatible nanocomposite hydrogel based on anisotropic ferromagnetic 

nanoparticles in soft PEG hydrogels.97 These hydrogels allowed control over movement, 

rotation, and deflection in 4D-printed scaffolds. 4D bioprinting is still an emerging area of 

research and various stimuli such as pH, temperature, ionic strength, glucose, and enzymes can 

be tailored in 3D bioprinted hydrogel networks for creating motion in 3D bioprinted hydrogels. 

Biomimicry of hierarchical fibrous structures with controlled dynamics remains largely missing 

in current bioinks. Though there exist several natural fibrous hydrogels, translation to rationally 

designed bioinks remains yet limited. Recent strategies have focused on engineering approaches 

such as electrospinning for the creation of fibrous hydrogels crosslinked with hydrazone 

dynamic linkages98, though this hydrogel has not been investigated for 3D bioprinting. Another 

approach has focused on creating micro-strands from pre-crosslinked bulk hydrogels by sizing 

through a grid with an aperture of 40–100 µm. This hydrogel exhibited shear-thinning and shear 

recovery behavior required for extrusion bioink.99 Besides engineering approaches 

supramolecular chemistry could offer bottom-up and rationally designed fibrous bioinks. Short 

peptides67 and peptides amphiphiles68 supramolecular fibrous bioinks have been reported 

recently. BTA-based bioinks are developed in this thesis. UPy hydrogels are injectable100; 

however, clear examples demonstrating bioprinting remain to be reported. Bisurea 

bolaamphiphile and polyisocyanates are other well-known supramolecular systems that remain 

open yet for translation to bioinks.  

Supramolecular chemistry is a great design tool for overcoming some of the challenges described 

above for designing future bioinks. Future challenges such as stimuli-responsive, 

multifunctional, spatiotemporal control, and 4D bioprinting can easily be addressed in dynamic 

hydrogels using supramolecular chemistry principles. For example, specificity and 

responsiveness of supramolecular interactions can be utilized for creating hydrogels that are 

responsive to a specific stimulus. For multifunctionality, supramolecular monomers with various 

functional handles can be made and copolymerized for designing multicomponent bioinks, 

which are multifunctional. Using the same principle of copolymerization or modular mixing and 

self-healing capacity of supramolecular hydrogels, supramolecular bioinks with spatiotemporal 

gradients of mechanical properties and biological cues can be developed and bioprinted. Some 

of the recent studies have demonstrated some of these concepts in supramolecular materials, 

which can be ported into the future design of bioinks.101,102 Supramolecular chemistry is also 

very best suited for 4D bioprinting, since supramolecular interactions or in general 

supramolecular materials can be made sensitive to the different stimuli (pH, temperature, 

glucose, and enzyme, etc.,) and orthogonal chemistries can be installed on supramolecular 

handles for creating motions in 3D bioprinted constructs. The work from Stupp's lab on 

supramolecular–covalent hybrid polymers for light-activated mechanical actuation offers a good 

starting point for the design of new supramolecular dynamic bioinks.103 
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Figure S1. Human umbilical vein endothelial cells (HUVECs) demonstrate displayed attachment and some 
spreading cells were also observed on NB-BTA hydrogels after 24 hours of cell culture. NB-BTA hydrogels 
were made at 5% (w/v) and functionalized with cysteine RGD (C-GGG-RGDS) at a final concentration 
of 250 nM.  
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Figure S2. Human mesenchymal stem cells (HMSCs) demonstrate attachment and little spreading after 
24 hours of culture on NB-BTA hydrogels. No increased spreading was observed when RGD 
concentration was doubled. Cysteine RGD (C-GGG-RGDS) was used at 250 nM (low RGD) and 500 
nM (high RGD) concentrations. Hydrogel final concentration was 3.3% (w/v).  
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Figure S3. ATDC5 chondrocytes were seeded on NB-BTA hydrogels. NB-BTA hydrogel was 
functionalized with short (C-GGG-RGDS), medium (C-GGSGGSGGG-RGDS), and long (C-
GGSGGSGGSGGSGGG-RGDS) RGD after 24 hours and 72 hours of cell culture.  A little spreading, 
after 72 hours, on the edge of the cell aggregate was observed on the hydrogel functionalized with short 
RGD.  Cell aggregates were also observed for medium and long RGD. Some very thin elongated cells 
were observed on long RGD hydrogel however, staining and imaging of fixed cells would provide a more 
accurate morphology of the cells. Cells cultured on tissue culture plastic (TCP) showed spreading 
morphology.  
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In this chapter, we discuss the need for bioink development and why 3D bioprinting of soluble 

