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As one of the most frequently damaged tissues in our body, bone has always been in the 

spotlight of clinicians and scientists. In principle, bone tissue can self-repair. However, 

there are some cases, in which the injury is too large and severe, or the local environment 

is subobtimal for this process to happen on its own demanding external help to manage 

the injury. Unlike the axolotl, the human body does not have the unique ability to perfectly 

self-regenerate after complex damage.  

For decades, the use of autografts, allografts or methalic prosthesis have been considered 

as the gold standard clinical practices to reconstruct large bone defects or non-unions. 

However, these approaches have never been considered optimum solutions, due to donor 

morbidity, immunogenicity, unavailability and/or structural failure. With the birth of the 

tissue engineering field, which aims at combining biomaterials, cells and/or biophysical 

and chemical signals to promote endogenous tissue regeneration, a new research 

perspective appeared to confront non-union bone injuries. Since then, a wide variety of 

novel approaches have been suggested towards a more effective clinical solution. Most of 

these revolve around the design of an ideal scaffold, which upon implantation can serve 

as a temporary structure mimicking bone extracellular matrix (ECM) to promote cell 

adhesion, proliferation, differentiation and new tissue formation. Several biomaterials and 

biofabrication techniques have been investigated trying to create a scaffold fulfilling the 

required biodegradability, bioactivity and mechanical properties. In this regard, natural and 

synthetic polymers, ceramics, metals, and their combinations have been processed 

through a variety of fabrication methods, including particulate leaching, gas foaming, 

thermally induced phase separation, freeze-drying, electrospinning and additive 

manufacturing (AM). Among all, AM, and melt extrusion AM (ME-AM) in particular, has 

stood out over the other biofabrication techniques, as it allows the reproducible controll 

over scaffold size, shape, internal interconnected macroporosity, which are crucial factors 

for bone tissue engineered (BTE) scaffolds success. In spite of these benefits, ME-AM 

possess also its own drawbacks, associated with the inherent characteristics of synthetic 

polymers, which are the only processable materials through this technique and generally 

lack the required bioactivity to induce bone regeneration. In Chapter 2 we summarize the 

research that has been carried out over the last decades on strategies to augmenting the 

physicochemical properties of such ME-AM scaffolds, in order to enhance their interaction 

with cells. These include modifications of the scaffold internal architecture and surface 

properties, the fabrication of hybrid scaffolds, combining the ME-AM framework with 

fibrous or hydrogel networks, and the use of polymer composites containing inorganic, 
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organic or metallic fillers. In spite of all these efforts, the search for optimal scaffolds that 

can boost bone regeneration continues, since an ideal ME-AM scaffold that shows an 

optimal in vivo tissue regeneration has not yet been found. To further contribute to the 

field, and by overcoming some of the identified challenges, this thesis aims at investigating 

different material-driven approaches to design and fabricate bioactive ME-AM scaffolds for 

BTE. These approaches are described in the different chapters of the thesis. 

The first step towards the short and long-term functionality of a scaffold-supported 

engineered tissue is an efficient scaffold seeding. However, cell seeding on ME-AM 

scaffolds is challenging, due to the interplay of macroporosity, inert scaffold surface 

properties, and gravity. Chapter 3 and Chapter 4 propose two different alternatives to 

efficiently seed ME-AM scaffolds in terms of seeding efficiency and distribution. While 

some of the pre- or post-scaffold fabrication modification techniques presented in Chapter 

2 have been used on an attempt to circumvent these intrinsic cell seeding difficulties, there 

is still the need of a simple and reliable method that does not depend on the scaffold 

architecture or its material physicochemical properties. In this regard, Chapter 3 describes 

a simple, unique and universal approach to statically seed ME-AM scaffolds in a precise 

and reproducible manner, regardless of the scaffold type. In this chapter, the independent 

addition to the cell seeding medium of two biocompatible macromolecules, dextran and 

Ficoll, is studied to adjust the medium viscosity and density, respectively, and tune cell 

settling velocity for better attachment during the seeding process. The influence of these 

seeding media on cell attachment and distribution along the scaffolds’ cross section, as 

well as on the osteogenic differentiation capacity of human mesenchymal stromal cells 

(hMSCs), is evaluated. 

In addition to the simple strategy presented in Chapter 3, the method described in Chapter 

4 relies on the use of a high-end technology for attaining enhanced cell attachment on ME-

AM via plasma modification. This technology, which combines a ME printhead and an 

atmospheric pressure plasma jet (APPJ) module, not only allows scaffold production and 

treatment in a single-step, but also ensures a controlled and homogeneous surface 

modification, in contrast to conventional post-fabrication plasma approaches. Here, ME-

AM polymeric scaffolds are plasma-polymerized with (3-Aminopropyl) trimethoxysilane 

and maleic anhydride-vinyltrimethoxysilane, which deposit rather stable amine- and 

carboxyl-based coatings on the scaffolds filaments. The effect of these uniquely performed 
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treatments on scaffolds’ hydrophilicity, protein adhesion, cell adhesion mechanism and 

hMSCs osteogenic differentiation is evaluated. 

After ensuring an efficient cell attachment, composite ME-AM scaffolds comprising the 

copolymer PEOT/PBT and either nanohydroxyapatite (nHA), reduced graphene oxide 

(rGO), or antibiotic-loaded lamellar fillers, are fabricated in Chapters 5, 6 and 7, 

respectively. Among all the strategies for augmenting the bioactivity of ME-AM polymeric 

scaffolds, the use of composites enable bulk scaffold properties modification (i.e. 

mechanical, physicochemical, electrical) without altering the scaffold architecture or the 

need of post-fabrication steps. To replicate the organic-inorganic composition of bone 

ECM, and taking advantage of the osteoinductive properties of calcium and phosphate, 

composite constructs comprising polymers and calcium phosphate materials, and in 

particular nHA, have been widely explored. Despite material advances and thorough 

studies on the printability of highly loaded nHA ME-AM composite scaffolds, the biological 

assessment of such scaffolds has been mostly overlooked and, in general, poorly 

characterized. In Chapter 5, we aimed to fill this important gap and provide an in depth in 

vitro biological characterization of highly loaded nHA scaffolds. Polymer-nHA composite 

scaffolds with up to 45 wt% nHA were fabricated, and the effect of nHA content on the 

osteogenic differentiation of hMSCs was intensively evaluated using several biochemical 

and molecular assays, such as q-PCR, immunofluorescence, ELISA and calcium staining. 

In addition, a mechanical analysis was also performed. 

Towards the fabrication of ME-AM scaffolds with outstanding physicochemical and 

electroactive properties for bone formation stimulation, graphene based materials can be 

used as fillers. In spite of its thermal stability, electroconductivity and easy production, 

compared to other graphene derivative, rGO has been mostly overlooked as filler within 

ME-AM composite scaffolds due to its low bulk density compromising its safe handling 

during melt compounding.  In order to overcome this limitation, rGO was densified in 

Chapter 6, and the effect of densification on rGO compaction degree and on the resulting 

melt compounded composites physicochemical properties and printability via ME-AM was 

assessed. In addition, the effect of rGO concentration on the materials’ physicochemical 

properties and cell-material interactions in 2D and 3D, including osteogenic differentiation, 

was also investigated. 

Bone infection is a common complication after trauma or implant surgery. On an attempt 

to circumvent the use of high doses of systemic antibiotic therapy, local antibiotic delivery 
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systems are desired. However, approaches to fabricate ME-AM scaffolds with 

antimicrobial properties are based either on post-fabrication and multi-step surface 

adsorption treatments, which lead to poor loading efficiencies and uncontrolled release 

kinetics, or on low temperature ME-AM (< 120 °C) to preserve the bioactive molecules 

functionality, which limits the polymer choice. In Chapter 7, the possibility of incorporating 

antibiotics within the polymer matrix of scaffolds fabricated by high temperature ME-AM 

(~190 °C), via antibiotic-loaded inorganic fillers, is discussed. In this chapter, two different 

antibiotic-nanofiller complexes are investigated, and the antibiotic release kinetics, drug 

stability after printing and scaffold antimicrobial properties against relevant orthopedic 

bacterial strains, evaluated. In addition, the osteogenic differentiation capability of hMSCs 

on the composite scaffolds is assessed to ensure their dual functionality. 

In Chapter 8, the results described in the aforementioned chapters are discussed and 

place into the state of the art context, while providing future perspectives. To finalize, a 

reflection on the scientific and social impact of the research carried out in this thesis is 

presented in Chapter 9. 
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Abstract  

The bone tissue engineering (BTE) field is in active search of the ideal scaffold to give a 

clinical solution for bone regeneration in non-union fracture scenarios. During the last 

decades, the use of additive manufacturing (AM) technologies and, in particular, melt 

extrusion AM (ME-AM), has been thoroughly investigated towards this aim. ME-AM 

enables the cost-effective fabrication of personalized 3D scaffolds, with a controlled and 

highly interconnected porosity, through the solvent-free processing of biodegradable and 

mechanically robust thermoplastic polymers. In addition to these properties matching the 

requirements for BTE scaffolds, the synthetic polymers used to fabricate these constructs 

are also more amenable for further functionalization than metals or ceramics, to influence 

cell behavior, making thermoplastic materials a preferred choice for BTE. This review 

provides a comprehensive analysis of various ME-AM scaffolds developed for BTE, along 

with the approaches used to augment their bioactivity, which include architectural 

modifications, surface physical and chemical modifications, the incorporation of secondary 

fibrous or hydrogel networks within the scaffolds pores, and the use of filler-polymer 

composites for ME-AM scaffold fabrication. A detailed examination on how each of these 

strategies affect the final scaffold physicochemical and mechanical properties is 

presented. Special emphasis is placed on discussing the effect of these modifications on 

promoting cell osteogenic differentiation in vitro and bone tissue development in vivo. 
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Bone and its regenerative capacity   

Bone is a complex hierarchically structured tissue that plays a critical role in human 

physiology including locomotion, organ protection, blood production, mineral storage and 

homeostasis, and source of mesenchymal stem cells in the marrow compartment. 1 The 

building blocks of the bone matrix consist of an inorganic phase of carbonated 

hydroxyapatite (HA), and an organic phase mainly composed of collagen type I (COL I), 

among other types of collagens, proteoglycans, fibronectin and specific bone proteins, 

such as osteopontin (OPN), bone sialoprotein (BSP) and osteocalcin (OCN), in minor 

percentages. 2 In the cortical bone, which extends along the shaft or diaphysis of long 

bones and becomes thinner towards the distal and proximal ends or epiphysis, mineralized 

collagen nanofibers organize parallel into concentric lamellae and surround the Harversian 

channel constituting the osteons. 3 On the other hand, cancellous bone, which is present 

in long bones mostly in their epiphysis, is organized into irregular and convoluted lamellae, 

which create an intricate porous trabecular framework as housing for the soft and highly 

cellularized bone marrow. 3 Due to their differences in porosity and architecture, cortical 

and cancellous bone possess an elastic modulus at the macroscale of 15 – 20 GPa and 

0.1 – 2 GPa, and a compressive strength of 100 – 200 MPa and 2 – 20 MPa, respectively. 

4-5 These properties are highly dependent on age, health condition, anatomic site and 

loading direction. 4, 6-8 At the tissue level, cortical bone possess slightly higher density and 

mineral content compared to trabecular bone, as it presents a lower rate of turnover. 9 Due 

to this, microtensile measurements have also revealed differences in the elastic modulus 

of both tissues at the microscale (~18 GPa for cortical bone vs. ~ 11 GPa for cancellous 

bone). Yet, they are in the same order of magnitude, due to their similar lamellar 

nanostructure. 8 These impressively high mechanical properties are owed to the 

mineralization of the collagen fibers, which provides stiffness and structural reinforcement 

to the viscoelastic and tough collagen. 

Bone is constantly undergoing remodelling to adapt to mechanical stresses, resulting from 

physical exercise or loading, and to maintain the integrity of the skeleton, by repairing 

micro fractures caused by the bending and torsion of bones during locomotion. 10 This is 

a dynamic process orchestrated by a variety of biochemical and mechanical factors that 

requires the interplay between different cell phenotypes: the bone-forming osteoblasts, the 

bone-degrading osteoclasts, and the bone lining cells and the osteocytes. 11 In line with its 

remodeling capacity, bone also has self-healing abilities after fracture. 12 In bone fractures, 
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not only the structural integrity of bone is disturbed, but also the vascular structures, 

limiting the nutrients flow at the injury site. Therefore, the healing process is much more 

complex than during spontaneous remodelling, and includes an inflammatory phase, a soft 

callous formation, and a remodelling phase, involving multiple cellular types, including 

mesenchymal stromal cells, and molecular activities that recapitulate the endochondral 

ossification happening during embryogenesis. 13 However, improper stabilization, age and 

comorbidities of the patient, as well as large bone defects, caused by disease, traumatic 

injury, implant surgery, infection or tumor resection, can negatively influence the healing 

process, leading to non-union in up to 10% of the cases. 14 Current strategies used in the 

clinics for the treatment of non-union or critical size bone defects mainly rely on: i) the 

distraction osteogenesis or Ilizarov method (Figure 1A), 15 ii) the induced membrane or 

Masquelet technique, 16-17 combined with autografts, such as intramedullary bone grafts 

(Figure 1B-C), iliac crest, or vascularized fibula graft (Figure 1D) 18 iii) allografts, or iv) 

demineralized bone matrices. 19-20 Treatments based on the Illizarov or Masquelet 

methods are often complex, requiring external fixation and multiple surgeries. Similarly, 

natural bone grafts (autografts or allografts) possess several disadvantages, including 

donor site morbidity, restricted availability, high costs, pain, prolonged rehabilitation, lack 

of structural properties, and can trigger inflammation, immunological rejections in the case 

of allografts, or infections. 1 Therefore, the management of non-union bone defects 

remains a major clinical challenge.  

During the past decades, a large amount of efforts have been dedicated to investigate 

tissue-engineered strategies to regenerate bone in non-union scenarios, and avoid the 

aforementioned disadvantages associated with the currently used therapies. 21 Particular 

attention has been given to additive manufacturing (AM) technologies, which enable to 

finely control the scaffold properties. In the following sections of this chapter, a brief 

overview on current AM techniques used to fabricate scaffolds for bone tissue engineering 

(BTE) applications will be provided, and special focus will be given to the advantages of 

melt extrusion AM (ME-AM) over other technologies. This includes the compatibility of the 

synthetic polymers used for ME-AM with various supplemental methodologies. While 

making this choice, we acknowledge the promising bone regeneration capacities of 

ceramic and biodegradable metal scaffolds, however they offer suboptimal biomechanical 

properties, being either too brittle or too stiff, respectively, compared to polymeric 

scaffolds. In this regard, current state-of-the-art strategies used to augment the bioactivity 

of polymeric ME-AM scaffolds towards an ideal BTE scaffold will be extensively discussed. 
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The related in vitro cell responses and in vivo bone regeneration produced by these 

strategies will be highlighted. 

 

Figure 1 - Current gold standard techniques for the treatment of non-unions. (A) Schematic 
representation of the distraction osteogenesis technique. After the formation of a critical size defect, 
a bone segment is fractured and brought into close contact with the bone. The Ilizarov apparatus 
(external fixation) is used to gradually separate the bone segment, allowing new bone to form in 
the gap via conventional endochondral ossification during fracture healing. Adapted with 
permission from Ref. 22 (B) Clinical case in which the Masquelet technique was applied to treat a 
humeral non-union. (i) After debridement of the bone ends, a cement spacer was inserted for 2 
months. (ii) After this period, a pearly membrane was induced around the cement, which was filled 
with a bone graft after spacer removal. Adapted with permission from Ref. 17 (C) Clinical case 
combining the Masquelet technique with an intramedullary bone graft to treat a tibial non-union. (i) 
After poly(methyl methacrylate) (PMMA) spacer removal and the induced membrane formation, the 
defect site was packed with autologous cancellous bone graft collected from the femur with the 
reamer-irrigator aspirator (RIA) technique. (ii) 7 months post-surgery X-rays. (D) Schematic 
representation of the vascularized fibula approach combined with a supporting construct 
comprising the following steps: resection of malignant tumor, construct placed around the 
vascularized fibular graft, insertion in the critical size defect and use of internal fixation. Adapted 
with permission from Ref. 21 

Towards AM scaffolds for BTE applications 

One of the pillars of tissue engineering (TE) are scaffolds. An ideal scaffold should provide 

a physico-chemically biomimetic environment to support and boost bone tissue ingrowth 

and regeneration. 23 In this regard, the use of biocompatible materials to avoid the risks of 

local toxicity and undesired immune/inflammatory responses is fundamental. Moreover, 

the scaffold degradation and the bone formation rates should match, ensuring the stability 

of the defect post implantation. At the same time, scaffolds should provide mechanical 

support and stability, ideally matching the mechanical properties of neighboring bone 
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tissue to prevent stress shielding. 24 Surface properties such as chemistry, surface charge 

and topography are also critical, as they will dictate cell–material interactions for bone 

tissue ingrowth. While the aforementioned properties are of utmost importance, the 

architectural parameters of the scaffold i.e. pore interconnectivity, porosity, and pore size 

and shape, will ultimately determine the success of the scaffold in promoting tissue 

ingrowth leading to the regeneration of a fully functional tissue. Interconnected pores are 

necessary for efficient management of nutrients, oxygen, metabolic waste and material 

biodegradation products, as well as for continuous vascularization and tissue ingrowth 

within the scaffold. Moreover, scaffolds with pore sizes of at least 300 µm are needed to 

promote neovascularization and favor osteogenesis in vivo. 25-27 Pore shape and curvature 

has also shown to influence bone formation by modulating cell response and rate of tissue 

regeneration. 28-29 Since it is difficult to decouple porosity from mechanical properties and 

degradation rate, all these parameters need to be carefully balanced in order to optimize 

scaffolds for bone regeneration.25, 27  

It is already established that conventional scaffold fabrication techniques, such as 

particulate leaching, gas foaming, phase separation, solution casting or freeze drying, 

cannot ensure pore interconnectivity, nor the precise control over pore size, shape and 

spatial distribution. 30-31 On the contrary, biofabrication technologies derived from AM 

techniques for rapid prototyping, have demonstrated their potential to generate 

reproducibly complex-shaped tissue engineered constructs with a high degree of control 

on architectural parameters. Depending on the material type and its processing method, 

the most commonly used AM technologies in biofabrication of BTE constructs can be 

classified into: 32-33 

i) powder based techniques, including 3D printing, selective laser sintering (SLS), 

selective laser melting (SLM) and electron beam melting (EBM),  

ii) vat photopolymerization techniques, including stereolitography (SLA), digital 

light processing (DLP) and two-photon polymerization (2PP),  

iii) ME techniques, including fused deposition modeling (FDM), 3D fiber deposition 

(3DF) and bioextrusion,  

iv) solution extrusion, including direct ink writing, low temperature deposition 

manufacturing (LDM), pressure-assisted microsyringe (PAM), and wet-

spinning, and  
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v) bioprinting, includding bioplotting, ink-jet bioprinting and laser-assisted 

bioprinting. 

Among all the aforementioned, ME-AM techniques are the most used AM techniques in 

BTE. Here, a thermoplastic polymer or composite in the form of a filament (FDM) or pellets 

(3DF and bioextrusion) is hot-extruded in molten form through a nozzle upon application 

of pressure via rollers pushing the filament (FDM), pressurized gas/piston (3DF) or a screw 

(bioextrusion), and deposited as solidified strut in a layer-by-layer manner. 34 Compared 

to other AM technologies, ME-AM does not require demanding hardware, its operation 

principle is straightforward, and the materials used do not require extensive development, 

in terms of chemistry. Moreover, ME-AM techniques offer one of the highest resolution-to-

time of manufacturing (RTM) ratio among all AM techniques (~1 x10-3 m2/minute). RTM is 

a parameter that defines the efficiency of the manufacturing process in terms of the ability 

to produce scaffolds with fine details in a short time, and is expressed as volume of material 

deposited per minute, divided by the minimum printed feature dimension. 33 An RTM ratio 

of ~1 x10-3 m2/minute is also estimated for SLS, where a high power laser selectively 

sinters a powder bed layer-by-layer. In spite of producing scaffolds at a faster rate, SLS 

offers lower resolution than ME (400 µm vs. 200 µm). 33 Moreover, SLS and other powder-

based methods such as 3D printing, which is based on the controlled deposition of a binder 

material on successive powder layers, require post-fabrication heat treatments to complete 

the binding reactions and increase the construct mechanical properties, as well as a 

depowdering step to remove excess material. 35 Similarly, scaffolds fabricated by solution 

extrusion methods, in which the material in a solvent is extruded at low temperature, are 

followed by post-lyophilization (i.e. LDM) or drying steps (i.e. PAM and wet-spinning) to 

remove the organic solvent, which also leads to scaffolds shrinkage and loss of mechanical 

properties. 36-37 Besides, the long time required to fabricate thick constructs by solvent 

extrusion, due to their low minimal feature size (~ 20 µm), contributes to a low RTM ratio 

(~0.5 x10-3 m2/minute). 33 Generally, the use of binders and organic solvents is by itself a 

limitation of all the aforementioned processes. Such additives could potentially induce 

cytotoxic effects if not well removed prior to their contact with cells. Likewise, uncured resin 

and photoinitiator remnants in scaffolds produced by vat photopolymerization techniques, 

which work by selectively crosslinking layers of a photosensitive resin by laser (SLA and 

2PP) or UV light (DLP), may be toxic. 38 Despite their accuracy, ability to fabricate complex 

shapes without additional support, and high speed (especially DLP), 33 the questionable 

biocompatibility of photopolymers and photoinitiators, together with the limited availability 
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of such systems and their demanding rheological specifications, has delegated vat 

photopolymerization techniques to a secondary plane within the BTE field. 38-39 

Post-processing steps involving solvent and binder removal, or post-curing, are not 

necessary in ME-AM, as here the raw polymeric material is only subjected to melting and 

subsequent solidification. Moreover, most of the commonly used biodegradable 

thermoplastics for bone scaffolds fabrication, such as poly(ε-caprolactone) (PCL), 

poly(lactic acid) (PLA), and poly(lactic-co-glycolic) acid (PLGA), have already been 

approved for multiple applications by the Food and Drug Administration (FDA). These 

materials have been used for decades in the clinic, processed by melt-based techniques. 

Some examples include melt spun PCL or PLGA resorbable sutures, 40-41 or injection 

molded PLA resorbable screws for anterior cruciate ligament reconstruction. 42 The record 

of accomplishment of melt-based techniques in medical device manufacturing further 

emphasizes the enormous translational potential of ME-AM scaffolds to the clinic. 

Examples of this are the 3D implant Osteoplug™ and the thin interwoven mesh 

Osteomesh™, from Osteopore International, which are the first marketed 3D AM medical 

devices for bone regeneration applications. These implants are fabricated by FDM using 

PCL and used as Class II medical devices for craniofacial applications. These products 

have their origin in the research of Hutmacher et al., who first described the fabrication of 

FDM scaffolds for TE applications using PCL and PCL/tricalcium phosphate (TCP) in 2000. 

23, 43 Promising in vitro research led to in vivo studies in large animal models and to first-

in-human clinical studies to evaluate the feasibility of the PCL scaffolds for skull bone 

regeneration. 44-47 Subsequent clinical studies were performed to study their safety and 

efficacy for alveolar ridge preservation after tooth extraction and orbital floor fractures 

reconstruction. 48-49  

PCL, together with other commonly used thermoplastics, such as PLA, PLGA, 

poly(ethylene oxide terephthalate)/poly(butylene terephthalate) (PEOT/PBT) and 

thermoplastic polyurethane (TPU), are biocompatible, biodegradable, possess relatively 

high mechanical properties, can be easily processed, and can support in vitro and in vivo 

tissue ingrowth which make them excellent candidates for bone scaffold materials. 50-54 

However, these synthetic polymers generally lack bioactivity to stimulate cell and protein 

adhesion, which are necessary for an efficient cell differentiation and tissue formation. This 

is due to such polymers being relatively hydrophobic, with static contact angles in the 

range of 75° - 90°, and lacking sufficient reactive side-chain groups for influencing cell 
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behavior.55-56 For this reason, research has been focused over the last two decades on 

augmenting the bioactivity of ME-AM scaffolds for BTE made of synthetic polymers. These 

include i) modifications of the scaffold architecture, ii) modification of scaffolds filaments’ 

surface, in terms of roughness, microporosity, chemistry or bioactive coatings, iii) the 

fabrication of hybrid scaffolds, combining the ME-AM framework with fibrous or hydrogel 

networks, and iv) the use of polymer composites containing inorganic, organic or metallic 

fillers. (note: while the terms ‘hybrid’ and ‘composite’ are broad, permitting overlaps in the 

above defined categories, here ‘hybrid’ will be used for scaffolds prepared using a 

combination of material classes or fabrication techniques, and ‘composite’ will be used for 

cases where a filler is loaded into the thermoplastic polymer). 

Scaffold architecture modification 

A major strategy in BTE is the fabrication of scaffolds mimicking the mechanical properties 

of human bone. ME-AM offers the possibility of modulating the porosity and, therefore, the 

mechanical properties of the scaffolds, by simply tuning layer-by-layer the fiber deposition 

pattern, in terms of fiber distance (FD) and deposition angle. 57  Mechanical analysis of 

scaffolds fabricated from various polymers (PCL, poly(ester) based TPU (PEU) and 

PEOT/PBT) has proven that for a given deposition angle, increasing the FD in XY or the 

layer thickness in Z, leads to an increase in the scaffolds’ porosity and a decrease in 

stiffness (Figure 2A). 58-60 A larger amount of deposited polymer, and the subsequent 

decrease of porosity within the same scaffold volume, explained higher compression 

modulus upon FD reduction. Similarly, minimizing the angle of deposition from 90° towards 

15° while keeping porosity, FD and layer thickness constant, has also shown to decrease 

the mechanical properties of scaffolds, due to reduced contact points between fibers 

increasing the local stress experienced by the structure (Figure 2B). 61 In an attempt to 

maximize the scaffold stiffness while maintaining an optimal porosity (~ 60%), PCL 

scaffolds with triply periodic minimal surface (TPMS) geometries were recently 

manufactured by ME-AM (Figure 2C). 62 Among other geometries, gyroid scaffolds had a 

compression modulus of 60-80 MPa, higher than previously reported PCL scaffolds with 

similar porosity but standard geometries. 61, 63 While the mechanical properties that can be 

attained with scaffolds fabricated with commonly used polymers, such as PCL, lies in the 

range of cartilage and cancellous bone mechanical properties (up to 120 MPa), other 

materials, such as PLA, can provide scaffolds with much higher mechanical properties 
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(compression modulus up to 450 MPa), which are more suitable for load bearing 

applications. 64 

Besides having an impact on the scaffold’s mechanical properties, the scaffold pore 

architecture has also shown to influence cell seeding efficiency and distribution on 

scaffolds, which can directly affect the tissue formation rate and uniformity, and cell 

differentiation behavior. 65-66 Generally, achieving a high seeding efficiency on ME-AM 

scaffolds is difficult, due to the open pore architectures and the poor cell-adhesion sites of 

the scaffold materials. In this regard, scaffolds displaying a gradient in pore size along the 

vertical direction have shown to improve cell seeding efficiency and distribution, without 

compromising porosity (Figure 2D). 67 Cell differentiation has also been shown to be 

modulated by scaffold architecture. In this regard, Di Luca at al. showed that human bone 

marrow-derived mesenchymal stromal cells (hBM-MSCs) preferentially differentiate 

towards the osteogenic lineage, over chondrogenic differentiation, in PEOT/PBT scaffolds 

with high FD (900 - 1100 µm), compared to smaller pore size scaffolds (500 µm), according 

to increased alkaline phosphatase (ALP) activity and ECM mineralization. 68 This was in 

agreement with the study of Woodfield et al., where a higher glycosaminoglycan (GAG) 

and Collagen II production by chondrocytes was observed on small pore size PEOT/PBT 

scaffolds. 69 In addition, higher ALP activity and the upregulation of osteogenic related 

genes has also been shown to be better supported on PCL scaffolds with rhomboidal pore 

shapes, given by a 0/15° lay down pattern, compared to other filament orientation angles. 

70 In comparison, square shaped pores (0/90°) supported enhanced chondrogenic 

differentiation of hBM-MSCs. This pore shape limited the local oxygen availability, inducing 

the expression of hypoxia inducible factors and chondrogenesis, compared to rhomboidal 

pore scaffolds with same porosity. 70 In contrast to this in vitro result, PCL/TCP scaffolds 

with a 0/90° laydown pattern implanted on a rat calvarial critical bone defect for 12 weeks 

revealed the highest amount of bone formation compared to scaffolds with other angles of 

deposition. 71 In vivo, the optimum porosity and FD have also not been clearly defined, as 

some studies have reported significantly higher amount of new bone formation on PCL 

scaffolds with low FD (130 µm), compared to scaffolds with high FD (500 - 700 µm), 72 

while others have not observed differences in bone formation volume among PCL 

scaffolds with pore sizes ranging from 350 μm to 800 μm after 8 weeks of implantation. 73 

In short, pore sizes and shapes achievable using ME-AM provide a suitable way to tune 

tissue regeneration and implant mechanics, but attention needs to be paid to not modify 
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another interdependent property and reverse the beneficial effects of tailored pores, as 

was possibly the case in the conflicting results cited above. 

 

Figure 2 - Modification of the scaffold architecture. (A) (i) SEM images of the top view and 
cross section of PEU scaffolds with different angles of deposition. (ii) Compressive Young’s moduli 
of PEU scaffolds with different FD and angles of deposition. Adapted with permission from Ref. 60 
(B) µCT images of PCL scaffolds with different lay-down patterns. Adapted with permission from 
Ref. 61 (C) (i) PCL gyroid scaffold. (ii) Representative confocal microscopy images of human 
adipose derived MSCs (hAD-MSCs) cultured for 30 days on a PCL (calcium phosphate coated) 
gyroid scaffold. (F-actin, red). Adapted with permission from Ref. 62 (D) (i) SEM images of the cross 
section of a homogeneous PCL scaffold (no gradient, pore size 750 μm), and a vertical pore size 
gradient PCL scaffold (750 μm -> 200 μm -> 750 μm). (ii) Fluorescent microscopy images of the 
cross section of the aforementioned homogeneous and gradient scaffolds seeded with SaOs-2 
cells. Adapted with permission from Ref. 67 

Scaffold surface modification  

Since cell-scaffold interactions mainly occur at the interface, numerous techniques have 

been used to modify the surface of chemically inert ME-AM scaffolds, without altering the 

bulk scaffold material and architectural properties. These include wet chemical 

modifications, plasma treatment, and coatings with proteins, growth factors, calcium 

phosphate (CaP) or other bioactive molecules. These can alter the scaffold surface 

roughness, surface topography, hydrophilicity, chemical composition and bioactivity, 
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towards enhanced protein adsorption, and improved cell adhesion, proliferation and 

differentiation.  

Introduction of roughness and microporosity 

Surface roughness and nano/microtopography have been shown to enhance protein 

attachment and influence cell adhesion, proliferation and differentiation. 74-76 However, the 

surface of the filaments of ME-AM polymeric scaffolds is rather smooth, due to rounding 

of free surfaces in the melt state before solidification, and surface roughness can be 

introduced via scaffold immersion in an etching solution. For instance, Kumar et al. etched 

PCL scaffolds by immersion in a dichloromethane-acetone solution post-fabrication 

(Figure 3A). 77 Scaffolds filaments showed a 5-fold increase in average surface 

roughness, which induced hBM-MSCs osteogenic differentiation and matrix mineralization 

after 62 days of culture under basic media conditions. This effect was attributed to a 

change of cell morphology, as cells in etched scaffolds presented a lower spread area and 

smaller size, similar to differentiated cells in previous studies, 78 compared to the elongated 

and undifferentiated cells on non-etched scaffolds. Similarly, an alkaline treatment with 

NaOH has been shown to provide changes in the surface microtopography of PCL 

scaffolds, as well as to introduce functional carboxyl and hydroxyl groups to the filaments 

surface. 79 In this case, a combination of physical and chemical changes led to an increase 

of ALP activity and calcium deposition by MC3T3-E1 pre-osteoblasts, compared to treated 

scaffolds. In spite of requiring post-etching solvent removal and washing, post-fabrication 

wet chemical surface modifications are considered greener compared to other techniques, 

such as solvent extrusion AM, in which the organic solvent is used during the scaffold 

manufacturing process and cytotoxic traces can remain within the material’s core. 

Nevertheless, some studies have reported significant reduction of the filament diameter 

after solvent etching, which negatively affected the mechanical properties of the scaffold 

for the final application. 80 This suggests that special care should be taken on the selection 

of the treatment parameters, in terms of solution concentration and immersion time.  

Alternative to the introduction of surface topography by solvent etching, several organic 

solvent-free methodologies have been used to induce microporosity both in the surface 

and in the bulk of ME-AM scaffolds’ filaments. Microporosity has previously been shown 

to increase the permeability of the scaffold and modify its degradation rate, as well as to 

enhance the integration between scaffold and surrounding tissue, essential for the 
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mechanical stability of the implant. 81-82 In this regard, ME-AM and porogen leaching have 

been combined to fabricate scaffolds with surface and intra-filament microporosity. For 

instance, elongated pores were formed along the long axis of the extruded filaments on 

TPU/Poly(vinyl alcohol) (PVA) scaffolds by composite printing followed by PVA dissolution 

in water. 83 These scaffolds, in combination with a CaP coating enabled higher cell 

proliferation rates, as well as higher ALP activity and COL I deposition than smooth 

scaffolds. 83 Similarly, a combination of ME-AM with salt leaching was used to fabricate 

dual porosity scaffolds for drug delivery applications (Figure 3B). 84 Microporosity led to a 

significant increase in scaffold surface area, enabling a more efficient cefazolin (an 

antimicrobial molecule) loading upon soaking, and larger quantities released per timepoint. 

An additional Gelatin methacryloyl (GelMA) coating allowed to dampen the initial burst 

release and scaffolds showed antimicrobial activity over time. 84 An alternative technique 

to create microporosity in ME-AM scaffolds is gas foaming. PCL/PVA composite scaffolds 

were subjected to a supercritical CO2 gas foaming step, followed by their immersion in 

water to leach the PVA and create open pores of around 2-10 µm within and on the surface 

of the filaments. 85 Similarly, the combined extrusion of PLA with a foaming agent, which 

decomposed at the printing temperature for gas foaming, led to dual macro/microporous 

PLA scaffolds (micropore size 10-60 µm) for significantly enhanced cell attachment and 

proliferation. 86 A major limitation of the gas foaming step is the formation of a skin layer 

on the filaments surface, which hinders the exposure of the inner filament pores. Castano 

et al. showed that this layer can be removed and create surface porosity using the breath 

figure approach, which in turn requires the use of organic solvents. 87 This technique 

consists on the short immersion of the scaffold in an organic solvent in a moist atmosphere. 

During the evaporation of the thin solvent layer deposited at the polymer surface, water 

vapor condensates as droplets on the surface of the scaffolds. After the complete 

evaporation of water and solvent, a honeycomb like porosity appears. Another drawback 

derived from the introduction of microporosity within the scaffolds filaments by all the 

aforementioned techniques is the loss of scaffold mechanical properties. 

Plasma treatment 

Plasma surface modification has the advantage of altering both the surface roughness and 

chemistry of ME-AM scaffolds, thus conferring hydrophilicity and positive or negative 

charge to the filaments, without the use of solvents and maintaining their bulk properties. 

89 Surface charge does not only promote protein adsorption for cell attachment and to 
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trigger proliferation and differentiation pathways via integrin binding, 90-91 but it can also 

induce cell attachment through direct electrostatic interactions between the surface 

chemical groups and the cell surface. 92-93 Oxygen, air, argon and helium non-thermal 

plasma (NTP) activation has been shown to increase the hydrophilicity of PCL or PLA ME-

AM scaffolds. 94-97 This was achieved due to plasma etching, which increased the filaments 

surface roughness, and due to the introduction via post oxidation steps of oxygen 

containing functional groups (mostly peroxide and hydroperoxide groups). Similarly, 

ethylene/nitrogen and ammonia plasma activation have shown to directly deposit nitrogen 

containing groups (amines) on PCL 98 and polystyrene (PS) scaffolds, 99 respectively, also 

leading to a significant increase on the scaffold wettability. Compared to untreated 

scaffolds, plasma activated ones displayed enhanced cell attachment and better cell 

distribution along scaffold cross section, regardless of the plasma gas or cell type used 

(MG63 osteosarcoma cell line, 7F2 mouse osteoblast, human Saos-2 osteoblast or hBM-

MSCs). In addition, enhanced cell proliferation and early osteogenic differentiation in 

differentiation media cultures was also observed in some cases, when compared to 

untreated scaffolds. 94-95, 99 Although in 3D scaffolds it has not been proven so far, cell 

differentiation on plasma modified 2D surfaces has been previously correlated to an 

enhanced integrin binding exposure of adhered proteins, as well as to high levels of 

recruitment of focal adhesion components and phosphorylation of focal adhesion kinases 

in the adhered cells, which are events required for osteoblast differentiation. 90, 100 

To obtain a more unique and stable coating with higher density of specific functional 

groups, the plasma discharge can be fed with monomers, such as alkyl amine or acrylic 

acid, to coat the surface with a thin amorphous polymeric film containing primarily amine 

or carboxyl groups, respectively. Cools et al. have reported the use of such a plasma 

process, referred to as plasma polymerization, to treat ME-AM scaffolds for cartilage TE. 