bioinks can be a possible solution to defective tissues or organs. Then, we discussed which bioink 

products are available in the market and how the research done in this thesis could be 

commercialized. 

Why bioinks and 3D bioprinting are needed  

Organ and tissue transplantation has been successful in bridging the gap between life and death. 

Transplantation medicine might be crucial for a healthy life; however, worldwide rising cases of 

end-stage failure of many organs including the heart, liver, and kidney might hamper this 

possibility. According to a study, in the US alone, there were approximately 95,000 patients on 

the waiting list in the year 2006 and over 6300 deaths were recorded of the patients on the waiting 

list1. According to a new survey, 76% of patients failed to receive transplants2.  

For instance, the incidence of renal failure is between 140 and 160 million per year in the US 

and Canada, whereas the supply of organs from deceased donors (DCD) is between 20 and 22 

per million per year1. In the US, the cost of dialysis over four years is three times that of a kidney 

transplant. Canada spent nearly Can$100000 per year for Canadians on dialysis with chronic 

kidney diseases (CKD) and Can$32 billion per year for patients with CKD but not on dialysis3. 

A European study found that kidney transplantation resulted in a 2 million euro savings for 1000 

individuals1. Heart failure affects more than 64 million people worldwide which not only resulted 

in poor quality of life but also adds social and economic burden on the healthcare system4. 

According to a 2013 national survey by the American Heart Association, the direct and indirect 

expenditures associated with HF in the USA would more than double, from $20.9 billion in 2012 

to $53.1 billion in 20305. Cirrhosis is the end-stage chronic liver disease (CLD) and is the 11th 

leading cause of death worldwide6. More than 160 million people were impacted by CLD in 

20177, and around 1.32 million died as a result6. Transplantation of the liver remains only an 

option for end-stage liver diseases and on average 15% of the CLD patients died while awaiting 

the transplant8. Germany experienced a severe organ shortage in 2011; there were 1191 liver 

transplants performed and 1792 new patients were added to the waiting list9. Bone is another 

organ that can fracture due to sports injuries, traffic accidents, and osteoporosis10. Delayed bone 

healing or non-unions exist when the repair is not complete. Non-unions can occur because of 

failure of biology, failure of the host (comorbidities and other diseases such as diabetes or 

vascular disease), and failure of mechanics11. Total fragility fractures of 3.3 million are expected 

in EU6 (France, Germany, Italy, Spain, UK, and Sweden) by 2030 resulting in an annual fracture-

related cost of €48 billion12. Average direct costs of treatment for long bone non-union have 

been reported as follows: Canada, $11,800; the USA $11,333; the UK £ 29,20411. There could 

also be indirect costs to each patient for example either via loss of earnings or through additional 

social care. This huge socio-economic cost demands an optimal and innovative solution to 

diseased tissues and the shortage of organs for benefitting humankind at large.  

Tissue engineering offers a potential solution to overcome the challenges of treating defective 

tissues and organ transplantation13,14,15. Tissue engineering is a technique that combines cells, 
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materials, and biochemical molecules intending to maintain, restore or augment the function of 

injured tissue or organs16. Current challenges of tissue engineering include a lack of biomaterials 

with appropriate mechanical properties for correct tissue formation and the creation of a three-

dimensional (3D) complex architecture of native tissues using biomaterials and cells in the lab. 