101-102 Here, acrylic acid plasma polymerization successfully deposited carboxyl groups on 

the surface of PCL and PEOT/PBT scaffolds filaments, which enhanced cell adhesion of 

human adipose derived MSCs (hAD-MSCs), as well as proliferation and GAG production 

by chondrocytes, respectively, compared to untreated and helium activated scaffolds. 101-

102  
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Figure 3 - Modification of the scaffold surface. (A) (i, ii) Introduction of surface roughness to 
PCL scaffolds filaments by post-fabrication solvent etching (dichloromethane:acetone). (iii) Alizarin 
red S (ARS) staining (calcium deposition) on the aforementioned unetched and etched scaffolds 
seeded with hBM-MSCs and cultured for 60 days in basic medium (without osteogenic factors). 
Insets correspond to the unseeded scaffolds cultured under the same media conditions. Adapted 
with permission from Ref. 77 (B) (i, ii) Introduction of microporosity to the filaments of PCL scaffolds 
by combining ME-AM with salt leaching. SEM images depicting the scaffolds surface and cross 
section. (iii) µCT images of solid and microporous scaffolds at representative cross sectional 
planes. Adapted with permission from Ref. 84 (C) (i) Hybrid AM platform consisting of a ME 
printhead and an atmospheric plasma jet for whole scaffold treatment from top, layer-by-layer, or 
zonally in specific regions of interest within the scaffold volume. (ii) Selective maleic anhydride-
Vinyltrimethoxysilane (MA-VTMOS) plasma polymerization treatment in a central spot of a 
PEOT/PBT scaffold using the hybrid AM platform. The patterned region was visualized using 
methylene blue staining. (iii) Specific hBM-MSCs attachment (F-actin, green) to an argon plasma-
patterned scaffold. Adapted with permission from Ref. 88 

 

Despite promising results in enhancing ME-AM scaffolds surface bioactivity, NTP 

processes are usually carried out at sub-atmospheric pressures, and require costly 

vacuum and plasma chamber equipment. Most importantly, inhomogeneous 

functionalization along the scaffold volume, already observed for conventionally fabricated 

scaffolds, 103-105 has been also pointed out in some reports, where ME-AM scaffolds were 

plasma treated. For instance, lower oxygen atomic concentration has been observed on 

the filaments within the core of PCL scaffolds, with respect to the edges, after helium 

plasma activation and acrylic acid plasma polymerization. 95, 101 In addition, the average 

oxygen content over the scaffold cross section decreased with decreasing scaffold pore 

size. 101 Since plasma does not ignite inside the pores, the treatment of the core filaments 
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is limited to diffusion, which drops while entering the scaffold and with decreasing pore 

size. This leads to a prolonged residence time of the monomer in the active plasma 

discharge, which in turn leads to a more extensive fragmentation of the precursor, and 

thus a lower oxygen incorporation. 101 The use of atmospheric pressure plasma jets (APPJ) 

and their assembly within a ME-AM printing platform eliminates the need of a reactor 

chamber and vacuum equipment, avoids the formation of unwanted gradients, and 

enables plasma treatment during the manufacturing step. 106 With such a hybrid setup, the 

flame exiting the jet can be directed into the scaffolds pores, and the scaffold can be 

treated as a whole from the top, layer-by-layer to reach deep pores in large anatomical 

scaffolds, or zonally in specific regions of interest within the scaffold volume. Two recent 

reports have explored these possibilities, employing oxygen plasma activation to treat PCL 

scaffolds, 107 and plasma polymerization of maleic anhydride-Vinyltrimethoxysilane (MA-

VTMOS) on PEOT/PBT scaffolds, which deposits thin films containing carboxyl functional 

groups (Figure 3C). 88 In the latter study, selective plasma treatment in a central spot 

within the scaffold core enabled specific cell attachment to the treated region. The 

subsequent dispersion of a second cell population throughout the scaffold volume showed 

the cell-patterning potential of this hybrid technique, with applications in cell co-culture 

experiments. 88 

Coatings with proteins, growth factors and other bioactive molecules  

The coating of the scaffold’s filament surface with proteins, peptides, growth factors or 

antimicrobial molecules can stimulate cell attachment and differentiation, or provide the 

scaffold with antimicrobial properties. The simplest method for bioactive molecules 

incorporation is surface adsorption upon scaffold soaking into a solution. 108-110 For 

instance, the adsorption of the antimicrobial peptide polylysine onto PCL/HA scaffolds 

rendered their surface antibacterial. 111 However, clear disadvantages of this technique 

are the requirement of potentially expensive highly concentrated solutions with the 

molecule of interest, the very low loading efficiency, and the loose binding to the polymer 

resulting in burst and uncontrolled desorption, which can lead to cytotoxicity effects or poor 

bioactivity in the long term. For instance, 50% of the total dexamethasone impregnated on 

PLA scaffolds by soaking was released within the first 6h upon immersion in phosphate 

buffer saline (PBS). 109 Similarly, complete VEGF released from PCL/HA scaffolds was 

observed after 2 days immersion in cell culture medium. 110 Some studies have attempted 

to improve the binding efficiency of biomolecules by a prior protein coating. In this regard, 
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Sawyer et al. pre-coated a PCL/TCP scaffold with COL I prior to bone morphogenetic 

protein- 2 (BMP-2) adsorption. 112 BMPs play a crucial role on bone formation, are essential 

signaling molecules involved in the recovery of bone fractures, mediate cell proliferation 

and osteogenic differentiation. 113 While BMP-2 was still completely released within the 

first 6h of immersion in PBS at 37 °C, increased bone healing in a rat calvarial defect was 

observed compared to uncoated scaffolds. 112 Similarly, Yan et al. performed a layer-by-

layer assembly of positively charged chitosan and negatively charged deferoxamine (an 

iron chelator with potential to promote vascularization and bone regeneration) on the 

filaments of aminolysed PCL scaffolds to increase the deferoxamine loading. 114  

Alternative to an adsorption mechanism, bioactive molecules have been covalently 

bonded to the surface of ME-AM scaffolds. For instance, copper based click chemistry has 

been used to attach BMP-2 to amino acid based-PEU scaffolds. 115 This is a highly efficient 

method, however it involves multiple reaction steps and cytotoxicity studies should be 

performed to ensure that the residual copper absorbed to the scaffold filaments does not 

reach cytotoxic concentrations. Alternatively, crosslinkers such as glutaraldehyde or 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) have been used to mediate the 

conjugation of biomolecules to polymeric scaffolds. For instance, acetylated collagen was 

bonded to PLA scaffolds via glutaraldehyde and other linkers. 116 Similarly, 

hydroxypropyltrimethyl ammonium chloride chitosan (HACC) was covalently bound to the 

surface of PLGA/HA scaffolds via EDC/ N-hydroxysuccinimide (NHS) chemistry. 117-118 

This latter functionalization provided antibacterial properties, as well as larger volumes of 

new bone formation in vivo, compared to control scaffolds. 117-118 In spite of their versatility, 

crosslinker-based covalent immobilization methods require the introduction of amine or 

carboxyl functional groups to the scaffolds filaments surface prior to biomolecules binding, 

which is normally achieved by destructive aminolysis or hydrolysis steps. Avoiding these 

wet-chemical steps, reactive groups can be introduced through plasma activation. In most 

cases, plasma activation is followed by grafting of pre-synthesized polymer brushes, a 

process defined as plasma grafting. Polymer brushes are robust and versatile spacers, 

and offer a 3D distribution of functional groups, which can significantly increase the density 

of tethered biomolecules. 119 Following this plasma grafting strategy, Declercq et al. 

activated PCL scaffolds with argon plasma, followed by 2-amino-ethylmethacrylate 

(AEMA) brushes UV grafting, which served for covalent attachment of gelatin, and 

subsequent physisorption of fibronectin. 120 Histological analysis of the scaffolds cross 

section showed a higher MC3T3-E1 cells colonization in the center of these scaffold, which 
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significantly helped osteogenic differentiation. In another study, Tardajos et al. coupled 

chitosan to the surface of PCL scaffolds through a similar surface functionalization 

procedure involving polymer brushes. First, scaffolds were plasma activated with argon, 

followed by methacrylic acid N-hydroxysuccinimide ester (NHSMA) brushes UV grafting, 

which enabled the coupling of chitosan. 121 Such coating allowed cell growth while 

providing and antibacterial surface against S. aureus and S. epidermidis, which are 

bacterial strains commonly investigated when orthopedic implants are aimed. In addition 

to the aforementioned ‘grafting to’ approaches, ‘grafting from’ strategies, in which polymer 

brushes are grown into the surface via surface initiated polymerization, have also been 

used on ME-AM scaffolds for a better control of the functionality, density and thickness of 

the polymer brush. In this regard, poly[oligo (ethylene glycol) methacrylate] (POEGMA) 

brushes were uniformly grafted over the surface of PCL scaffolds, allowing the subsequent 

conjugation of fibronectin, for cell attachment, or of BMP-2 and transforming growth factor 

(TGF)-β3, which triggered osteogenic and chondrogenic differentiation of hBM-MSCs, 

respectively (Figure 4A). 122-123 Although immobilization of biomolecules through polymer 

brushes offers advantages in terms of high density of reactive functional groups, careful 

optimization of this technique is needed to avoid crowding of biomolecules, which can 

reduce their degree of conformational freedom and their resultant bioactivity. 119 

Polydopamine (PDA), which contains hydroxyl and amine functional groups, has also been 

investigated as primer coating for subsequent covalent conjugation of proteins onto ME-

AM scaffolds. The dopamine molecule possesses a similar chemical structure to that of 

combined lysine and 3,4-dihydroxyphenyl-L-alanine (DOPA) aminoacids, which confer the 

adhesive properties to the mussel adhesive proteins (MAPs) secreted by marine mussels. 

124 Inspired by mussel adhesiveness, a PDA coating can be deposited onto any surface 

via the oxidative self-polymerization of dopamine at a slightly basic pH. Following PDA 

coating, Teixeira et al. immobilized COL I on PLA scaffolds via EDC-NHS chemistry. 125 

Here, the combined coating enhanced hBM-MSCs adhesion and ALP activity compared 

to untreated scaffolds. Besides, various reports have immobilized BMPs on PDA coated 

scaffolds via Michael addition reaction. 126-129 For instance, Lee et al. grafted recombinant 

BMP-2 to PCL-PDA scaffolds, which was sustain released over time and upregulated 

osteogenic gene expression on preosteoblasts (MC3T3-E1) cultured on the scaffolds. 126 

Similarly, bone forming peptide-1 (BFP-1, a short peptide derived from BMP-7) and SSVPT 

(an oligopeptide derived from BMP-2) were immobilized on PCL and PLA scaffolds, 

respectively, leading to enhanced cell adhesion and osteogenesis in vitro and increased 
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bone growth in critical size calvarial defects in vivo (Figure 4B). 128-129 Due to the high 

adsorption of serum proteins to PDA, which maintain an active conformation exposing 

integrin binding domains, 130-131 a simple PDA coating onto ME-AM scaffolds has also been 

used to enhance cell adhesion and trigger differentiation. For instance, Kao et al. covered 

the filaments of a PLA scaffold with PDA. 132 The PDA hydrophilic coating enhanced hAD-

MSCs adhesion and proliferation, and supported osteogenesis by inducing the secretion 

of larger amounts of COL I and OCN, compared to bare PLA scaffolds. Interestingly, hAD-

MSCs cultured on coated scaffolds also showed the upregulation of angiogenic genes. 

Due to its material-independent coating ability, simple deposition process, and high 

biocompatibility and stability in vitro, PDA constitutes a powerful tool for surface 

modification of ME-AM scaffolds. Moreover, preliminary in vivo studies have shown that 

PDA coatings can greatly reduce the inflammatory response of PLLA surfaces, evaluated 

during the first 14 days after implantation. 133 Nevertheless, its long term in vivo stability, 

degradation mechanism and biocompatibility should be still evaluated.  

An alternative method to improve the bioactivity of scaffold consists of the coating with 

cell-laid ECM, containing several bioactive factors that can stimulate osteogenic 

differentiation in vitro and in vivo. 134 Compared to single protein coatings, which only 

provide fragmental components of the ECM that present specific functional receptors for 

cell attachment, such an approach better mimics the complexity of ECM. In this regard, 

Wu et al. cultured MG63 on PCL scaffolds for 5 days before a decellularization process 

with Triton, NH4OH and DNAse. 135 Human Wharton’s Jelly-derived MSCs (hWJ-MSCs) 

seeded on these ECM-coated scaffolds exhibited enhanced cell adhesion, proliferation 

and the upregulation of ALP, COL I, BSP and OCN genes, as well as increased calcium 

deposition, compared to uncoated scaffolds. Bone formation on a rat calvarial defect filled 

with these scaffolds was also higher than on uncoated scaffolds. 135 In another study, the 

tissue formed by human nasal inferior turbinate tissue-derived MSCs (hNIT-MSCs) on 

PCL/PLGA/TCP scaffolds was decellularized through freeze-thaw cycles, which minimally 

affected the ECM bioactive components, compared to chemical methods. 136 Subsequently 

seeded hNIT-MSCs also showed osteogenic genes upregulation, and coated scaffolds 

induced greater ectopic bone formation in vivo than bare scaffolds (Figure 4C). 136 Similar 

to ECM, platelet rich plasma (PRP) can stimulate osteogenic differentiation and has been 

used to coat ME-AM scaffolds. 137 PRP is a source of growth factors that play an essential 

role in tissue healing, including platelet derived growth factor (PDGF), vascular endothelial 

growth factor (VEGF), TGF-β1, basic fibroblast growth factor (bFGF), epidermal growth 
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factor (EGF), and insulin-like growth factor. 138-139 PCL scaffolds coated with freeze dried 

PRP, which had previously been proven to preserve growth factors at high levels, 140 have 

shown to promote ALP activity and osteogenic gene upregulation on dental pulp stem 

cells, as well as higher levels of bone formation in a rat calvarial defect, compared to 

uncoated scaffolds. 137 Overall, coatings comprising a cocktail of biomolecules can exert a 

more profound effect on the phenotypic behavior of cells, compared to single proteins, 

peptides or growth factors. Moreover, they avoid the lack of reproducibility, availability, and 

tunability of bioactive decellularized ECM scaffolds while embracing their advantages. 

Nevertheless, further investigation on variables such as cell source, culture duration and 

media type, is necessary to optimize these unique and complex biologically engineered 

systems.  

 

Figure 4 - Scaffolds surface modification via functional coatings. (A) (i) Methylene blue 
staining of hBM-MSCs adhered to PCL functionalized with POEGMA brushes. (ii) Homogeneous 
cell attachment on PCL-POEGMA scaffold grafted with fibronectin (FN). (iii) Vertical and (iv) radial 
gradient in coupled FN demonstrates gradients in cell attachment. The yellow arrows indicate the 
direction of decreasing FN concentration. Adapted with permission from Ref. 122 (B) (i) SEM images 
of the surface morphology of PCL scaffolds coated with PDA and grafted with BFP1. Insets 
correspond to fluorescence images of BFP1 tethered on the scaffolds using FITC-labelled BFP1. 
(ii) Radiographic evaluation of bone formation around the scaffolds at 8 weeks post-implantation in 
a calvarial critical size defect in rabbits. Adapted with permission from Ref. 129 (C) (i) SEM images 
of uncoated and d-ECM-coated PCL/PLGA/TCP. (ii) Histological sections stained with H&E of 
critical size rat calvarial defects treated with the aforementioned scaffolds. Adapted with permission 
from Ref. 136 (D) (i) SEM images of uncoated and CaP-coated PLA scaffolds. (ii) Confocal 
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microscopy images showing cell attachment to CaP-coated scaffolds after 7 days of culture (F-
acting, green, nuclei, red). (iii) ARS staining on scaffold seeded with hBM-MSCs and cultured for 
14 days in mineralization media. Insets depict stained scaffolds without cells but cultured under the 
same media conditions. Adapted with permission from Ref. 141 

CaP coatings  

The presence of CaP deposits on the surface of ME-AM scaffolds can potentially stimulate 

cells’ attachment and osteogenic differentiation through several cues, such as the release 

of calcium ions, the adsorption of serum proteins, or the nanoscale surface roughness. 

However, the direct growth of apatite layers on a polymeric surface is a challenging task 

due to the lack of nucleation sites. To overcome this, Jo et al. exploited the ability of PDA 

to nucleate apatite to create a bioinspired coating on PCL scaffolds, which allowed 

increased MC3T3-E1 preosteoblast infiltration and adherence within the scaffolds core. 142 

Here, the catecholamine moieties in PDA acted as nucleation sites of calcium and 

phosphate from simulated body fluid (SBF, 1.5x), in which the scaffolds were incubated 

for 14 days. 143 Following a different approach, Murab et al. activated the surface of PCL 

scaffolds with oxygen plasma, leading to the introduction of hydroxyl and carboxyl groups, 

which nucleated biomimetic HA crystals upon immersion in cell culture medium. 144 

Alternatively, Holmes et al. conjugated nanao HA (nHA) particles to the surface of 

aminolysed PLA scaffolds through a glutaraldehyde crosslinker. 145 This coating promoted 

osteogenic differentiation, observed in the form of COL I and calcium deposition, and 

vascularization upon co-culture of hBM-MSCs and human umbilical vein endothelial cells 

(HUVECs). Following a milder strategy, Jaidev et al. modified the surface of NaOH pre-

treated PLA scaffolds by grafting polyethyleneimine and subsequently immobilizing citric 

acid. 141 Citric acid, which has been identified as a critical role player in precipitating the 

apatite phase during bone formation, 146-147 mediated CaP precipitation from 1.5x SBF onto 

the scaffold after 7 days incubation. HBM-MSCs cultured on these scaffolds showed BMP-

2 gene upregulation and increased calcium deposition, compared to cells on bare PLA 

scaffolds (Figure 4D). 141 In an attempt to incorporate larger amounts of ceramics, Moroni 

and coworkers press fitted HA pillars into the pores of PEOT/PBT 3DF scaffolds. 148-149 

Such approach enabled larger amounts of calcium and phosphate ions release near cells 

cultured on the scaffolds, which influence stem cell osteogenic differentiation leading to 

upregulation of OPN gene expression, compared to bare and PEOT/PBT-HA composite 

scaffolds.  
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In vivo studies assessing bone formation on CaP-coated ME-AM scaffolds have not always 

reported the beneficial effect of the CaP coating. For instance, Kim et al., who dip-coated 

PLGA/TCP scaffolds in a HA slurry, did not observe differences in new bone formation 

area among PLGA/TCP coated and uncoated scaffolds upon implantation in a rabbit 

femoral defect for 12 weeks. 150 Similarly, Chim et al. observed less vasculogenesis and 

mineralization on precalcified PCL scaffolds implanted subcutaneously in mice for 14 

weeks, compared to uncoated PCL scaffolds. 151 Here, the coating was prepared by 

priming the PCL scaffolds with a silicate gel prior to 4 weeks immersion in SBF (1 week in 

1x SBF, followed by 3 weeks in 1.5x SBF). In both of the aforementioned studies it was 

hypothesized that flaking of the apatite coating might have impaired tissue ingrowth and 

osteogenesis, and that thinner layers might have yield more promising results. In 

accordance, Maia-Pinto, et al. reported increased bone formation on PLA scaffolds coated 

with a thinner CaP layer, only after 1 month of implantation in a rat calvarial defect, 

compared to bare PLA scaffolds. 152 Here, the thin apatite layer was achieved through a 

shorter immersion time in SBF, 2 weeks (1 week in 1x SBF, followed by 1 week in 1.5x 

SBF), compared to the 4 weeks reported in the study of Chim et al. Taking into 

consideration that the aforementioned results derive from different in vivo models, we can 

still suggest that the optimization of the apatite layer, in terms of thickness, is necessary in 

order to obtain a functional coating for the final in vivo application. In this regard, ensuring 

a good interfacial bonding by selecting an appropriate scaffold priming methodology 

seems also crucial for the success of the coating.  

Hybrid scaffolds  

Fibrous networks 

While the large pore size of ME-AM scaffolds (300-1000 µm) is advantageous for media 

permeation in vitro, as well as for tissue ingrowth and vascularization in vivo, such 

dimensions can turn out to be a limitation for cell seeding and scaffold coverage in an in 

vitro setting. Due to these large FDs, there is limited bridging between cells on different 

filaments, and pore closure happens slowly by cells forming concentric circles around the 

pore. 29 This can significantly slow the process of tissue maturation, for which cell-cell 

contact is essential. 153 Inspired by the fibrillary structure of ECM, some studies have 

embedded ME-AM scaffolds in a hydrogel solution and subsequent freeze-drying for the 
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creation of a fibrous network within the pores of the scaffolds. This strategy can create an 

environment to enhance cell retention during the seeding process, as well as cell-cell 

interactions and mobility on a mechanically stable and highly porous printed structure. For 

instance, Jensen et al. dip-coated a PCL scaffold with a mixture of hyaluronic acid and 

TCP, followed by freeze-drying to create a fibrous coating containing TCP particles around 

the scaffolds filaments. 154-155 Human dental pulp stem cells (hDPSCs) and MSC derived 

from human induced-pluripotent stem cells (hiPS-MSCs) proliferated at a higher rate on 

these scaffolds, deposited higher amounts of calcium and showed an upregulation of 

osteogenic genes, compared to uncoated scaffolds. Similarly, Chen et al. freeze-dried PCL 

scaffolds immersed in hyaluronic acid to create an interconnected fibrous network. HMSCs 

were seeded in a methylated collagen and terpolymer hydroxylethyl methacrylate- methyl 

methacrylate- methacrylic acid (HEMA-MMA-MAA) solution. 156 This complex mimicked 

the constitution of the ECM, helped to achieve a more homogeneous cell distribution 

across the scaffold upon seeding and led to osteogenic genes upregulation, owed to the 

exposed integrin domains of the coated methylated collagen promoting focal adhesion 

assembly and activating osteogenesis pathways. 

Inspired by the submicron key features in the ECM, some studies have reported the 

combination of ME-AM and electrospinning (ES), in order to introduce nanofibers to the 

microporous scaffolds. Some studies have reported the preparation of such hybrid 

scaffolds by alternating ES layers within ME layers, 157-159 while others have opted for the 

surface addition of the ES fibers once the 3D scaffold was completely printed. 160-161 

Interesting observations have been extracted from some of these studies. For instance, 

Park et al., who presented scaffolds consisting of PCL/collagen dense ES fibers 

intercalated within the layers of a PCL ME-AM scaffold, observed the proportional relation 

between number of intercalated ES layers and cell seeding efficiency and proliferation 

rate. 157 Moreover, the reports of Mota et al. and Vyas et al. described the alignment of 

nanofibers perpendicular to the direction of the printed filaments, which acted as a parallel 

plate collector, when depositing low fiber density electrospun layers (Figure 5A). 159-160 

These crossing nanofibers acted as bridges for cells to easily reach parallel printed 

filaments, otherwise not possible on conventional ME-AM scaffolds. Interestingly, Lara-

Padilla et al. implemented a cooling system to allow the layer-by-layer intercalation of PCL 

nanofibers between PLA printed layers. 158 This was to avoid the PCL fibers to partially 

melt and lose their integrity upon ME of subsequent PLA layers, due to the higher melting 

point of PLA. However, the resulting hybrid scaffolds presented lower mechanical 
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properties, due to fast cooling reducing the bonding between printed layers. Going one 

step further, the combination of the ES and ME-AM technologies has given rise to gradient 

scaffolds for bone to ligament or bone to cartilage interfaces. 162-163 In the latter case, the 

electrospun layer served as the tidemark of the osteochondral tissue and prevented blood 

vessel invasion towards the cartilage ME-AM region. In order to have a better control on 

the porosity of the secondary fibrillary network, Yang et al. used electrohydrodynamic 

direct writing (EHD-DW), instead of ES, in combination with ME-AM. 164 Here, layers of ME 

PCL filaments were alternated with layers of EHD-DW PCL threads (~100 μm, composed 

of microfibers of ~ 3µm) precisely deposited with an offset with respect to the ME filaments. 

This created a secondary interwoven network with smaller dimensions and porosity, which 

allowed higher MG63 cell retention, ALP activity and calcium deposition than ME-AM or 

hybrid ES-ME-AM scaffolds (Figure 5B).  

Overall, hierarchical scaffolds comprising ME filaments and a secondary fibrous network 

mimicking the micro/nanoscale details observed in tissues, such as bone, are desired to 

increase cell retention and promote tissue formation within the scaffold. On-going research 

on including such biomimetic features to ME-AM scaffolds has contributed to the 

development of combinatorial technologies, such as ES or EHD-DW, with ME-AM, which 

enable the automation and control over the whole scaffold fabrication process. While this 

requires currently complex experimental setups, more integrative technologies are 

expected to be designed in the future. 

Hydrogels  

Natural or synthetic hydrogels have also been used in combination with ME-AM scaffolds 

for cell encapsulation within the scaffold’s pores. Such hybrid systems allow the retention 

of large cell concentrations compared to any other seeding methods, as the whole seeding 

volume containing the cells is maintained within the scaffolds pores after hydrogel 

crosslinking. For instance, sheep hBM-MSCs have been resuspended into a PRP solution 

and loaded on PCL/TCP scaffolds. The PRP solution formed a gel after crosslinking with 

thrombin, which enabled to retain the cells within the scaffold prior to their implantation on 

a sheep’s tibial defect. 168-169 With the same mechanism of action, fibrinogen has been 

used for seeding hBM-MSCs, which were embedded within the pores of a PCL scaffold 

after the addition of thrombin and fibrinogen polymerization into a fibrin gel. 170 After 2-3 

days of culture, and in parallel to hydrogel degradation, cells started migrating towards the 
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PCL filaments. While in these systems the hydrogel was used as a degradable cell carrier, 

and the ME-AM scaffold was the main hybrid construct component for cells to grow on, 

other approaches have considered the ME-AM part solely as a structural support for the 

cell-laden hydrogel. For instance, Wang et al. took advantage of the round morphology of 

rabbit hBM-MSCs within PLGA-PEG-PLGA hydrogel carriers to stimulate chondrogenic 

differentiation, which was demonstrated to be better supported on the hybrid scaffolds, 

compared to bare PCL scaffolds. 171 Moreover, Heo et al. used a PLA ME-AM scaffold to 

reinforce the surrounding hAD-MSCs-laden GelMA hydrogel, which in addition contained 

RGD conjugated gold nanoparticles for osteogenic gene upregulation and enhanced 

calcium deposition. 172 Furthermore, hydrogels contained within ME-AM scaffolds have 

been used for the pre-vascularization of the constructs. For example, methacrylated 

hyaluronic acid/gelatin hydrogels carrying hAD-MSCs and HUVEC promoted the formation 

of capillary like networks within PCL/HA ME-AM scaffolds both in vitro and in vivo (Figure 

5C). 165  

Besides the incorporation of the cell-laden hydrogel component within ME-AM scaffolds 

by surface injection, the combination of bioprinting and ME-AM has been used to 

intercalate cell-laden hydrogel filaments within thermoplastic polymer filaments in a layer-

by-layer manner. This hybrid multi-printhead deposition process enables i) the automation 

of the tissue construct fabrication, as it does not require post-scaffold fabrication cell 

seeding, ii) the precise control over the deposition of the hydrogel bioink at specific 

locations within the construct, and iii) the possibility of multimaterial and multicellular 

bioprinting within the same hybrid construct. 166, 173-175 Yet, specific hydrogel rheological 

properties are required for bioprinting, and special attention should be taken to cell viability 

after shear during the extrusion process. Moreover, since the bioprinted filaments get in 

direct contact with the hot ME filament shortly after extrusion, low melting temperature 

thermoplastics, such as PCL, are normally used in these cases, to avoid heating of the 

cell-laden hydrogel by conduction. Working around these constraints, scaffolds with 

optimized microenvironment for the growth of 3D complex tissues have been fabricated. 

For instance, bioinks consisting of decellularized ECM of different tissues and hAD-MSCs 

have been bioprinted in combination with PCL ME-AM scaffolds to promote tissue specific 

differentiation. 176 Alternatively, Mekhileri et al. bioprinted human articular and nasal 

chondrocytes microtissues within the pores of PEOT/PBT scaffolds after the completion of 

the ME-AM scaffolds, in contrast to the aforementioned layer-by-layer process. The use of 
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microtissues instead of single cells enabled building complex tissues, such as the 

osteochondral interface, of clinically relevant sizes (Figure 5D). 166  

 

Figure 5 Combination of ME-AM scaffolds with fibrous and hydrogel networks. (A) (i) SEM 
images of bare PCL scaffolds, and scaffolds fabricated combining ME-AM of PCL and ES of PLGA 
nanofibers. (ii) Fluorescent microscopy images of MC3T3 (F-actin, green) cultured for 7 days on 
the aforementioned scaffolds. Adapted with permission from Ref. 160 (B) (i) Optical and (ii) SEM 
images of bare PCL scaffolds, and hybrid scaffolds fabricated combining ME-AM of PCL and EHD-
DJ of collagen struts. (iii) Confocal fluorescent microscopy images of MG63 (F-actin, red; nuclei, 
blue) cultured for 7 days on the aforementioned scaffolds. Adapted with permission from Ref. 164 
(C) Immunohistochemistry fluorescent images of in vivo vascularization within PCL/HA scaffolds 
seeded with cell laden GelMA hydrogels containing either hAD-MSC, or hAD-MSC combined with 
HUVEC (CD31, red; a-smooth muscle actin, green; nuclei, blue). Scaffolds were implanted for 4 
weeks subcutaneously. Asterisks indicate the PCL/HA scaffold filaments. Arrows indicate the 
stained cells/microvessels positive for human CD31. Adapted with permission from Ref. 165 (D) (i) 
Biphasic hemispherical construct with stained GelMA hydrogel micro-spheres representing the 
chondrogenic (red) and osteogenic (blue) phase of an osteochondral construct. (ii) This construct 
was fabricated by applying a bottom-up automated tissue bioassembly strategy, consisting on the 
automated insertion of micro tissues within the ME-AM scaffold pores. (iii) Fluorescence 
microscopy images of injected human articular cartilage micro tissues stained with Calcein (live 
cells, green) and Propidium Iodide (dead cells, red). Adapted with permission from Ref. 166 (E) (i) 
Representative X-rays and (ii) µCT reconstructions of bone formation after hybrid scaffolds 
implantation on ovine tibial defects. Scaffolds consisted on a PCL ME-AM structure, loaded with a 
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platelet rich plasma hydrogel containing microparticles for the delivery of BMP-2 or a combination 
of BMP-2, VEGF and PDGF. (iii) Representative images from defect mid sections showing 
immunohistochemical staining for the endothelial marker Von Willebrand Factor. Adapted with 
permission from Ref. 167 

 

Hydrogels have also been used as cell-free delivery systems of growth factors within ME-

AM scaffolds. They are an alternative strategy to surface adsorption, covalent 

immobilization or melt blending for the incorporation of bioactive molecules, which offer 

tunable and controlled release rates, as a function of hydrogel mesh size and degradation 

rate. PCL/PLGA and PCL/TCP scaffolds filled with a collagen hydrogel containing rhBMP-

2 enabled the controlled release of the growth factor, which improved and accelerated 

bone formation in vivo. 168, 177  Similarly, decellularized ECM hydrogel containing human 

recombinant BMP-2 was dispensed within the filaments of a PCL/TCP ME-AM scaffold 

enabling a sustained release, which resulted in a larger volume of new bone formation, 

compared to PCL/TCP and PCL/TCP/decellularized ECM scaffolds. 175 In another study, 

the central region of a PCL scaffold was loaded with a PRP hydrogel containing 

degradable PLGA microparticles, which carried VEGF, PDGF and BMP-2, or BMP-2 only. 

167 The polymeric microparticles were used to achieve a more sustained release, while the 

growth factors combination was chosen for obtaining a stable vasculature and induce bone 

formation in a sheep tibial segmental defect (Figure 5E). 

Hydrogel laden ME-AM scaffolds bring together the ECM-like properties of hydrogels and 

the high structural support of ME-AM constructs, and the addition of cell, growth factors, 

drugs, or their combination to the equation adds up for extra functionality. The on-going 

research focused on the development of cell-laden hydrogels for bioprinting will allow in 

the future for further optimization of such hybrid systems towards advanced scaffolds for 

bone regeneration. 

Composites  

CaP based materials  

In an attempt to mimic the organic-inorganic composition of bone ECM, CaP-polymer 

composites have been one of the most used combination of materials for the design of 

BTE scaffolds. CaP fillers can enhance the polymeric scaffolds mechanical properties, as 

well as offer osteoinductive and osteoconductive properties, which are dependent on their 
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specific chemical phase, structural properties (crystallinity, surface roughness, and 

porosity), mechanical properties and associated degradation behavior. 178-180 Among all 

the CaP phases, HA and TCP, have been the most commonly used fillers for ME-AM 

scaffolds. Considering the average mineral content of bone tissue, which lies within the 

range of 50 to 74 wt%, depending on the body location, 181-182 tremendous efforts have 

been conveyed to increase the CaP content within polymeric scaffolds to optimize their 

mechanical properties while retaining their printability. For instance, Esposito-Corcione et 

al. reported the fabrication of PLA/HA 50 wt% scaffolds, which presented a 2-fold increase 

in compression modulus, compared to bare PLA scaffolds. 183 Similarly, Jiang et al. and 

Ding et al. reported the fabrication of PCL/HA scaffolds with up to 40 wt% mineral content. 

184-186 Such scaffolds also presented a 2-fold increase in compression modulus and 

compressive strength compared to bare PCL scaffolds. Moreover, surface roughness and 

hydrophilicity were significantly increased, which enhanced cell attachment and 

proliferation. Interestingly, composites with higher HA concentration (60 wt%) were not 

printable in a continuous manner, due to particle aggregation leading to nozzle clogging 

and filament discontinuity. 186 In another report, Yu et al. fabricated PEU/HA scaffolds with 

up to 40 wt% mineral content, which were shown to support osteogenic differentiation in 

mineralization media cultures. 187 Here, MC3T3-E1 cells seeded on the highly loaded 

composite scaffolds presented higher proliferation rates, as well as increased ALP activity 

and BSP and OCN gene upregulation, compared to cells on scaffolds with lower HA 

content and bare PEU scaffolds. Enhanced osteogenesis was attributed to HA increasing 

protein adsorption and activating focal adhesion kinase (FAK) and mitogen-activated 

protein kinase/ extracellular signal-regulated kinase (MAPK/ERK) signaling pathways. 187 

In order to further increase the osteogenic differentiation potential of polymer-HA 

composite scaffolds, Cho et al. eroded the surface of PCL/HA 40 wt% scaffolds with a 

NaOH surface treatment. 188-189 This was done to increase the exposure of HA particles on 

the filaments’ surface, and thus the possibility of Ca and P ions exchange with the medium, 

since Ca and P (re)precipitation from CaP materials is known to affect osteogenic 

pathways. 190-192 In this regard, NaOH erosion led to higher cell proliferation rates, calcium 

deposition and apatite layer formation in vitro, compared to other scaffold types. 188 In vivo, 

HA based scaffolds allowed for significantly higher bone formation compared to bare PCL 

scaffolds, and eroded PCL/HA scaffolds showed the best bone regeneration ability (Figure 

6A). 189 
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While osteogenic differentiation has been supported in vitro on highly loaded HA scaffolds, 

enhanced osteogenesis has not been observed on scaffolds with low HA content, such as 

PEOT/PBT/HA or PCL/PLGA/HA with 15 % and 10% inorganic content, respectively. 193-

194 However, in vivo experiments have revealed the osteoinductive/ osteoconductive 

properties of such low HA content scaffolds. For instance, new bone formation on the 

aforementioned PCL/PLGA/HA 10 wt% HA scaffolds was 100% higher than in bare 

polymeric scaffolds in a rat calvarial defect. 194 Besides, mechanical properties are still 

enhanced by low HA loadings, which makes these scaffolds still desirable for BTE 

applications. 193-194 PCL/HA scaffolds with low HA content (10 wt% or 15 wt% HA) have 

also shown to promote bone formation in vivo. 195-196 

A couple of studies have assessed the effect of different CaP materials on the performance 

of composite ME-AM scaffolds. For instance, Nyberg et al. compared the in vitro 

osteoinductivity of PCL/HA, PCL/TCP, PCL/Bio-Oss® (bovine bone mineral matrix) and 

PCL/DBM (decellularized bone matrix) scaffolds with 30 wt% of inorganic content, post-

treated with NaOH. 197 Overall, greater osteoinductivity was observed on hAD-MSCs 

cultured on PCL/Bio-Oss and PCL/DBM compared to PCL/HA and PCL/TCP scaffolds, in 

terms of calcium deposition and COL I and osteonectin gene upregulation in basic and 

mineralization media. Nevertheless, Runt-related transcription factor 2 (RUNX2) and OPN 

were also upregulated on PCL/HA scaffolds in basic media, compared to other scaffolds 

types. Here, TCP showed lower bioactivity compared to other CaP fillers. Similarly, Huang 

et al. also showed that despite PCL/TCP 20 wt% scaffolds displayed better compression 

modulus before implantation than PCL/HA 20 wt% scaffolds, they presented lower 

bioactivity, in terms of cell attachment and proliferation. 198 In spite of this, a large amount 

of reports have explored the use of TCP as filler for ME-AM scaffolds. 46 Several have 

attempted the addition of TCP up to 60 wt% to PCL composite scaffolds, which has shown 

to lead to an increase in compression modulus of up to 50%, although these high wt% 

diminished significantly the scaffolds compressive yield strength. 199-201 For this reason, 

composite scaffolds with up to 20 wt% TCP have been mostly investigated, which have 

proven their bone regenerative capacity in vivo. 46, 168, 202 In addition, promising in vivo 

results have led to clinical trials investigations, where the applicability of PCL/TCP 

scaffolds has been tested for craniomaxilofacial bone regeneration (NCT01119144, 

NCT03735199). The fast degradation of TCP compared to HA can confer the scaffold with 

more optimum ion exchange dynamics to stimulate bone formation through calcium 

activated pathways. 190-191, 203 In order to accelerate the degradation dynamics of the 
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scaffold and of TCP, and to enhance the replacement of the scaffold material by newly 

formed bone, NaOH treatment 204-207 and PLGA 208-210 have been further included into TCP 

based scaffolds. Yet, balancing the speed of degradation of TCP containing scaffolds is 

important, in order to keep the released calcium and phosphate concentration within the 

cell proliferation and differentiation stimulating range, without reaching apoptotic values. 

192, 211   

In order to further mimic the in vivo tissue structure and stimulate bone formation, polymer-

inorganic composite scaffolds with gradients in HA or TCP concentration have been 

fabricated. For instance, Bittner et al. and Smith at al. have reported PCL/HA and PCL/TCP 

composite scaffolds, respectively, with vertical discrete gradients in inorganic content (from 

30 or 20 to 0 wt% HA or TCP) to mimic the bone to cartilage interface (Figure 6B). 212-213 

In contrast to these multi-printhead and discrete gradient fabrication approaches, Sinha et 

al. have recently reported the fabrication of continuously graded HA-based ME-AM 

scaffolds using a single printhead approach (Figure 6C). 88 This printhead allowed the in 

situ mixing of two materials (PEOT/PBT only, and PEOT/PBT/HA 45 wt%) to obtain 

scaffolds with continuous HA composition gradients (among other inorganic fillers), which 

better mimic in vivo tissue interfaces and possess better mechanical properties than 

discrete gradient scaffolds. 214 Other studies have focused on the production of scaffolds 

with radial gradients in inorganic content and porosity have also been reported, to 

resemble the mechanical properties and bulk mineral content of the cortical to cancellous 

bone interface. 215-216 

CaP-polymer composite ME-AM scaffolds have extensively proven their mechanical and 

biological functionality for BTE, while benefiting from a single-step fabrication approach, 

compared to post-processing coating strategies. In spite of extensive material 

characterization and in vitro research, further in vivo investigations are still required to 

unravel the optimum scaffold composition, in terms of polymer type, CaP type and content, 

and degree of CaP exposure to the scaffold filament surface, which balance printability, 

mechanical properties and bone regeneration ability. 

Silicates  

Calcium silicate (CS) based materials, composed of CaO, SiO2, and MgO or AlO, have 

been used as fillers in ME-AM scaffolds, due to their bioactive properties and charged 

surfaces being highly compatible with polymeric matrices. 217-218 An apatite layer is 
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generally formed on CS when in contact with body fluid, which acts stronger interface and 

bonding with surrounding tissues upon implantation. Besides the known osteogenic 

capacity of Ca, the released Si ions also have the ability of upregulating MAPK/ERK and 

p38 signaling pathways, which are known to be involved in osteogenesis, and stimulating 

angiogenesis as well. 219 Lin et al. fabricated PCL/Mg-CS scaffolds, which released Mg 

and Si, and reprecipitated Ca and P when immersed in SBF, forming an apatite layer 

(Figure 6D). 220 The highest hWJ-MSCs attachment, proliferation and osteogenic genes 

upregulation was observed for scaffolds with 50 wt% Mg-CS, which released larger 

amounts of the aforementioned ions. These scaffolds also showed the highest degradation 

rate, due to lower polymer content. Zhang et al. also observed the good performance of 

PCL/gliadin scaffolds containing 30 wt% Mg-CS. 221 Here, both Mg-CS and the natural 

polymer gliadin were added to the scaffold to enhance its bioactivity and degradability. In 

a rabbit femoral defect, scaffolds with 30 wt% Mg-CS allowed for the fastest degradation 

rate and largest new bone volume formation, compared to lower Mg-CS percentages and 

bare PCL/gliadin scaffolds. 