This can be achieved via 3D bioprinting. 3D bioprinting is an additive manufacturing technique 

that utilized bioink combined with cells and biological growth factors to create 3D complex 

biological constructs with living cells.  

The bioink is defined as a material formulation with biological molecules and cells that can be 

processed using bioprinting technology17. Hydrogels are typical materials that are used as bioinks 

since they mimic the hydrated environment of ECM and allow tuning of mechanical and 

rheological properties required for correct tissue formation and 3D bioprinting 17–19. With the 

development of new dynamic chemistries, hydrogels with reversible and dynamic bonds have 

been developed which advances the field of 3D bioprinting20. 3D bioprinting has the potential 

to revolutionize medicine and healthcare by providing on-demand and patient-specific solutions 

to diseased tissue or replacing artificial organs. However, achieving this milestone requires an 

immense amount of research for finding bioinks with appropriate mechanical and rheological 

properties and detailed biochemical analysis of gene and protein formation in bioprinted 

constructs. 

Research trends in 3D bioprinting: 

Figure 1 shows the exponential increase in the number of publications on bioprinting and 

according to Santoni et al., a total of 9314 science articles were published from 2000 to 2020 

which includes 7574 original research articles and 1740 review papers. A total of 79% of 

published articles were published after 2014. Importantly, 61% (4620 out of 7574) of research 

articles and 74% (1288 out of 1740) of research reviews have been published since 2016, which 

indicates exponential growth of research activities on bioprinting21.  

Market analysis of 3D bioprinting  

The global bioprinting market was estimated to be worth USD 586.13 million in 2019 and is 

projected to reach USD 1,949.94 million by 2025, representing a compound annual growth rate 

(CAGR) of 21.91% for the duration between 2020 and 2025.21 Research and Markets reported 

that global bioprinting market was USD 1.3 billion in 2022 and is projected to reach USD 3.3 

billion by 2027 22. According to Market Research Future (MRF) report on the 3D bioprinting 

market by technology, material, application, and end-user, the 3D bioprinting market size value 

was USD 1.9 billion in 2022 and revenue forecast for 2030 is USD 5.1 billion with compound 
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annual growth rate (CAGR) of 15.4%23 (Figure 2). A report of the 3D bioprinting market by 

component, technology, application, and end-user by Precedence Research indicates that the 

market was worth USD 1.8 billion in 2021 and is projected to reach USD 8.3 billion by 2030, 

with a CAGR of 18.51% from 2022 to 203024.  

 

Figure 1. The graph shows the number of publications on 3D bioprinting. Original research articles 
are shown in blue and reviews are indicated in light blue color 11.  

Figure 2. The graph displays the 3D bioprinting market forecast by technology, material, application, 

and ends user. The 3D bioprinting market is forecasted to reach USD 5.1 billion by 2030. The graph 
has been taken from Market Research Future website 
(https://www.marketresearchfuture.com). 
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Market Analysis of bioinks  

The global bioinks market generated USD 115.7 million in revenue in 2021, and it is anticipated 

that this market will grow at a CAGR of 18.6% to reach USD 738.2 million by the end of 2032. 

Figure 3 demonstrates the global bioink market of USD 134.2 million25. In 2021, sales of bioinks 

represented an 8.9% revenue share of the worldwide 3D bioprinting market 25. 

Existing bioinks 

A bioink is a hydrogel polymer. Bioinks can be made from either natural or synthetic polymers. 

Natural polymers are widely employed due to their natural abundance and excellent 

biodegradability and biocompatibility. Mainly alginate, collagen, gelatin, hyaluronic acid, and 

agarose are commonly used natural polymers in bioinks applications. Protein-based materials 

such as collagen and gelatin contain cell binding sites and other polymers such as hyaluronic acid 

and alginate can be functionalized with cell binding sites for bioactivity to promote cell 

attachment, which is desirable for controlling cell spreading and differentiation. The 

reproducibility of mechanical and biological properties of natural bioink could be challenging 

due to batch-to-batch variability. 

Synthetic bioinks offer the advantage of tunable mechanical and chemical properties. PEG 

acrylates are purely synthetic bioinks, which have been developed. PEG hydrogels with matrix 

metalloproteinases (MMP) cleavable crosslinkers have also been developed, which provides 

mimics biodegradability. Several bioinks have been designed using a combination of natural 

polymers and synthetic cross-links for better tuning of mechanical and biological properties. 

Figure 3. The graph demonstrates that the global bioink market in 2022 of USD 134.2 million.  
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Natural polymers offer the freedom to be modified and cross-linked easily using synthetic cross-

links. 

In Table 1, we have listed existing bioinks with their strengths and weaknesses to provide an 

overview of different types of bioinks available either in the market or developed in the lab.  

Table 2: Bioinks developed, companies selling commercial bioinks, and bioinks strengths and weaknesses. 

Bioink Owned by  Strength Weakness 

Peg-acrylates Not owned 
(Sigma, Merck, 
Advanced 
BioMatrix, etc.) 

Fully synthetic, well-
established, cheap(ish) 

No stress-relaxation or ability 
for cells to remodel, low 
viscosity, high network density, 
use of UV light 

Gel-MA Not owned 
(Merck, Sigma, 
CellInk, Allevi) 
Ali 
Khademhussini, 

Biodegradable, well-
established 
biocompatibility 

Cannot tune biochemistry and 
mechanical properties 
independently, low-tunability, 
uncontrolled degradation, non-
degradable kinetic chains, Use 
of UV-light 

Collagen Bioinks Not owned 
(CellInk, 
Advanced  
BioMatrix, 
ALLEVI, 
Humabiologics) 

Biocompatible 
Biomimetic  

Largely extracted from an 
animal source 
Not reproducible  
Required pH changes  

rhCollagen CollPlant 
Holdings 

Plant-based technology 
to produce 
recombinant human 
type I collagen 
(rhCollagen). 
Biomimetic, similar to 
collagen I 
Free of pathogens and 
no foreign body 
response 
Cell binding domains 
enabled by perfect 
triple helix enhance 
cellular attachment 
Controlled mechanical 
properties 

Costly  
Difficult to tune the range of 
mechanics and stress relaxation 
Expensive 

Methacrylated 
Hyaluronic Acid 

Not owned 
(Allevi, CellInk, 
Advanced 
BioMatrix,  

Tunable stiffness  No stress relaxation 
No remodeling by cells 
Non-specific interactions by 
cells 

Methacrylated 
Alginate 

Advanced  
BioMatrix 

Tunable stiffness 
Tunable bioactivity 
No specific interactions 
with cells 

No stress relaxation  
No remodeling by cells 
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Alginate-
Nanocrystals 

CellInk Established market 
share, established in 
multiple cell lines,  
RGD and laminin 
conjugated for 
bioactivity 

Not modular, non-degradable, 
relatively expensive ($179 for 
3mL, one use) 

Ghost Burdick Lab Good publications and 
visibility 
Tunable viscoelasticity 
by secondary cross-
links 

No company formed yet. 
Limited and weak mechanical 
properties. 

Peptide self-
assembly 

BioGelX Fibrous structure Poor mechanical properties, 
expensive ($350 for 4 mL, one 
use) 

MMP cleavable 
PEG systems 

Not owned  Tunable initial 
mechanical properties 
Tunable degradation of 
the hydrogel 

The local cellular environment 
is different than the bulk 
Difficult to control dynamic 
mechanical properties and 
stress relaxation  
Local and bulk degradation   

VitroINK, Xeno-
free tunable bioink  

The Well 
Bioscience Inc. 