A very widely used type of CS is bioactive glass (BG), which in addition to CaO and SiO2, 

is composed of Na2O and P2O3. In vitro, BG has been shown to outperform other CaP, like 

HA, in terms of biological response and osteogenic commitment when incorporated within 

a PLA scaffold at the same concentration, potentially due to enhanced protein adsorption. 

222 Yet, in vivo studies have not reported differences among PCL/BG and PCL/CaP 

scaffolds within 16 weeks implantation time, in terms of bone formation. 223 Strontium-

substituted BG (SrBG) has also been investigated as filler for ME-AM scaffolds, as Sr is 

an important trace element in bone and can stimulate bone formation and reduce bone 

resorption. 224 In this regard, Poh et al. prepared PCL/SrBG 10 wt%, which enhanced the 

formation of calcium deposits, compared to PCL/BG 10wt% scaffolds. 225  

CS based materials appear to be valid substitutes of CaP as osteoinductive materials for 

bone regeneration applications, due to their richer bioactive ion composition. Although 

these established advantages, insufficient efforts have been dedicated so far to investigate 

their use as fillers within ME-AM scaffolds. A reason for that could rely on their fast 

degradation rates compromising the scaffold mechanical properties already at early stages 

of the regeneration process. 226 Nevertheless, further research is required to better 

understand the performance of CS in comparison with CaP fillers. 
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Metallic particles 

Metals, such as titanium based alloys or cobalt chromium alloys, have been extensively 

used in the orthopedics field as permanent implants due to their good biocompatibility and 

high mechanical strength and wear properties. 227-228 Others, such as iron- or magnesium 

(Mg)-based metals, are preferred for bone regeneration applications, since they are 

resorbable and can be degraded to be replaced by newly formed bone. In particular, Mg-

based metals have been used as fillers for ME-AM scaffolds. Apart from improving the 

mechanical properties of composites, Mg ions are essential to bone metabolism, have 

been shown to be associated with the formation of biological apatite, and can stimulate 

osteogenic activity. 229-231 Since bare Mg corrodes in aqueous environment leading to the 

formation of gas cavities, 232 more stable compounds such as magnesium hydroxide 

(MgOH), magnesium oxide (MgO) or magnesium fluoride (MgF) have been used as fillers 

within ME-AM scaffolds. For instance, Abdal-hay et al. prepared PCL/MgOH scaffolds with 

up to 20 wt% of MgOH. 233 Despite not enhancing the scaffolds’ mechanical properties, 

potentially due to poor nanoparticle dispersion at high concentrations, Mg ions were 

released from the scaffolds, which led to increased cell proliferation and ALP activity. In 

another study, Shen et al. prepared PCL-PEG-PCL/MgO composite scaffolds. 234 Here, 

silanization of the MgO particles allowed the addition of up to 4 wt% MgO without the 

formation of agglomerates, which resulted in a 2-fold increase in compression modulus 

compared to bare PCL scaffolds. Yet, the most optimum magnesium release rate was 

achieved with 1 wt% MgO, which favored cell adhesion, ALP activity and calcium 

deposition, as well as bone formation in vivo, compared to other MgO concentrations 

(Figure 6E). 234 Hansske et al. also pre-coated MgF nanoparticles, in this case with a poly 

(ethylene glycol) (PEG)-based biomimetic coupling agent to improve their stability and 

compatibility with the polymer matrix, prior to loading within a PCL scaffold. 235 In a 

subsequent study, these compatibilized MgF nanoparticles were used as fillers in a ternary 

composite scaffold consisting of PCL, nHA and MgF. 236 The sole addition of 1 wt% MgF 

to the PCL/HA scaffolds enhanced the attachment and osteogenic differentiation of human 

fetal-derived MSCs (hF-MSCs), in terms of ALP activity, osteonectin gene expression and 

calcium deposition. In addition to the bioactivity of Mg, F is also known to play a key role 

in the development of mineralized tissues. 237 

Silver has also been used as metallic filler within ME-AM scaffolds. Besides enhancing 

mechanical properties, silver has shown to provide antimicrobial properties to the 
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scaffolds. For instance, Radhakrishnan et al. prepared PCL/silver 3 wt% scaffolds, which 

showed antibacterial activity against E. coli while maintaining osteoblast cell viability. 238 

Overall, metallic particles are an attractive filler option for ME-AM composite scaffolds, 

especially due to their ability to significantly enhance the scaffold’s mechanical properties 

at very low concentrations. Nevertheless, compatibility and dispersion within polymers are 

the major issue associated to these materials, and the main reason why they have not 

been widely explored so far. 

 

Figure 6 - Composite scaffolds. (A) (i) SEM images of the surface of PCL/HA 40 wt% composite 
scaffolds before and after etching with NaOH. Adapted with permission from Ref. 188 (ii) μ-CT 
images of critical size rat calvarial defects depicting new bone formation after 8 weeks implantation 
of the aforementioned scaffolds. Increased bone formation is observed in the composite scaffolds, 
compared to the PCL and PCL etched scaffolds controls. (iii) Representative Masson’s trichrome 
stain images of the calvarial defects 8 weeks post-implantation, depicting mineralized areas (red), 
which were more abundant in the HA containing scaffolds. Adapted with permission from Ref. 189 
(B) µCT images of PCL scaffolds with a discrete vertical gradient in HA concentration. Adapted 
with permission from Ref. 212 (C) µCT images of PEOT/PBT scaffolds with a continuous vertical 
gradient in HA concentration. Adapted with permission from Ref. 88 (D) (i) SEM images of the 
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surface of PCL and PCL/CaS 50 wt% scaffolds, after immersion in SBF for 7 days, depicting the 
ability of PCL/CaS of nucleating HA. (ii) Fluorescent microscopy images of hWJ-MSCs (F-actin, 
green) cultured on the aforementioned scaffolds for 7 days, showing enhanced cell coverage on 
the composite scaffolds. (iii) ARS staining of calcium nodules deposited on the PCL and PCL/CaS 
scaffolds cultured with hWJ-MSC for 3 weeks. Adapted with permission from Ref. 220 (E) (i) Giemsa 
staining on histological sections of lateral epicondyle defects in rats 8 weeks post-implantation of 
PCL/PEG and PCL/PEG/MgO 1 wt% composite scaffolds (red, mineralized tissue). (ii) 
Fluorochrome-labeling analysis of new bone formation and mineralization 8 weeks post-
implantation of the aforementioned scaffolds (calcein green, between 4 and 6 weeks; xylenol 
orange, red, between 6 and 8 weeks). ‘OB’ and ‘NB’ refer the location of original bone and newly 
formed bone, respectively. Adapted with permission from Ref. 234 (F) H&E stained sections of rat 
calvarial defects with implanted PCL and PCL/G (graphene) 0.78 wt% scaffolds, with or without 
electrical stimulation. Adapted with permission from Ref. 239 (G) (i) SEM images of the surface of 
PCL/PLGA and tobramycin-loaded PCL/PLGA scaffolds with various loading concentrations (2 
wt% and 4 wt%). (ii) Results of disk diffusion test on day 1 (left) and day 7 (right), showing the 
aforementioned scaffolds’ antimicrobial activity against with S. aureus. Adapted with permission 
from Ref. 240  

 

Carbon-based nanomaterials  

Polymer nanocomposites based on carbon-based materials have been used to improve 

the mechanical, electrical, chemical and osteogenic properties of polymers. The basic 

structure of carbon-based materials used for these applications is graphene, which is a 

one atom thick hexagonal lattice of sp2 hybridized carbon atoms, a structure that confers 

outstanding mechanical properties (E modulus = 1 TPa, ultimate strength = 130 GPa), 

thermal conductivity (5000 W/ mK), electrical conductivity (up to 6000 S/m) and chemical 

properties. 241 Depending on its dimensional arrangement, graphene is referred as 0-D 

fullerene or wrapped graphene, 2D- carbon nanotube (CNT) or rolled graphene, and 3D-

graphite or stacked graphene. 242 CNTs, generally prepared by chemical vapor deposition 

methods, can be single walled (SWCNTs), with a diameter of 1 nm, or with several 

nanotubes arranged concentrically into a multi-walled structure (MWCNTs), with diameters 

generally between 10 and 100 nm. 243 Despite their narrow diameter, they possess very 

high aspect ratios, which makes them ideal reinforcing fibers in composites. Moreover, 

their geometrical structure can be tuned to adjust their electronic properties, from metallic 

to semiconducting materials. 244 A few studies have reported the use of MWCNTs as fillers 

on ME-AM scaffolds for bone regeneration applications. For instance, Huang et al. loaded 

PCL scaffolds with up to 3 wt% MWCNTs, which were shown to be aligned in the extrusion 

direction. 245 This resulted in an increase in the compressive modulus from ~ 50 MPa to ~ 

88 MPa. Moreover, hAD-MSCs showed increased proliferation with increasing MWCNTs 

content. Taking advantage of the alignment of the MWCNTs along the extrusion direction, 
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a subsequent study focused on the development of a ternary composite consisting of PCL, 

MWCNTs (0.75 wt%) and nHA (20 wt%), which aimed at mimicking the bone tissue 

structure at the nanoscale. 246 The aligned MWCNTs induced the PCL chains in their 

vicinity to recrystallize along their walls, which surrounded by nHA particles, mimicked the 

highly aligned and mineralized collagen fibrils in bone. Such ternary scaffolds also 

possessed higher compression moduli and showed enhanced upregulation of ALP, COL I 

and OCN gene expression of hAD-MSCs, compared to bare PCL and PCL/MWCNT 

scaffolds. 246 

Wang et al. compared the effect of MWCNTs and graphene sheets on PCL scaffolds 

mechanical properties and cell-affinity. 247 PCL/MWCNTs and PCL/graphene scaffolds 

with up to 3 wt% filler content were prepared. Interestingly, at a given filler concentration, 

PCL/graphene scaffolds presented higher compression modulus and strength, as well as 

higher protein adsorption and hAD-MSCs proliferation rates than PCL/MWCNT scaffolds. 

This was correlated to the better mechanical, physicochemical and conductive properties 

of graphene compared to MWCNTs. Indeed, graphene sheets prepared by liquid phase 

exfoliation of graphite, have been used as filler for PCL scaffolds in several studies from 

Bartolo’s group. 239, 248-250 In all of them, a maximum of 0.78 wt% filler was used to avoid 

potential hAD-MSCs cytotoxicity effects of graphene upon complete scaffold degradation, 

which have been previously shown to be dose and size dependent. 251 These reports 

demonstrated that the sole addition of 0.78 wt% graphene improved the scaffolds 

compression modulus by 50%. Moreover, PCL/graphene scaffolds showed enhanced 

hAD-MSCs proliferation compared to bare PCL scaffolds, 248 which could be further 

improved by a chemical treatment with NaOH, 249 or by the pre-adsorption of the P1-latex 

protein to the scaffolds filaments. 250 Ultimately, untreated PCL/graphene scaffolds with 

0.78 wt% filler were implanted in a rat calvarial defect, and electrical stimulation was 

applied, to assess their in vivo bone formation ability (Figure 6F). 239 Histological analysis 

revealed that electrically stimulated PCL/graphene 0.78wt% scaffolds led to more tissue 

infiltration and mineralization at early timepoints (60 days), compared to other conditions. 

Yet, values were leveled at later timepoints (120 days). 239 

Due to the high synthesis costs and low scale production of graphene through the 

aforementioned CVD or direct exfoliation of graphite methods, currently the most 

commonly used method for large-scale production of graphene-like materials relies on 

graphene oxide (GO), the oxidized version of graphite, as starting material. 252 GO can be 
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easily mass produced by oxidation of graphite through well-established methods. 

Moreover, GO possesses oxygen-containing functional groups disrupting each carbon 

plane, including epoxy, carbonyl, ketone and hydroxyl groups, which offer the possibility 

of functionalization with biomolecules to tune its bioactivity. 253 Unagolla et al. prepared 

PCL/GO 0.5 wt% and showed that while the addition of GO did not influence significantly 

the mechanical properties of the scaffolds, it led to a slight increase of matrix mineralization 

and osteogenic proteins expression at early timepoints, compared to bare PCL scaffolds. 

254 In contrast, Belaid et al. reported that the addition of 0.3 wt% GO to PLA scaffolds led 

to a 30% increase in the compression modulus. Moreover, MG63 proliferation was 

enhanced on these scaffolds, as well as calcium deposition when cultured in osteogenic 

medium. 255 Chen et al. significantly augmented the filler loading, preparing TPU/PLA/GO 

scaffolds with up to 5 wt% GO, which led to a 125% increase in compression modulus, 

and good biocompatibility. 256 Despite its facile production, GO is non-conductive and 

possesses poor thermal stability, which can lead to the formation of air pockets within the 

scaffold filaments when processed at high temperatures, like the ones required for PLA, 

PLGA or PEOT/PBT extrusion (~200° C). 256 Electrical conductivity and thermal stability 

can be restored by chemical or thermal reduction of the GO, leading to exfoliated wrinkled 

reduced graphene oxide (rGO) sheets, similar to pristine graphene, but with some oxygen 

defects at the laminar edges, and holes on the carbon skeleton. 257 Angulo-Pineda et al. 

fabricated PCL/rGO scaffolds with up to 10 wt% filler, which showed to be not only 

conductive, but also antimicrobial against S. aureus. 258 Electrical stimulation on such 

scaffolds further enhanced the antimicrobial effect, while supporting higher hBM-MSCs 

proliferation rates than on non-stimulated scaffolds. In spite of rGO-polymer composite 

scaffolds possessing interesting bioactive properties for bone regeneration, very few 

reports have studied them. This might very well be due to the very low bulk density of rGO 

upon thermal reduction, which can lead to particle inhalation during handling and lack of 

free-flowability into twin-screw compounders, which is the main cost-effective route for 

composites production at large scale. 259   

The aforementioned research examples demonstrate the great potential of graphene-

based materials as fillers for ME-AM scaffolds for BTE, since they can act as reinforcement 

agents, boost cell attachment and osteogenic differentiation, and provide antimicrobial 

activity. However, there are still concerns on the in vivo toxicity of these materials and their 

degradation products. Studies have reported that the cytotoxicity of graphene and 

derivatives is dependent on their production method and purity, physicochemical 
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properties (lateral dimensions, oxidation state, aggregation state, functionalization), 

concentration, exposure time and administration route. 260 Yet, this information is scarce 

and contradictory results are often found, due to the various synthesis routes leading to 

diverse materials, which often are not properly characterized or described in literature. 261 

In addition, biodistribution studies have mostly been performed upon single intravenous 

injection of dispersed graphene materials, 262 and the effect of local, sustained and long 

term injections, simulating the release of graphene form a polymeric scaffold, have not yet 

been considered. Overall, more thorough in vitro and in vivo biocompatibility studies paired 

to the growing interest in graphene-based scaffolds development are necessary. This 

would help to determine the maximum graphene-based filler loading within ME-AM 

scaffold, to ensure their functionality while retaining their biocompatibility in an in vivo 

scenario. 

Bioactive molecules  

The direct incorporation of drugs or antibiotics within the scaffolds filaments is desired in 

order to simplify the fabrication process, as well as to improve the loading capability and 

release profile. However, the main limiting factor for ME polymer-drug composites is the 

thermal stability of the incorporated molecules. This limits the bioactive molecule and 

polymer choice, as the large majority of the thermoplastics used for biomedical 

applications require high processing temperatures (~175 °C – 220 °C), 60, 141 which are 

above the thermal stability limits of most commonly used antibiotics for orthopedic 

applications (~ 120 °C, depending on exposure time and antibiotic type). 263. As an 

exception, PCL has low melting (~ 60 °C) and printing temperatures (up to 100 °C), thus 

several reports have investigated the incorporation of antibiotics or growth factors within 

PCL scaffolds. For instance, Lee et al. reported the fabrication of a PCL/rifampicin 2.5 wt% 

composite, which was melt blended and printed at 60 °C. 264 During the 14 days evaluated, 

the antibiotic was sustain released and exerted antimicrobial activity against E. coli and S. 

aureus, while maintaining cell viability (Figure 6G). Shim et al. reported the preparation of 

PCL/PLGA/tobramycin scaffolds at 110 °C. 240 Here, the drug was sustain released for a 

period of 50-60 days and when implanted on a rat femur model with osteomyelitis, was 

able to reduce inflammation and exert antimicrobial activity. In another study, Costa et al. 

printed PCL/poloxamine/dexamethasone scaffolds. 265 The addition of the poloxamine 

copolymer in the blend led to filaments with lower surface porosity, which slowed down the 

release rate of dexamethasone. Similarly, the addition of HA to PLA/ nitrofurantoin 
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scaffolds allowed to tune the antibiotic release, since HA facilitated the infiltration of water 

within the polymer matrix, leading to faster drug release rates. 266 The aforementioned 

studies also investigated the effect of the drug content (wt%) on the release profile, leading 

to the general observation that higher loadings led to higher drug amounts released over 

time. 265-266  On the other hand, Kempin et al. investigated the effect of polymer type on 

drug release, using quinine as a model, concluding that for a given drug, desired release 

profiles might be obtained by choosing the appropriate polymer. 267 For a given polymer 

type and drug concentration, drug type will also define the release profile, as observed by 

the comparison among two independent studies: PCL/gentamicin 5wt% scaffolds led to a 

burst release of gentamicin (60% release in 24h), while quinine was released in a 

sustained manner from PCL/quinine 5wt% scaffolds (60% release in 7 days). 267-268 

As presented, loading bioactive molecules within the polymer matrix of ME-AM ensures 

higher incorporation efficiencies, allows for larger loading amounts and avoids fast release 

rates, compared to other strategies. However, this simple and cost-effective technique is 

at the moment limited to low melting temperature polymers, such as PCL.  

Other organic phase combinations 

The addition of organic fillers within ME-AM scaffolds has been investigated to improve 

their mechanical or physicochemical properties. For instance, cellulose nanomaterials 

have been used to reinforce PLA filaments for FDM, as well as PCL scaffolds, due to their 

crystalline fibrillar structure. 269-270 Composite PCL/microcrystalline cellulose scaffolds 

showed an increase in compression and elastic modulus from 25 MPa to 32 MPa and from 

60 to 72 MPa, respectively, with the sole addition of 2 wt% filler. 270 Besides its reinforcing 

capabilities, this biopolymer possesses high specific surface area and surface reactivity, 

which allows for the introduction of well controlled chemical, structural, and topographical 

features at a cell relevant scale, which is of great interest for the TE field, but have not yet 

been widely explored for ME-AM scaffolds. 271 Silk has also been used to improve the 

mechanical properties of ME-AM scaffolds. For instance, Aleman-Dominguez et al. 

demonstrated that the addition of up to 30 wt% silk microparticles within a PCL polymer 

matrix significantly increased the bulk and nano-mechanical properties of the scaffold, as 

measured by nanoindentation. 272 However, scaffold hydrophobicity was also significantly 

enhanced at this high concentration, which led to lower protein adsorption and subsequent 

poor cell affinity. This demonstrated that while a high filler content might be desired for 
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significantly augmenting the scaffold’s mechanical properties, cellular interactions, which 

are of outmost importance for the ultimate scaffold application, might be compromised at 

the same time. In this regard, the concentration of polyaniline (PANI) particles within a PCL 

scaffold was reduced to a minimum to ensure its biocompatibility. 273 While the addition of 

this conductive polymer increased both the conductivity and compressive mechanical 

properties of the scaffold, concentrations above 0.1 wt% were shown to be cytotoxic. 

Despite these limitations, PCL/PANI 0.1 wt% scaffolds possessed a conductivity of 2.46 ± 

0.85 × 10−4 S/cm, which enabled their use as electroactive structures to modulate cellular 

response and enhance tissue regeneration. 273 Camarero-Espinosa et al. also reported the 

fabrication of scaffolds with the ability of providing cell stimulation, consisted of PCL/PLA 

Janus filaments that can be nano-deflected via external application of ultrasounds. 274 

Such Janus scaffolds were spontaneously formed by phase separation of PCL/PLA blends 

during ME, and could perform as ultrasound transducers, enhancing cell proliferation, 

matrix deposition and osteogenic differentiation of hBM-MSCs, via the formation and 

activation of voltage-gated calcium ion channels. 

Conclusions and future perspective  

ME-AM enables the fabrication of complex-shaped personalized scaffolds for BTE 

applications, with an interconnected and highly controlled porosity and from a wide number 

of biodegradable and mechanically robust thermoplastic polymers. Compared to other AM 

technologies, ME-AM is a cost-effective and relatively simple technique, and does not 

require the use of potentially toxic binders, curing agents or solvents, which simplifies the 

clinical translation of the fabricated constructs. Furthermore, while synthetic thermoplastic 

polymers are often bioinert and lack cell-recognition sites to promote cell attachment, 

proliferation and osteogenic differentiation in vitro and in vivo, they are quite amenable to 

bioactive functionalization. A large amount of research has been carried out over the last 

decades on augmenting the bioactivity of ME-AM scaffolds. Modifying the scaffold 

architecture by adjusting the scaffold pore shape and size has been shown to influence 

cell attachment and differentiation. Similarly, the introduction of microporosity to the 

scaffold filaments’ bulk and surface via ME-AM combined with salt leaching or gas 

foaming, has shown to increase the scaffold surface area for enhanced cell attachment. 

While these approaches have shown benefits, they can, in some cases, limit nutrient 

availability and diminish the scaffold’s mechanical properties. On the contrary, surface 
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modification strategies aiming at the introduction of roughness, specific chemical 

functional groups, or bioactive coatings to the filaments surface, do not compromise the 

scaffold structural integrity, and thus have been more extensively studied. In particular, 

plasma surface modification has stood out as a multi-approach technique for enhancing 

cell attachment and steering cell differentiation towards a specific lineage. In this regard, 

surface roughness can be introduced via plasma activation, specific polar functional 

groups can be deposited via plasma polymerization, and scaffold filaments can be primed 

for the subsequent covalent binding of biomolecules via plasma grafting. In addition to the 

conjugation of biomolecules, biomimetic PDA, CaP and full ECM coatings have also been 

investigated to enhance the surface functionality of scaffolds towards enhanced cell 

attachment and differentiation.  

Although surface modifications can successfully augment the bioactivity of ME-AM 

scaffolds, we have seen that these approaches frequently involve the use of wet chemistry, 

and most importantly, they often require complex and multiple post-fabrication steps. 

Further incrementing the scaffold complexity, fibrous or hydrogel networks have been 

combined with the ME-AM framework towards hierarchical and hybrid scaffolds, which 

have been shown to increase cell retention and provide a biomimetic platform for tissue 

formation. Polymer-filler composite scaffolds have shown to induce specific cell behavior 

with the sole addition of fillers to the polymer matrix, avoiding the need of post fabrication 

steps. Moreover, composites can enhance not only the scaffold physicochemical 

properties, but also their mechanical and degradation properties, towards a better scaffold 

performance. In addition, composite production via melt blending by twin screw 

compounding ensures a complete solvent-free scaffold fabrication process. For all these 

reasons, a large body of literature has been focused on the fabrication of composite ME-

AM scaffolds using a variety of fillers, which include CaPs, silicates, metallic particles, 

carbon based materials, bioactive molecules and other organic materials, such as 

cellulose. Research has been focused on trying to identify the ideal filler type and 

concentration necessary to generate an optimum physicochemical and biological 

response, without compromising material printability, and while ensuring scaffold optimum 

mechanical properties and biocompatibility.  

In spite of all these efforts, a ME-AM scaffold with optimum properties that can ensure 

optimum cell attachment and enhanced osteogenic differentiation towards a fully functional 

engineered in vitro and in vivo tissue is yet to be developed. There are still some 
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challenges to overcome to achieve this aim, as well as aspects that would need attention 

in future research. 

Currently, newly developed scaffolds can be easily characterized, in terms of printability, 

surface physicochemical analysis, filler dispersion in a composite, and mechanical 

properties thanks to the fast pace with which material science behind scaffold fabrication 

is progressing. Yet, the in vitro biological evaluation methodologies of such scaffolds are 

often insufficient to determine their in vivo efficacy. As a common strategy, a short in vitro 

evaluation of cell attachment, proliferation, differentiation, and early stage mineralization 

is often discussed. While these parameters are relevant for an initial estimation of the 

scaffolds functionality, long-term evaluations, coupled to the long process of bone 

regeneration, would be necessary to accurately determine the actual scaffold 

performance. In order to obtain more reliable in vitro short and long term information, as 

well as to reduce the number of animal experiments towards clinical translation, scaffolds 

could be cultured in bioreactors, where they could potentially be exposed to relevant cell 

populations and pro-osteogenic external stimulus (chemical, mechanical, electrical, 

ultrasonic). 275-276 The flexible (sometimes elastomeric) synthetic thermoplastic polymers 

used in AM are best suited for mechanical stimulation. Such dynamic systems, in 

combination with computational models, could help to better understand and predict how 

specific scaffold architectures and the subsequent forces transmitted to cells (mechanical 

strain, fluid shear stress) can affect cell fate. 277-278 This information could be used to 

improve the scaffold design towards enhanced tissue formation. In addition, bioreactor 

systems would also allow to analyze the long term stability of the scaffold modifications, 

such as plasma treatments, protein coatings, or bioactive CaP layers. Moreover, polymer 

degradation profiles and fillers release rates from composite scaffolds could be monitored 

to evaluate their in situ cytocompatibility. This could lead to more complete and focused 

studies and help finding the ideal scaffold for bone regeneration.  

Another overlooked matter on ME-AM scaffolds for BTE is the formation of a vascular 

network. Due to their macroporous structure and their relatively small size for in vitro 

cultures, ME-AM scaffolds can support cell ingrowth and waste-nutrients exchange in vitro 

without the need of vascularization. Yet, scaffolds aimed to be used in large bone defects 

will likely require the integration of a vascular network to support tissue formation. 

Therefore, it is of great significance to implement cues to promote vascularization within 

ME-AM scaffolds, in addition to cues for cell attachment and osteogenic differentiation. In 
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this regard, ME-AM scaffolds providing gradients in growth factors (i.e. VEGF) could 

induce blood vessels infiltration into the scaffold core. 279 As presented in this review, 

current research is focused on the incorporation of bioactive cues to polymeric ME-AM 

scaffolds, while little efforts are being placed on developing new polymers, where the lack 

of functionality relies. Future research lines could relate to the design of new functional 

synthetic polymers, which can influence cellular behavior on their own, without the need 

of additional elements. Overall, this could lower the scaffold complexity, which would 

potentially simplify the production process, the in vitro and in vivo evaluation, the clinical 

translation path and, at the end of the chain, the final medical product price.  

Despite current shortcomings, ME-AM scaffolds hold great promise in the future of bone 

regeneration. Appropriate scaffold design and architecture, specific bioactive cues for 

promoting cell attachment, differentiation and tissue formation, and thorough material and 

biological evaluations shall certainly be combined towards the construction of functional 

scaffolds for bone tissue regeneration. 
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Abstract 

In order to ensure the long-term in vitro and in vivo functionality of cell-seeded 3D scaffolds, 

an effective and reliable method to control cell seeding efficiency and distribution is crucial. 

Static seeding on 3D additive manufactured (AM) scaffolds made of synthetic polymers 

still remains challenging, as it often results in poor cell attachment, high cell sedimentation 

and non-uniform cell distribution, due to gravity and to the intrinsic macroporosity and 

surface chemical properties of the scaffolds. In this study, the biocompatible 

macromolecules dextran and Ficoll (Ficoll Paque) were used for the first time as temporary 

supplements to alter the viscosity and density of the seeding media, respectively, and 

improve the static seeding output. The addition of these macromolecules drastically 

reduced the cell sedimentation velocities, allowing for homogeneous cell attachment to the 

scaffold filaments. Both dextran- and Ficoll -based seeding methods supported human 

mesenchymal stromal cells viability and osteogenic differentiation post-seeding. 

Interestingly, the improved cell distribution led to increased matrix production and 

mineralization compared to scaffolds seeded by conventional static method. These results 

suggest a simple and universal method for an efficient seeding of 3D AM scaffolds, 

independent of their material and geometrical properties, and applicable for bone and 

various other tissue regeneration. 
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INTRODUCTION  

In vivo, cells are surrounded by a complex 3D microenvironment that supports their growth 

and assembly into functional tissues. Upon tissue damage caused by trauma or disease, 

the structural integrity of this extracellular matrix (ECM) can be compromised leading to 

lack of essential cues for functional tissue performance, and the requirement of suitable 

replacements. By using scaffolds, tissue engineering and regenerative medicine (TERM) 

aim to provide artificial ECM-like structures, which try to mimic the native tissue in terms 

of architecture, chemistry or mechanical properties to guide cells into the first steps of the 

regeneration process. 1-2 To allow cell infiltration, tissue ingrowth and vascularization, 3D 

scaffolds with a highly interconnected porous structure are required. 3-4 In the past decade, 

additive manufacturing (AM) and, more specifically, melt extrusion (ME)-based 

techniques, have emerged as one of the most appealing technologies to produce scaffolds 

for TERM. 5-6 Compared to other conventional methods such as gas foaming/particulate 

leaching, 7-8 freeze-drying 9-10 or phase separation, 11-12 AM allows the reproducible 

fabrication of complex 3D structures with interconnected, high porosity, from various types 

of biocompatible and biodegradable polymers with optimum mechanical properties desired 

for tissue regeneration applications.  

Efficient cell seeding of 3D scaffolds is a key step towards the development of in vitro 

tissues for TERM applications. Cell density and their spatial distribution in macroporous 

scaffolds are critical to ensure the functionality of the engineered tissue, as these 

parameters will dictate intercellular and cell-material interactions, thereby affecting 

different cellular behaviors such as migration, proliferation, differentiation and matrix 

production. 13-14 To improve cell distribution within 3D scaffolds, different dynamic seeding 

methods have been applied. Compared to static seeding, dynamic seeding methods, 

which apply an external force to facilitate cell penetration, such as flow perfusion, 

centrifugation, orbital shaking, and spinner flask, have shown to result in better cell 

distribution. 15-19 Moreover, culture of 3D scaffolds, fabricated with conventional 

techniques, in perfusion bioreactors after static seeding has also demonstrated to enhance 

cell distribution and tissue formation. 20 However the use of bioreactors require specific lab 

equipment and expertise and perfusion flow right after seeding results in significant 

decrease in cell number in 3D AM scaffolds. 21 Overall, due to the intrinsic scaffold 

characteristics, i.e. large and interconnected pore architectures, most of the dynamic 

techniques show limited applicability for seeding or culture AM scaffolds. Furthermore, the 
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lack of specific cell adhesion sites in the majority of the polymers suitable for AM leads to 

poor cell–material interactions, which along with the gravitational force results in cell 

sedimentation during static seeding and, therefore, non-uniform cell distribution within the 

scaffold. Nevertheless, the simplicity of the static seeding over dynamic seeding has led 

to further developments of this method for seeding 3D AM scaffolds, starting by the 

modification of basic seeding parameters such as cell number, seeding volume, seeding 

time and seeding vessel optimization. For instance, seeding times up to 4h, seeding 

volumes comparable to the scaffold’s free volume and not very large cell numbers have 

shown to give the highest cell seeding efficiency upon static seeding. 22-24 On the other 

hand, different surface modification techniques capable of improving the chemical and 

biological performance of synthetic polymers have also shown to increase cell adhesion in 

3D AM scaffolds. For example, plasma modification using oxygen 25 or nitrogen 26-27 have 

shown to increase cell adhesion of osteoblastic cell lines in poly(-caprolactone) (PCL) 

scaffolds. Chondrocytes adhesion on poly(ethylene oxide terephthalate)/poly(butylene 

terephthalate) (PEOT/PBT) 3D AM scaffolds has also been improved by the addition of 

carboxylic groups to the polymer surface via acrylic acid plasma polymerization. 28 Surface 

functionalization using adhesive polymers such as poly(dopamine) have also 

demonstrated to improve adhesion of different cell types on PCL and poly(lactic acid) 

(PLA) scaffolds. 29-31 As an alternative to chemical modification of polymer surfaces, better 

cell attachment along the scaffold cross section has been attained via decreasing the flow 

rate of the seeding media through the scaffold’s pores 32-33 By varying the strand distance 

or the angle of deposition in each layer, 3D AM scaffolds. with pore size gradients along 

the vertical direction 32 or with different lay-down patterns 33 were fabricated and resulted 

in enhanced cell attachment and distribution. This was, however, in exchange of varying 

the scaffolds mechanical properties and, more importantly, reducing the pore size, which 

hinders cell migration, nutrients and oxygen availability, waste management, and 

angiogenesis for pore sizes smaller than 300 µm. 4, 34-36 

A large improvement in cell seeding efficiency and distribution was recently obtained by 

seeding 3D AM scaffolds with cell-laden hydrogels, which showed to retain almost the 

complete cell number mixed within the hydrogel precursor. 37-41 However, these hybrid 

systems are multi-step and require fast gelation times. In addition, cells are exposed to 

two different microenvironments: the hard scaffold filaments and the soft hydrogel carrier. 

As it is widely accepted that substrate stiffness can direct cell fate, 42 having these types 



Chapter 3 

76 

 

of dual systems might mask the effect of the scaffold material and lead to unexpected 

results.  

Although previous strategies have shown some improvement on cell seeding efficiency 

and distribution, they require modification of the scaffold’s surface chemistry or 

architecture, influencing the overall microenvironment. Therefore, there is still lack of 

methodology and knowledge of an elegant cell seeding method applicable to all 3D AM 

scaffolds regardless of their characteristics. Here, we introduce a novel seeding technique 

based on controlling cell settling velocity upon static seeding that can be applied to all 

types of 3D AM scaffolds without requiring any chemical or architectural modification. Two 

biocompatible macromolecules (macroMs) were employed for the first time as 

supplements to independently tune i) the viscosity or ii) the density of the cell seeding 

media. Cells seeded with this novel technique were morphologically characterized using 

immunofluorescence and scanning electron microscopy. Furthermore, the osteogenic 

differentiation of human mesenchymal stromal cells (hMSCs) seeded with the macroM-

based solutions on AM 3D scaffolds was investigated using various biochemical and 

molecular assays to evaluate the effect of macroMs on a specific cell differentiation. 

MATERIALS AND METHODS 

Scaffolds fabrication  

Scaffolds were fabricated via a ME based AM technique (Bioscaffolder 3.1, SysENG, 

Germany). The copolymer PEOT/PBT, with a PEO molecular weight of 300 Da and 

PEOT/PBT blocks ratio 55/45 wt% (300PEOT55PBT45, PolyVation, The Netherlands) 

was used. Briefly, the cartridge was filled with PEOT/PBT pellets, heated at 195 °C and 

extruded by applying a pressure of 4 bar, an auger screw rotation of 40 rpm and a 

translation speed of 10 mm*s-1. The scaffold architecture consisted of a 0-90 pattern, with 

a 250 µm fiber diameter, 200 µm layer thickness and 750 µm strand distance (center to 

center), giving an expected x-y porosity of approximately 500 µm. Cylindrical scaffolds of 

4 mm diameter and 4 mm height were punched out from a 20x20x4 mm manufactured 

block using a biopsy punch and used for further experiments. 
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Density and viscosity measurements of Dextran and Ficoll based solutions 

Ficoll-Paque™ Plus solution (GE Healthcare) (Ficoll-Pq) was diluted to 80, 60, 40 and 20 

vol% with cell culture medium (CM), consisting of αMEM with Glutamax and no 

nucleosides (Gibco) supplemented with 10 vol% FBS (Sigma-Aldrich), penicillin (100 U/ml) 

and streptomycin (100 µg/ml) (Fisher-Scientific). Similarly, 10, 5, and 2.5 wt% dextran (500 

kDa, Pharmacosmos) solutions were prepared in CM. Densities were calculated by 

weighing known volumes of each of the solutions (accuracy ± 0.1 ml) in a high precision 

balance (accuracy ± 0.1 mg) and applying the density formula.. The relative viscosity (with 

respect to water) of the solutions was empirically determined by timing the flow of water 

and the same volume of each solution through the same fluidic circuit at the same constant 

pressure.  

Determination of hMSCs density using density gradient separation 

Density of hMSCs was measured using Ficoll-Pq density gradient centrifugation. The 

Ficoll-Pq solution was diluted to 80, 60, 40 and 20 vol% with appropriate volumes of CM 

containing phenol red, which helped to visualize the layers of the gradient. Starting from 

100 vol% Ficoll-Pq solution, 2ml of each solution were carefully layered on top of each 

other in decreasing order in a 15 ml conical tube. One million cells in CM were layered on 

top of the 20% Ficoll-Pq layer. The tube was then centrifuged at 500 rcf for 20 min at room 

temperature (RT).  Subsequently, the layers were carefully separated by pipetting and the 

cells in each layer were imaged via brightfield microscopy and quantified using a Neubauer 

chamber. As a comparative method, cell density was additionally determined through 

buoyancy force-driven separation, which does not require the application of mechanical 

forces. For the buoyancy separation, the various concentrations of Ficoll-Pq media were 

similarly layered in a 15 ml conical tube starting from 100 vol% Ficoll-Pq solution. Here, 1 

million cells in medium were carefully pipetted at the bottom of the tube under the 100% 

Ficoll-Pq layer using a long syringe needle, without disturbing the layers. The tube was 

then incubated at RT for 3h to let cells be pushed by buoyancy forces to layers of similar 

density. After separation, the layers were collected separately and cells present in each 

solution were imaged and quantified using a Neubauer chamber. 
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Cell seeding and culture 

Cell expansion  

HMSCs isolated from bone marrow were purchased from Texas A&M Health Science 

Center, College of Medicine, Institute for Regenerative Medicine (Donor d8011L, female, 

age 22). Cryopreserved vials at passage 3 were plated at a density of 1,000 cells*cm-2 in 

tissue culture flasks and expanded until approximately 80% confluency in CM without 

Pen/Strep at 37 °C / 5% CO2. 

Cell seeding and culture in 3D scaffolds  

Scaffolds were disinfected in 70% ethanol for 20 min, washed 3 times with phosphate 

buffered saline (PBS) and incubated overnight in CM for protein attachment. Before 

seeding, scaffolds were dried on top of a sterile filter paper and placed in the wells of a 

non-treated hydrophobic tissue culture well plate. Trypsinized passage 4 hMSCs 

suspension was centrifuged for 5 min at 500 rcf and then resuspended in CM, Dextran-

based CM, or Ficoll-Fq -based CM at a density of 200,000 cells per 37 µl (approximate 

scaffold free volume). Dextran-based CM consisted of 10 wt% dextran in CM and Ficoll-

Pq based CM consisted of 60 vol% Ficoll-Pq in a FBS adjusted cell culture medium (α-

MEM supplemented with 25 vol% FBS and 1 vol% Penstrep, to obtain 10 vol% FBS in the 

final medium). A 37 µl droplet of each cell suspension each was placed on top of each 

scaffold, drawn into the scaffold’s free volume by capillary forces and held inside the pores 

by the hydrophobic well under it. Scaffolds seeded with CM are referred to as conventional 

seeded (CS) scaffolds, while macroM seeded (MS) scaffolds are referred to as MS-Ficoll-

Pq and MS-Dextran, when seeded with Ficoll-Pq -based CM and dextran-based CM, 

respectively. Seeded scaffolds were incubated for 4 h at 37 °C / 5% CO2 to allow cell 

attachment. After this time, scaffolds were transferred to new wells containing 1.5 ml of 

basic media (BM) (CM supplemented with 200 μM L-Ascorbic acid 2-phosphate (Sigma-

Aldrich)). BM was replaced after 24h and every two or three days from then on. To evaluate 

hMSCs osteogenic differentiation, scaffolds were cultured for another 21 days in BM or 

mineralization media (MM) after 7 days in BM. MM consisted of BM supplemented with 10 

nм dexamethasone (Sigma-Aldrich) and 10 mм β-glycerophosphate (Sigma-Aldrich). 

To visualize the potential entrapment of macroMs within the scaffold after seeding, cells 

were resuspended in 10 wt% dextran-FITC (Fluorescein Isothiocyanate-Dextran 500 kDA, 

Sigma-Aldrich) or 60 vol% Ficoll-Pq-FITC at the same cell density (200,000 cells in 37 µl). 
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The Ficoll-Pq-FITC based CM was prepared by first dissolving 5.7% (wt/vol) polysucrose-

FITC (400 kDa, Sigma-Aldrich) and 9% (wt/vol) sodium diatrizoate hydrate (Sigma-Aldrich) 

in sterile water, to match Ficoll-Pq composition. 60 vol% of this solution was prepared in 

FBS adjusted cell CM as previously described. A 37 µl droplet of each cell suspension was 

placed on top of each scaffold and incubated for 4 h at 37 °C/ 5% CO2 to allow cells 

attachment. After this time, scaffolds were transferred to new wells containing 1.5 ml of 

BM and cultured for 24h. 

To rule out macroM adhesion, as well as macroM-driven enhancement of serum proteins 

adsorption to the scaffold filaments, as the causes of improved cell seeding, scaffolds were 

pre-incubated for 4h with dextran- and Ficoll-Pq - based CM. Non-adsorbed macroMs were 

removed by a single scaffold wash with PBS and the scaffolds were then dried on top of a 

sterile filter paper. Subsequently, scaffolds were seeded with 37 µl of CM containing 

200,000 cells and incubated for 4 h at 37 °C / 5% CO2 to allow cell attachment, after which 

scaffolds were analyzed. 

Cell seeding in 2D for viability and osteogenic differentiation evaluation 

Preliminary experiments in 2D were performed in order to asses the viability and 

osteogenic potential (mineralization) of cells pre-incubated in macroMs solutions. This was 

done in order to rule out the direct effect of macroM in cell death or in enhanced 

mineralization in a 3D setting. To assess the viability of cells at different timepoints when 

in a macroM solution, trypsinized cells were centrifuged and resuspended in CM, dextran-

based CM or Ficoll-Pq -based CM at a density of 200,000 cells per 37 µl.  NucBlue® Live 

and NucGreen® Dead reagents (ReadyProbes® Cell Viability Imaging Kit, Invitrogen) 

were added as well, at concentrations defined by the manufacturer protocol. Cell 

suspensions were incubated at 37 °C/ 5% CO2 in plates mimicking the 4h seeding in 3D 

scaffolds and imaged at t = 0 h and t = 4 h after seeding using an inverted fluorescent 

microscope (Eclipse, Ti2-e, NIKON). For optimal visualization in the reported images, live 

cells were false colored in green while dead cells were given a red color. In order to assess 

the osteogenic differentiation potential (mineralization) of cells pre-incubated with 

macroMs, cells pre-incubated for 4h in macroM based solutions were centrifuged and 

resuspended in fresh CM to mimic the post-seeding culture condition of cells in scaffolds. 

Cells were counted and seeded at a density of 5,000 cells*cm-2 in tissue culture 

polystyrene well plates. Media was refreshed every two or three days. Scaffolds were 

cultured for 21 days in BM or MM after 7 days in BM. 
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Imaging and quantification of cell distribution within scaffold cross section 

After seeding and 4h incubation for attachment, CS and MS scaffolds were washed with 

PBS and fixed with 4 wt% paraformaldehyde for 30 min, followed by washing steps with 

PBS. Cells were permeabilized using 0.1 vol% Triton-X for 30 min, washed twice with PBS 

and incubated with phalloidin (Alexa Fluor 568, 1:75 dilution in PBS) for 1h at RT. Finally, 

samples were washed with PBS. The bottom and cross section of scaffolds were imaged 

using an inverted fluorescent microscope. Cross section images were analyzed using 

ImageJ software. Briefly, images were converted to 8-bits format and the local contrast 

was enhanced (blocksize 50, maximum slope 3, no mask). Next, the background was 

subtracted and the images were converted to binary (rendering regions with cells in white 

and the rest in black). Each image was divided into four regions corresponding to heights 

of 0-1 mm, 1-2 mm, 2-3 mm, 3-4 mm starting from the bottom of the scaffolds and the total 

amount of white pixels in each region was quantified and normalized to the total number 

of pixels in the scaffold cross section. Values are reported as normalized cell coverage 

area in percentage. 

Imaging of cell viability and macroMs entrapment in 3D scaffold  

After 4h seeding and 1 and 7 days of culture, dead cells were stained for 20 minutes prior 

to fixation using the LIVE/DEAD™ Fixable Dead Cell Stain Kit (Thermo Fisher Scientific) 

at a concentration of 0.5 µl stain in 500 µl Hank's Balanced Salt Solution per scaffold. 

Subsequently, samples were washed and fixed with 4 wt% paraformaldehyde for 30 min, 

followed by three washing steps with PBS. Cells were stained with phalloidin as stated in 

section 2.5. Live/dead images of scaffolds at day 1 and 7 were acquired using an inverted 

fluorescent microscopy. Confocal laser scanning microscopy of macroMs 

entrapment/dead cells at 4h and day 1 was performed with a Tandem confocal system 

(Leica TCS SP8 STED), equipped with a white light laser (WLL). Samples were excited 

with the dye specific wavelengths using the WLL or a photodiode 405 in the case of DAPI. 

Emission was detected with PMT detectors (DAPI) or HyD detectors (phalloidin, dextran-

FITC, Ficoll-FITC, dead cells).  

Scanning electron microscopy (SEM) imaging of cells in scaffolds 

After 4 h seeding, 1 day of culture in BM and 28 days of culture in MM, scaffolds were 

washed with PBS and fixed with 4 wt% paraformaldehyde for 30 min, followed by washing 
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steps with PBS. Sample water content was removed with a graded ethanol series (30, 50, 

70, 80, 90, 96, 100 vol%), each 15 min at RT. Drying of samples was achieved by 15 min 

incubation in 100% ethanol- hexamethyldisilazane (HMDS) at a 1:1 ratio for 15 min, 

followed by 15 min incubation in HMDS. HMDS was removed and scaffolds allowed 

overnight drying at RT. Samples were gold sputter coated and examined using SEM 

(Phillips XL-30), with the detector operating at 5 kV. 

Biochemical assays  

Alkaline phosphatase (ALP) assay 

ALP activity was evaluated after 7 and 21 days of culture in MM (time points day 14 and 

28, respectively). 3D scaffolds were collected at every time point and washed with PBS, 

cut in half, stored at -80 °C and freeze-thawed 3 times. Samples were incubated for 1h at 

RT in a cell lysis buffer composed of 0.1 M KH2PO4, 0.1 M K2HPO4, and 0.1 vol% Triton 

X-100, at pH 7.8. 40 µl of the chemiluminescent substrate for ALP CPD star- ready to use 

reagent was added to 10 µl of cell lysate. After 15 min incubation, luminescence 

(emission= 470 nm) was measured using a spectrophotometer (Biodrop). Remaining cell 

lysates were used for DNA quantification. Values are reported normalized to DNA content.  

DNA assay 

DNA assay was performed on cells cultured on 3D scaffolds after 4h of seeding (time point 

4h), after 7 days in BM (time point day 7), and after an extra 7 and 21 days of culture in 

BM or MM (time point day 14 and 28, respectively). In addition, DNA quantification was 

also performed on 2D samples using CyQUANT Cell Proliferation Assay Kit (Thermo 

Fisher Scientific). Samples (lysed samples from ALP activity assay or frozen samples after 

time point collection) were incubated overnight at 56 °C in Proteinase K solution (1mg*ml-

1 Proteinase K (Sigma-Aldrich) in Tris/EDTA) for matrix degradation and cell lysis. 

Subsequently, samples were freeze-thawed three times and incubated 1h at RT with lysis 

buffer (cell lysis buffer from the kit diluted 20x in dH2O) containing RNase A (1:500) to 

degrade cellular RNA. Lysed samples were incubated with the fluorescent dye provided 

by the Cyquant kit (1:1) for 15 min and fluorescence was measured (emission/excitation = 

520/480 nm) with a spectrophotometer. DNA concentrations were calculated from a DNA 

standard curve. 
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Alizarin red S (ARS) staining and quantification  

Calcium mineralization was qualitatively determined by ARS staining after 7 and 21 days 

of culture in BM or MM (time point day 14 and 28, respectively). 3D scaffolds were washed 

with PBS and fixed with 4 wt% paraformaldehyde for 30 min, followed by three washing 

steps in distilled water. Subsequently, scaffolds were cut in half and each section was 

stained with ARS solution (60 mм, pH 4.1-4.3) for 20 min at RT, and washed several times 

with distilled water until no more stain was leaching out. Images were taken using a 

stereomicroscope (Nikon SMZ25). 

After imaging, a protocol adapted from Gregory et al. 43 was used to quantify calcium 

deposition. Briefly, stained samples were incubated in Eppendorf’s for 1h at RT with 30 

vol% acetic acid while shaking, followed by 10 min incubation at 85 °C. Afterwards, 

scaffolds were removed and solutions were centrifuged at 20,000 rcf for 10 min. An 

appropriate volume of 5м ammonium hydroxide was added to the supernatants to readjust 

the pH to 4.1-4.3. The absorbance was measured at 405 nm using a spectrophotometer. 

Concentration of ARS was calculated from an ARS standard curve and the values were 

normalized to DNA content.  

Gene expression  

Gene expression analysis was performed at day 14 (7 days in MM) and day 28 (21 days 

in MM). RNA was extracted from cells in scaffolds using a Trizol isolation method at the 

selected time points. Briefly, samples were transferred to Eppendorf tubes and Trizol was 

added. ECM was precipitated at the bottom of the tube through a centrifugation step at 

12,000 rcf for 5 min. The supernatant was transferred to a new tube and chloroform was 

added to isolate the RNA, present in the aqueous phase after phase separation via 

centrifugation at 12,000 rcf for 5 min. RNA was further purified using RNeasy mini kit 

column (Qiagen), according to the manufacturer’s protocol. The purity and quantity of total 

RNA was evaluated using a spectrophotometer. Reverse transcription was performed 

using iScript™ (Bio-Rad) following suppliers’ protocol. The obtained cDNA was used in 

combination with SYBRGreen master mix (Qiagen) and the selected primers (Table S1, 

Supplementary Information) to perform qPCR using CFX Connect™ Real-Time System 

(Bio-Rad) under the following conditions: cDNA was denaturated for 3 min at 95 °C, 

followed by 40 cycles consisting of 15 s at 95 °C and 30 s at 65 °C. Additionally, a melting 

curve was generated for each reaction in order to test primer dimer formation and non-
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specific amplification. Gene transcription was normalized to the transcription of the 

housekeeping human B2M gene. The 2-∆∆Ct method was used to calculate relative gene 

expression for each target gene. Normalization was done with respect to relative gene 

expression of cells in CS scaffolds at day 14. 

Statistical analysis  

All data is shown as average with error bars indicating the standard deviation of at least 

three replicates. Analysis of statistics was conducted with GraphPad Prism (version 8.0.1). 

A one-way or two-way analysis of variance (ANOVA) was performed followed by a Tukey’s 

or Sidak’s post-hoc multiple comparison test (as recommended by the software) to 

evaluate statistical significance and correct for multiple comparisons. 

RESULTS  

Optimization of the macroM seeding methods 

If cells in suspension are considered as rigid spheres, upon which frictional (viscosity 

related), buoyant (density related) and gravitational forces are exerted, their settling 

velocity in medium can be derived from the Stokes law. 44 When the sum of the frictional 

and buoyancy forces exerted on the cell, due to the surrounding medium, balance the 

gravitational force, the constant settling velocity (v) can be defined by: 

v =  
2

9

(ρcell − ρmedium)

μmedium

gR2 

where 𝜌𝑐𝑒𝑙𝑙 refers to cell density, 𝜌𝑚𝑒𝑑𝑖𝑢𝑚 refers to density of the surrounding cell culture 

medium, 𝜇𝑚𝑒𝑑𝑖𝑢𝑚  refers to the viscosity of the surrounding cell culture medium, g is the 

acceleration due to gravity, and R the cell hydrodynamic radius. According to this equation, 

to maintain cells in suspension the settling velocity can be decreased by increasing the 

media viscosity or reduced to zero by matching the density of the media and the cells. In 

this study, we investigated both approaches independently (Figure 1). The media viscosity 

was changed with the addition of dextran. As shown in Figure S1A, by the addition of 

dextran up to 10 wt%, the viscosity of CM increases exponentially up to around 25 times. 

As our second approach, the density of the seeding medium was increased by the addition 

of Ficoll-Paque™ Plus (Ficoll-Pq) to match the cell density and therefore obtain a 

theoretical settling velocity equal to zero (v=0). Ficoll-Pq is an aqueous solution that also 
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contains sodium diatrizoate, a compound that allows to have a high density solution while 

maintaining its viscosity relatively low (Figure S1B, Supplementary Information). Notably, 

the viscosity of this solution is only ~3 times higher than CM viscosity. A density gradient 

of Ficoll-Pq (Figure S1D) allowed for the experimental determination of the density of the 

hMSCs, which is known to be lower than 1.073 g*ml-1 45-46. Both separation by gradient 

centrifugation and by buoyancy forces determined that the density of the hMSCs 

population lied in between 1.034 and 1.052 g*ml-1 corresponding to 40 vol% and 60 vol% 

Ficoll-Pq in CM (Figure S2). In order to encompass the majority of the hMSCs population 

(i.e. to maintain most of the cells in suspension) 60 vol% Ficoll-Pq solution (Ficoll-Pq -

based CM) was chosen as the density-based media for seeding the MS-Ficoll-Pq, with a 

relatively ignorable influence on the viscosity of CM (only 1.65 fold increase) (Figure S1B). 

On the other hand, the viscosity is considered the only effective parameter on the cell 

settling velocity in a 10 wt% Dextran solution (Dextran-based CM), which was chosen as 

the viscosity-based media for seeding the MS-Dextran scaffolds.The density of 10 wt% 

dextran (1.024 g*ml-1) is significantly lower than 60 vol% Ficoll-Pq density (1.052 g*ml-1) 

as well as 40 vol% Ficoll-Pq density (1.034 g*ml-1), and therefore, lower than hMSCs 

density. Specifically, its density is comparable to that of a 20 vol% Ficoll-Pq solution (1.027 

g*ml-1) (Figure S1C, E), where a minimum amount of cells were found during separation 

by Ficoll-Pq gradients (Figure S2).  

Cell distribution using MS methods 

To assess the cell distribution across highly porous PEOT/PBT scaffolds seeded with each 

of the seeding methods, cells in their cross sections and bottoms were imaged and the 

cross section images were divided into four horizontal regions of 1 mm each, from 0 to 4 

mm height. Moreover, cell settling velocity and displacement towards the bottom of 

scaffolds during the seeding time was calculated and used to support the cell localization 

results. As demonstrated in Figure 2A, B, around 70% of the total cell number found in 

the scaffolds cross sections was concentrated in the lowest 1 mm region of the scaffold, 

as well as attached to the bottom when seeded with the CS method. Using this method, 

cells sedimented at a theoretical velocity of 1.8 µm*s-1 and displaced 2.6 mm towards the 

bottom of the scaffold (~75% of the scaffold height) during the 4h seeding (Figure S1F). 

In contrast, theoretical cell settling velocity decreased ~50-fold for MS-Dextran when 

compared to the CS method, or remained zero when seeded with the MS-Ficoll-Pq 
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Figure 1. Schematic representation of the static seeding approaches discussed in this study: 
Conventional seeding (CS), Macromolecular seeding with 10 wt% dextran (MS-Dextran) and 
macromolecular seeding with 60 vol% Ficoll-Paque (MS-Ficoll-Pq). Influence of the properties of 
the cell seeding media (viscosity and density) on the settling velocity of cells and, therefore, on cell 
attachment along scaffold height is depicted  

 

method, resulting in a theoretical displacement of ~55 µm or 0 µm towards the bottom of 

the scaffold during the 4 h seeding, respectively (Figure S1F). This allowed the cells to 

remain in suspension and to attach to the filaments of the scaffolds in a more homogenous 

manner (Figure 2A). Around 20 to 30% of the total cell number in the cross section was 

found in each of the 1 mm subdivisions of the scaffold (Figure 2C, D), regardless of the 

use of the MS-Dextran or the MS-Ficoll-Pq method, suggesting that both approaches 

successfully improved cell distribution along scaffold’s cross section. Furthermore, no cells 

were found at the bottom of scaffolds when seeded with the MS methods, contrary to what 

was observed in the case of CS scaffolds, which further demonstrates the enhanced cell 

attachment. Additionally, cells in suspension along the scaffold depth that did not attach to 

the filaments were washed away after immersing the scaffold in media.  
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As observed in Figure 3A, cells preferentially attached to the top curved surface of the 

scaffold filaments during the seeding and, due to cell clustering and a larger number of 

cells attached, cell projections were not clear in the MS methods when compared to the 

spindle-like cells resulted from the CS method after 4h seeding.  Nevertheless, only after 

24h post-seeding cells in the MS scaffolds showed a clear elongated morphology, 

characteristic of migrating cells, and covered the whole surface of the filaments in contrast 

to the less crowded filaments on CS scaffolds (Figure 3B).  

 

Figure 2. Fluorescent staining (F-actin, red) showing that MS methods improved cell distribution 
along scaffold cross section. (A) Fluorescence microscopy images of hMSCs in the bottom sides 
(top) and cross sections (bottom) of scaffolds seeded with the CS, MS-Dextran and MS-Ficoll-Pq 
methods and (B-D) respective quantification of cell distribution across the scaffold height. Statistical 
significance performed using one-way ANOVA with Tukey’s multiple comparison test (* p < 0.05; 
** p < 0.01; **** p < 0.0001). Scale bars 1mm. 
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Figure 3. Higher cell coverage and matrix production on scaffolds seeded with the MS-methods. 
SEM micrographs of hMSCs on scaffolds seeded with the CS, MS-Dextran and MS-Ficoll-Pq 
methods after 4h, 1 day and 28 days of culture (21 days in MM) showing cell-scaffold interactions, 
cell coverage of scaffold filaments and matrix production. Scale bars 100 µm. 

MacroMs in scaffolds 

In order to evaluate the potential presence of macroMs in the scaffolds after seeding, 

scaffolds were seeded with solutions containing fluorescently labeled dextran or Ficoll. 

After 4 h seeding, macroMs were not found coating the scaffolds filaments. Besides, cells 

also sedimented in CS scaffolds, which were pre-incubated with dextran or Ficoll-Pq based 

CM (Figure S3). Collectively, both results suggest that macroMs did not adhere to the 

scaffold surface to act as cell adhesive molecules nor contributed to better cell adhesion 

by mediating adsorption of serum proteins to the scaffolds filaments. Interestingly, while 

for both MS-Dextran and MS-Ficoll-Pq, macroMs co-localized with the cells cytoplasm 

after 4h seeding (Figure 4), their fluorescence signals were drastically reduced after 24h 

and were found to co-localize only with dead cells, and (Figure 4 and Figure S4). Notably, 

cell death was visualized within the first minutes of hMSCs incubation with both macroMs 
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based CM and CM (medium without macroMs) (Figure S5). Nevertheless, high cell 

viability was observed across the MS-Dextran and MS-Ficoll-Pq scaffolds over 7 days 

culture, as demonstrated in the Figure 5. 

 

Figure 4. Initial retention (4h) and rapid elimination (24h) of macroMs in cells attached to the 
scaffolds. Representative confocal microscopy images of hMSCS (F-actin) and macroM (FITC-
labeled) on top of scaffold filament 4h and 24h post-seeding with the MS-Dextran and MS-Ficoll-
Pq methods. Dash lines delimitating the scaffold filament. Scale bars 100 µm. 

Osteogenic differentiation on MS scaffolds 

To fully assess the functionality of our novel MS methods to seed AM 3D scaffolds for bone 

regeneration, hMSCs potency and their ability to undergo osteogenic differentiation after 

seeding was evaluated. Preliminary 2D experiments confirmed that proliferation and 

mineralization were not affected when cells were pre-incubated in macroMs solutions and 

seeded in 2D (Figure S6). These initial positive results allowed us to further study hMSCs 

response to macroMs seeding in 3D. Despite the significant effect of MS methods in cell 

distribution (Figure 2), no statistical differences were found in the total number of cells 

attached to the scaffolds when compared to the CS method (Figure 6A). Similarly, looking 

at cell proliferation (Figure 6A), constant cell numbers were observed in scaffolds seeded 

with all the three methods over time, with the exception of day 28 in MM. At this timepoint, 
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increased cell numbers were observed on MS scaffolds, compared with earlier time points 

and with CS scaffolds at day 28. SEM images in Figure 3C also demonstrated differences 

in ECM production at this timepoint among the seeding methods. In the case of MS 

scaffolds, cells were present both on the scaffold filaments and within pores´ volume along 

with the formation of a dense ECM. On the contrary, ECM density was found to be much 

lower in CS scaffolds, which correlates to the low cell proliferation values over the whole 

culture period (Figure 6A).  

 

Figure 5. Cell viability is preserved after seeding with MS methods. Representative fluorescent 
images depicting cell viability (F-actin, green; dead cells, red) 1 day and 7 days post-seeding with 
the CS, MS-Dextran and MS-Ficoll-Pq methods. Inserts represent the imaged area in scaffold 
cross-section. Scale bars 250 µm.  

 

ALP activity was measured after 14 and 28 days of culture, corresponding to 7 and 21 

days culture in MM (Figure 6B). No significant difference was observed in ALP activity at 

day 14 regardless of the seeding method. However, ALP activity was significantly lower at 

day 28 when comparing cells in scaffolds seeded with CS and with MS methods. 

Interestingly, ALP activity increased from day 14 to day 28 in cells seeded with CS method. 
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In contrast, ALP decreased from day 14 to day 28 in cells seeded with MS methods despite 

the macroM type.  

 

Figure 6. MS method does not hinder osteogenic differentiation of hMSCs: Evaluation of the 
osteogenic differentiation potential of hMSCS seeded with the MS-based methods compared to 
CS. (A) Cell seeding efficiency and cell number progression over 28 days of culture in BM and MM 
on scaffolds seeded with the CS, MS-Dextran and MS-Ficoll-Pq methods. Statistical significance 
performed using two-way ANOVA with Tukey’s multiple comparison test (*#$ p < 0.05; **##$$ p < 
0.01; ****####$$$$ p < 0.0001; * for comparisons among seeding methods each time point; # for 
comparisons with D28 MM among MS-Dextran; $ for comparisons with D28 MM among MS-Ficoll-
Pq). (B) Comparison of ALP activity at day 14 and day 28 of culture (7 and 21 days in MM, 
respectively) of hMSCs when seeded with the three different methods. (C) Quantification of the 
ARS staining extracted from scaffolds after 14 and 28 days of culture (7 and 21 days in MM, 
respectively), normalized to cell number. Statistical significance performed using two-way ANOVA 
with Sidak’s multiple comparison test (n.s. p > 0.05; *p < 0.05; ***p < 0.001; ****p < 0.0001, for 
comparisons among seeding methods each time point or among time points each seeding method) 
(D) Stereomicroscopy images of scaffold cross sections stained with ARS after 14 and 28 days of 
culture (7 and 21 days in MM, respectively). Scale bars 1 mm. 
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To gain more insight into the potential of osteogenic differentiation of hMSCs in scaffolds 

seeded with our novel method, matrix mineralization was evaluated using ARS staining to 

visualize calcium deposits after 7 and 21 days in MM (day 14 and day 28, respectively). 

Scaffolds cultured in BM were used as controls to ensure the inert behavior of the macroMs 

in the mineralization process (Figure S7A). Intriguingly, as it is shown in Figure 6D, 

calcium deposition on the cross section of MS-scaffolds was observed from day 14 (7 days 

in MM), and by day 28 these were distributed over the whole scaffold visualized by the 

dense red color homogeneously covering the cross section and outer surface of the 

scaffolds (Figure S7B). Quantification of the staining (Figure 6C) confirmed that calcium 

depositions increased ~10 to 15-fold within these two time points. Moreover, statistical 

differences among the amount of calcium deposited by cells seeded by the MS-dextran 

and the MS-Ficoll-Pq methods were evident when quantified. No ARS staining was 

observed in CS scaffolds at day 14, and only a small amount of calcium deposits was 

quantified after 28 days culture, which was comparable to the mineralization in MS 

scaffolds at day 14.  

Ultimately, the expression of relevant osteogenic genes on cells seeded with the MS-

methods was evaluated and compared to the CS method.  Notably, no significant 

differences were found in the expression of runt-related transcription factor (RUNX2), 

collagen type I (COL I), osteocalcin (OCN) and osteonectin (ON) among the different 

groups at day 14 (7 days in MM), suggesting that the seeding with macroMs did not alter 

the early stage of hMSCs differentiation (Figure 7). Importantly, the gene encoding 

RUNX2 was upregulated on cells seeded with the MS-Dextran and MS-Ficoll-Pq at day 28 

(21 days in MM) when compared to CS method (Figure 7A). Similarly, COL I expression 

was higher in MS-Ficoll-Pq samples at this time point (Figure 7B). In addition, OCN was 

more expressed in MS-Dextran with respect to CS (Figure 7C). On the other hand, no 

significant differences were found in the ON encoding gene expression among time points 

or seeding methods (Figure 7D).  

DISCUSSION  

When cells are seeded on a 2D substrate, gravity acts as one of the main parameters 

favoring cell attachment. On the contrary, gravity acts as a counterforce to cell attachment 

during static seeding of 3D scaffolds fabricated from synthetic polymers and with large and 

interconnected pores, where cell attachment is already dramatically hindered because of 
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lack of adhesion motifs, fast flow velocity and large scaffold’s pore size. Rather than 

modifying the scaffold material properties or architecture, in this study we tackled the cell 

sedimentation problem from a different perspective, the cell seeding media physical 

properties (viscosity and density). This is particularly a beneficial approach as it can be 

applied to all AM 3D scaffolds independent of their material chemistry or geometries. In 

this study we tuned the viscosity and density of the seeding media by using two natural 

biocompatible macroMs, dextran and Ficoll. Dextran has previously shown to promote 

ECM deposition in vitro not only when used as macromolecular crowder mimicking the 

 

 

Figure 7. Gene expression of hMSCs after 14 and 28 days of culture (7 and 21 days in MM, 
respectively) comparing the three different seeding methods. (A) RUNX2, (B) COL I, (C) OCN and 
(D) ON fold change expression values are relative to CS d14 MM. Data presented as average ± 
s.d. and statistical significance performed using two-way ANOVA with Sidak’s multiple comparison 
test (n.s. p > 0.05; *$ p < 0.05; **$$ p < 0.01; * for comparisons among seeding methods each time 
point; $ for comparisons among time points each seeding method). 



Improving cell distribution on 3D additive manufactured scaffolds through engineered seeding media 
density and viscosity 

93 

 

highly crowded/dense native ECM, 47-49 but also when employed as media thickener to 

increase fluid shear forces in perfusion culture. 50 It has also been used to study erythrocyte 

aggregation and blood viscosity changes. 51-53 On the other hand, Ficoll has been used for 

the isolation of cells from blood samples by centrifugation, 54-55 as well as macromolecular 

crowding agent. 47-49, 56 Despite being widely used in the biomedical field, to the best of our 

knowledge, these macroMs were employed here for the first time as media supplements 

to enhance scaffolds static seeding. Moreover, we demonstrated that MS-Dextran and 

MS-Ficoll-Pq are two independent approaches, since viscosity and density are the 

effective parameters on cell settling velocity of the chosen dextran-based (10% Dextran) 

and Ficoll-Pq -based (60 vol% Ficoll-Pq) seeding solutions, and therefore the two methods 

can be studied and used separately. We showed that both increasing the seeding media 

viscosity or matching its density to that of hMSCs appropriately reduced cell settling 

velocity, allowing cells to float longer in the suspension, thereby giving them more time to 

attach and hence promoting homogeneous cell attachment on the PEOT/PBT scaffold 

filaments. On the other hand, cells poorly attached to the scaffold cross section when using 

the CS method. PEOT/PBT was chosen as model synthetic material to produce 3D AM 

scaffolds. These polyether‐ester multiblock copolymers are thermoplastic elastomers, 

whose surface energies, swellability, degradation and mechanical properties can be tuned 

for specific applications by controlling the PEOT/PBT ratio 2, 57 and whose in vitro and in 

vivo applicability in the orthopedic field has been extensively studied. 58-59 Due to their easy 

processability, they have been previously used to produce 3D AM scaffolds. 60 However, 

they offer poor cell attachment upon conventional static seeding as shown here and in 

previous works. 24, 61 

Direct comparison of our cell distribution results with previously published seeding 

techniques on 3D AM scaffolds is very challenging, as most of these studies have not 

shown the full characterization of cell distribution and sedimentation, but rather addressed 

the seeding efficiency and its direct effect on the tissue regeneration process. In one 

exception, the amount of DAPI nuclear staining was quantified in each of the slices 

subdividing the cross section of scaffolds with vertical pore size gradients. 32 Despite the 

positive effect of gradients on cell attachment in each of the scaffold subdivisions, still large 

amounts of cells accumulated at the bottom of the scaffolds, leading to a non-uniform cell 

distribution over the scaffold cross section. Interestingly, the uniform cell distribution 

demonstrated by MS methods closely resembles a recently published report in which 

hMSCs were seeded in a polymeric scaffold by means of a cell-laden polyethylene glycol 
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dithiothreitol hydrogel. 40 In this hybrid system, the cell carrier hydrogel was hydrolytically 

degraded after 7 days, time that cells used to populate the scaffold filaments attaining a 

good distribution. Importantly, when using our novel MS methods, cells attached directly 

to the filaments without the means of hydrogel carriers. Moreover, we proved that the 

macroMs did not act as a cell adhesive coating in the scaffolds, but viscosity or density of 

the media, depending on the macroM type, were the only factors leading to cell 

attachment. Previous reports demonstrating reduced protein adsorption and cell 

attachment in dextran coated surfaces support these results: dextran and Ficoll should be 

functionalized to render them cell adhesive. 62, 63  

The fact that after the 4h seeding the macroMs were found to colocalize with the cell 

cytoplasm and that the amount of macroMs was drastically reduced after 24h culture in 

CM, suggests that the macroMs were internalized by cells during the seeding period, 

followed by their exocytosis towards the cell culture media after 24 h. Fluorescently labeled 

dextran and Ficoll have been shown to enter different cell types, including hMSCs, by 

macropinocytosis 64-65 and micropinocytosis, 66 respectively. Within the first 24 h after 

uptake, they have seen to accumulate in lysosomal compartments, were they degrade into 

glucose and fructose moieties. 66-68 Moreover, since the cell culture media was renewed 

after 24h culture and every 2 days from then on, the effect of the macroMs as 

macromolecular crowders influencing ECM deposition can be ruled out. The absence of 

macroM in the culture might be beneficial since no effect or even detrimental influence of 

macromolecular crowding has been shown on cartilaginous tissue formation in 3D. 69 This 

was hypothesized to be mainly due to the fact that in a 3D cell confluent system cells 

already reside in the crowded microenvironment consisting of their secreted matrices. 

Moreover additional crowding could lead to inefficient oxygen and waste management and 

activation of degradation enzymes. However, there is lack of literature addressing the 

effect of macromolecular crowding in 3D cell systems and thus, no definitive conclusions 

can be drawn.  

Regarding cell death, it is hypothesized that it occurred before their incubation with 

macroMs as i) it is known that internalized macroMs remain in the lysosomes with no effect 

on cellular function before their exocytosis to the extracellular space and ii) cell death was 

also visualized within the first minutes of hMSCs incubation even with medium without 

macroMs. Hence, the presence of dead cells in the scaffold might be attributed to the low 

media-to-cell ratio during the 4h seeding and to the handling of cells prior to seeding 
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(centrifugation and resuspension in a small volume of medium), which are unavoidable 

issues of the seeding process. In this regard, the visualization of macroMs in the scaffold 

even after 24h culture is attributed to the ability of macroM to penetrate the permeable 

membrane of dead cells during the seeding and the subsequent inability of these cells to 

process the macroMs. 70  

Consistent with a previously published report, a cell monolayer was formed at the bottom 

of scaffolds seeded with CS method. 24 Notably, this was not observed in the case of MS 

scaffolds. It is plausible that the high cell density at the bottom of CS scaffolds enabled 

cell-to-cell and cell-to-scaffold contact after their fast sedimentation, while the low cell 

number localized at the bottom filaments region of MS-scaffolds, due to no cell 

sedimentation during MS methods and unattached cells washing after seeding, prevented 

the formation of a cell monolayer. Importantly, the sedimented cells which attached to the 

bottom of CS scaffolds, might have significantly contributed to the relatively higher seeding 

efficiency values than expected (~55%) for the high amount of cell settling observed, 

making it comparable to the MS methods seeding efficiency (~80% and ~75%, for MS-

Dextran and MS-Ficoll-Pq, respectively). In 2D, high cell seeding density (cells*cm-2) has 

been demonstrated to direct and control early and late stage osteogenic markers and the 

temporal expression of MSCs genes towards osteogenesis. 71 However, cell density 

coupled to an optimum distribution of cells occupying the whole scaffold surface area are 

the parameters that will ultimately favor osteogenesis in a 3D environment. Therefore, cell 

number alone is not a primary factor and “efficiency” is defined by both cell density and 

cell distribution when culturing 3D scaffolds. In our case, due to the higher chance of cell 

attachment when seeded with the MS methods, cells were confluently occupying the 

scaffold filaments from the beginning of the culture, resulting in surface saturation and 

contact inhibition between adjacent cells, 72 which explains the lack of proliferation on 

these scaffolds over 28 days in BM. 73 The increased matrix production in the MS scaffolds’ 

pores volume when cultured in MM, might have offered the possibility to cells to grow not 

only on top of the scaffolds’ filaments, but also on the ECM-filled scaffolds’ pores. This 

increase in surface area available for cell proliferation between day 14 and day 28 was 

translated into an increase in cell number at late timepoints (day 28 in MM). Overall, cell 

confluency over the MS scaffolds, coupled to the osteogenic factors included in MM, 

showed to have positive effect on the osteogenic differentiation of the seeded hMSCs. This 

effect was initially demonstrated by the evaluation of ALP activity over the culture time, 

which is an early stage enzyme expressed in bone development and its upregulation 
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precedes the upregulation of late osteogenic genes, such as OCN, and matrix 

mineralization. 74 Decreasing ALP activity over time, which enables the development of the 

bone matrix by preparing the extracellular matrix for the deposition of mineral, 74 has 

previously been observed in scaffolds with high cell seeding numbers, and therefore 

possibly better cell distribution. 75 Concordantly, a peak of ALP was seen at day 14 in MM, 

with values decreasing at day 28 in MM in cells seeded with MS methods despite the 

macroM type. On the contrary, ALP activity peaked after 28 days of culture in MM on 

scaffolds seeded with hMSCs via the CS method, as previously reported. 61, 76 These 

dissimilarities are likely due to the aforementioned differences in cell number coupled to 

their distribution profile within the scaffolds. Concordantly with the ALP activity 

progression, extensive ECM was produced over time on MS scaffolds and ARS staining 

results showed enhanced and progressively increased mineralization on MS scaffolds 

over the culture in MM. However, no clear hypothesis has been drawn to explain the 

increased calcium deposition on MS-Ficoll-Pq scaffolds at day 28 when compared to MS-

Dextran, since cell viability was preserved in both cases and cell numbers and ALP activity 

values at the time point are comparable between both scaffold types.  

Analyzing the gene expression, we observed that the upregulation of relevant protein 

encoding genes involved in osteogenic differentiation at day 28 in MM in cells seeded with 

MS-methods complements the abovementioned ALP activity and calcium deposition 

results. This further confirms that either there is a delay in the progression of osteogenesis 

in cells seeded with the CS method, or an acceleration in cells seeded with the MS 

methods, likely due to the differences in homogeneity in cell distribution.  In particular, the 

gene encoding RUNX2, which is an essential transcription factor regulator of hMSCs 

differentiation into the osteogenic lineage, 77-78 was upregulated for cells on MS scaffolds. 

It is known to target specific osteogenic genes, such as COL I, one of the major bone ECM 

components, or OCN, one of the major bone non-collagenous proteins with the ability to 

bind bone hydroxyapatite. 79 Accordingly, COL I and OCN were upregulated in MS-Ficoll-

Pq and MS-dextran scaffolds, respectively, when compared to CS scaffolds, suggesting 

matrix maturation. Although ON did not differentially express in the MS scaffolds, this 

calcium binding non-collagenous protein has been found to be expressed in other non-

mineralizing tissues, and therefore, lacks specificity. 80 While longer culture periods of CS 

scaffolds in MM might possibly lead to comparable results among different seeding 

methods, 81 the possibility of speeding the osteogenic process of hMSCs by MS-methods 

is desired for both the in vitro and in vivo applications of the scaffolds. 
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CONCLUSION 

Cell seeding on 3D AM scaffolds made of synthetic polymers with interconnected 

macroporosity still remains a challenge. The aim of this study was to develop a simple and 

reliable seeding technique to improve cell distribution upon static seeding valid for all 3D 

AM scaffolds regardless of their material properties and architecture. This was achieved 

by controlling the settling velocity of cells by altering the viscosity and density of the 

seeding media via the addition of two different macroMs, Dextran and Ficoll (Ficoll-Pq). 

Compared to scaffolds seeded with conventional static techniques, a homogeneous cell 

distribution was attained with direct cell attachment to the scaffold filaments. Importantly, 

macroMs did not affect viability or osteogenic differentiation of hMSCs and their complete 

removal was demonstrated after the seeding period. Intriguingly, the improved cell 

distribution from the macroMs based seeding led to enhanced mineralization and bone 

matrix maturation compared to conventional seeding. This newly proposed seeding 

method is simple, reproducible, and has the potential to improve the long-term functionality 

of in vitro and in vivo cell-seeded constructs for tissue engineering applications.  
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SUPPLEMENTARY FIGURES  

Table S1. Primer sequences used for q-PCR. B2M: beta-2-microglobulin; RUNX2: runt-related 
transcription factor; COL1A1: collagen 1 alpha 1; OCN: osteocalcin: SPARC: osteonectin.  