No UV, no 
temperature/pH 
curing, or chemical 
crosslinking 
Tunable bioactivity 
with either RGD or 
IKVAV or YIGSR 
peptides or with Matrix 
Metalloproteinases 
(MMP) 

Limited tunability of 
mechanical properties 

 

Table 1 discussed leading players including Cellink, BiogelX, Allevi, The Well Bioscience Inc, and 

CollPlant, which focused on developing and commercializing bioinks for 3D biofabrication. 

Some companies, for example, CollPlant Holdings have aimed to design a universal bioink and 

commercial product is driving technological advancement. Most bioinks allowed tuning stiffness 

and introduction of bioactivity. However, tuning of stress relaxation in ECM mimetic fibrous 

hydrogel is missing. Peptide-based fibrous bioinks have been developed by BioGelX and The 

Well Bioscience Inc.; however, these hydrogels exhibited poor mechanical properties and no 

stress relaxation tuning has been shown. We took on the challenge of developing bioinks with 

tunable stress relaxation and controlled fibrous structure utilizing dynamic covalent chemistry 

and supramolecular chemistry.   

Bioinks developed in this thesis  

Bioinks in this thesis were developed using dynamic covalent and supramolecular synthetic 

chemistries (Table 2).  
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Table 3: list of bioinks developed in this thesis with their unique advantages and disadvantages 

Bioink Owned by  Strength Weakness 

Alginate with imine 
type crosslinks (our 
systems) 

Chapter IV 
of this 
thesis  

Commercially and 
cheaply available cross-
linkers; 
Mechanical properties 
tunable;  
Different cell adhesion 
molecule presentations 
are possible  

Scale-up would be difficult; 
Unlimited swelling might be an 
issue 

Supramolecular 
BTA hydrogels  
(Our system) 

Chapter VII 
of this 
thesis  

Tunable viscoelasticity 
and stress relaxation 
across 5 orders of 
magnitude;  
ECM (collagen) 
mimicking the fibrous 
structure in synthetic 
bioink 

Longer than 10 days cell culture 
not possible; 
Erosion in cell culture media  

Supramolecular 
Norbornene BTA 
hydrogel (our 
system) 

Chapter 
VIII of this 
thesis 

Tunable stiffness and 
stress relaxation; 
Tunable toughness  
ECM mimicking the 
fibrous structure; 
Longer cell culture is 
possible; 
Can be made MMP 
degradable  

Use of UV light for cross-linking 

 

Applicability of bioinks developed in this thesis 

In this thesis research, we described the development of dynamic bioinks based on dynamic 

covalent and supramolecular chemistry. Owing to the increasing worldwide demand for organ 

replacement and tissue regeneration, there is a growing need for advanced bioinks for 3D 

bioprinting for replacing damaged organs or tissues with healthy and functional organs and 

tissues. Advanced bioinks require good control of mechanical properties post-printing for 

healthy tissue formation e.g., stiffness, viscoelasticity, and stress relaxation. In addition, 

rheological properties such as shear-thinning (decrease in viscosity upon application of shear 

strain) and self-healing (ability to repair broken bonds and achieve mechanical properties similar 

to before bioprinting) are important during and after 3D bioprinting. Therefore, we took on the 

challenge of developing bioinks with controlled mechanical and rheological properties.  

Bioinks using dynamic covalent chemistry 

In chapter IV, we developed a series of dynamic covalent hydrogels for their applicability as 

bioinks. We employed imine-type cross-links with a range of equilibrium constants (Keq). Using 



Valorization 

 

381 
 

imine-type dynamic crosslinkers and oxidized alginate with aldehyde groups, we created alginate-

based oxime, semicarbazone, and hydrazone dynamic hydrogels. We demonstrated that storage 

moduli can be tuned in the range of soft tissues (500–3000 Pa). We showed that all of the 

hydrogels were extrudable through a 25 G needle; however, semicarbazone and hydrazone 

demonstrated better extrudability compared to oxime. Semicarbazone and hydrazone displayed 

macroscopic self-healing. We demonstrated ATDC5 chondrocytes and human dermal 

fibroblasts exhibited good cell viability with these hydrogels. Hydrazone showed excellent 3D 

bioprinting and ATDC5 chondrocytes demonstrated good biocompatibility within hydrazone 

hydrogel. Excellent bioprintability and biocompatibility using hydrazone hydrogel showed that 

hydrazone hydrogel can be the future bioink used in the lab for investigating bioprintability and 

functional tissue formation with cell types that are more clinically relevant such as mesenchymal 

stem cells (MSCs) and induced pluripotent stem cells (iPSCs).  