 

 

 

Figure S1. (A, B) Relative viscosity and (C, D) density of cell culture media containing different 
concentrations of dextran and Ficoll. (E) Comparison of density values of media containing specific 
dextran and Ficoll concentrations. (F) Cell settling velocity in CS, MS-Dextran and MS-Ficoll 
methods. 
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Figure S2. (A) Quantification of cell number in each layer of the Ficoll gradient used to determine 
hMSCs population density by separation by centrifugation or by separation by buoyancy forces. (B) 
Representative images of the cells found in each layer after each separation method. Scale bars 
200 µm. 
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Figure S3. Fluorescence microscopy images of hMSCs in the cross sections and bottom lids of 
scaffolds pre-incubated with dextran and Ficoll based solutions and seeded with the CS method. 
Scale bar 1 mm. 

 

 

Figure S4. Representative confocal microscopy images of hMSCS (F-actin and nuclei), macroMs 
(FITC-labeled) and dead cells on top of scaffold fiber 24h post-seeding with the MS-Dextran and 
MS-Ficoll methods. Scale bars 100 µm. 

 

 

Figure S5. Representative fluorescent images depicting hMSCs viability (live, green; dead, red) 
right after their resuspension (0 h) and after 4h incubation in macroM based solutions, as compared 
to control (CS). Scale bars 250 µm. 
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Figure S6. Cell culture and differentiation in 2D after hMSCs incubation in macroM based solutions 
during 4h mimicking the scaffold seeding conditions. (A) Fold increase in cell number after 7 days 
of culture in BM and pre-incubation in normal, dextran or Ficoll based CM. (B) Representative 
brightfield images of cells pre-incubated in normal, dextran or Ficoll based CM after 1 and 7 days 
of culture in BM. (C) Stereomicroscopy images of cell monolayers stained with ARS after 28 days 
of culture (21 days in MM) and pre-incubated in normal, dextran or Ficoll based CM. Scale bars 
250 µm. 
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Figure S7. Stereomicroscopy images of ARS stained scaffolds. (A) Cross- and outer sections after 
28 days of culture in BM and (B) outer sections after 28 days of culture (21 days in MM). Scale 
bars 1 mm. 
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Abstract 

3D scaffolds with optimum physico-chemical properties are able to elicit specific cellular 

behaviors and guide tissue formation. However, cell-material interactions are limited in 

scaffolds fabricated by melt extrusion additive manufacturing (ME-AM) of synthetic 

polymers, and plasma treatment can be used to render the surface of the scaffolds more 

cell-adhesive. In this study, a hybrid AM technology, which combines a ME-AM technique 

with an atmospheric pressure plasma jet, was employed to fabricate and plasma treat 

scaffolds in a single process. The organosilane monomer (3-Aminopropyl) 

trimethoxysilane (APTMS) and a mixture of maleic anhydride and vinyltrimethoxysilane 

(MA-VTMOS) were used for the first time to plasma treat 3D scaffolds. APTMS treatment 

deposited plasma polymerized films containing positively charged amine functional 

groups, while MA-VTMOS introduced negatively charged carboxyl groups on the 3D 

scaffolds’ surface. Argon plasma activation was used as control. All plasma treatments 

increased the surface wettability and protein adsorption to the surface of the scaffolds, and 

improved cell distribution and proliferation. Notably, APTMS treated scaffolds also allowed 

cell attachment by electrostatic interactions in the absence of serum. Interestingly, cell 

attachment and proliferation were not significantly affected by plasma treatment induced 

aging. Also, while no significant differences were observed between plasma treatments in 

terms of gene expression, human mesenchymal stromal cells (hMSCs) could undergo 

osteogenic differentiation on aged scaffolds. This is probably because osteogenic 

differentiation is rather dependent on initial cell confluency and surface chemistry might 

play a secondary role.  
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INTRODUCTION  

Over the past decades, additive manufacturing (AM), and in particular melt extrusion AM 

(ME-AM), has emerged as an advanced fabrication technique for the development of 

scaffolds for skeletal tissue engineering. This is due to the possibility of producing cost-

effective, customizable, biocompatible and biodegradable 3D constructs, with 

interconnected macro-pores facilitating tissue ingrowth, while maintaining sufficient 

mechanical properties for load bearing applications. 1 In order to ensure tissue formation 

and to obtain reliable readouts when evaluating a scaffold functionality in vitro, an efficient 

cell attachment upon seeding, in terms of cell density and distribution, is particularly 

important. 2-4 Moreover, cell colonization also plays a pivotal role to guarantee the in vivo 

success of both cell-laden and cell-free scaffolds. Despite their advantageous structural 

features, cell adhesion has shown to be challenging on ME-AM scaffolds, due to their large 

pores and lack of biological recognition sites to enable cell-material interactions, as they 

are mostly made of synthetic thermoplastic polymers, such as poly(-caprolactone) (PCL), 

poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), poly(urethane) (TPU), or 

poly(ethylene oxide terephthalate)/poly(butylene terephthalate) (PEOT/PBT). These 

factors, along with the gravity force, contribute to fast cell sedimentation towards the 

scaffold’s bottom and mediocre attachment to the scaffold’s filaments upon conventional 

static seeding, which is a simple and widely used seeding method that consists on placing 

a droplet of cell suspension on top of the scaffold surface, that gradually flows into the 

scaffold’s pores. 5-7 

Different strategies have been considered to optimize cell attachment during static seeding 

of 3D ME-AM. For instance, loading cells into a natural or synthetic hydrogel solution, 

which crosslinks within the scaffolds pores, has shown to improve cell retention within the 

scaffold. 8-9 Alternatively, we have recently proposed the use of macromolecules as 

temporary seeding media supplements to increase its viscosity or density, which has 

proven to reduce cell sedimentation velocity and result in homogeneous cell attachment 

along the scaffold’s cross section. 4 Besides the modification of the seeding solution, the 

alteration of the scaffold architecture, with regard to pore size, lay-down pattern, or the 

introduction of vertical gradients, has also been suggested to enhance cell attachment. 6, 

10 Furthermore, synthetic polymers have been blended with bioactive fillers, such as 

calcium phosphates, 11 bioactive glass 12 or graphene derivatives, 13 to improve cell 
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attachment and cell-material interactions by increasing scaffolds’ hydrophilicity and /or 

surface roughness. 

Surface coatings have also been considered as an alternative to increase polymeric 

scaffolds’ bioactivity, as some of the methods described above involve the modification of 

scaffold geometry or the material bulk properties and these can negatively affect the 

scaffolds mechanical properties. For example, NaOH etching or other wet chemical 

surface modifications can increase the hydrophilicity and surface roughness, or deposit 

specific monomers with functional groups on 3D scaffolds. 14 Yet, the use of harsh 

chemicals can potentially compromise the integrity of the scaffolds’ structure. 15 Other 

examples exploit scaffold’s filaments coatings with extracellular matrix (ECM) proteins or 

cell adhesive peptides to improve cell adhesion. 16 Nevertheless, this approach has not 

been extensively explored due to proteins’ limited half-lives and high costs.  

Non-thermal plasma (NTP) surface modification has the advantage of altering the polymer 

surface chemistry and/or topography without the use of solvents, while maintaining their 

bulk properties. 17 Various types of gases, such as oxygen, helium, argon, nitrogen, or their 

combination can be used to generate the plasma discharge and activate polymer surfaces 

by the incorporation of hydroxyl, carboxyl, aldehyde or amine groups. To obtain more 

stable coatings with a higher density of functional groups, the plasma discharge can be 

fed with monomers, such as alkyl amine or ammonia, or acrylic acid, to coat the surface 

with a thin polymeric film containing amine or carboxyl groups, respectively, in a process 

known as plasma polymerization. NTP is an established technique to treat 2D polymeric 

surfaces, where extensive research has revealed enhanced protein adsorption and cell 

attachment due to the presence of functional groups compared to methyl only containing 

surfaces. 18-19 Moreover, carboxyl modified surfaces have shown to promote 

chondrogenesis, while amine groups have proved to direct cells towards the osteogenic 

pathway. 20-22  

Being an established technique to treat two-dimensional (2D) polymeric surfaces, NTP 

was used during the last decade to functionalize 3D ME-AM scaffolds as well. Oxygen 

plasma activation, as one of the primary focuses of reported studies, has shown to 

increase surface roughness, protein adsorption and cell attachment, as well as to promote 

alkaline phosphatase (ALP) expression and matrix mineralization on PCL scaffolds. 23-24 

Other studies have explored plasma polymerization techniques. Among those, nitrogen 

containing groups have been introduced on PCL or polystyrene scaffolds by allyl amine, 
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ammonia or ethylene/N2, promoting Runt-related transcription factor 2 (RUNX2) and ALP 

upregulation in human mesenchymal stromal cells (hMSCs) compared to untreated 

scaffolds. 25-26 Alternatively, in a study using PEOT/PBT scaffolds treated with acrylic acid 

plasma polymerization, enhanced proliferation and glycosaminoglycan production by 

chondrocytes was shown. 27 Despite promising results in enhancing ME-AM scaffolds 

surface bioactivity, NTP is still not a widely used technique for 3D scaffolds treatment. This 

is mainly due to the NTP process usually being carried out at sub-atmospheric pressures, 

where plasma has shown to not ignite inside the scaffold pores. 28-29 This limits the 

treatment in the scaffold’s core to diffusion, leading to inhomogeneous and uncontrolled 

gradient functionalization. Moreover, the process often requires costly vacuum equipment 

and its application demands multi-steps processes. Overcoming these limitations, 

atmospheric pressure plasma jets (APPJ) have been developed, 30 where the need of a 

reactor chamber and vacuum equipment is eliminated and the NTP exiting the jet can be 

directed into the scaffolds pores, or a region of interest. Moreover, APPJ enables its 

assembly to an AM platform, where the printing and plasma treatment processes can take 

place in a single hybrid system. In addition, scaffolds can be either plasma treated as a 

whole from the top, or in a layer-by-layer manner to reach deep pores in large anatomical 

scaffolds, or treat specific scaffolds’ zones. 31-32 

Taking these advantages, here we used a hybrid AM technique, consisting of a ME 

printhead and an APPJ module assembled on a 3-axis platform to fabricate plasma treated 

PEOT/PBT scaffolds in a single process. 32 Despite its excellent processability and 

previous in vitro and in vivo applications for bone tissue engineering, PEOT/PBT 

demonstrates poor cell attachment upon cell seeding. 4, 7 The organosilane monomers (3-

Aminopropyl) trimethoxysilane (APTMS) and maleic anhydride-Vinyltrimethoxysilane (MA-

VTMOS) were used to deposit polymer-like thin films containing amine and carboxyl 

functional groups, respectively, by plasma polymerization in argon on the PEOT/PBT 

scaffolds surface. Despite being already explored to modify 2D surfaces, 33-34 these 

monomers were used here for the first time to treat 3D scaffolds. Compared to other 

precursors, organosilanes possess the advantage of providing a stable siloxane backbone 

to the coating, which is highly adherent and resistant to delamination in water conditions, 

ensuring good functional group retention under cell culture conditions. 35-36 Pristine 

scaffolds, plasma polymerized scaffolds, and argon plasma activated scaffolds were 

seeded with hMSCs. Cell attachment and adhesion mechanism were evaluated. 
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Moreover, proliferation and osteogenic differentiation were assessed and compared 

among the different plasma conditions.  

MATERIALS AND METHODS  

Plasma treated scaffolds fabrication and characterization 

Scaffolds were fabricated and plasma treated with a hybrid AM platform, consisting of a 

3D axis stage (Bioscaffolder 3.0, Gesim) equipped with a custom made ME printhead and 

an APPJ (Plasma Stylus Noble, Nadir srl), 37 all enclosed in a polymethylmethacrylate box 

with fume extraction ventilation. In a first step, scaffolds were produced (Figure 1A). For 

that, PEOT/PBT pellets (300PEOT55PBT45, PEO molecular weight = 300 kDa, 

PEOT:PBT weight ratio = 55:45, intrinsic viscosity 0.51 dl/g, Polyvation, The Netherlands) 

were heated up to 195 °C in the cartridge of the printhead. Molten polymer was extruded 

through a 250 µm internal diameter needle (pressure 7 bar, translation speed of 16 mm/s), 

depositing a 0-90 pattern block (15x15x4 mm3) with 200 µm layer thickness and 750 µm 

strand distance (center to center) (Figure 1A). 

 

Figure 1. Hybrid AM platform consisting of (A) a ME printhead and (B) an atmospheric pressure 
plasma jet (APPJ), mounted on a 3D axis stage. 1-2 (C) Schematics of the APPJ, which is based 
on a dielectric barrier discharge scheme simultaneously powered by a high-voltage (HV) generator 
and a radio-frequency (RF) generator. Electrodes are positioned externally to an alumina duct 
where argon is fluxed and plasma is ignited. Previously mixed precursors in vapor phase are carried 
by argon and mixed with the ignited plasma right before the RF generator through an inner coaxial 
tube, which is connected to external bubblers with precursors in liquid (APTMS, VTMOS) or solid 
(MA) phase. Nitrogen is carried through an outer coaxial duct for shielding and cooling at the exit 
of the torch. 
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Right after fabrication, scaffolds were plasma treated with the APPJ (Figure 1B). The 

device is based on a dielectric barrier discharge scheme simultaneously powered by a 

high-voltage generator (HV, 10 kV, 17 kHz) and a radio-frequency generator (RF, 27 MHz) 

(Figure 1C). Electrodes are positioned externally to an alumina duct where argon is fluxed 

(Ar 5.0 purity, 10 L/min) and plasma is ignited. An inner coaxial tube allows for the 

introduction of the precursors in vapor phase just before the RF electrodes. For APTMS 

plasma polymerization, APTMS (Sigma-Aldrich) was carried into the plasma zone by argon 

gas passing through a bubbler at room temperature (RT) (flow =2 L/min). Similarly, for MA-

VTMOS plasma polymerization, MA (Sigma-Aldrich) and VTMOS (Sigma-Aldrich) in two 

independent bubblers were carried into the plasma zone by argon at 1.764 L/min and 

0.233 L/min, respectively. For argon activation, the RF generator was operated with a 

power output of 15 W in continuous mode. For APTMS and MA-VTMOS plasma 

polymerization, the RF generator was operated in pulsed mode, at a duty cycle of 5% 

(250µs ON, 5000µs OFF), with the power output for the ON duration set to 15W. An outer 

gas shell of nitrogen (15 L/min) was used during the process to prevent precursor oxidation 

by the environmental air during the deposition. The APPJ nozzle was positioned at 1 mm 

above the scaffold surface and moved in XY following the surface filaments’ path at 1 

mm/s. For further studies, plasma treated scaffolds were used within 2 days after plasma 

treatment (‘fresh’ samples) or after ~10 days being stored at RT in a sealed container 

(‘aged’ samples). 

To assess the successful deposition of an APTMS plasma polymerized layer, fresh, aged 

and ethanol disinfected scaffolds, were incubated with the amine reactive fluorescent dye 

LIVE/DEAD™ Fixable dead Cell Stain Kit (Thermo Fisher Scientific) for 45 min at a 

concentration of 0.5 µl /500 µl PBS. Untreated, argon, and MA-VTMOS treated scaffolds 

were also stained as controls. After PBS washes, scaffolds were cut and the cross sections 

were imaged using a fluorescent microscope (Eclipse, Ti2-e, NIKON). In order to confirm 

the deposition of a MA-VTMOS layer, fresh, aged and ethanol disinfected scaffolds were 

incubated for 20 s in a methylene blue solution (1 mg/ml). Untreated, argon and APTMS 

treated scaffolds were also stained as controls. After PBS washes, scaffolds were cut and 

imaged with a stereomicroscope (Nikon SMZ25). In order to evaluate the dynamic 

wettability of the scaffolds, a 35 µl water droplet was carefully deposited onto the surface 

of the scaffolds, and the wetting behavior was captured with a digital camera at 1 frame 

per second (Krüss DSA25S).  
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Plasma treated 2D films fabrication and characterization  

2D films were prepared from PEOT/PBT pellets. Briefly, 60 milligrams of pellets were 

molten at 190 °C and pressed with a coverslip against a Teflon sheet to obtain films with 

14 mm diameter and ~300 µm thickness. Subsequently, PEOT/PBT films were plasma 

treated with argon, APTMS or MA-VTMOS using the APPJ, according to the parameters 

in the section “Plasma treated scaffolds fabrication and characterization”.  

Static contact angle was measured in fresh and aged films using the sessile drop method. 

For that, a 4 µl water droplet was placed on top of the substrates by an automatic syringe 

dispenser (Krüss DSA25S). 20 seconds after droplet formation, the contact angle was 

calculated automatically by the device’s software using the Laplace–Young curve fitting. 

Attenuated total reflectance-Fourier-transform-infrared spectroscopy (ATR-FTIR, Nicolet 

iS50, diamond ATR) was performed on untreated and fresh plasma treated films in order 

to further confirm the presence of the coating.  

Zeta potential measurements were performed on fresh films with a size of 2x4 cm2. 

Electrokinetic measurements were done at RT using a SurPASSTM system (Anton Paar 

GmbH, Germany), with a KCl solution (0.01м, pH 5-5.5) as electrolyte. The zeta potential 

was calculated from ten experimental points taken by the measurement of the streaming 

potential in a pressure range of 500 mbar (start) to 200 mbar (end) in the flow cell.  

Cell seeding on 3D scaffolds 

HMSCs isolated from bone marrow were purchased from Texas A&M Health Science 

Center, College of Medicine, Institute for Regenerative Medicine. Cryopreserved vials 

were plated at a density of 1,000 cells·cm-2 in tissue culture flasks and expanded at 37 °C 

/ 5% CO2 in cell culture media (CM) consisting of αMEM with Glutamax and no nucleosides 

(Gibco) supplemented with 10% fetal bovine serum (FBS). 

To investigate the cell attachment mechanism, fresh scaffolds were disinfected in 70% 

ethanol for 20 min and washed 3 times with Dulbecco’s PBS (5 min each). Scaffolds were 

incubated overnight in CM with FBS ((+)FBS) or CM without FBS ((-)FBS). Before seeding, 

scaffolds were dried on top of a sterile filter paper and placed on non-treated well plates. 

HMSCs were trypsinized and resuspended in (+)FBS or (-)FBS CM. A droplet of cell 

suspension (37 µl containing 200,000 cells) was placed on top of each scaffold, filling the 

pores within some seconds. Seeded scaffolds were incubated for 4 hours at 37 °C / 5% 
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CO2 to allow for cell attachment. After this time, scaffolds were collected or transferred to 

new wells containing 1.5 ml of (+)FBS and cultured overnight before sample collection. 

Aged scaffolds incubated overnight in (+)FBS CM and seeded on (+)FBS CM were also 

cultured overnight before sample collection, to analyze the effect of aging on cell adhesion. 

To evaluate the effect of cell seeding density on scaffold coverage and proliferation, fresh 

and aged scaffolds were incubated overnight in CM and seeded with hMSCs in CM at a 

density of 200,000 (200k) or 400,000 (400k) cells/scaffold, concentrated in a 37 µl droplet. 

After 4h attachment, 200k and 400k scaffolds were transferred to new wells containing 1.5 

or 3 ml BM (CM supplemented with 200 μм L-Ascorbic acid 2-phosphate), respectively, 

and cultured for 7 days.  

To evaluate hMSCs osteogenic differentiation, aged plasma treated scaffolds were 

incubated overnight in (+)FBS. Scaffolds seeded with 200,000 cells were further cultured 

for 7 days in BM and for another 47 days in mineralization media (MM) consisting of BM 

supplemented with dexamethasone (10 nм) (Sigma-Aldrich) and β-glycerophosphate (10 

mм) (Sigma-Aldrich). Media was replaced every two or three days. As osteogenic 

differentiation 2D controls, cells were seeded in tissue culture polystyrene wellplates at a 

density of 5,000 cells·cm-2, and cultured in the same media conditions as 3D scaffolds. 

Imaging of cell attachment within scaffold cross sections 

Scaffolds were fixed with 4 wt% paraformaldehyde for 30 min, permeabilized using 0.1 

vol% Triton-X for 30 min, and incubated with phalloidin (Alexa Fluor 488, 1:75 dilution in 

PBS) for 1h at RT. The bottom and cross section of scaffolds were imaged using a 

fluorescent microscope. Background subtraction and contrast enhancement were 

performed on the images using the software Image J, in order to clarify their visualization. 

To assess cell coverage, cross section images were converted to binary (rendering regions 

with cells in white and the rest in black), and the total amount of white pixels in the scaffold 

area was quantified and normalized to the total number of pixels. 

DNA quantification 

Scaffolds collected at the desired timepoints were freeze-thawed 3x for cell lysis and 

incubated overnight at 56 °C in Proteinase K solution (1mg/ml Proteinase K (Sigma-

Aldrich) in Tris/EDTA buffer) (1:1) for matrix degradation and cell lysis. Then, scaffolds 

were freeze-thawed 3x and incubated 1h at RT with a 20X diluted lysis buffer from the 
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CyQUANT cell proliferation assay kit (Thermo Fisher Scientific) containing RNase A 

(1:500), to degrade cellular RNA. Lastly, samples were incubated with the fluorescent dye 

provided by the kit (1:1) for 15 min and fluorescence was measured with a 

spectrophotometer (emission/excitation = 520/480 nm). 

Protein adsorption quantification  

Disinfected fresh and aged scaffolds were incubated overnight at 37 °C in (+)FBS or (-

)FBS. After washing with PBS, scaffolds were blocked for 1 h at 37 °C in 1 wt/v % BSA/PBS 

and then incubated with specific bovine vitronectin (ab23444, Abcam) or fibronectin 

(ab2413, Abcam) primary antibodies, diluted 1:500 and 1:400, respectively, in 1 wt/v % 

BSA/PBS. After washing three times in PBS, scaffolds were incubated for 1h at 37 °C in 

horseradish peroxidase (HRP)-conjugated anti-mouse secondary antibody (abcam, 

1:100000 dilution 1% BSA) for vitronectin detection, or HRP-conjugated anti-rabbit 

secondary antibody (abcam, 1:10000 dilution in 1% BSA) for fibronectin detection. After 

three washes in 1% BSA+ 0.05% tween 20, scaffolds were blotted in an adsorbent paper 

and incubated in 150 µl of 1-Step Ultra TMB ELISA substrate (Thermofisher Scientific). 

Color was allowed to develop for 10 min at RT and the reaction stopped with 50 µl of 

sulfuric acid (2м). Supernatants absorbance was measured at 450 nm with a 

spectrophotometer (CLARIOstar®, BMG Labtech). Scaffolds incubated in (-)FBS and 

scaffolds incubated in (+)FBS and reacted with only secondary antibodies were used as 

controls. 

In order to analyze albumin adsorption, disinfected fresh and aged scaffolds were 

incubated overnight at 37 °C with 1mg/ml BSA-FITC (Sigma-Aldrich) solution. After 

washing three times with PBS, scaffolds were blotted in an adsorbent paper and incubated 

for 2h at RT in a 1% SDS solution. Supernatants fluorescence was measured at 

excitation/emission = 495 nm/519 nm. 

Alizarin red S (ARS) staining  

Scaffolds were collected at day 35 and 54 of culture, fixed, washed with distilled water, cut 

in half and stained with ARS (60 mм, pH 4.1 - 4.3) for 20 min at RT. Samples were 

thoroughly washed to remove staining residues. Scaffolds’ cross sections were imaged 

using a stereomicroscope to visualize calcium deposition. 
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Immunostaining 

After fixation, scaffolds were permeabilized for 30 min by incubating on Triton-X 100 (0.1 

v%). Subsequently, scaffolds were blocked by 1h incubation in blocking buffer (BB, 3 % 

BSA + 0.01% Triton-X 100), cut in half, and incubated overnight at 4 °C with a primary 

antibody: either collagen I (COL I) rabbit polyclonal (ab34710, Abcam), or vinculin mouse 

monoclonal (sc73264, Santa Cruz Biotechnology), both diluted 1:200 in washing buffer 

(10x diluted blocking buffer). Washed samples were incubated for 1h at RT with the 

secondary antibody (1:200 Alexa Fluor 568 goat derived anti rabbit antibody, Thermo 

Fisher Scientific). Then, scaffolds were washed and stained for F-actin (488 Alexa Fluor 

Phalloidin, Thermo Fisher Scientific) for 1h at RT and imaged with a confocal laser 

scanning microscope (Leica TCS SP8 STED), equipped with a white light laser (WLL). 

Emission was detected with HyD detectors.  

Gene expression  

Gene expression was analyzed with qRT-PCR at 14 and 54 days of culture. RNA was 

extracted from cells by incubating the scaffolds in Trizol. Subsequently, samples were 

centrifuged at 12,000 rcf for 5 min to precipitate the scaffold and ECM at the bottom. In a 

last step, chloroform was added to the supernatant and centrifuged at 12,000 rcf for 5 min 

to isolate the RNA, present in the aqueous phase. RNA was further purified using RNeasy 

mini kit column (Qiagen), according to the manufacturer’s protocol and quantified using a 

spectrophotometer. Reverse transcription was performed using iScript™ (Bio-Rad) 

following suppliers’ protocol. qPCR was performed on the mix composed of cDNA, 

SYBRGreen master mix (Qiagen) and the selected primers (Table S1) using a CFX 

Connect™ Real-Time System (Bio-Rad) under the following conditions: cDNA 

denaturation for 3 min at 95 °C, 40 cycles of 15 s at 95 °C, and 30 s at 65 °C. Gene 

transcription was normalized to the transcription of the housekeeping gene B2M. The 2-

∆∆Ct method was used to calculate relative gene expression for each target gene.  

Statistical analysis 

All data is shown as average with error bars indicating the standard deviation of at least 

three replicates. Analysis of statistics was conducted with GraphPad Prism (version 8.0.1). 

A one-way or two-way analysis of variance (ANOVA) was performed followed by a Tukey’s 
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post-hoc multiple comparison test to evaluate statistical significance and correct for 

multiple comparisons. 

RESULTS AND DISCUSSION  

Compared to conventional manufacturing techniques, the possibility of fabricating 

customizable scaffolds for bone tissue engineering in a reproducible manner by AM brings 

the produced constructs one step closer to clinical translation. The assembly of a surface 

modification module, such as an APPJ, into the printing platform further increases the 

value of the technology and fabricated scaffolds for their research and clinical applications. 

With such a hybrid AM platform developed within our groups, 32 we were able to 

manufacture surface modified 3D PEOT/PBT scaffolds in a continuous process, where 

scaffolds are fabricated by ME-AM and subsequently functionalized by the APPJ module 

(Figure 2). To do this, the nozzle tip of the APPJ module was adjusted at 1 mm over the 

scaffold surface, ensuring the penetration of the plasma flame over the whole scaffold 

depth (4 mm), while moved in XY over the scaffolds filaments at the transitional speed of 

1mm/s, covering the whole scaffold block area (15x15 mm).  

 

 

Figure 2. Schematic representation of the hybrid platform for scaffolds fabrication combined with 
plasma functionalization. 3D scaffolds are fabricated via ME-AM and consequently plasma treated 
from the top using an APPJ, which moves in XY following the scaffolds filaments, while the plasma 
penetrates the scaffold depth. As a result, (a) untreated, (b) argon activated or (c) MA-VTMOS and 
(d) APTMS plasma polymerized scaffolds can be obtained, each with a specific surface 
functionality. 
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Plasma scaffolds characterization 

Plasma polymerization of APTMS and MA-VTMOS on the surface of the scaffolds was 

carried out in a pulsing mode with 5% duty cycle, since compared to continuous plasma, 

pulsed plasma polymerization at low duty cycles has shown to allow for better preservation 

of the monomers’ functional groups integrity during radical formation, as well as for the 

deposition of smoother surfaces. 33, 36, 38 A homogeneous negatively charged coating 

covering the filaments all along the scaffolds volume after MA-VTMOS plasma 

polymerization was confirmed by staining with the cationic dye methylene blue, as 

previously described (Figure 3A, Figure S1), as well as with zeta potential measurements 

(Figure S2). 39 FTIR analysis further identified the negatively charged functional groups 

as intact anhydride groups from the MA precursor (-C=O stretching at 1750-1800 cm-1), 

and carboxyl groups (–OH stretching at 3200-3650 cm-1) (Figure 3B, Figure S3A). 38, 40 

In addition, vinyl groups from the VTMOS molecules (C=C stretching at 1630-1660 cm-1) 

were also identified. To visualize the formation of a homogeneous positively charged 

(Figure S2) thin polymer-like film containing amine groups (-NH2) after APTMS plasma 

functionalization, an amine-reactive fluorescent dye was used to stain the scaffolds 

(Figure 3A, Figure S1). Primary amines vibrations were also observed in FTIR analysis 

(N-H bending at 1560-1630 cm−1 and N-H stretching at 3000-3500 cm-1) (Figure 3C, 

Figure S3B). Stretching vibrations visible at 2980-2880 cm−1, confirmed the retention of 

some aminopropyl chains of the precursor. 41 Nitrogen-containing groups were also visible 

as amides (-C=O stretching at 1630-1695 cm−1) and as oximes (C=N stretching at 1650-

1680 cm-1 and O-H stretching at 3550-3600 cm-1). 42-43 The presence of oximes and amides 

was probably due to precursor oxidation during the deposition process, despite the 

nitrogen being flushed in the outer duct of the APPJ, probably due to the jet movement 

and the flow being disrupted by the scaffold structure. 41 In addition, the APTMS and MA-

VTMOS plasma polymerized substrates spectra were dominated by absorption bands 

between 1000 and 1200 cm-1, confirming the presence of a siloxane network. In contrast 

to plasma polymerization, argon plasma activation is a less specific treatment, where a 

variety of polar groups can be introduced. According to previous reports on argon plasma 

on PEOT/PBT substrates, it is hypothesized that hydroperoxides (-OOH) and peroxide (-

OO-) groups were incorporated, formed after post oxidation in air of the free radicals 

generated by plasma, along with aldehyde or ketone groups (-CHO, -CO-). 44-46 The 

presence of these negatively charged groups exposed in the surface of the scaffolds was 

visualized by a low intensity methylene blue staining and confirmed by zeta potential 
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measurements (Figure 3A, Figure S2). Yet, these changes were not detected by FTIR 

analysis, possibly due to the very subtle variation in surface chemistry (Figure 3D, Figure 

S3C). Moreover, it is plausible that argon plasma activation could have induced changes 

in the surface roughness of PEOT/PBT, as previously described. 46 This effect has been 

attributed to plasma UV irradiation etching, mainly on the PEO amorphous regions of the 

copolymer, which are more mobile and susceptible to plasma than the PBT regions. 

However, SEM image analysis did not show any changes in the microscale surface 

roughness of argon scaffolds, compared to untreated ones (Figure S4). Similarly, no 

changes in microroughness were noted on the plasma polymerized scaffolds (Figure S4). 

This might be due to the low contact time of the plasma jet with the polymer, compared to 

the long exposure-driven changes reported in literature (from 5 to 30 min), 44-45 modifying 

only the roughness in the nanoscale, which was not appreciable with SEM.  

 

 

Figure 3. Characterization of plasma functionalized 3D scaffolds and comparison among fresh and 
aged conditions. (A) Verification of the treated scaffolds surface functionalization by specific 
staining. MA-VTMOS and Argon scaffolds were stained with the cationic dye methylene blue (blue 
staining in light microscopy) and APTMS scaffolds with an amine specific dye (red staining in 
fluorescence microscopy). Inserts represent stained control untreated PEOT/PBT scaffolds (white 
in light microscopy and grey in fluorescent microscopy). Scale bars 1 mm. (B, C, D) FTIR spectra 
of MA-VTMOS, APTMS and Argon plasma treated 2D substrates (melt-pressed PEOT/PBT films).  
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To evaluate the effect of plasma treatment on the polymer wettability, water contact angle 

(WCA) measurements were performed on melt pressed PEOT/PBT films, where enhanced 

hydrophilicity was observed due the introduction of polar groups by all the plasma 

conditions (Figure 4A). WCA decreased from ~80 ° to ~55 ° in argon and APTMS treated 

scaffolds, and down to ~35 ° in MA-VTMOS scaffolds. Interestingly, similar values were 

previously reported for self-assembled monolayers coated with these specific functional 

groups. 47 In accordance to the WCA, the dynamic wettability of MA-VTMOS and argon 

treated scaffolds increased compared to untreated scaffolds. This was observed by a 

significant reduction in the time that a droplet of water placed on top of the scaffold took to 

fill the scaffolds pores (from 6 min on untreated scaffolds to 2 sec on treated scaffolds), 

mimicking the static seeding process (Figure 4B). Surprisingly, despite the low contact 

angle of the APTMS coatings, the wettability of these scaffolds decreased compared to 

untreated scaffolds, potentially due to the lower density of functional groups and higher 

density of hydrophobic silane/siloxane in the scaffolds compared to the 2D films, where 

the WCA was measured. Yet, this did not affect cell culture experiments, since scaffolds 

were always pre-wetted before cell seeding. 

 

Figure 4. Hydrophilicity and wettability of plasma functionalized 3D scaffolds and comparison 
among fresh and aged conditions. A) Static contact angle measured on untreated and plasma 
treated 2D substrates. Data presented as average ± s.d. and statistical significance performed 
using two-way ANOVA with Tukey’s multiple comparison test (* p < 0.05, *** p < 0.001, **** p < 
0.0001). (B) Dynamic wettability of plasma treated scaffolds. Scale bar 1 mm.   

 

The effect of storage (~10 days at RT in a sealed container) on the preservation of the 

plasma activation or polymerized treatments was also evaluated. This is a relevant shelf 

life information due to the potential time-lapse between scaffold production and its use, 

both for in vitro and in vivo applications. It is well know that plasma treated polymeric 
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surfaces can undergo ageing over time, which accounts for surface restructuring and 

hydrophobicity recovery towards a more energetically stable state. 48 While bulk analysis 

in terms of staining intensity, contact angle values and wettability suggested stability of the 

coatings (Figure 3A, Figure 4A-B), FTIR analysis revealed slightly lower functional groups 

absorbance peaks on aged substrates compared to fresh ones (Figure 3B-D), as 

previously reported for such plasma treatments on 2D substrates. 40, 49 Moreover, it is worth 

noticing that the carbonyl stretching absorbance in MA-VTMOS spectra (-C=O stretching 

at 1700−1725 cm-1) slightly increased in aged samples, which can be explained by the 

formation of carboxylic groups by the hydrolysis of the anhydrides through humidity. 40 In 

general, these results suggest small changes in surface chemistry given by a reduction in 

the functional groups density on aged plasma polymerized substrates, which could 

potentially influence interactions such as protein adsorption or cell attachment. It is likely 

that the semi-crystalline property of PEOT/PBT and PBT the particularly efficient but cold 

and homogeneous APPJ configuration might have contributed to the limited aging effect, 

since it has previously been shown that the hydrophobic recovery decreases with 

increasing polymer crystallinity and with decreasing the degree of cross-linking due to 

plasma jet surface interaction. 50-52  

Protein adsorption  

The effect of plasma treatment type and aging on protein adsorption after scaffolds 

incubation in cell culture media containing serum ((+)FBS) was analyzed (Figure 5). It was 

observed that fibronectin (Fn) and vitronectin (Vn), two relevant cell adhesive proteins 

present in serum, adsorbed in greater amounts to fresh plasma treated scaffolds than to 

untreated scaffolds (Figure 5A, B). Upon (+)FBS incubation, albumin, which is present at 

100-1000 times higher concentration than adhesion-promoting proteins, adsorbs in the 

early phase of the protein layer formation. It is hypothesized that the hydrophobic 

interactions of albumin with the untreated PEOT/PBT are strong and resistant to 

displacement by Fn and Vn, while these proteins can effectively displace the weakly 

adsorbed albumin on the hydrophilic and charged plasma treated surfaces. 53-54 Notably, 

Fn and Vn adsorption was significantly higher on APTMS scaffolds, which can be attributed 

to the electrostatic interactions between the positively charged amine based scaffolds’ 

surface and the negatively charged proteins in solution leading to high protein adsorption 

(Figure 5A, B). Yet, the theory of electrostatic interactions cannot explain the high 

adsorption of negatively charged Fn and Vn to the negative charge of the surface of MA-
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VTMOS and Argon scaffolds, compared to untreated scaffolds. Previous studies have also 

shown that Fn can be adsorbed at similar rates and amounts to both hydrophilic positively 

charged and negatively charged surfaces with zeta potential values similar to those 

measured within this study. 55 This has been explained by charged micro domains of the 

proteins yielding short-range attractions, which can lead to hydrogen bonds formation once 

the Debye interactions overcome the macroscopic electrostatic repulsions. Alternatively, 

adsorption of Fn or Vn to negatively charged polymers has been explained by a first 

adsorbed layer of positively charged serum proteins, such as laminin, allowing subsequent 

electrostatic interactions with negatively charged proteins. 56 Interestingly, the reduction in 

functional groups density and, potentially, surface charge, caused by aging led to a 

significant reduction in Fn and Vn adsorption, and a significant increase in albumin 

adsorption (Figure 5C), to MA-VTMOS and APTMS aged scaffolds. This resulted in 

comparable Fn and Vn adsorption to both scaffolds types, regardless their surface charge. 

Notably, argon scaffolds were not affected in this regard by aging and presented the 

largest relative cell-adhesive protein adsorption values among aged plasma treatment 

types. This observation further strengthens the hypothesis that argon plasma activation 

mostly led to a surface roughness change, rather than to a chemical change, and that is 

the nanoroughness, which remains unaltered overtime, the feature responsible of cell-

adhesive protein adsorption. 57 

 

Figure 5. Protein adsorption to scaffolds upon incubation in serum containing medium ((+)FBS): 
effect of plasma functionalization and aging conditions. Relative amounts of adsorbed (A) 
fibronectin, (B) vitronectin, and (C) albumin to untreated scaffolds and fresh and aged MA-VTMOS, 
APTMS and Argon plasma treated scaffolds. Data presented as average ± s.d. and statistical 
significance performed using two-way ANOVA with Tukey’s multiple comparison test (n.s. p > 0.05, 
*$ p < 0.05, **$$ p < 0.01, ***$$$ p < 0.0001; * for comparisons among treatments within aged or 
fresh scaffolds; $ for comparisons among fresh and aged for each plasma treatment). 
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Cell adhesion mechanism to plasma treated scaffolds 

Enhanced cell attachment on 2D surfaces and 3D scaffolds containing polar functional 

groups has been attributed to surface wettability, 58 surface charge potential, 55, 59 or 

amount of protein adsorption. 19 However, most of these studies have been performed in 

serum containing media, or in protein-coated surfaces, masking the potential effect of 

direct cell interactions with the functional groups, and therefore not fully characterizing the 

mechanism of cell adhesion to a specific surface chemistry. Thus, in order to discern 

among attachment mediated by electrostatic interactions with the charged surfaces, and 

attachment via integrin binding to proteins adsorbed from serum, fresh scaffolds were pre 

incubated for 24h in (+)FBS or serum-free medium ((-)FBS), and subsequently seeded 

with hMSCs for 4h in (+)FBS or (-)FBS. Representative fluorescent images of hMSCs on 

scaffolds’ cross section after overnight culture suggested an increase on cell attachment 

on plasma activated and polymerized scaffolds, compared to untreated scaffolds, when 

these were pre-incubated in (+)FBS, regardless of the presence or absence of serum 

during the 4h seeding (Figure 6A). This can be attributed to the higher adsorption of cell 

adhesive proteins (Fn and Vn) to these scaffolds, as shown in Figure 5. Despite improving 

cell adhesion and distribution, cell sedimentation towards the bottom of the scaffold was 

observed both on untreated and treated scaffolds (Figure S5A). It is known that, 

regardless of the scaffolds surface properties, cells in the macropores, which are far from 

the scaffolds filaments during the seeding process, are unable to interact with the scaffold’s 

surface, leading to sedimentation towards the bottom and a monolayer formation. Looking 

at the quantitative values on seeding efficiency presented in Figure 6C, no differences in 

total cell attachment among scaffold types were observed, when pre-incubated and 

seeded in (+)FBS. In turn, slightly higher cell attachment was noted on MA-VTMOS and 

Argon scaffolds compared to APTMS and untreated scaffolds, when pre-incubated in 

(+)FBS but seeded in (-)FBS. In the case of APTMS, since cell distribution images show 

homogenous cell attachment in the cross section comparable to other plasma conditions 

and to its (+) FBS seeding counterpart, it is plausible that lower cell adhesion on the bottom 

of the scaffold might have contributed to lower overall cell adhesion values. Importantly, 

the sedimented cells that attached to the bottom of the untreated scaffolds, might have 

significantly contributed to the relatively higher seeding efficiency values than expected for 

the low cell coverage on their cross section. Interestingly, despite being pre-incubated in 

(-)FBS, homogeneous cell attachment was observed along the cross section of plasma 
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Figure 6. Cell coverage and cell seeding efficiency on fresh plasma treated scaffolds under 
different pre-incubation and seeding conditions. Fluorescence microscopy images (F-actin, green) 
of hMSCs in the cross sections of scaffolds after 24h of culture, and (A) pre-incubated with (+)FBS 
or (B) (-) FBS and seeded with (+)FBS or (-)FBS. Scale bars 1mm. Quantification of cell seeding 
efficiency on scaffolds (C) pre-incubated with (+)FBS and (D) pre-incubated with (-)FBS. Data 
presented as average ± s.d. and statistical significance performed using two-way ANOVA with 
Tukey’s multiple comparison test (* p < 0.05; ** p < 0.01; *** p < 0.001).  
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treated scaffolds seeded in (+)FBS (Figure 6B), but not in untreated scaffolds. 

Furthermore, cell seeding efficiency values were comparable to those of scaffolds pre-

incubated and seeded in (+)FBS (Figure S5C). These observations suggested that pre-

incubation in (+)FBS was not necessary, when the seeding process was performed in 

(+)FBS, regardless of the plasma treatment. This is likely due to protein adsorption 

reaching an equilibrium already in short incubation times. In fact, serum proteins have 

been shown to adsorb to surfaces containing polar functional groups within the first 

minutes of incubation. 53, 55 On the other hand, seeding with (+)FBS was necessary for 

optimum cell attachment on MA-VTMOS and argon scaffolds, when pre-incubated in (-

)FBS. In this case, seeding with (-)FBS on MA-VTMOS treated scaffolds led to poor, and 

comparable cell coverage in scaffold’s cross section to untreated scaffolds (Figure 6B), 

which together with lack of sedimented cells layer formation on the bottom (cells remained 

on the well plate) contributed to significantly lower seeding efficiency (Figure 6D and 

Figure S5B). Similarly, lower cell coverage and absence of a cell monolayer at the bottom 

were observed in cross section of argon treated scaffolds pre-incubated and seeded in (-

)FBS, compared to other pre-incubation and seeding conditions. In both cases, due to the 

lack of protein attachment sites, the monolayer preferentially attached to the bottom of the 

seeding well plate rather than to the scaffold. Surprisingly, APTMS scaffolds pre-incubated 

and seeded in (-)FBS demonstrated a homogeneous and confluent cell coverage, as well 

as seeding efficiency values comparable to other pre-incubation and seeding conditions 

(Figure 6D and Figure S5D). Overall, these results suggest that i) MA-VTMOS plasma 

polymerization support cell attachment to scaffolds mostly through cell-protein 

interactions, and ii) cell attachment on APTMS plasma polymerized scaffolds is driven by 

cell-proteins interactions, in the presence of serum, and by electrostatic interactions 

between the cell and the amine groups coating the scaffolds filaments, in the absence of 

serum. The latter conclusion is in agreement with previously published reports studying 

cell adhesion on 2D surfaces suggesting that in protein-free conditions, direct interactions 

between negatively charged chondroitin sulfate proteoglycans in the cell membrane and 

the positively charged amine groups on a surface are responsible of promoting cell 

attachment. 58, 60 On the other hand, repulsive electrostatic interactions between the 

negatively charged groups on the MA-VTMOS scaffolds and the cells do not allow for cell 

attachment in serum free conditions. In the case of argon plasma treatment, we 

hypothesize that the nanoroughness itself 61 or combined with the lower presence of 
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charged hydrophilic groups, might have favored a slightly higher cell attachment in these 

scaffolds in serum free conditions compared to MA-VTMOS treated scaffolds. 

To further analyze cell attachment mechanism to the different plasma treated scaffolds, 

cell morphology and focal adhesion formation in the absence or presence of serum was 

studied (Figure 7). Pre-incubation and seeding in (+)FBS led to cell spreading and the 

formation of F-actin stress fibers on hMSCs adhered to both untreated and plasma treated 

scaffolds, only after the 4h seeding. Moreover, while hMSCs did not show well defined 

vinculin structures on untreated scaffolds, established focal adhesions at the end of the 

stress fibers in the periphery of the cells were visualized on the plasma treated scaffolds, 

which was correlated to the higher amount of cell-adhesive proteins adsorbed on these 

surfaces allowing for integrin binding (Figure 7). Larger vinculin expression, as well as 

increased focal adhesion kinase expression, which localizes to focal adhesions to activate 

migration, proliferation and differentiation pathways, were also previously reported on 

amine, carboxyl, hydroxyl and argon functionalized surfaces pre-incubated in Fn 20 or with 

(+)FBS medium, 62-63 compared to untreated surfaces. On the contrary, the few attached 

hMSCs to the untreated, MA-VTMOS and argon scaffolds, showed a well-defined round 

morphology and lacked focal adhesion complexes when pre-incubated and seeded in (-

)FBS, due to the repulsive electrostatic forces and the lack of cell adhesive proteins 

hindering cell attachment spreading (Figure 7). The fact that, when looking at the scaffolds 

cross section, these cells were only found on the top surface of the filaments, further 

suggested that cells passively laid on top of the filament due to gravity during the seeding 

process, and that not active attachment occurred. On the contrary, hMSCs on APTMS 

scaffolds pre-incubated and seeded in (-)FBS were observed occupying the whole filament 

surface area. Interestingly, these cells were able to form multiple protrusions and F-actin 

fibers, which were not colocalized with focal adhesions, suggesting cell adhesion to the 

positively charged scaffold surface without mediation of integrin binding sites (Figure 7). 

Similar microfilament bundle formation and lack of focal contacts formation was previously 

reported on fibroblast adhesion to 2D amine coated surfaces. 60 
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Figure 7. HMSCs morphology and focal adhesion formation after 4h seeding on fresh plasma 
treated scaffolds pre-incubated and seeded in (+)FBS or (-)FBS. Representative confocal 
microscopy images of hMSCs (F-actin, green; nuclei, blue; vinculin, red) on top of scaffold filaments 
4h post-seeding. Continuous arrows indicating focal adhesions. Dashed lines delimitating the 
scaffold filament, with dashed arrows indicating the filament’s surface. Scale bars 50 µm. 
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Cell proliferation 

Further cell culture studies aiming to assess cell behavior on the different plasma treated 

scaffolds were performed on scaffolds pre-incubated and seeded in (+)FBS, in order to 

have comparable cell number and distribution among scaffolds, as these parameters can 

influence cell behavior by their own. 64 Initially, we confirmed that aging did not affect total 

cell attachment (Figure 8A) nor cell distribution (Figure S6), regardless of the plasma 

condition. Plasma effect on cell adhesion and distribution also showed not to be hMSCs 

donor dependent, suggesting the possibility of extrapolating our results to other hMSCs 

populations (Figure S6B, C). Interestingly, hMSCs did not proliferate significantly after 7 

days of culture, neither on untreated nor on fresh or aged plasma scaffolds (Figure 8B). 

Despite this initial lack of proliferation, a significant increase in DNA content with respect 

to day 1 was observed on all fresh and aged plasma treated scaffolds after 14 days of 

culture (7 days in BM followed by 7 days in MM) (Figure 8C). It is plausible that an increase 

in available surface area, given by ECM production in the scaffold pores volume when 

cultured in MM, offered cells the possibility to further proliferate on plasma treated 

scaffolds, as previously suggested. 4 Previous research also showed significant 

differences in proliferation among surface functionalized and untreated 2D substrates only 

after long culture periods (~10 days), 25 whereas the use of dynamic culture systems or 

growth factors was found necessary to increase ECM production and boost cell 

proliferation on 3D plasma treated scaffolds. 25, 27 Notably, no differences in hMSCs 

proliferation rate were found among fresh scaffolds, nor among aged scaffolds. Yet, while 

hMSCs in MA-VTMOS scaffolds proliferated at the same rate in fresh and aged scaffolds, 

higher levels in hMSCs proliferation were found on fresh APTMS and argon treated 

scaffolds, compared to their aged counterparts. In the case of APTMS, this might be due 

to the lower density of functional groups and adsorbed proteins on aged scaffolds.  

Osteogenic differentiation potential of hMSCs seeded on aged plasma treated 

scaffolds  

The analysis of osteogenic differentiation was performed on aged scaffolds, due to their 

higher applicability, as previously mentioned. Moreover, since comparable total cell 

numbers among conditions were observed at any timepoint evaluated during the culture 

on these scaffolds (Figure S7), it was then possible to focus solely on the influence of  
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Figure 8. Effect of plasma treatment and aging conditions on cell seeding efficiency and 
proliferation. (A) Cell seeding efficiency, and fold increase in DNA content after (B) 7 days of culture 
(in BM), and (C) 14 days of culture (7 days in BM and 7 days in MM) with respect to day 1, which 
is marked with a dashed line. Scaffolds were pre-incubated and seeded with (+)FBS. Data 
presented as average ± s.d. and statistical significance performed using two-way ANOVA with 
Tukey’s multiple comparison test (n.s. p > 0.05, *γ p < 0.05, **γγ p < 0.01; * for comparisons among 
plasma treatments within aged or fresh scaffolds, and among fresh and aged scaffolds for each 
plasma treatment; γ for comparisons between the given timepoint and day 1 for each plasma 
treatment). 

 

plasma activation and polymerization on differentiation, and exclude the cell number and 

distribution related effect on osteogenesis. Following this rationale, inefficiently seeded 

untreated control scaffolds were not included in the study. After seeding, scaffolds were 

cultured for a total of 54 days in MM (7 days in BM, followed by 47 days in MM). 

Immunofluorescence was used to evaluate collagen I (COL I) deposition at early and late 

timepoints of the differentiation process (day 14 and day 54). Representative fluorescent 

microscopy images in Figure 9A revealed that hMSCs were able to produce COL I, one 

of the main bone ECM proteins, from early timepoints in all plasma treated scaffold 

conditions. These images also revealed that ECM became denser and pores more filled 

in the course of the culture. Furthermore, the expression of relevant osteogenic genes was 

screened though PCR (Figure 9B) at day 14 and 54 of culture. ALP, an early osteogenic 

marker, indicated no significant differences among plasma conditions or timepoints. 

Similarly, no statistical differences in OCN expression, a protein that bounds to 

hydroxyapatite, were found among plasma conditions and timepoints. RUNX2, a 

transcription factor modulating the expression of osteogenic proteins, was upregulated at 

day 54 in Argon treated scaffolds compared to other conditions. When analyzing osterix 

(OSX), bone sialoprotein (BSP) and bone morphogenetic protein-2 (BMP2) expression, 

proteins present in a maturated bone ECM, no upregulation was observed unless in argon 

treated scaffolds at day 54 compared to day 14. Yet, no significant differences among 
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plasma conditions were found at this time point. Overall, no clear trends were observed 

within this study and no plasma treatment showed to provide a distinct osteogenic 

stimulation to hMSCs over the others. In 2D functionalized surfaces, an enhanced 

osteogenic effect of amine groups compared to other functional groups has been 

correlated to the enhanced exposure of the integrin domain α5β1 in adsorbed Fn, and to 

high levels of recruitment of focal adhesion components and phosphorylation of focal 

adhesion kinases in the adhered cells, which are events required for osteoblast 

differentiation. 20-22, 62, 65 In this regard, it is plausible that aging masked the osteogenic 

stimulation potential of the APTMS surfaces, and that some differences would have been 

evidenced under fresh conditions, since APTMS fresh scaffolds displayed the highest 

levels of protein adsorption and, potentially, of integrin domain α5β1. It is also plausible 

that the effect of surface chemistry is only pronounced at an early stage, when cells are in 

direct contact with the scaffolds surface, and that upon ECM production by cells during 

longer-term culture, cell-substrate contact becomes limited and ineffective. 66 

Nevertheless, due to the lack of published reports simultaneously comparing the effect of 

different surface chemistries on osteogenic differentiation in 3D scaffolds, comparing our 

results with previous literature becomes challenging. To the best of our knowledge, a 

single study as such has demonstrated that salt leached poly(carbonate-urea) urethane 

scaffold modified by allylamine plasma polymerization, significantly enhanced osteogenic 

differentiation of adipose derived stem cells, compared to a carboxylic acid modified 

scaffold. 67 Yet, no clear explanation on how the amine group affected the osteogenesis 

pathway was reported. Moreover, since those scaffolds were fabricated by a conventional 

manufacturing method, i.e. porogen leaching, the poor interconnected porosity might have 

induced a different cell behavior compared to what we observed in ME-AM scaffolds. 

Besides, it is worth noticing that ECM mineralization was not observed in any scaffold type 

during the culture period evaluated (Figure S8A), despite the proven mineralization 

potential of these cells in 2D (Figure S8B). Also, no matrix mineralization was attained on 

fresh scaffolds (Figure S9C). Thus, it is believed that cells on the scaffolds did not reach 

yet a matured level of differentiation, and that the homogenous cell distribution after 

seeding given by a bioactive surface chemistry is not sufficient for a successful osteogenic 

differentiation and mineralization outcome. It is hypothesized that larger cell seeding 

numbers could have led to larger cell attachment, and therefore higher cell density and 

cell-cell contact for accelerated differentiation. 68-70 In order to investigate this, preliminary 

experiments were conducted, in which scaffolds were seeded with a larger seeding density 
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(400,000 cells per scaffold (400k), instead of 200,000 (200k)). Despite higher cell seeding 

efficiency, as per DNA quantification (Figure S9A), cells in scaffolds seeded with 400k 

tended to form a denser monolayer in the scaffolds’ bottom, while maintaining the 

scaffolds’ filaments as populated as when seeded with 200k (Figure S9B, C, day 1 of 

culture). Yet, some pores were already filled on the plasma treated scaffolds seeded with 

400k at day 7 (Figure S9D), a cell confluency level that was not observed with lower cell 

seeding density, and that could potentially derive in earlier osteogenesis. Future work will 

be aimed at understanding if an enhancement of cell confluency at earlier timepoints, at 

the expense of needing a larger cell stock, might lead to mineralization and tissue 

maturation. This will help us to unravel if a specific plasma induced surface chemistry can 

offer enhanced osteogenic differentiation or if, on the contrary, cell confluency regardless 

of the surface chemistry is the primary parameter effectively playing a role on osteogenic 

differentiation on 3D AM scaffolds. 

 

Figure 9. Evaluation of the osteogenic differentiation potential of hMSCs seeded on aged plasma 
treated scaffolds. (A) Representative confocal microscope images of hMSCs (F-actin, green) on 
top of scaffolds filaments after 14 and 54 days of culture (7 and 47 days in MM, respectively) and 
stained for the relevant osteogenic marker COL1 (red). Scale bars 100 µm. (B) Gene expression 
of hMSCs after 14 and 54 days of culture (7 and 47 days in MM, respectively) comparing the three 
different plasma treatments. ALP, RUNX2, OCN, OSX, BSP and BMP2 fold change expression 
values relative to MA-VTMOS day 14. Data presented as average ± s.d. and statistical significance 
performed using two-way ANOVA with Tukey’s multiple comparison test (n.s. p> 0.05; * p < 0.05; 
** p < 0.01). 
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CONCLUSION 

ME-AM enables the reproducible fabrication of highly porous polymeric scaffolds, ideal for 

tissue regeneration. However, the lack of cell adhesion sites on synthetic polymers hinders 

an efficient cell adhesion to the scaffolds, the first step towards the development of a 

functional construct. The aim of this study was to fabricate 3D scaffolds using a hybrid AM 

technique that enabled scaffold fabrication by ME-AM and their subsequent atmospheric 

pressure plasma treatment, to enhance their bioactivity, within the same platform. While 

argon activation resulted in an unspecific surface plasma treatment, APTMS plasma 

polymerization enabled the deposition of a positively charged coating containing amine 

functional groups, and MA-VTMOS rendered the surface of the scaffold negatively 

charged, by depositing carboxyl and anhydride functional groups. All plasma treatments 

increased the surface wettability of the scaffolds, enhanced cell-adhesive proteins 

adsorption to their surface, and allowed for homogeneous cell attachment along the 

scaffold cross section. Interestingly, cell attachment was found to be driven by cell protein 

interactions in the presence of serum and by electrostatic interactions between the cell 

and the charged scaffold surface in serum free conditions. This latter feature allowed for 

cell attachment and scaffold population on APTMS treated scaffolds in the absence of 

serum, which possess relevant clinical applications. Scaffolds storage led to the aging of 

the surface treatment, in terms of a slight reduction of exposed functional groups. Yet, cell 

attachment and proliferation were not significantly affected. Notably, none of the plasma 

treatments stimulated osteogenic differentiation of hMSCs significantly more than the 

others, and it is hypothesized that initial cell confluency might play a major role, overruling 

effects of a specific surface chemistry on the osteogenic differentiation of hMSCs and ECM 

mineralization on 3D ME-AM scaffolds. Overall, this newly proposed method enabled an 

efficient workflow of scaffold production and surface treatment, and opens the door to 

future research on the effect of different plasma treatments on cell behavior on 3D ME-AM 

scaffolds. 
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SUPPLEMENTARY FIGURES  

 

Table S1. Primer sequences used for qRT-PCR.a 

gene forward primer reverse primer 

B2M ACAAAGTCACATGGTTCACA GACTTGTCTTTCAGCAAGGA 

ALP ACAAGCACTCCCACTTCATC TTCAGCTCGTACTGCATGTC 

RUNX2 TCAACGATCTGAGATTTGTGGG GGGGAGGATTTGTGAAGACGG 

OCN TGAGAGCCCTCACACTCCTC CGCCTGGGTCTCTTCACTAC 

SP7 CCTCTGCGGGACTCAACAAC AGCCCATTAGTGCTTGTAAAGG 

BSP CCCCACCTTTTGGGAAAACCA TCCCCGTTCTCACTTTCATAGAT 

BMP2 ACTACCAGAAACGAGTGGGAA GCATCTGTTCTCGGAAAACCT 

a B2M: β-2-microglobulin, ALP: alkaline phosphatase, RUNX2: Runt-related transcription factor 2, 
OCN: osteocalcin, SP7: osterix, BSP: bone sialoprotein, and BMP2: bone morphogenetic protein-
2 

 

 

Figure S1. (A) Stereomicroscopy image of APTMS scaffold stained with the cationic dye methylene 
blue, and fluorescent microscopy images of MA-VTMOS and Argon scaffolds stained with amine 
specific dyes, to prove the specificity of the staining. (B) Stereomicroscopy image of MA-VTMOS 
scaffold and fluorescent microscopy image of APTMS scaffold stained with coating specific dyes 
after ethanol disinfection to verify the maintenance of the treatment before cell culture experiments. 
Scale bars 1mm. 
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Figure S2. Zeta potential measurements of untreated, and Argon, MA-VTMOS and APTMS treated 
2D substrates (melt-pressed films). Data presented as average ± s.d. and statistical significance 
performed using one-way ANOVA with Tukey’s multiple comparison test (****p<0.0001). 

 

 

Figure S3. Regions of interest of the FTIR spectra of (A) MA-VTMOS, (B) APTMS and (C) Argon 
plasma treated 2D substrates (melt-pressed PEOT/PBT films). 
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Figure S4. SEM micrographs the surface of untreated and MA-VTMOS, APTMS and Argon plasma 
treated scaffolds. Scale bars 50 µm. 
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Figure S5. Fluorescence microscopy images (F-actin, green) of hMSCs in the bottom lids of 
scaffolds after 24h of culture and pre-incubated with (A) (+)FBS or (B) (-) FBS and seeded with 
(+)FBS or (-)FBS. Scale bars 1 mm. Quantification of cell seeding efficiency on scaffolds (C) 
seeded with (+)FBS and (D) seeded (-)FBS. Data presented as average ± s.d. and statistical 
significance performed using two-way ANOVA with Tukey’s multiple comparison test (n.s. p > 0.05; 
**** p < 0.0001). 
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Figure S6. (A) Fluorescence microscopy images (F-actin, green) of hMSCs on the cross section 
of aged plasma treated scaffolds after 24h of culture, and pre-incubated and seeded with (+)FBS. 
Scale bars 1 mm. (B) Fluorescence microscopy images (F-actin, green) of hMSCs from a different 
donor (donor B) on the cross section of fresh and aged plasma treated scaffolds. Scaffolds were 
pre-incubated and seeded with (+)FBS. Scale bars 1 mm. (C) Seeding efficiency on plasma treated 
scaffolds comparing hMSCs from 2 different donors. Data presented as average ± s.d. and 
statistical significance performed using two-way ANOVA with Tukey’s multiple comparison test (n.s. 
p > 0.05). 
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Figure S7. DNA content on aged plasma treated scaffolds after 14 or 54 days of culture (7 days or 
47 days in MM, respectively). Data presented as average ± s.d. and statistical significance 
performed using two-way ANOVA with Tukey’s multiple comparison test (n.s. p > 0.05).  
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Figure S8. (A) Stereomicroscopy images of aged (plasma treatment) scaffold cross sections 
stained with ARS after 35 and 54 days of culture (28 and 47 days in MM, respectively) with hMSCs. 
(B) Stereomicroscopy images of hMSCs monolayers (osteogenic differentiation in 2D) stained with 
ARS after 35 days of culture (28 days in MM). (C) Stereomicroscopy images of fresh (plasma 
treatment) scaffold cross sections stained with ARS after 35 days of culture (28 days in MM) with 
hMSCs. Scale bars 1 mm. 
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Figure S9. (A) DNA content on plasma treated scaffolds after seeding with two different cell 
densities: 200,000 cells (200k) or 400,000 cells (400k) per scaffold. Data presented as average ± 
s.d. and statistical significance performed using two-way ANOVA with Tukey’s multiple comparison 
test (** p < 0.01; *** p < 0.001, for comparisons between 200k and 400k for each plasma treatment). 
(B) Quantification of cell coverage on plasma treated scaffolds seeded with 200k or 400k cells after 
7 days of culture in BM. Data presented as average ± s.d. and statistical significance performed 
using two-way ANOVA with Tukey’s multiple comparison test (n.s. p > 0.05). (C) Comparison of 
cell coverage among plasma treated scaffolds seeded with 200k or 400k cells per scaffold: (C) 
Fluorescent microscopy images of hMSCs in a representative cross sectional area and in the 
bottom lids of scaffolds after 1 day of culture. (D) Fluorescent microscopy images of hMSCs in a 
representative cross sectional area of scaffolds after 7 day of culture in BM. White arrows signing 
scaffolds’ pores coverage by cells Scale bars 500 µm. 
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Abstract 

The field of bone tissue engineering seeks to mimic the bone extracellular matrix 

composition, balancing the organic and inorganic components. In this regard, additive 

manufacturing (AM) of highly loaded polymer-calcium phosphate (CaP) composites holds 

great promise towards the design of bioactive scaffolds. Yet, the biological performance of 

such scaffolds is still poorly characterized. In this study, melt extrusion AM (ME-AM) was 

used to fabricate poly(ethylene oxide terephthalate)/poly(butylene terephthalate) 

(PEOT/PBT)-nanohydroxyapatite (nHA) scaffolds with up to 45 wt% nHA, which presented 

significantly enhanced compressive mechanical properties, to evaluate their in vitro 

osteogenic potential as a function of nHA content. While osteogenic gene upregulation 

and matrix mineralization were observed on all scaffold types when cultured in osteogenic 

media, human mesenchymal stromal cells did not present an explicitly clear osteogenic 

phenotype, within the evaluated timeframe, in basic media cultures (i.e. without osteogenic 

factors). Yet, due to the adsorption of calcium and inorganic phosphate ions from cell 

culture media and simulated body fluid, the formation of a CaP layer was observed on 

PEOT/PBT-nHA 45 wt% scaffolds, which is hypothesized to account for their 

osteoinductivity in the long term in vitro, and osteoconductivity in vivo.  
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INTRODUCTION  

Bone is one of the most recurrently damaged tissues in our body in form of fractures or 

defects caused by bone disease, traumatic injury, implant surgery, infection or tumor 

resection. 1 In case of long bones, bone loss in length can lead to critical-size defects, 

which will not heal on their own. Current strategies used in the clinics for the treatment of 

critical size bone defects mainly rely on i) distraction osteogenesis and induced membrane 

techniques, 2-3 or ii) on the use of graft materials, such as autografts, allografts, or 

demineralized bone matrices, that fill and / or help to regenerate the defect. 4-5 Treatment 

methods based on the first option are often complex, demanding for the patient, and 

require external fixation and multiple surgeries. Similarly, natural bone grafts, despite being 

osteoinductive and / or osteoconductive, possess several disadvantages, including donor 

site morbidity, restricted availability, high costs, pain, prolonged rehabilitation, lack of 

structural properties, and can trigger inflammation, immunological rejections or infections. 

6 Therefore, the management of critical-size bone defects still remains a major clinical 

challenge, and consequently, a large amount of efforts are dedicated to investigate 

alternative strategies, such as tissue-engineered constructs to heal and regenerate bone 

in such scenarios. 7 

Mimicking the physical and chemical properties of bone has been the main approach 

towards the design of the optimal scaffold for bone regeneration. The bone matrix mainly 

consists of an organic phase of collagen type I (COL I), among other proteins, and an 

inorganic phase of carbonated hydroxyapatite. 8 Accordingly, bioceramics, and in 

particular calcium phosphates (CaP), have been extensively applied for hard tissue repair. 

Widely applied CaP phases include hydroxyapatite (HA), tricalcium phosphate (TCP), 

biphasic and triphasic CaP, and amorphous CaP, 9 and their osteoinductive and 

osteconductive performance is determined by various properties, such as chemical phase, 

structural properties (crystallinity, surface roughness, macro-, micro- and nanoporosity), 

mechanical properties and associated degradation behavior. 10 Yet, the role of the 

individual properties and their combination on the biological response to CaP-based bone 

graft substitutes has not yet been fully elucidated, with inconsistency in results found in 

the literature, which hampers the selection or design of the optimal CaP material for a 

specific application. 11-12 Several reasons for this are that studies lack sufficient material 

and/or biological characterization, or use different cell types in vitro, unavoidable inter- and 

intra-species variations in in vivo experiments, convoluted material properties that cannot 
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be easily tuned independently, and different fabrication techniques used for scaffolds 

manufacturing. 11-12 

CaP processing into 3D macroporous scaffolds favors cell migration, tissue ingrowth, and 

vascularization. Moreover, the increase in surface area and body fluid accessibility 

provided by macroporosity can accelerate the degradation rate of the CaP material and 

boost the cell-material interactions towards an enhanced biological response, in terms of 

adhesion, proliferation and differentiation. 13 Compared to conventional 3D scaffold 

fabrication techniques for polymers, such as gas foaming, particulate leaching, freeze-

drying and solvent casting, additive manufacturing (AM) has emerged as a promising 

macroporous scaffold fabrication technique. AM enables the fabrication of patient specific 

constructs with a fully interconnected network of pores, whose size and shape can be 

tuned to control cell response and the scaffold mechanical properties, of special 

importance for bone tissue engineering. 14 Nevertheless, pure CaP AM scaffolds, 

processed by powder bed and binder jetting techniques, require post-sintering steps, the 

removal of binders, and present poor mechanical properties, due to the inherent material 

brittleness and low fracture toughness, which overall limit their in vivo applications. 15-16 

Therefore, CaP have been processed by solution extrusion AM in combination with carrier 

liquids or solvents 17-19, or by melt extrusion AM (ME-AM) in combination with synthetic 

biodegradable thermoplastic polymers. Among these, ME-AM of polymer-CaP composite 

materials has been widely explored, as it mimics the organic-inorganic composition of bone 

tissue, displays a high processability window, and allows the fabrication of scaffolds with 

tunable degradation rates and mechanical properties. 20-21 In particular, the combination of 

polymers with HA has gained interest, as HA closely mimics the bone mineral phase. 

Considering the average mineral content of bone tissue, which lies within the range of 50 

wt% to 74 wt%, depending on the body location, 22-23 tremendous efforts have been 

conveyed to increase the HA content in the scaffold, while retaining their printability and 

optimizing the mechanical properties. A few studies demonstrated feasibility of production 

of highly HA-loaded scaffolds processed by ME-AM, including poly(ε-caprolactone) (PCL)-

HA composite with 40 wt% ceramic phase,  24-25 poly(lactic acid) (PLA)-HA composite with 

50 wt% ceramic,  26 and poly(ether urethane) (PEU)-HA composite with 40 wt% ceramic. 

27 Despite material related advances, most of previously published reports focus only on 

the material synthesis and printability, and the structural characterization of the scaffold, 

24-26, 28-30 while their biological properties are poorly characterized. 31-32 



Chapter 5 

156 

 

Here, we studied the in vitro osteogenic differentiation potential of highly loaded 

poly(ethylene oxide terephthalate)/poly(butylene terephthalate) (PEOT/PBT) – nano HA 

(nHA) composite scaffolds, fabricated by ME-AM. The biodegradable thermoplastic 

polyether‐ester multiblock copolymer PEOT/PBT was selected due to its processability, 

mechanical properties and proven in vitro and in vivo applicability in the orthopedic field. 

33-37 While in previous studies this polymer has been blended with HA to a maximum of 25 

wt% micro-HA, 38-39 for the first time, PEOT/PBT-HA composite scaffolds with up to 45 wt% 

nHA were fabricated using ME-AM in the present report. To study their functionality in bone 

regeneration, human mesenchymal stromal cells (hMSCs) were chosen, due to the 

suitability of these stem cells over already committed cell lines to study the ability of a 

material to support osteogenic differentiation, 40 as well as for future clinical translation. 

We evaluated the effect of the scaffolds’ nHA content on the osteogenic differentiation of 

hMSCs by analyzing cell attachment, proliferation, matrix production and mineralization, 

and the expression of a relevant set of osteogenic genes and proteins. 

MATERIALS AND METHODS 

Polymer-nHA composite production by solvent blending and characterization 

The production of PEOT/PBT-HA composites with 20 wt% and 45 wt% nHA (20-nHA and 

45-nHA, respectively) was carried out by a solvent blending procedure. PEOT/PBT pellets 

(PEO molecular weight = 300 kDa, PEOT:PBT weight ratio= 55:45, intrinsic viscosity 0.51 

dl/g, Polyvation, The Netherlands) were dissolved in chloroform (Scharlab) under magnetic 

stirring for 45 min. An amount of 20 or 45 wt% nHA powder (particle size <200 nm, Sigma 

Aldrich) was added to the polymer solution and mechanically stirred at 750-1000 rpm for 

15 min (Dissolver Dispermat CV3). After stirring, the dispersion was kept for 2h at 250 

rpm, time during which part of the chloroform was evaporated and the viscosity of the blend 

increased. Subsequently, the polymer composite was precipitated in a mixture of 

diethylether and chloroform (Scharlab) (diethylether:chloroform = 10:1), and the 

supernatant removed. The composite was dried at RT, followed by a vacuum drying step 

at 90 °C for 2h to ensure the removal of solvent traces (diethylether <0.01 ppm, chloroform 

<1 ppm,). The foam-like composite formed during the precipitation step was compression 

molded at 150-175 °C and cut into pellets. The dispersion of nHA within the polymer was 
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examined using backscattered scanning electron microscopy (BSEM, FEI’s Quanta 200 

environmental scanning microscope, beam voltage 30 kV, spot size 5).  

Scaffolds fabrication and characterization 

45-nHA, 20-nHA and PEOT/PBT (0-nHA) scaffolds were fabricated via ME-AM. A 

commercial platform (Bioscaffolder 3.0, Gesim) was equipped with a custom-made 

printhead with two separate heating sources for the cartridge and extrusion screw. 41 The 

printing parameters applied to each material are briefly described in Table 1. A needle with 

250 µm internal diameter was used to print 0-90 layout scaffolds, with 200 µm layer 

thickness and 750 µm strand distance (center to center). For cell culture experiments and 

scaffolds morphological evaluation, 4x15x15 mm3 (HxWxD) blocks were manufactured 

and cylindrical scaffolds of 4 mm diameter and 4 mm height were cored out using a biopsy 

punch. For mechanical testing, 4 mm diameter, 15 mm high cylindrical scaffolds were 

printed and directly used for analysis. These scaffold dimensions resemble the type of 

scaffold needed for a rabbit critical segmental bone defect study, as a real case example 

which will be performed in future experiments. The scaffolds’ architecture consisted also 

on 250 µm fiber diameter, 200 µm layer height, and 750 µm strand distance, and the 

scaffold layers had a 0-90 filament layout in the center, while at the edges, the filaments 

were deposited along the circular boundary. These scaffolds presented sufficient lateral 

porosity (Figure S4A-B). 

Table 1. Printing parameters applied to obtained 3D scaffolds with each of the polymer composites 

Scaffold 
T cartridge 

(° C) 

T screw 

(° C) 

Motor rotation 

(rpm) 

Cartridge Pressure 

(bar) 

Printing speed 

(mm/s) 

0-nHA 195 195 60 7 16 

20-nHA 205 210 45 8 18 

45-nHA 210 220 30 8 15 

 

Scaffold morphology and porosity was assessed using a stereomicroscope (Nikon SMZ25) 

and scanning electron microscopy (SEM, XL-30, beam voltage 10 kV, spot size 3). 

Presence and distribution of fillers within gold sputter-coated scaffolds’ filaments surface 

and cross-section was examined using BSEM (XL-30, beam voltage 20 kV, spot size 5). 

SEM operating at 25 kV coupled with energy dispersive X-ray spectroscopy (EDS) was 

used to quantify the chemical composition of the samples. Particle size distribution on 
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scaffolds was assessed on the acquired BSEM images and using the image analysis 

software tool XT Pro v3.2 (Soft Imaging System, GmbH). 

Mechanical tests (compression at a rate of 0.1 mm/min., using a 100 N load cell) were 

carried out using an Instron Universal Mechanical test machine. Three scaffolds each, 

made from 0-nHA or 45-nHA were tested. 

Cell seeding and culture 

Cell expansion 

HMSCs isolated from bone marrow were purchased from Texas A&M Health Science 

Center, College of Medicine, Institute for Regenerative Medicine (Donor d8011L, female, 

age 22). Cryopreserved vials at passage 3 were plated at a density of 1,000 cells cm-2 in 

tissue culture flasks and expanded until approximately 80 % confluency in culture media 

(CM), consisting of αMEM with Glutamax, no nucleosides (Gibco), supplemented with 10% 

fetal bovine serum (FBS), without penicillin-streptomycin (PenStrep)  at 37 °C and 5% CO2.  

Cell seeding in 3D scaffolds 

Scaffolds were disinfected in 70% ethanol for 20 min, washed 3 times with Dulbecco’s 

PBS and incubated overnight in CM for protein attachment. Before seeding, scaffolds were 

dried on top of a sterile filter paper and placed in the wells of non-treated plates. Passage 

4 hMSCs were trypsinized and resuspended in a dextran solution (10 wt/wt % dextran in 

CM, 500 kDa, Farmacosmos) to slow down cell settling and guarantee homogeneous cell 

attachment throughout the scaffold. Dextran is a temporary supplement and will be washed 

away during the first 24h. 42 A droplet of cell suspension (37 µl containing 200,000 cells) 

was placed on top of each scaffold before slowly filling the scaffolds’ pores. Seeded 

scaffolds were incubated for 4 hours at 37 °C and 5% CO2 to allow cells to attach. After 

this time, scaffolds were transferred to new wells containing 1.5 ml of basic media (BM), 

consisting of CM supplemented with 200 μм L-Ascorbic acid 2-phosphate and 1% 

PenStrep. Scaffolds were cultured for 7 days in BM followed by another 28 days in BM or 

mineralization media (MM), consisting of BM supplemented with dexamethasone (10 nм) 

and β-glycerophosphate (10 mм) (Sigma-Aldrich). Media was replaced after 24h and every 

two or three days during the culture period.  
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Biochemical assays  

Alkaline phosphatase (ALP) activity and DNA assay 

ALP activity and DNA content were evaluated over the culture period. For that, scaffolds 

were collected at every timepoint and washed with PBS, stored at -80 °C and freeze-

thawed 3 times, to improve lysis efficiency. Samples were incubated for 1h at RT in a cell 

lysis phosphate buffer containing Triton X-100 (0.1 v %), at pH 7.8. After the addition of 

the chemiluminescent substrate for ALP CDP star® ready to use reagent (Roche) at a 1:4 

ratio, luminescence was measured using a spectrophotometer (CLARIOstar®, BMG 

Labtech). Reported ALP values were normalized to DNA content, which was quantified 

using the CyQUANT cell proliferation assay kit (Thermo Fisher Scientific) on the remaining 

cell lysates. Samples for DNA quantification were incubated overnight at 56 °C in 

Proteinase K solution (1mg/ml Proteinase K (Sigma-Aldrich) in Tris/EDTA buffer) (1:1) for 

further cell lysis and matrix degradation. Subsequently, samples were freeze-thawed 3 

times and incubated 1h at RT with a 20X diluted lysis buffer from the kit containing RNase 

A (1:500) to degrade cellular RNA. Samples were incubated with the fluorescent dye 

provided by the kit (1:1) for 15 min and fluorescence was measured (emission/excitation 

= 520/480 nm) with a spectrophotometer. 