We envision providing customized formulations in dry powder form and the user has to follow 

a protocol for preparing a hydrazone bioink. For example, the user has to dissolve alginate and 

cross-linker in the calculated amount of cell culture media.  Once dissolved, the alginate solution, 

cross-linker solution, and cell suspension can be mixed to prepare a bioink. After a waiting time 

of 15–45 minutes, the bioink is ready to be bioprinted into a defined shape.  

Bioinks using supramolecular chemistry 

Developing dynamic bioinks with controlled fibrous structures and mechanical properties 

remains a challenge. Supramolecular chemistry can enable the creation of bioinks that are 

dynamic yet biomimetic e.g., mimic the fibrous structure of proteins in the extracellular matrix 

(ECM). Supramolecular bioinks can also offer shear-thinning and self-healing properties owing 

to supramolecular transient interactions. For designing bioinks that are dynamic yet fibrous, we 

chose to develop bioinks using benzene, 1,3,5-benzene tricarboxamide (BTA). BTA has been 

known to undergo self-assembly via a combination of hydrogen bonding and hydrophobic 

interactions, resulting in one-dimensional (1D) fibers of a few nanometers in diameter and 

micrometer-scale long. Yet, the translation of BTA hydrogelator for bioink development with 

controlled mechanical properties has not been explored.  

In chapter VII of this thesis, we developed a series of BTA hydrogelators bioinks with 

controlled mechanical properties. We simply altered the hydrophobic length (12, 16, 18, 20, and 

24) on the exterior of benzene-1,3,5-tricarboxamide (BTA), which resulted in the modulation of 

viscoelasticity over 5 orders of magnitude in fibrous hydrogels. Interestingly, all hydrogelators 

demonstrated a similar equilibrium storage modulus. ATDC5 chondrocytes and human 

mesenchymal stem cells (hMSCs) displayed good cell viability within BTA hydrogels. BTA 

hydrogelators with 16, 20, and 24 carbon atoms length demonstrated shear-thinning, self-

healing, and 3D printing into multi-layers structures. We showed that increasing carbon length 

on BTA provides better stability and shape fidelity to 3D-printed BTA structures. ATDC5 

chondrocytes displayed high cell viability in bioprinted constructs. BTA hydrogelator bioinks 
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developed in chapter VII highlight the importance of the molecular design of hydrogel network 

for accessing the wide range of viscoelasticity in biomimetic fibrous bioinks for bioprinting.  

In chapter VIII of the thesis, we developed an improved version of the bioink by replacing 

hydrophobic on the exterior of the BTA with norbornene (NB). The design of this bioink was 

inspired by nature’s use of covalent reinforcement of self-assembled structures for designing 

tough tissues. NB BTA can undergo thiol-ene chemistry and could enable intra- and inter-fiber 

crosslinking. NB BTA self-assembles and forms a fibrillar and viscoelastic hydrogel. We 

demonstrated that cross-linking of self-assembly by intra- and inter-fiber enables tuning stiffness, 

strength, and toughness of the hydrogel. NB BTA hydrogels were extrudable, shear-thinning, 

and self-healing. NB BTA ink showed excellent 3D printability with good shape fidelity and 

enabled toughening of 3D printed structures by covalent cross-linking. hMSCs spheroids were 

mixed with NB BTA ink for preparation of NB BTA bioink and bioprinted into cartilage 

structure. hMSCs spheroids successfully produced cartilage tissue within bioprinted NB BTA 

constructs. The ability of hMSCs to produce cartilage tissue in NB-BTA hydrogelator makes NB 

BTA a promising bioink. There are already a few existing fibrous bioinks26,27 and tough 

hydrogels28; however, tuning toughness within the synthetic biomimetic fibrillar bioink remains 

a formidable challenge that we addressed by developing NB BTA bioink. Unlike existing bioinks, 

such as gelatin and Matrigel, NB BTA bioink has been made using fully synthetic components 

and provides better control over the tuning of dynamics and toughness in synthetic bioink.  