Extracellular matrix (ECM) mineralization assay 

Calcium (Ca) deposits were qualitatively determined by alizarin red S (ARS) staining on 

composite scaffolds after 35 days of culture in BM or MM. Freshly fabricated scaffolds, 

and non-cell seeded scaffolds cultured in BM or MM and treated as cell seeded scaffolds 

in terms of media refreshment, were used as controls. Briefly, every timepoint scaffolds 

were fixed with 4% paraformaldehyde and washed with distilled water. Subsequently, 

scaffolds were stained with ARS (60 mм, pH 4.1 - 4.3) for 20 min at RT, and washed with 

distilled water. Scaffolds’ cross sections were imaged using a stereomicroscope. After 

imaging, ARS was extracted from the scaffolds by 1h incubation at RT with 1 ml 30 v% 

acetic acid while shaking, followed by 10 min at 85 °C. Afterwards, scaffolds were removed 

and solutions were centrifuged at 20,000 rcf for 10 min. An appropriate volume of 

ammonium hydroxide (5 м) was added to the supernatants to bring the pH to 4.2. The 

absorbance was measured at 405 nm using a spectrophotometer. Concentration of ARS 

was calculated from an ARS standard curve and the values were normalized to DNA 

content.  The signal from control scaffolds was subtracted. 
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Osteocalcin (OCN) secretion 

OCN secretion in media was analyzed after 14, 21 and 35 days of culture in BM or MM. 

Scaffolds’ culture media was refreshed on each timepoint by adding 1.5 ml of the 

corresponding media without FBS, in order to avoid background OCN levels from the FBS. 

Upon collection (48 h later), media was centrifuged at 2,000 rcf for 10 minutes to remove 

debris and stored at - 80 °C until analysis. OCN content in medium was detected using a 

quantitative sandwich ELISA kit (ab195214) according to the manufacturer’s protocol.  

Gene expression  

Gene expression analysis was performed after 7, 14, 21 and 35 days of culture. RNA was 

extracted from cells in scaffolds using a TRIzol isolation method. Briefly, TRIzol was added 

to each sample in an Eppendorf tube and centrifuged at 12,000 rcf for 5 min to precipitate 

the scaffold and ECM at the bottom. Chloroform was added to the supernatant and 

centrifuged at 12,000 rcf for 5 min to isolate the RNA, present in the aqueous phase. RNA 

was further purified using RNeasy mini kit column (Qiagen), according to the 

manufacturer’s protocol. The purity and quantity of total RNA was evaluated using a 

spectrophotometer. Reverse transcription was performed using iScript™ (Bio-Rad) 

following suppliers’ protocol. qPCR was performed on the mix composed of cDNA, 

SYBRGreen master mix (Qiagen) and the selected primers (Table 2) using a CFX 

Connect™ Real-Time System (Bio-Rad) under the following conditions: cDNA 

denaturation for 3 min at 95 °C, 40 cycles of 15 s at 95 °C, and 30 s at 65 °C. Additionally, 

a melting curve was generated for each reaction in order to test primer dimer formation 

and non-specific amplification. Gene transcription was normalized to the transcription of 

the housekeeping gene B2M. The 2-∆∆Ct method was used to calculate relative gene 

expression for each target gene. Normalization was done with respect to relative gene 

expression of cells in 0-nHA scaffolds at day 7 in BM. 

Table 2. Primer sequences used for q-PCR. B2M: beta-2-microglobulin, RUNX2: runt-related 
transcription factor, COL I: collagen 1 alpha 1, OPN: osteopontin, OCN: osteocalcin, BSP: bone 
sialoprotein, SP7: osterix.  

Gene Forward primer Reverse primer 

B2M ACAAAGTCACATGGTTCACA GACTTGTCTTTCAGCAAGGA 

RUNX2 TCAACGATCTGAGATTTGTGGG GGGGAGGATTTGTGAAGACGG 

COL I GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC 

OPN CTCCATTGACTCGAACGACTC CAGGTCTGCGAAACTTCTTAGAT 
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OCN TGAGAGCCCTCACACTCCTC CGCCTGGGTCTCTTCACTAC 

BSP CCCCACCTTTTGGGAAAACCA TCCCCGTTCTCACTTTCATAGAT 

SP7 CCTCTGCGGGACTCAACAAC AGCCCATTAGTGCTTGTAAAGG 

Immunofluorescence 

Cells in scaffolds were fixed in 4% paraformaldehyde after 35 days of culture in BM or MM, 

and permeabilized by 30 min incubation in Triton-X 100 (0.1 v%). Subsequently, the 

scaffolds were cut in half and washed 3 times with PBS. For assessing cell content and 

distribution on scaffolds, some scaffolds were directly stained for F-actin (488 Alexa Fluor 

Phalloidin, Thermo Fisher Scientific) for 1 h. Scaffolds cross-sections were imaged with a 

fluorescent microscope (Eclipse, Ti2-e, NIKON). Background subtraction and brightness 

adjustments were performed on the images using the software Image J, in order to improve 

their visualization. For antibody staining, scaffolds were further blocked for 1 h in blocking 

buffer (3 % BSA + 0.01% Triton-X 100). Afterwards, primary antibodies diluted 1:200 in 

washing buffer (10x diluted blocking buffer) were added (COL I rabbit polyclonal (ab34710, 

Abcam), osteopontin (OPN) rabbit polyclonal (ab8448, Abcam), OCN rabbit polyclonal 

(ab93876), each to a different sample half, and incubated overnight at 4 °C. Washed 

samples were incubated for 1h at RT with the secondary antibody (1:200 Alexa Fluor 647 

goat derived anti-rabbit antibody, Thermo Fisher Scientific). Then, scaffolds were washed 

and stained for F-actin (488 Alexa Fluor Phalloidin, Thermo Fisher Scientific) for 1 h, 

followed by three washing steps with PBS. Confocal laser scanning microscopy was 

performed with a tandem confocal system (Leica TCS SP8 STED), equipped with a white 

light laser (WLL). Samples were excited with the dye specific wavelengths and emission 

was detected with HyD detectors. For optimal visualization in the reported images, F-actin 

was colored in green, COL I in red, OPN in blue and OCN in magenta. 

Imaging of cultured scaffolds 

After 35 days of culture, cell seeded and non-cell seeded scaffolds in BM or MM were fixed 

with 4 wt% paraformaldehyde for 30 min. Scaffolds were dehydrated by a graded ethanol 

series (30, 50, 70, 80, 90, 96, 100 v%), during 15 min each at RT, followed by 15 min 

incubation in 100% ethanol- hexamethyldisilazane (HMDS) at a 1:1 ratio, and 15 min 

incubation in HMDS. HMDS was removed and scaffolds were allowed further drying 

overnight at RT in the fume hood. Samples were gold sputter coated. Cells, ECM and 

scaffolds surface were visualized on scaffolds cross-section using scanning electron 
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microscopy (SEM, beam voltage 10 kV, spot size 3). The presence of mineral deposits on 

cell seeded scaffolds was examined by backscattered SEM (BSEM, beam voltage 20 kV, 

spot size 5). SEM operating at 25 kV coupled with Energy-dispersive X-ray spectroscopy 

(EDS) was used to identify Ca, phosphorous (P), and other elements on the ECM. 

Bioactivity test in Simulated Body Fluid (SBF) 

An SBF solution was prepared as previously described 43. Briefly, chemicals were 

dissolved in distilled water in the following order: NaCl, NaHCO3, KCl, K2HPO4, 

MgCl2·6H2O, CaCl2·2H2O and Na2SO4. The solution was then buffered to pH 7.4 at 36.5° 

C using Tris and HCl (1м). The final solution had an ion concentration (mм) as follows: 

Na+, 142.0; K+, 5.0; Mg2+, 1.5; Ca2+, 2.5; Cl-, 147.8; (CO3)-, 4.2; (PO4)2-, 1.0; (SO4)2-, 0.5. 

Scaffolds were immersed in 1ml SBF and incubated at 37 °C. SBF was refreshed every 3-

4 days. After 4 and 14 days, scaffolds were carefully rinsed in distilled water, blotted on an 

adsorbent paper and dried at RT. Then they were cut in half, gold sputtered and observed 

with SEM at 15 kV, spot size 3. 

Ion release analysis 

Before media refreshment at timepoints day 7, 14, 21 and 35 of the cell culture experiment, 

medium was collected from each scaffold and stored at −30 °C until analysis. In a 

separated experiment, scaffolds were incubated in 1ml simulated (0.8% NaCl, 50 mM 

HEPES, pH 7.3) for 28 days at 37 °C. This was done to analyze Ca and P release in a non 

Ca and P saturated solution. Every 3-4 days, an aliquot of the supernatant was collected, 

stored at −30 °C until analysis, and the same volume of SPS was refreshed. 

Concentrations of Ca and P in cell culture medium and SPS were quantified by Inductively 

coupled plasma mass spectrometry (ICP-MS, iCaP Q, Thermo Scientific). Upon analysis, 

all samples, including fresh cell culture medium or fresh SPS, were thawed, vortexed for 

30 s, centrifuged at 20,000 rcf for 15 min to remove debris, and diluted 1:50 in 1 v% HNO3 

with the addition of 20 ppb scandium as internal standard. A standard curve of 20, 10, 5, 

2.5 and 1.25 ppm Ca and P in 1 v% HNO3 and 20 ppb scandium was prepared. 

Quantification was performed in standard mode with He as collision gas.  
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Statistical analysis 

All data is shown as average with error bars indicating the standard deviation of at least 

three replicates. Analysis of statistics was conducted with GraphPad Prism (version 8.0.1). 

A one-way or two-way analysis of variance (ANOVA) was performed followed by a Tukey’s 

post-hoc multiple comparison test to evaluate statistical significance and correct for 

multiple comparisons. 

RESULTS  

Scaffolds fabrication, nHA distribution and mechanical properties. 

Composite pellets prepared by solvent blending of PEOT/PBT and 20 or 45 wt% nHA 

(Figure S1) were used to fabricate PEOT/PBT-nHA composite scaffolds via ME-AM 

(Figure 1). SEM micrographs in Figure 1A, B showed that both 20-nHAand 45-nHA 

scaffolds maintained an interconnected macroporosity, comparable to the control 0-nHA 

scaffolds. BSEM images in Figure 1C and EDS analysis in Figure S2A confirmed an 

increasing amount of nHA, and therefore Ca and P, on the scaffold filaments with 

increasing nHA content in the composite blend. The presence of nHA on the surface of 

the 20-nHA and 45-nHA scaffolds was further confirmed by ARS, which binds to the Ca of 

nHA (Figure S2B, C). An increase in the pink-red stain intensity on the surface of scaffolds 

was observed with increasing nHA content. Despite the nanometer size of the raw nHA 

(<200 nm), particle aggregation was already noticed in the solvent blending process prior 

to ME, possibly occurring during the precipitation step of the polymer composite solution 

in the non-solvent (Figure S1B). In the 45-nHA scaffolds, nHA micro aggregates occupied 

around 24% of the filaments’ surface area.  Quantification on their size distribution 

revealed that ~75% of the nHA micro aggregates possessed a diameter in the range of 2-

10 µm, while ~5% of the particles diameter lied in the range of 30 to 90 µm (Figure S3). 

The other 76% of the 45-nHA scaffolds filaments surface area was occupied by the 

polymer and nanometer size nHA particles. The presence of these nHA micro aggregates 

provided a higher surface roughness to the composite scaffolds when compared to the 

smooth 0-nHA scaffolds (Figure 1B). The addition of nHA up to 45 wt% led to a 2-fold 

increase in the scaffolds’ compressive modulus, compared to copolymer only scaffolds 

(Figure S4C). Compressive strength at yield was also slightly increased on the 45-nHA 
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scaffolds (Figure S4D). Yet, no significant differences were observed compared to 0-nHA 

scaffolds. 

 

Figure 1. PEOT/PBT-nHA composite scaffolds fabrication and nHA distribution in scaffold 
filaments. (A) SEM micrographs of scaffolds cross-section showing their macroporosity. Scale bars 
1 mm. (B) Representative BSEM micrographs of scaffolds filaments depicting nHA distribution and 
increasing surface roughness with increasing nHA content. Scale bars 100 µm. (C) Magnified 
images of the regions marked with dashed lines in (B). Scale bars 20 µm. 

hMSCs seeding efficiency, proliferation and osteogenic differentiation on 

PEOT/PBT-nHA composite scaffolds 

Scaffolds were seeded using a viscous seeding solution to ensure homogeneous hMSCs 

attachment throughout the scaffold. Consequently, all scaffolds qualitatively showed 

uniform cell distributions from the earliest timepoints. Moreover, high seeding efficiency 

values in the order of ~80 % were maintained among different scaffold types without 

statistical differences in terms of cell attachment (Figure 2A). To understand the effect of 

nHA on the osteogenic differentiation of hMSCs, scaffolds were cultured up to 35 days in 
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BM or MM. To support cell proliferation before the addition of osteogenic factors, scaffolds 

were cultured initially for 7 days in BM. Yet, DNA content analysis demonstrated no cell 

proliferation during this period (Figure 2A). DNA content was further monitored over the 

culture time (Figure 2B). Although no statistical differences were observed in terms of cell 

number among scaffold types and time points, a decrease in cell number from day 14 to 

day 35 of culture in BM was observed for all scaffold types. Overall, Figure 2B also 

demonstrated lower cell numbers in scaffolds cultured in BM when compared to MM at 

late timepoints (day 21 and day 35). 

 

Figure 2. Cell seeding and osteogenic differentiation on PEOT/PBT-nHA composite scaffolds. (A) 
Seeding efficiency and proliferation 7 days after seeding. (B) DNA content progression on 0-nHA, 
20-nHA, 45-nHA scaffolds over 35 days of culture in BM or MM. (D) ALP activity of hMSCs 
progression over 35 days when seeded on the different scaffold types in BM or MM. (E) OCN 
secretion by hMSCs in media progression over 35 days when seeded on the different scaffold types 
in BM or MM. Data presented as average ± s.d. and statistical significance performed using two-
way ANOVA with Tukey’s multiple comparison test. For (A,B): n.s. p > 0.05. For (C): *$ p < 0.05; 
**$$ p < 0.001; ***$$$ p < 0.001; ****$$$$ p < 0.0001; * for comparisons among timepoints each 
scaffold type; $ for comparisons to 0-nHA each timepoint; comparisons among BM and MM 
samples performed separately. For (D): n.s. p > 0.05; *$ p < 0.05; **$$ p < 0.001; ***$$$ p < 0.001; 
****$$$$ p < 0.0001; * for comparisons among timepoints each scaffold type; $ for comparisons to 
45-nHA each timepoint; comparisons among BM and MM samples performed separately. 
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ALP activity, an early osteogenic marker, was evaluated at day 14, 21 and 35 (Figure 2C). 

ALP values were higher when cells were cultured in MM compared to BM. A peak in ALP 

activity was shown at day 14, with a progressive and significant decrease on day 21 and 

day 35, both in BM and MM. While in MM no statistical differences among scaffold types 

were observed at any time point, ALP values in BM were found to be significantly higher 

at day 14 and 21 in 0-nHA scaffolds compared to 20-nHA and 45-nHA scaffolds. When 

analyzing OCN secretion in media, higher values were observed in MM than in BM (Figure 

2D). Since OCN is a late marker for osteogenic differentiation, a peak was observed at 

day 35, in contrast to ALP. As noted with ALP, no significant differences were observed in 

OCN secretion among scaffold types in MM. Nevertheless, a significantly higher OCN 

signal was recorded on 45-nHA scaffolds already at an early time point (day 14) when 

cultured in BM, compared to 20-nHA and 0-nHA scaffolds in BM. Notably, other scaffold 

types cultured in BM reached this levels of OCN secretion at day 21 or 35 at the earliest. 

Gene expression  

The expression of bone related transcription factors and protein encoding genes was 

assessed at day 14, 21 and 35, under BM or MM conditions. Figure 3 shows the relative 

gene expression change with respect to 0-nHA day 7 BM condition (Figure S5). In general, 

RUNX2 gene expression was found to be higher in MM than in BM for all scaffold types 

over the whole culture period (Figure 3A). At day 14 in MM, significantly higher expression 

on 0-nHA scaffolds was observed. However, no significant differences among scaffold 

types were observed at later time points in MM. Similarly, despite higher COL I gene 

expression on 0-nHA scaffolds at day 14 in MM compared to the nHA composite scaffolds, 

comparable COL I gene expression levels were maintained at later culture time points 

among all scaffold types (Figure 3B). Interestingly, the culture media appeared not to have 

any effect on COL I gene expression and no significant differences were found between 

BM and MM at a given time point and scaffold type over the culture period. In the case of 

OPN gene expression, higher levels were noticed when cultured in BM compared to MM 

for all scaffold types at days 14 and 21 (Figure 3C). Yet, at day 35 the gene expression 

level of OPN was comparable among all scaffold types in both BM and MM media. 

Independent of the culture media, a low gene expression of OCN was maintained in all 

scaffold types until a significant upregulation, slightly higher in 0-nHA scaffolds, occurred 

at day 35 in MM (Figure 3D). A significant upregulation in the BSP and Osterix gene 

expression was observed for all scaffold types cultured in MM from day 14 to day 21, and 
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to day 35 in the case of Osterix (Figure 3E, F). At day 35, gene expression levels in 0-

nHA and 45-nHA remained comparable and significantly higher than in BM.  

 

Figure 3. Gene expression of hMSCs cultured on scaffolds with different nHA concentrations for 
14, 21 and 35 days in BM or MM. (A) RUNX2, (B) COL 1, (C) OPN, (D) OCN, (E) BSP, and (F) 
Osterix fold change expression values relative to 0-nHA d7 BM. Data presented as average ± s.d., 
and statistical significance performed using two-way ANOVA with Tukey’s multiple comparison test 
(*$ p < 0.05; **$$ p < 0.01; ***$$$ p < 0.001; ****$$$$ p < 0.0001; * for comparisons among 
timepoints each scaffold type; $ for comparisons to 0-nHA (control) each timepoint; comparisons 
among BM and MM samples performed separately). 

Protein expression 

Complementary to gene expression, protein expression at day 35 was evaluated by 

immunofluorescence on all scaffold types and culture conditions. Extracellular COL I was 

found covering filaments on all scaffolds types and culture media conditions (Figure 4). 

Supporting the gene expression profiles, OPN protein expression was found slightly more 

abundant on scaffolds cultured in BM compared to MM, except in 45-nHA scaffolds in MM, 

where OPN protein expression was higher than in 20-nHA or 0-nHA scaffolds. Following 

an opposite trend, OCN protein expression was higher in scaffolds cultured in MM 

compared to BM (Figure 4). Interestingly, OCN protein expression was also recorded on 

nHA containing scaffolds (20-nHA and 45-nHA) cultured in BM. 
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Figure 4. Influence of nHA content on the hMSCs expression of different osteogenic proteins. 
Representative confocal microscopy images of hMSCS (F-actin, green) on top of the filaments of 
0-nHA, 20-nHA and 45-nHA scaffolds after 35 days of culture in BM or MM and stained for the 
relevant osteogenic markers COL I (red), OPN (blue) and OCN (magenta). Scale bar for all images: 
200 µm. 

Extracellular matrix (ECM) production and mineralization 

ECM mineralization was examined at day 35 of culture in BM and MM. An increasing 

amount of Ca deposition with increasing nHA content was observed, both quantitatively 

(Figure 5) and qualitatively, in scaffolds cultured in MM (Figure 6A, Figure S6). Although 
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at lower levels than in MM, ARS quantification also revealed Ca deposits on 20-nHA and 

45-nHA scaffolds when cultured in BM (Figure 5), after subtraction of the signal given by 

non-cell seeded stained scaffolds. In BM Ca deposition was mostly appreciable on 45-nHA 

scaffolds, where a more intense red color, compared to the non-seeded controls, was 

observed covering most of the surface area of the 45n-HA scaffolds filaments, as well as 

the scaffold filaments’ exposed cross sections on the scaffolds outer surface (Figure 7A, 

Figure S6).  

 

Figure 5. Quantification of the ARS staining extracted from scaffolds after 35 days of culture in BM 
or MM normalized to cell number. Data presented as average ± s.d. and statistical significance 
performed using two-way ANOVA with Tukey’s multiple comparison test. *$ p < 0.05; ***$$$ p < 
0.001; ****$$$$ p < 0.0001; * for comparisons among BM and MM each scaffold type; $ for 
comparisons among scaffold types each culture media type. 

 

Next, cell and ECM coverage at day 35 of culture was investigated. When cultured in MM, 

cells in all scaffold types were confluent occupying both the scaffolds’ filaments and pores 

along the whole scaffold cross-section (Figure 6B and Figure S7). Moreover, a dense and 

fibrillar ECM network produced by cells was observed for all scaffold types (Figure 6C and 

Figure S8). BSEM images in Figure 5D revealed bright points intercalated within the ECM 

in scaffolds pores, which were discriminated via EDS as Ca and P deposits, as well as a 

minimal amount of Na salts from the culture medium (Figure S9A). In addition, a peak of 

N, corresponding to the ECM proteins, was also observed. In contrast to the dense ECM 

in scaffolds cultured in MM, a thin layer of cells and ECM was visualized covering the 

scaffolds’ filaments when cultured in BM (Figure 7B-C, Figure S7, Figure S8). Notably, 

BSEM images of the ECM of cells cultured in BM did not depict bright points corresponding 

to mineral deposits (Figure 7D) and EDS analysis demonstrated significantly lower Ca 

and P signals compared to the analysis on scaffolds cultured on MM (Figure S9B). To be 
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able to better discern among the EDS signal coming from the Ca and P already contained 

in the scaffold material, and the newly deposited minerals, not only the cell and ECM 

directly deposited on top of the scaffolds filaments was analyzed, but also the cell and 

ECM layer detached from the filament or present in the pores. Ca and P content in the 

ECM on the pores of MM scaffolds was found to be significantly higher than that on BM 

scaffolds (Figure S9). 

 

Figure 6. Influence of scaffolds’ nHA content on matrix mineralization when cultured for 35 days in 
MM (7 days in BM followed by 28 days in MM). (A) Representative stereomicroscope images of 
scaffolds cross sections stained with ARS. Inserts represent the corresponding control scaffolds 
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without cells incubated in MM and stained with ARS. Scale bars main images and insets 1 mm. (B) 
Representative fluorescent microscopy images of hMSCs (F-actin, green) on scaffolds’ cross 
sections. Scale bars 200 µm. (C) Representative SEM micrographs of scaffolds’ cross sections 
depicting cell and ECM coverage. Scale bars 200 µm. (D) BSEM images of the regions marked 
with dash lines (ECM in scaffolds’ pores) in (C) for examining the mineral deposits. Scale bars 20 
µm. 

 

Figure 7. Influence of scaffolds’ nHA content on matrix mineralization when cultured for 35 days in 
BM. (A) Representative stereomicroscope images of scaffolds cross sections stained with ARS. 
Inserts represent the corresponding control scaffolds without cells incubated in BM and stained 
with ARS. Scale bars main images and insets 1 mm. (B) Representative fluorescent microscopy 
images of hMSCs (F-actin, green) on scaffolds’ cross sections. Scale bars: 200 µm. (C) 
Representative SEM micrographs of scaffolds’ cross sections depicting ECM coverage. Scale bars: 
200 µm. (D) BSEM images of the regions marked with dash lines (ECM in scaffolds’ pores) in (C) 
for examining mineral deposits. Scale bars 20 µm. 
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Ca and P ion exchange dynamics with the medium 

To investigate the degradation of the nHA contained in the scaffolds, Ca release into SPS, 

which does not contain these ions, was quantified by ICP-MS. nHA-containing scaffolds 

released Ca into SPS continuously over the period evaluated (26 days) (Figure S10). In 

agreement with the nHA content on the scaffolds, 45-nHA scaffolds released larger 

amounts and at a higher rate (50 - 200 µм every 3-4 days) than 20-nHA scaffolds (10 - 50 

µм every 3-4 days).  

To investigate the Ca and P content of the medium when scaffolds are in a cell culture 

setting, ICP-MS analysis was carried out on media collected at different time points during 

culture. This enabled to elucidate the ion exchange dynamics of Ca and P between the 

scaffolds and the media. The lower concentrations of Ca in media in contact with scaffolds 

compared to fresh media concentrations demonstrated that all scaffolds, cell seeded and 

non-cell seeded, depleted the media from Ca, especially when cultured in MM (Figure 

S11). Similarly, scaffolds cultured in MM depleted the media from P, while P levels in BM 

remained similar to fresh media ones. Interestingly, in general no significant differences in 

Ca and P depletion from media were found among cell seeded and non-cell seeded control 

scaffolds, nor among scaffolds with different nHA concentrations (Figure S11). To 

complement these results, the surface of the filaments of cell seeded (areas without cells) 

and non-cell seeded scaffolds cultured in BM and MM were analyzed by SEM and EDS 

(Figure S12 and Figure S13). Interestingly, while according to ICP-MS 0-nHA scaffolds 

depleted the media from Ca in BM, and from Ca and P in MM, no Ca and P was observed 

on any of the 0-nHA scaffolds surface. In contrast, the surface of 20-nHA and 45-nHA 

scaffolds in MM was found to be covered by CaP spheres in non-cell seeded scaffolds and 

by a compact CaP layer in cell seeded scaffolds. In BM, these scaffolds showed a higher 

amount of white particles in their surface, compared to as-prepared scaffolds, potentially 

corresponding to the deposition of a Ca based mineral phase. While not easy to verify by 

either imaging or EDS, the surface of 45-nHA scaffolds in BM also looked more populated 

with bright spots, potentially corresponding to Ca deposits.  

The scaffolds were also immersed in SBF, a solution that closely mimics human blood 

plasma and is used to test the ability of a material to deposit mineral on its surface. SEM 

showed a more pronounced deposition of mineral on 45-nHA scaffolds compared to 20-

nHA scaffolds (Figure 8). As expected, no mineral deposition occurred on the 0-nHA 
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scaffolds even after 14 days of immersion, when a thick CaP layer was already covering 

the 45-nHA scaffolds. 

 

Figure 8. Representative SEM micrographs of scaffolds’ filaments surface mineralization after 
immersion in SBF for 4 and 14 days. As-prepared scaffolds (day 0) are presented as controls. 
Scale bars: 20 µm.  Inserts represent magnified regions. Scale bars 5 µm. 

DISCUSSION  

During the last decades, AM has rapidly grown into the field of tissue engineering offering 

patient specific 3D scaffolds from a wide range of biocompatible materials, including 

polymer-CaP composites. CaP fillers are highly desired when aiming to mimic the 

composition of bone and to provide scaffolds with high strength, tunable degradation and 

favorable bioactivity. While solvent extrusion has permitted the fabrication of AM scaffolds 

with up to 90 wt% HA, 44-45 the need of low volatility organic solvents, i.e. plasticizers, has 

shown to lead to solvent remnants within the scaffold, as well as to elastic constructs with 

poor applicability in load bearing applications. The advantage of thermoplastic ME-AM for 

bone tissue engineering over other AM techniques, such as stereolithography, mainly lies 
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in the possibility of processing viscous composite materials including fillers, such as CaP 

particles, in a cost effective manner, and without requiring the use of organic solvents. 

Since the firstly reported PCL-CaP ME-AM scaffolds, containing up to 25 wt% CaP, 46-49 

the field has largely evolved seeking to fabricate scaffolds with an inorganic content closer 

to native bone ECM, and with new polymeric materials. Here, we were able to fabricate 

composite 3D scaffolds based on  PEOT/PBT, which have a great potential in the 

orthopedics field, and with up to 45 wt% nHA, closer to native bone mineral content than 

the majority of the until now reported scaffolds. Despite the high nHA loading, composites 

were printable and scaffolds’ filaments maintained a good shape fidelity and macroporosity 

(pore size 500 µm), which is expected to favor tissue infiltration and vascularization in vivo. 

50 When looking at the filaments’ surface and cross-sections of the composite scaffolds, 

nHA aggregates with a size in the order of tens of microns were observed, in accordance 

with previous reports, where melt extruded filaments with HA concentrations above 10 wt% 

demonstrated HA agglomeration. 51 In spite of these microaggregates, nanosized particles 

were still present in a well-dispersed manner within the polymer matrix of the scaffolds and 

on their surface, which were expected to elicit a higher degree of biological response 

compared to microsized counterparts, due to their high surface-to volume-ratio and to their 

small size, allowing uptake by cells. 52-53 Most importantly, the high nHA content 

significantly enhanced the mechanical properties of the scaffolds, with 45-nHA scaffolds 

having a compressive modulus of 92 ± 25 MPa and compressive strength of 4.4 ± 0.9 

MPa, both in the range of cortical bone mechanical properties. 54-55 Moreover, these 

scaffolds are stiffer than previously reported melt extruded AM scaffolds prepared with 

PCL-HA composites with similar inorganic loadings. This suggests the suitability of 45-

nHA scaffolds for their application in bone regeneration scenarios, compared to bare 

PEOT/PBT scaffolds, as well as highly loaded PCL scaffolds, which is a commonly used 

polymer for bone scaffolds. 24-25  

In vivo, osteoinductive materials have the ability of recruiting stem cells and differentiating 

them towards an osteogenic phenotype in a heterotopic location. 12, 56 Due to the 

complexity of the in vivo microenvironment, in vitro models do not always reliably predict 

osteoinductivity. 57 Yet, culturing stem cells on biomaterial scaffolds and analyzing cells’ 

ability to differentiate can give some initial insights into a material osteogenic potential and 

aid to understand the osteoinduction mechanism. Thus, we cultured hMSCs on scaffolds 

in BM, without osteogenic factors, i.e. dexamethasone and β-glycerophosphate, and 

assessed their phenotype as a function of nHA content. In addition, we evaluated the 
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synergistic effect of the material and these soluble factors that stimulate osteogenic 

differentiation/mineralization, by culturing in MM. Previously, it has been shown that cell 

distribution and density upon seeding can significantly influence hMSCs osteogenic 

differentiation in 3D scaffolds. 42, 58-59 Accordingly, poor cell attachment and lack of 

confluency within the scaffold cross-section have been shown to result in poor 

differentiation and lack of matrix mineralization in vitro. Besides, some studies reported 

enhanced cell attachment on polymer-CaP composites, likely due to the hydrophilicity and 

protein adsorption capacity of the CaP. 60-61 In the present study, in order to decouple the 

osteogenic potential of the PEOT/PBT-nHA composite scaffolds from the effect of 

attachment efficiency, a viscous solution was used as seeding media, thereby ensuring 

comparable cell attachment and homogeneity among all scaffolds regardless of the nHA 

content, as previously reported. 42 Due to scaffold surface saturation with cells upon 

seeding, no cell proliferation was observed in the first 7 days of culture, nor during the 

subsequent 28 days in BM on any scaffold type, as ECM production was limited to the 

scaffolds filaments surface. On the other hand, ECM was also produced within the pores 

when cultured in MM, which increased the growth surface area enabling cell migration and 

a slight, yet not statistically significantly different, increase of cell number. An important 

general conclusion that can be drawn from the DNA quantification, and cell and ECM 

imaging on the scaffolds, is that 3D ME-AM PEOT/PBT scaffolds with up to 45 wt% nHA 

are able to support cell growth, both in BM and MM. 

Osteogenic differentiation was initially evaluated by ALP activity, an early marker for 

osteogenesis, 62 and OCN secretion, one of the major bone non-collagenous proteins with 

the ability to bind to the bone HA. 63 Moreover, the gene expression of RUNX2, an essential 

transcription factor to boost the expression of bone ECM proteins 64-65, as well as other 

bone markers for osteogenesis at mRNA level (i.e. COL I, OPN, OCN, osterix and BSP), 

were analyzed during culture. According to the progression of bone markers during 

osteogenic differentiation suggested by literature, ALP activity was at its highest at early 

time points, and RUNX2 gene expression was upregulated from early time points, while 

OCN, osterix and BSP genes were highly expressed at later time points when cultured in 

MM. 62, 66-67 COL I and OPN expression was maintained close to basal levels in BM, and 

slightly downregulated, with respect to day 7, in MM.  Interestingly, no significant effect of 

nHA was observed in MM, suggesting that the soluble osteogenic factors might play a 

more pronounced role than HA in the stimulation of osteogenesis, and the absence of a 

synergistic effect. In the case of culture in BM, all gene expression levels were much lower 
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compared to MM cultures, maintaining gene expression at basal levels, with a slightly 

upregulation at day 35. Similar to MM cultures, no major differences in the gene expression 

levels were observed among scaffold types when cultured in BM. Yet, 

immunofluorescence revealed OCN and OPN protein expression at day 35 in BM only on 

45-nHA scaffolds, while the ELISA analysis showed that OCN was also secreted in BM at 

early timepoints only in 45-nHA scaffolds. Despite these results suggesting the potential 

induction of osteogenesis by 45-nHA scaffolds at late time points, this could not be 

concluded with a high degree of confidence, since the qualitative immunofluorescence 

observations were not supported by the aforementioned quantitative gene expression 

profiles. Moreover, OCN secretion in 45-nHA scaffolds measured by ELISA did not 

increase at later timepoints and levelled to other scaffold types. Previous studies have 

already suggested the lack of osteogenic response of cells to HA in composite scaffolds 

produced by ME-AM. This has been shown for polymer-HA composite scaffolds with 

different HA amounts. For example, PCL/PLGA-HA scaffolds with 10 wt% ceramic content 

in MM, as well as PEOT/PBT-HA scaffolds with 15wt% HA in BM or MM, did not enhance 

osteogenic differentiation of rabbit MSCs and hMSCs, respectively, when compared to 

pure polymer scaffolds. 39, 60 Similarly, PLA-HA scaffolds with 50 wt% HA seeded with 

hMSCs did not show any differences in gene expression compared to bare polymeric 

scaffolds when cultured in BM. 68 Consistently, our results also demonstrated that 

increasing the nHA-to-copolymer ratio did not enhance the osteogenic potential of the 

scaffolds. We hypothesize that this is due to the suboptimal ion exchange dynamics 

between the scaffold and the medium. On one hand, we observed that upon incubation in 

SPS, scaffolds were able to release Ca and P from the nHA scaffolds, at the rate of 10 to 

200 µм every 3-4 days. On the other hand, ICP-MS measurements revealed overall Ca 

and P depletion from media, as previously reported for HA or HA-polymer composite 

scaffolds incubated in cell culture medium. 68-70 Therefore, it is plausible that the slow 

release dynamics, compared to the fast (re)precipitation events, led to insufficient Ca 

concentration in the medium so to affect Ca signaling pathways involved in osteogenesis. 

Previous reports have shown that Ca and P salts added to culture media 71-73 or released 

from polymeric scaffolds, 74-75 at concentrations in the mм range, affect Ca and P signaling 

pathways involved in osteogenesis, leading to gene upregulation and matrix 

mineralization. Accordingly, scaffolds containing more soluble CaPs (e.g. biphasic CaP 

(BCP) or TCP) and, therefore, more optimum ion exchange dynamics, have shown to 

outperform HA based scaffolds, both in in vitro and in vivo scenarios. 13, 69, 76-77 
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Ca and P depletion from media and SEM images of scaffolds surface after incubation in 

cell culture media and in SBF, confirmed CaP (re)precipitation on the scaffolds filaments 

surface. This was due to the presence of nHA particles on the filaments surface, negatively 

charged at physiological pH, acting as nucleation sites and triggering electrostatic 

interactions with the Ca2+ cations in the media, which can accumulate on the surface of 

scaffold forming a positively charged Ca-rich layer and stimulate phosphate anions 

accumulation. 78 This sequential process ultimately leads to the formation of a crystal 

phase of apatite, which in vivo has shown to promote the co-precipitation of endogenous 

proteins (e.g. BMPs), ultimately triggering undifferentiated cells to commit to the 

osteogenic lineage. 13, 40. This information, together with the lack of osteogenic 

differentiation in BM, suggests that the ARS staining in 20-nHA and 45 n-HA scaffolds after 

35 days of culture in BM was not an hMSCs induced effect, but rather the consequence of 

a mineral phase (Ca carbonate or CaP) precipitating from media onto the scaffolds’ nHA. 

Notably, since both 45-nHA cell seeded and non-cell seeded scaffolds depleted BM 

equally of Ca, and MM of Ca and P, and yet non-cell seeded scaffolds presented lower 

ARS staining and thinner ions layer adsorption, it is hypothesized that the ECM produced 

by cells on the nHA scaffolds helped to further stabilize the mineral layers, respectively. 

While 0-nHA scaffolds demonstrated depletion of Ca from media over the culture period, 

they did not show any ARS staining in BM, or CaP layer formation in SBF. This is likely 

due to the lack of nucleation sites for CaP precipitation, and the weaker interaction of Ca 

with PEOT/PBT in 0-nHA scaffolds, leading to an unstable adsorption, in contrast to the 

strong Ca-nHA interactions on 45-nHA scaffolds. This hypothesis is supported by previous 

research on PEOT/PBT copolymers calcification, showing that efficient Ca-PEO 

complexations only occurred in copolymers with higher PEO molecular weight and higher 

PEOT-PBT ratios, compared to the one used in this study. 33, 79 Consequently, it is 

plausible that CaP precipitated in the cell culture media. 

To better elucidate the osteogenic property of the nHA containing scaffolds, longer in vitro 

culture times could be considered. Alternatively, enhancing the exposure of HA to the 

surface of the scaffold could potentially improve the ion exchange dynamics between 

scaffolds and medium and, therefore, improve the osteogenic potential of the nHA 

scaffolds. To do this, ME-AM scaffolds surface erosion using NaOH, 77, 80-81 as well as bare 

polymeric scaffolds coating with HA by ultrasonication, 82 or pre-calcification by immersion 

in an SBF solution, 83 have been proposed. While these studies commonly suggest the 

correlation of osteogenic genes upregulation or increased matrix mineralization to the 
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enhanced HA exposure, we believe that careful investigations are still required, as using 

such surface optimization methods have also shown to dramatically change the surface 

roughness of the scaffolds, making it hard to decouple the effect of HA bioactivity and 

surface roughness, as the latter is known to affect osteogenic differentiation significantly.84  

CONCLUSION  

Due to a combination of interconnected macroporosity, tunable biodegradability, optimal 

mechanical properties and bioactivity, 3D polymer-HA composite scaffolds prepared by 

ME-AM are considered important candidates, when intending to regenerate critical sized 

bone defects. The aim of this study was the fabrication of highly loaded PEOT/PBT-nHA 

composite scaffolds with up to 45 wt% nHA using ME-AM and the assessment of their 

mechanical and in depth biological performance as a function of the nHA content. 45-nHA 

scaffolds presented significantly enhanced compressive modulus, compared to bare 

PEOT/PBT copolymer scaffolds, which lied in the range of cancellous bone mechanical 

properties. In terms of cell behavior. hMSCs were able to differentiate into the osteogenic 

lineage in all scaffolds regardless of the HA content in MM. Although no differences were 

observed in osteogenic differentiation at the gene and protein level, increased matrix 

mineralization was observed on 45-nHA scaffolds compared to 0-nHA and 20-nHA 

scaffolds. While no osteogenic differentiation of cells was observed in BM, the observed 

ARS signal in 45-nHA scaffolds in BM suggested the precipitation of a CaP layer from Ca 

and P ions present in the cell culture media. Since such a CaP layer was also formed upon 

immersion in SBF, 45-nHA scaffolds are thought to potentially serve as osteoconductive 

substrates in an in vivo situation, favoring osteoblasts adhesion and proliferation. Overall, 

our results suggest the enhanced mechanical properties of the presented highly loaded 

composite scaffolds (45-nHA) and their ability to reprecipitate a CaP layer, thus supporting 

their in vivo applicability. Yet, future research and further optimization of polymer-HA 

composite scaffolds prepared by ME-AM for stimulating bone regeneration, as well as on 

the validation of their performance through in vivo studies are needed. 
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SUPPLEMENTARY FIGURES 

 

Figure S1. (A) Image of a 45-nHA pellet obtained after the solvent blending of nHA and PEOT/PBT 
process. The top side of the pellets is marked as side A and the cross section of the pellet as side 
B. Scale bar: 1 mm. (B) BSEM micrographs of the side B of 20-nHA pellets, and the side A and B 
of 45-nHA pellets at two different magnifications (1000x and 5000x). Scale bars top row 50 µm, 
lower row 10 µm. 
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Figure S2. (A) Elemental analysis spectrum obtained with EDS and corresponding elements weight 
and atomic % of a ~80 x 80 µm2 area from a 0-nHA and 45-nHA surface filament and 45-nHA cross 
section. Stereomicroscopy images of a- prepared 0-nHA, 20-nHA and 45-nHA scaffolds (A) before 
ARS staining and (B) after ARS staining.   
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Figure S3. nHA aggregates size distribution on 45-nHA scaffolds. 