We envision providing NB BTA hydrogelator kits for laboratories to conduct their research in 

the areas of tissue engineering and bioprinting. The NB BTA hydrogelator kit will contain NB 

BTA hydrogelator powder, cross-linker solution, and appropriate cell culture media for making 

hydrogels out of the NB BTA hydrogelator. For Bioprinting and extrusion applications, the NB 

BTA kit will contain a bioprinting syringe and an appropriate needle size for successful 

bioprinting. Collaboration with other companies can also be considered for the distribution of 

NB BTA kits for example such companies could be CellInk, Advanced BioMatrix, and Allevi. 

We aim to provide NB BTA hydrogelator for a range of applications including cell culture, 

organoid growth, and drug screening for increasing the commercial potential of the NB BTA 

bioink. Investigation with other cell types will help establish protocols with a variety of cell types, 

which is beneficial for enhancing the commercialization potential of the NB BTA bioink. For 

example, NB BTA hydrogels can be investigated with cells from tough and fibrous tissues such 

as tendons and muscles. Additional research on coating two-dimensional (2D) polystyrene 

culture dishes or creating 2D substrates of NB BTA for investigation of cell differentiation will 

also enhance the commercial value of the NB BTA bioink.  

Patents 

The research carried out in chapter IV has produced a patent entitled “Bioinks”, which has been 

filed in Europe and US.  
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The research carried out in chapter VIII has resulted in the patent application of “Injectable 

tough and viscoelastic BTA hydrogel”. The european search report found our claims to be new 

and inventive.  
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Summary 

The development of advanced and dynamic hydrogels and bioinks with extracellular matrix 

(ECM) biomimicry is needed for understanding cellular response to dynamic networks with 

controlled viscoelasticity and biomimetic fibrous structure. This thesis investigates dynamic 

covalent chemistry and supramolecular chemistry for creating hydrogels that recapitulate 

extracellular matrix (ECM) viscoelasticity, stress relaxation, and fibrillar structure. Unlike the 

ECM, traditional hydrogels are elastic and allowed controlling stiffness. However, the ECM is 

dynamic and possesses time-dependent properties of viscoelasticity and stress relaxation. 

Therefore, we investigated dynamic and reversible chemistries for the creation of synthetic 

analogs of the ECM with controlled dynamicity, viscoelasticity, and structure. We also 

investigated newly developed dynamic hydrogels 3D bioprinting for the creation of complex life-

like structures.  

Utilizing imine-type dynamic covalent chemistry (DCvC) in chapter IV, we discovered that 

cross-links with distinct Keq can be used for tuning viscoelasticity. We found that hydrazone has 

higher viscoelasticity compared to semicarbazone and oxime. Viscoelasticity had an impact on 

cell morphology, with fibroblasts displaying a round shape in oxime hydrogels as opposed to a 

spreading shape in hydrazone hydrogels. Similarly, we also found that the reversibility of 

hydrazone cross-links imparts self-healing and enables 3D bioprinting of complex life-like 

structures.  

Then, we realized that ECM is a supramolecular and self-assembled fibrous structure with 

controlled viscoelasticity and dynamicity. Utilizing modular mixing/copolymerization of 

benzene-1,3,5-tricarboxamide (BTA) monomers (chapter V) with fast and slow exchange 

dynamics, we tuned viscoelasticity and stress relaxation in fibrous structure in the range of soft 

tissues. Fibroblasts and chondrocytes displayed high cell viability and neuronal cells (PC12) and 

dorsal root ganglion (DRG) could grow within fibrous and dynamic hydrogels. Interestingly, 

chondrocytes and human mesenchymal stem cells (hMSCs) formed cell aggregates, and more 

compact spheroids were observed for hMSCs. We attributed the spheroid formation ability of 

hMSCs within these hydrogels to the dynamicity and viscous properties of the hydrogel. While 

discovering more about ECM, we found that not only ECM is multicomponent but also ECM 

is multifunctional. Creating multifunctionality in ECM mimetic structure is desired and 

supramolecular chemistry offers a biomimetic and modular approach to creating multifunctional 

ECM for emulating the complexity of ECM. BTA is inspiring due to its one-dimensional (1D) 

fiber structure; however, large-scale synthesis of multifunctional BTA is the bottleneck. In 

chapter VI, we developed a new desymmetrization strategy that enables the creation of 

multifunctional and upscale synthesis of BTA architectures and macromonomers. A small library 

of benzene-1,3,5-activated esters was created and found that benzene-1,3,5-pentafluorophenol 
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tri-ester (BTE-F5Ph) enabled effective desymmetrization and synthesis of BTA with 

hydrophobic spacers and reactive handles (azide and norbornene). We utilized the 

desymmetrization strategy for the creation of telechelic polymeric BTA macromolecules. We 

discovered that BTA macromolecules form fibrous hydrogels and mechanical properties can be 

tuned by altering the hydrophobic handles attached on the BTA. Next, after observing some 

interesting trends in the viscoelastic properties of newly developed BTA fibrous hydrogel, we 

hypothesize that the length of hydrophobics could dictate the viscoelastic properties of BTA 

hydrogel. We created a telechelic BTA macromonomer with twelve, sixteen, eighteen, twenty, 

and twenty-four carbon atoms on the exterior of BTA (chapter VII). All macromonomers 

formed fibrous hydrogels with similar equilibrium storage modulus. We discovered that 

hydrogels with more than 5 orders of magnitude viscoelasticity can be made by altering the 

hydrophobic length from twelve to twenty-four. BTA hydrogels were extrudable, and the shape 

fidelity of 3D printed constructs was greatly improved with the increasing number of carbon 

atoms. Bioprinted chondrocytes showed high cell viability within BTA hydrogels. This 

straightforward method of adding or removing a few carbon atoms on BTA overcomes the long-

standing challenge of tuning broad-range viscoelasticity in the fibrous hydrogel. Next, we were 

inspired by the conjunction of self-assembly and covalent fixation of collagen which is believed 

to be responsible for the toughness and strength of the collagen protein. We proposed a 

supramolecular/covalent strategy to achieve remarkable mechanical properties. BTA with 

norbornene (NB) (NB BTA) functionality was made that self-assembles into the fibrillar 

structure and forms a fibrous hydrogel with controlled viscoelasticity (chapter VIII). Intra- and 

inter-fiber crosslinks were introduced for tuning the hydrogel's stiffness, strength, and 

toughness. NB-BTA hydrogel was extremely tough, demonstrated recoverable hysteresis, and 

can withstand 90% compressive strain, and 550% tensile strain. Shear-thinning and self-healing 

properties of NB-BTA hydrogel enabled 3D printing of a cartilage-like structure. Human 

mesenchymal stem cell spheroids produced collagen II in bioprinted NB-BTA hydrogel, which 

strongly shows the development of chondrogenic tissue in bioprinted NB-BTA hydrogel.  

In the future, the creation of multifunctional supramolecular monomers with controlled 

molecular dynamics will be of great interest for achieving next-level control of ECM dynamicity 

and biomimicry. In addition, molecular control of supramolecular dynamics will enable the 

development of advanced bioinks with spatiotemporal control of mechanical and biological 

properties. 
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CH2001 — Organic chemistry — Bachelor Maastricht Science Program (2021) 

CH2001 — Organic chemistry — Bachelor Maastricht Science Program (2019) 
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