 

 

 

Figure S4. (A) Cylindrical  0-nHA and (B) 45-nHA scaffolds with 15 mm height and 4 mm diameter. 
Scale bars 1 mm. (C, D) Mechanical properties in compression of 0-nHA and 45-nHA scaffolds.  
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Figure S5. Gene expression fold change of hMSCs cultured on scaffolds with different nHA 
concentrations for 7 days in BM. Normalized to 0-nHA d7 BM. Data presented as average ± s.d., 
and statistical significance performed using one-way ANOVA with Tukey’s multiple comparison test 
(n.s. p > 0.05; *$ p < 0.05; **$$ p < 0.01) 
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Figure S6. Stereomicroscopy images of scaffolds stained with ARS after 35 days of culture in BM 
or MM (7 days in BM followed by 28 days in MM). (A) High magnification images of scaffolds cross 
sections. Scale bar 500 µm. (B) Images of scaffolds outer surface of the scaffolds. Scale bar 1 mm. 
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Figure S7. Fluorescent images of hMSCs (F-actin, green) on scaffolds cross sections after 35 days 
of culture in BM or MM. Scale bar 1 mm. 

 

 

Figure S8. SEM micrographs of scaffolds cross sections after 35 days of culture in BM or MM. 
Scale bars 1 mm. 
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Figure S9. Elemental analysis spectrum obtained with EDS and corresponding elements weight 
and atomic % of a ~80 x 80 µm2 area of the ECM formed in 0-nHA and 45-nHA scaffolds after 35 
days in culture in BM or MM. 
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Figure S10. Ca ions release over time from nHA composite scaffolds upon immersion in SPS, 
measured by ICP-MS. 

 

 

 

Figure S11. ICP-MS measurements of the calcium (Ca) and phosphorous (P) concentrations in 
cell culture medium after 7, 14, 21, and 35 days of culture on 0-nHA, 20-nHA and 45-nHA scaffolds 
with and without cells. The dash lines represent fresh medium concentrations. Data presented as 
average ± s.d. 
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Figure S12. Representative SEM micrographs of 0-nHA, 20-nHA and 45-nHA non-cell seeded and 
cell seeded scaffolds incubated for 35 days in BM or MM. Scale bars 20 µm. 
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Figure S13. Elemental analysis spectrum obtained with EDS and corresponding elements weight 
and atomic % of a ~80 x 80 µm2 area of the surface of filaments in 0-nHA non-cell seeded scaffolds 
after 35 days in culture in BM or MM. 
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Abstract 

Graphene derivatives combined with polymers have attracted enormous attention for bone 

tissue engineering applications. Among others, reduced graphene oxide (rGO) is one of 

the preferred graphene-based fillers for the preparation of composites via melt 

compounding, and their further processing into 3D scaffolds, due to its established large-

scale production method, thermal stability, and electrical conductivity. In this study, rGO 

(low bulk density 10g/L) was compacted by densification using a solvent (either acetone 

or water) prior to melt compounding, to simplify its handling and dosing into a twin-screw 

extrusion system. The effects of rGO bulk density (medium and high), densification 

solvent, and rGO concentration (3, 10 and 15% in weight) on rGO dispersion within the 

composite, electrical conductivity, printability and cell-material interactions were studied. 

High bulk density rGO (90 g/L) occupied a low volume fraction within polymer composites, 

offering poor electrical properties but a reproducible printability up to 15 wt% rGO. On the 

other hand, the volume fraction within the composites of medium bulk density rGO (50 g/L) 

was higher for a given concentration, enhancing rGO particle interactions and leading to 

enhanced electrical conductivity, but compromising the printability window. For a given 

bulk density (50 g/L), rGO densified in water was more compacted and offered poorer 

dispersability within the polymer than rGO densified in acetone, and resulted in scaffolds 
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with poor layer bonding or even lack of printability at high rGO percentages. A balance in 

printability and electrical properties was obtained for composites with medium bulk density 

rGO densified in acetone. Here, increasing rGO concentration led to more hydrophilic 

composites with a noticeable increase in protein adsorption. Moreover, scaffolds prepared 

with such composites presented antimicrobial properties even at low rGO contents (3 

wt%). In addition, the viability and proliferation of human mesenchymal stromal cells 

(hMSCs) was maintained on scaffolds with up to 15% rGO and with enhanced osteogenic 

differentiation on 3% rGO scaffolds. 
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INTRODUCTION  

Since the isolation of graphene, graphene based materials have been thoroughly exploited 

for various biomedical applications, and in particular for bone tissue engineering, due to 

their excellent mechanical, chemical and electrical properties, as well as to their unique 

ability of directing stem cell differentiation. 1-3 Pristine graphene is a one atom thick, 

hexagonal lattice structure of sp2 hybridized carbon atoms, which confer all the 

aforementioned properties. 4-6 Due to high synthesis costs and small scale production of 

graphene through bottom-up processes, such as chemical vapour deposition, 7 or by direct 

exfoliation of graphite, such as micromechanical cleavage or direct sonication, 8 currently 

the most promising method for large scale production of graphene-like materials relies on 

graphene oxide (GO) as starting material. 9 GO can be easily mass-produced by oxidation 

of graphite through well-established methods, and used as-prepared or after exfoliation 

into graphene-like sheets. 9 In addition, GO possesses oxygen containing functional 

groups disrupting each carbon plane, including epoxy, carbonyl, ketone and hydroxyl 

groups, which allows for good water and polymers dispersability and offers the possibility 

of functionalization with biomolecules to tune its bioactivity, unlike graphene sheets directly 

obtained from graphite. 10 However, GO is electrically insulating and thermally unstable, 

requiring at least partial reduction to restore these properties when required for the final 

application. GO can be reduced by different chemical and thermal procedures, leading to 

exfoliated wrinkled reduced graphene oxide (rGO) sheets, similar to pristine graphene, but 

with some oxygen defects and holes on the carbon skeleton. 11 

In recent years, graphene, GO and rGO have been used as fillers in both natural and 

synthetic polymer nanocomposites to improve their physicochemical properties for bone 

tissue engineering applications. Among different types of such composites, including 

electrospun fibers, 12-13 hydrogels, 14-15 or additive manufactured (AM) scaffolds, 16-19 the 

latter are superior when aiming towards load bearing applications, as they provide higher 

mechanical properties. Compared to other AM methods, melt extrusion AM (ME-AM) is 

considered a cost effective and established technique within the tissue engineering field, 

which enables the processing of a wide range of biocompatible and biodegradable 

thermoplastic materials, and provides full control on the internal pore architecture of the 

scaffolds. Accordingly, three main routes have been explored for the production of 

graphene derivatives-polymer composites to be used by ME-AM: solution blending, melt 

blending, and in situ polymerization. 20 While solvent blending is a simple path to obtain a 
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good filler dispersion, it generally requires the use of expensive and non-environmentally 

friendly organic solvents, which can potentially stay as residues within the composite 

matrix. 21 In situ polymerization has shown to offer even a higher level of dispersion due to 

monomer intercalation between filler layers, followed by polymerization. However, this 

process can also require the use of solvents and is limited to specific polymer types. 22 In 

spite of not providing the same level of filler dispersion as the aforementioned techniques, 

melt blending by twin screw compounding holds the most promise for large-scale 

composite fabrication, due to its lower cost, green production and industrial applicability. 

23-24 However, some reports have described the formation of air pockets within extruded 

polymer composite filaments containing GO at high concentrations, due to its thermal 

instability and in situ thermal reduction at the extruding temperature. 25 rGO has also 

offered some challenges when used as a filler, despite its thermal stability. This is due to 

its very low bulk density and volatility after volume expansion upon thermal reduction, 

which impedes its free-flowability into melt compounders and can lead to nanoparticle 

intake by inhalation during handling. 26 To overcome this, rGO compaction or densification 

by dispersion in a solvent and drying, 24 pre-coating with polymer particles in solution, 27 

or the preparation of a highly concentrated masterbatch by solvent blending, prior to melt 

blending, have been considered. 28 Yet, the attention from rGO as filler for ME-AM 

scaffolds for bone tissue engineering applications has been deviated and, to the best of 

our knowledge, the vast majority of previous studies have focused only on graphene and 

GO fillers for this application, despite pristine graphene’s low yield production and GO’s 

poor thermal stability and lack of electrical conductivity. 17, 29-31 

Here, we prepared densified rGO and studied, for the first time, the effect of rGO 

densification on its dispersion within melt blended rGO- poly(ethylene oxide 

terephthalate)/poly(butylene terephthalate) (PEOT/PBT) composites, at various rGO 

concentrations. While most of previously reported graphene based ME-AM scaffolds 

contain only up to 3 wt% filler content, and very rarely up to 10 wt%, in this study we 

investigated the feasibility of preparing composites with up to 15 wt% rGO, and evaluated 

their conductivity and printability as a function of rGO compaction and concentration. 

Moreover, the effect of rGO concentration on the material physicochemical properties, in 

terms of hydrophilicity, protein adsorption, and antimicrobial properties was assessed. To 

evaluate its application for bone tissue engineering, we further assessed human 

mesenchymal stromal cells (hMSCs) adhesion, proliferation and osteogenic differentiation 

on the prepared 3D ME-AM scaffolds.  
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MATERIALS AND METHODS 

rGO synthesis and characterization 

GO was synthesized by Abalonix AS according to a proprietary in-house GO 

manufacturing method, and thermally reduced to obtain partially reduced rGO. During the 

reduction process, GO was introduced for few seconds into a tubular oven at 600 °C. 

However, due to cold air flowing through the oven chamber, the real temperature that the 

material experiences was estimated to be ~ 300 °C. Three different rGO batches were 

produced following the same protocol. Densified / compacted (the two terms will be used 

interchangeably) forms of these rGOs (hereafter referred to as d-rGO) were produced by 

dispersion into a solvent and subsequent drying. rGO was dispersed in acetone at 50 

mg/ml and dried at room temperature to obtain d-rGO-B, with a bulk density of ~ 50 g/L. 

To obtain d-rGO-A, rGO was dispersed in water at 50 mg/ml and dried at 100 °C. The 

water dispersion and drying process was carried out two times to obtain d-rGO-C with a 

bulk density of ~ 90g/L. Overall, three different d-rGO materials were obtained: d-rGO-A 

(densified in water, bulk density 50 g/L), d-rGO-B (densified in acetone, bulk density 50 

g/L) and d-rGO-C (densified in water, bulk density 90 g/L). 

In order to evaluate the atomic composition of each d-rGO material, X-ray photoelectron 

spectroscopy (XPS, K-Alpha – Thermo Scientific, US) was used. Moreover, X-ray 

diffraction (XRD, D8 Advanced, Brukers, Germany) was employed to investigate the 

different rGO batches crystallinity and their layered structure. In addition, SEM was carried 

out to characterize the microstructure of the different d-rGO materials. 

Composite production and characterization  

d-rGO-polymer composites were obtained by compounding individually the various d-rGO 

materials (d-rGO-A, d-rGO-B and d-rGO-C) with PEOT/PBT (300PEOT55PBT45, pellets 

form, PEO Mw 300 kDa, PEOT:PBT weight ratio= 55:45, intrinsic viscosity 0.51 dl/g, 

Polyvation, The Netherlands). Production was carried out in a lab scale co-rotating twin-

screw extruder installed in Nadir S.r.l., consisting of a screw profile with 8 zones, 3 

interposed kneading sections, and a screw dimensions of 11 mm diameter and 40 length-

to-diameter ratio. PEOT/PBT pellets and d-rGO powder were fed at different 

concentrations (3, 10, 15 wt%) into the main hopper with a volumetric feeder. The screw 

rotation speed was fixed at 80 rpm, while the barrel temperature was set at 140°C for the 
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first zone and 145-150°C for the following zones. Resulting composite wires were taken at 

the die exit, solidified in air and pelletized in a pelletizer machine. These will be referred to 

as “X% d-rGO-Y” pellets or composites, where “X” refers to the rGO concentration in wt% 

(3, 10, 15) and “Y” refers to the d-rGO batch (A, B, or C).  

TGA measurements of the d-rGO batches and composites were carried out in a vertical 

thermo-balance, TGA Discovery 55 analyser (Water-TA Instruments). About 11 mg 

samples were conducted under nitrogen atmosphere (99,999% N2) with a flow rate of 90 

ml/min and using a temperature heating rate of 10 °C/min up to 900 °C. Residual weight 

percentages at 550 °C extracted from the TGA curves were used to calculate the 

experimental rGO loading of each composite. The 550 °C temperature was selected from 

the separate rGO and polymer only TGA’s, as the temperature where most of the polymer 

was burnt off and most of the rGO was still left. 

To analyze potential aggregation of d-rGO after the compounding process, pellets of each 

material were dissolved in chloroform. After mechanical stirring, a sample of each solution 

was dispensed on a scanning electron microscopy (SEM) sample holder, dried at room 

temperature, and imaged using SEM (XL-30) operating at a beam voltage of 15 kV and a 

spot size of 3. Particle size distribution was assessed using the image analysis software 

ImageJ. 

Scaffolds fabrication and characterization 

Scaffolds were fabricated via ME-AM. The platform consisted of a custom-made printhead, 

with separate heating sources for the cartridge (polymer reservoir) and extrusion screw, 

mounted on a three- axis stage (Bioscaffolder, Gesim). 32 Briefly, the cartridge was filled 

with the pellets of the composite material to be printed, and scaffolds with a 0-90 

architecture, 250 µm fiber diameter, 200 µm layer thickness and 750 µm strand distance 

(center to center) were fabricated according to parameters in Table 1. Cylindrical scaffolds 

of 4 mm diameter and 4 mm height were punched out from 15x15x4 mm3 manufactured 

blocks using a biopsy punch and used for further experiments.  

Scaffolds morphology and porosity were assessed using a stereomicroscope (Nikon 

SMZ25). Scaffolds surface roughness was examined using SEM, operating at 10 kV, and 

a spot size of 3. The electrical conductivity of extruded filaments (length 6 cm, diameter 

340 µm and 800 µm) of each material was measured using a digital multimeter (maximum  

measurable resistance: 2000 MΩ). To do this, filaments with a known diameter and length 
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were connected to the multimeter electrodes with conductive silver paste (Chemtronics 

Silver Conductive Adhesive Epoxy) to ensure good contact. The volume electrical 

conductivity was calculated by Equation 1. 

Cell studies and antimicrobial analysis was performed only on the d-rGO-B scaffolds due 

to their superior combined properties for the final application, in terms of processability and 

electrical conductivity, compared to the d-rGO-A and d-rGO-C composites.  

 

Table 1. Fabrication parameters of d-rGO-polymer composite scaffolds 

Scaffold 
T reservoir  

(° C) 

T screw  

(° C) 

Pressure 

cartridge 

(bar) 

Screw 

rotation 

speed (rpm) 

Translation 

speed (mm/s) 

3% d-rGO-A 195 200 8 60 15 

10% d-rGO-A 220 220 8 60 15-20 

15% d-rGO-A not extrudable 

3% d-rGO-B 195 200 8 60 15 

10% d-rGO-B 200 210 8 40 15-20 

15% d-rGO-B 200 210 8 60 15-20 

3% d-rGO-C 200 205 8 60 15 

10% d-rGO-C 200 205 8 60 15 

15% d-rGO-C 200 210 8 60 15-20 

 

Equation 1. Volume electrical conductivity (σ) formula, where l is the filament length (6 cm), R is 
the electrical resistance and A is the filament cross sectional area (diameter 340 µm and 850 µm). 

𝜎 =
𝑙

𝑅 ∙ 𝐴
 

Films preparation and characterization  

2D films were prepared from around 60 milligrams of (3, 10, 15)% rGO-B pellets and 

PEOT/PBT pellets, which were molten at 190-210 °C and pressed with a coverslip against 

a Teflon sheet to obtain 14 mm diameter, ~300 µm thickness films. Static contact angle 

was measured on these films using the sessile drop method. To do this, a 4 µl water droplet 

was placed on top of the films by an automatic syringe dispenser (Krüss DSA25S). 20 

seconds after droplet formation, the contact angle was calculated automatically by the 

device’s software using the Laplace–Young curve fitting.  
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Protein adsorption to the films was analysed by incubation in a bovine serum albumin-

FITC protein solution (1mg/ml, Sigma Aldrich) overnight at 37 °C. After washing in PBS, 

films were blotted in an adsorbent paper and incubated for 2h at RT in a 1% SDS solution. 

Supernatants fluorescence was measured at excitation/emission = 495 nm/519 nm. Cell 

studies and antimicrobial analysis was performed only on the d-rGO-B films, due to their 

superior combined properties for the final application, in terms of processability and 

electrical conductivity, compared to the d-rGO-A and d-rGO-C composites.  

Antibacterial activity 

The antibacterial activity of (3, 10, 15)% d-rGO-B scaffolds and films against P. aeruginosa 

(CECT 116) and S. epidermidis (CECT 231) was evaluated by means of the flask shake 

test method. Briefly, scaffolds were immersed in concentrated bacterial suspensions (106 

CFU·L-1) in nutrient broth (1:500) for 24 h at 37 °C. After incubation, the number of viable 

bacteria present in the suspensions was measured by placing aliquots of the suspensions 

in sterile petri dishes with molten nutrient agar per triplicate and swirled gently. The petri 

dishes were incubated at 37 °C for 24 h, after which the colonies present on the plates 

were counted. Values are reported as the log base 10 reduction (R), calculated as the 

difference in the log base 10 of the viable cell counts found on a suspension that has not 

been in contact with the scaffolds and the counts on a suspension that has been in contact 

with the scaffolds.  

In addition, the antibacterial activity of (3, 10, 15)% d-rGO-B scaffolds was evaluated by 

means of the Agar disk-diffusion method. For that, scaffolds were incubated for 3 days in 

1 ml PBS. Mueller- Hinton agar plates were spread with a standardized inoculum of P. 

aeruginosa and S. epidermidis. At each timepoint (24h, 48h, 72h), 20 µl of each of the 

scaffolds’ supernatant was collected and used to impregnate commercial paper discs, 

which were subsequently placed on the agar surface. The agar plates were incubated 

under 37 °C during 18-24 hours. After incubation, zones of growth inhibition (ZOI) around 

each of the discs (including disc diameter) were measured to the nearest millimeter. For 

reporting, the disc diameter was subtracted.  

Cell seeding and culture 

HMSCs isolated from bone marrow were purchased from Texas A&M Health Science 

Center, College of Medicine, Institute for Regenerative Medicine (Donor d8011L, female, 
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age 22). Cryopreserved vials at passage 3 or 4 were plated at a density of 1000 cells×cm-

2 in tissue culture flasks and expanded until approximately 80 % confluency in complete 

media (CM). CM was composed of αMEM with Glutamax and no nucleosides (Gibco) 

supplemented with 10% fetal bovine serum (FBS), without penicillin-streptomycin 

(PenStrep) at 37 °C and 5% CO2. 

Cell seeding on 2D films  

PEOT/PBT and (3, 10, 15)% d-rGO-B films were disinfected in 70% ethanol for 20 min, 

washed 3 times with PBS, and fixed on the bottom of well-plates with the help of 

biocompatible O-rings (Eriks, 10023241). Prior to cell seeding, films were incubated in CM 

for 2h at 37 °C and 5% CO2 for protein adhesion. Trypsinized hMSCs were re-suspended 

in fresh media and seeded at 2,500 cells per film. HMSCs were cultured on films for 7 

days, and media was replaced every 2 or 3 days.  

Cell seeding on scaffolds 

For cell attachment experiments, PEOT/PBT and (3, 10, 15)% d-rGO-B scaffolds were 

disinfected in 70% ethanol and incubated in CM for 2h at 37 °C and 5% CO2 to allow 

protein attachment. Subsequently, scaffolds were blotted on top of a sterile filter paper and 

placed in the wells of a non-treated wellplate. Trypsinized hMSCs were resuspended in a 

dextran solution (500 kDa, Farmacosmos) (10 wt% dextran in CM), to achieve uniform cell 

distribution, 33 and were seeded at a density of 2x105 cells with 37 µl of CM per scaffold. 

After 4h incubation for cell attachment, scaffolds were transferred to new wells containing 

1.5 ml of basic media (BM) (CM supplemented with 200 μм L-Ascorbic acid 2-phosphate). 

BM was replaced after 24h and every 2 or 3 days from then on. Scaffolds were cultured 

for 7 days. For osteogenic differentiation experiments, PEOT/PBT and 3% d-rGO-B 

scaffolds were seeded as mentioned before, and cultured for 7 days in BM, after which 

scaffolds were further cultured either in BM or in mineralization media (MM), consisting of 

BM supplemented with dexamethasone (10 nм) (Sigma-Aldrich) and β-glycerophosphate 

(10 mм) (Sigma-Aldrich) for another 28 days. 

Cells imaging on films and scaffolds  

Films and scaffolds seeded and cultured with cells were fixed in 4% paraformaldehyde 

and incubated for 30 min in Triton-X 100 (0.1 v%). Then, cell cytoskeleton and nuclei were 
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stained with 488 Alexa Fluor Phalloidin (Thermo Fisher Scientific, 1:75 dilution in PBS, 1h 

at RT) and DAPI (0.1 µg/ml in PBS, 15 min), respectively. 

Biochemical assays 

Alkaline Phosphatase (ALP) activity 

To measure ALP activity, scaffolds were collected after 14 and 35 days of culture, freeze-

thawed 3 times and incubated for 1h at RT in a cell lysis buffer composed of KH2PO (0.1 

м), K2HPO4 (0.1 м), and Triton X-100 (0.1 v%), at pH 7.8. The chemiluminescent substrate 

for ALP CDP star® ready to use reagent (Roche) was added to the cell lysate at a 1:4 

ratio, and luminescence was measured using a spectrophotometer. Remaining cell lysates 

were kept for DNA quantification. ALP values were reported normalized to DNA content. 

DNA assay 

DNA assay was performed on cells cultured on films and scaffolds using the CyQUANT 

cell proliferation assay kit (Thermo Fisher Scientific). Lysed scaffolds after ALP assay and 

frozen films after collection were incubated overnight at 56 °C in Proteinase K solution (1 

mg×ml-1 Proteinase K (Sigma-Aldrich) in Tris/EDTA buffer) for matrix degradation and cell 

lysis. After three freeze-thawing cycles, samples were incubated for 1h at RT with a 20X 

diluted lysis buffer from the kit containing RNase A (1:500) to degrade cellular RNA. 

Subsequently, the fluorescent dye provided by the kit (1:1) was added and fluorescence 

was measured after 15 min incubation (emission/excitation = 520/480 nm). DNA 

concentrations were calculated from a DNA standard curve. 

Alizarin red S (ARS) staining and quantification 

Calcium deposits on scaffolds cultured for 35 days in BM and MM were stained by ARS 

(60 mм, pH 4.1 - 4.3, 20 min incubation at RT) and visualized using a stereomicroscope 

(Nikon SMZ25). After imaging, ARS was extracted and quantified. To do this, scaffolds 

were incubated for 1h at RT with 30 v% acetic acid, followed by 10 min incubation at 85 

°C. After a centrifugation step at 20,000 rcf for 10 min, ammonium hydroxide (5 м) was 

added to the supernatants to bring the pH to 4.2. The absorbance was measured at 405 

nm using a spectrophotometer. Concentration of ARS was calculated from an ARS 

standard curve and the values were normalized to DNA content. 
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Statistical analysis  

All data is shown as average with error bars indicating the standard deviation of at least 

three replicates. Analysis of statistics was conducted with GraphPad Prism (version 8.0.1). 

A t-test analysis, or a one-way or two-way analysis of variance (ANOVA) followed by a 

Tukey’s post-hoc multiple comparison test correcting for multiple comparisons, was 

performed to evaluate statistical significance.  

RESULTS AND DISCUSSION 

Effect of densification on resulting d-rGO properties 

One of the most attractive methods for dispersing fillers into polymers, in terms of costs, 

scalability and green production, is melt compounding. 34 Due to the low scale separation 

of exfoliated graphene sheets from bulk graphite, and the low thermal stability of GO, the 

use of rGO within melt blended polymer-graphene derivatives composites is preferred. 35 

However, the low bulk density of rGO makes its feeding into compounders very difficult. 

This low bulk density originates from the exfoliation and volume expansion of GO caused 

by the CO2 formed upon the decomposition of oxygen-containing functional groups during 

the high temperature thermal reduction process. 24, 26, 28 For this reason, prior to 

compounding with PEOT/PBT, the as-produced very low bulk density rGO (10 g/L) was 

densified (d-rGO) to ease its handling and dosing into the twin-screw compounding 

system, as well as to reduce the nanoparticles’ inhalation hazard. In order to investigate 

the effect of different densification parameters (i.e. densification solvent and final rGO bulk 

density) on the resulting d-rGO properties, as well as on the compounding and printing 

processes, two different densification solvents, acetone and water, were used. Previous 

literature suggests the applicability of these solvents as densification medium. 24, 36-37 Here, 

three d-rGO materials were obtained after dispersion in either of these two solvents 

(Figure 1): i) d-rGO-A: densified in water, bulk density 50 g/L (ρ medium), ii) d-rGO-B: 

densified in acetone, bulk density 50 g/L (ρ medium), and iii) d-rGO-C: densified in water, 

bulk density 90 g/L (ρ high).  

Since each of the d-rGO came from a different rGO source, their elemental composition 

was analysed to confirm equal C/O ratios and to allow for subsequent comparisons. 

According to the XPS analysis in Table S1, all d-rGO materials were partially reduced, due 

to the presence of oxygen in their composition. The C/O ratios were maintained between 
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Figure 1. Schematic of the polymer-rGO composite scaffold fabrication route. The low bulk density 
as-prepared rGO was densified (d-rGO), and three different d-rGO types were obtained: d-rGO-A 
(densified in acetone, medium bulk density), d-rGO-B (densified in water, medium bulk density) 
and d-rGO-C (densified in water, high bulk density). Each of the d-rGO was melt blended via twin 
screw extrusion with PEOT/PBT to obtain composites at three different d-rGO concentrations (3, 
10 and 15 wt%). Each of the composites was used to fabricate scaffolds via melt extrusion AM. 

 

5 and 6 in all rGO batches, verifying a consistent reduction degree among batches. 

Moreover, all batches presented traces of N, Al, Si, S, Cl or Fe lower than 1 atomic%. 

Impurities of sulfur and nitrogen were likely to be due to the covalently bonded sulfates 

and nitrates during the Hummers method to produce GO. 38-39 Metallic contaminations are 

thought to derive from the starting graphitic material itself or the synthesis process. 40-41 

The XRD patterns also showed no differences in the crystalline structure among the 

different d-rGO’s (Figure S1). All diffractograms showed a (002) diffraction peak at 24 

degrees, corresponding to rGO materials with an interlayer distance of 0.37 nm, and a 

(100) peak at ~ 42 degrees.  38, 42 Upon calculation of the full width at half maximum 

(FWHM) of the (002) peaks, the same crystallite size among the different d-rGO’s was 

confirmed (Figure S1B). The low intensity and broadness this peak revealed the 

amorphous structure and the short-range order of the d-rGO’s. 43-44 Other peaks at ~28-

33 degrees, which correspond to crystalline mineral impurities, were also appreciated in 

some the diffractograms. 45 In addition to these, some spectra showed low intensity sharp 
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peaks at ~ 26.5 degrees, which correspond to traces of unoxidized graphite. Overall, all d-

rGO display similar XRD diffractrograms, suggesting that the densification step did not 

have an impact on the reduction degree, nanocrystalline structure or crystallite size of the 

samples. However, it is believed that the high porosity of as-prepared rGO created due to 

volume expansion and CO2 formation during the thermal reduction process, is reduced 

during densification, leading to a more compacted and aggregated material. rGO 

aggregation has been previously reported during the complete removal of water after an 

aqueous GO reduction process, or after drying rGO in an acetone solution. 24, 46 

Furthermore, previous studies have revealed that re-dispersion of rGO in water or ethanol 

followed by a drying step, lead to agglomeration of the powder and a shrinkage of their 

macroporous and mesoporous structure. 37 For these reasons, we hypothesize that d-rGO-

C, with the highest bulk density, was the highest compacted material after solvent 

evaporation. This was confirmed by SEM, where both d-rGO-B and d-rGO-C displayed 

particles aggregating together, but d-rGO-C clearly revealed a less porous and more 

compacted structure at higher magnifications (Figure S2). Although possessing the same 

bulk density, differences among d-rGO-A and d-rGO-B were also expected, since they 

were densified in different solvents. Previous literature suggests that the shrinkage of rGO 

pore size after drying aqueous solutions is more pronounced compared to that of rGO 

dried in solvents with lower polarity, surface tension, and wettability, such as ethanol or, in 

our case, acetone. 37 This is due to the better interaction of water with rGO, which exerts 

a higher capillary force upon evaporation, causing a significant decrease in the macro- and 

mesopore volume. For this reason, d-rGO-A densified in water is hypothesized to be a 

more compacted material than d-rGO-B. Therefore, the three different d-rGO could be 

classified according to their compaction degree, being d-rGO-C the most compacted 

(densified in water, bulk density 90 g/L), followed by the medium compacted d-rGO-A 

(densified in water, bulk density 50 g/L), and the low compacted d-rGO-B (densified in 

acetone, bulk density 50 g/L).   

Effect of d-rGO densification on melt compounding 

After densification, each of the d-rGO materials was melt compounded with PEOT/PBT to 

form PEOT/PBT-d-rGO composites (Figure 1). TGA measurements of the experimental 

d-rGO loading on each of the composites suggested the reproducibility of the melt 

compounding process regardless the d-rGO used, for all d-rGO concentrations (Table 2, 

Figure S3). Yet, it is worth noting that when d-rGO-B was blended at high concentrations 



Chapter 6 

210 

 

(15 wt%), the experimental values deviated slightly from the theoretical ones, and the 

composites contained lower d-rGO amounts than expected. This can be likely due to an 

inhomogeneous distribution of d-rGO within the pellets and the low amount of sample (a 

few pellets at most) used for TGA measurements. 

Table 2. Experimental loadings (wt%) of each of the composites calculated by TGA.  

 3 wt%  10 wt% 15 wt%  

d-rGO-A 2.91 ± 0.34 11.22 ± 0.45 17.73 ± 0.28 

d-rGO-B 2.18 ± 0.84 11.68 ± 1.03 11.73 ± 1.29 

d-rGO-C 4.64 ± 0.28 9.47 ± 6.09 15.01 ± 1.03 

 

The differences in compaction degree mentioned above correlated well with the filler 

dispersion within the PEOT/PBT-d-rGO composite after compounding. Filler aggregation 

as an indirect measure of d-rGO dispersion was evaluated by dissolving the composites 

in chloroform, and visualizing and quantifying the size of d-rGO particles. Figure 2A 

displays representative SEM images of d-rGO within each of the composites. Small 

particles up to 50 µm were abundant for all conditions (relative frequency ~ 80 %)  (Figure 

2A, B). In addition, big d-rGO aggregates were also observed mainly in d-rGO-A 

composites (ρmedium), at all d-rGO concentrations, and on d-rGO-B composites (ρmedium) at 

high concentrations (10% and 15%). Interestingly, d-rGO-C composites (ρhigh) displayed 

much lower d-rGO aggregation, as revealed by the SEM images and the lower number of 

> 200 µm aggregates compared to d-rGO-A and d-rGO-B composites (Figure 2B). Among 

all, the d-rGO-A composites displayed the largest number of > 200 µm aggregates, 

especially at 3% and 15% d-rGO. It is believed that the high bulk density d-rGO-C occupied 

a smaller volume fraction within the composite at a given wt% compared to d-rGO-A and 

d-rGO-B, even for high d-rGO concentrations. This avoided particle interaction within the 

composites and reduced the number of visible aggregates. On the other hand, due to the 

lower bulk density of d-rGO-A and d-rGO-B, these were able to reach a critical volume 

occupancy within the composites at much lower concentrations (wt%). This increased the 

probability of d-rGO particles interaction, and the formation of particles overlaps into bigger 

agglomerates, by hydrophobic interactions. 10, 47-48 In addition, due to the lower porosity 

and higher compaction degree of d-rGO-A compared to d-rGO-B, filler exfoliation and 

dispersion within the d-rGO-A composites was more difficult, leading to the visualization 
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of a larger number of aggregates. Compared to melt compounding, other composite 

production methods such as solvent blending or in situ polymerization, have shown to 

ensure more uniform d-rGO dispersions. 24, 49 Moreover, several reports have suggested 

the preparation by solvent blending of rGO-polymer masterbatches, to be used as starting 

material to prepare other rGO composites by melt compounding. 28, 50-51 This approach has 

shown to lead to better rGO dispersion, as it skips the densification or compaction step. 

However, it involves the use of organic solvents in the process, which is not desirable for 

biological applications, as the solvents can remain as residues within the composite matrix. 

 

Figure 2. (A) Representative SEM micrographs of d-rGO particles and aggregates after dissolving 
each composite in chloroform. Scale bars 200 µm. Inserts correspond to high magnification images. 
Scale bars 50 µm. (B) Size distribution of d-rGO particles and aggregates measured from SEM 
micrographs in (A). 
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Notably, d-rGO volume occupancy and dispersion within the composite also correlated 

well with the electrical properties of extruded composite filaments, as presented in Table 

3. d-rGO-C extruded filaments’ high resistance (out of the device range) impeded the 

report of their conductivity values at any d-rGO concentration. In case of the d-rGO-A and 

d-rGO-B filaments, their electrical conductivity was measurable from 10% d-rGO, and they 

were more conductive with increasing d-rGO content, as previously reported. 28 

Interestingly, the conductivity of 10% d-rGO-A filaments was 35-fold and 3-fold higher 

compared to 10% d-rGO-B and 15% d-rGO-B, respectively, suggesting the lower 

percolation threshold of the d-rGO-A composites. As 15% d-rGO-A was not extrudable, no 

filament was obtained for this measurement. It is evident that the high volume fraction and 

poor dispersability of d-rGO-A within the composites helped to form a more connected d-

rGO network leading to conductive composites at lower loadings than the less compacted 

and better dispersed d-rGO-B. On the other hand, the lower volume fraction of d-rGO-C 

within the composites could not create such conductive pathways and electrical 

conductivity was not measurable.24, 46, 52-53 

Table 3. Conductivity values of extruded filaments from each composite. 

 
Conductivity  

3% (mS/m) 

Conductivity 

10% (mS/m) 

Conductivity 

15% (mS/m) 

d-rGO-A < 0.32 13.8 ± 1.1 n.a. 

d-rGO-B < 0.32 0.44 ± 0.1 5.4 ± 1.2 

d-rGO-C < 0.32 < 0.32 < 0.32 

Effect of d-rGO compaction on composite printability 

The d-rGO volume occupancy, compaction degree and dispersion also influenced 

composites printability by ME-AM (Figure 3). Interestingly, due to the large volume fraction 

and high frequency of large d-rGO aggregates in the 15% d-rGO-A composites, as shown 

in Figure 2, this material remained a paste-like material rather than a melt, even at 220 

°C, and was not printable within the operational limits of the AM device (in terms of printing 

temperature and cartridge pressure). Reducing the filler loading down to 3 wt% made it 

possible to produce scaffolds with a fiber diameter of 250 µm (Figure 3 and Figure S4). 

The fabrication of 10% d-rGO-A scaffolds was challenging, since lack of bonding between 

layers prevented their stability and handling, in spite of printing at the highest operational 
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temperature (220 °C) and increasing the fiber diameter (up to 340 µm) for promoting a 

bigger area of contact in between layers (Figure 3 and Figure S5). On the other hand, 

scaffolds with a fiber diameter of 250 µm were obtained with all d-rGO-B composites, 

including 10% and 15% d-rGO-B (Figure 3, Figure S4). The printability and good 

interlayer bonding of these materials, compared to d-rGO-A, was possible due to the 

increased filler dispersion within the d-rGO-B composites and the lower number of 

aggregates compared to d-rGO-A (Figure 2). These parameters might have led to a lower 

viscosity of the 10% d-rGO-B melt compared to the 10% d-rGO-A melt at a given 

temperature, allowing an enhanced interlayer contact and bonding. 54 Printing temperature 

was adjusted for each d-rGO-A composite, ranging between 195 °C and 210 °C, since 

viscosity of the melt was found to increase with increasing d-rGO concentration for all 

composites. 55 Notably, while 3 and 10 % d-rGO-B scaffolds fabrication was reproducible 

in terms of resulting filament morphology and z-porosity, 15% d-rGO-B scaffolds lateral 

porosity did not always remain constant across the scaffold height (Figure 3). This was 

possibly due to sudden viscosity changes during the extrusion process, probably caused 

by the discontinuous presence of d-rGO-B aggregates changing the flow of the molten 

composite and, therefore, causing filaments sagging at some points during the printing 

process. Interestingly, d-rGO-C scaffolds printing was very stable, and scaffolds with 

optimum lateral porosity were obtained for all d-rGO concentrations (Figure 3). Looking at 

d-rGO-C scaffolds filament cross section by SEM (Figure S6), it can be observed that 

PEOT/PBT (showing a flowy appearance) occupies much larger volume than d-rGO 

particles (with a grainy and spiky appearance), which are present as dispersed islands 

within a polymer matrix for all d-rGO concentrations, making these materials relatively easy 

to print. On the other hand, d-rGO dominantly occupied the d-rGO-A and d-rGO-B 

scaffolds filaments volume, especially on 10% and 15% d-rGO scaffolds, leading to 

difficulties when printing. Overall, these results suggest that d-rGO bulk density, and 

therefore volume fraction, as well as d-rGO densification solvent, which dictates 

compaction and dispersability degree, plays key roles in the maximum filler loading to 

process composites into ME-AM scaffolds. While previous studies have reported ME-AM 

scaffolds production only up to 10 wt% pristine graphene or rGO, 19, 31 we were able to 

produce scaffolds with up to 15 wt% d-rGO. Despite the apparent lower rGO content in 

these studies, equivalent volume percentages or graphene densities would be required to 

make fair comparisons with the composites studied herein. Nevertheless, to the best of 

our knowledge, solvent blending and direct ink writing (solvent-based printing) are the only 
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described manufacturing methods for scaffolds with higher graphene derivatives 

concentrations (50-75 wt% graphene), which both suffer from requiring the application of 

organic solvents. 18, 53  

 

Figure 3. Stereomicroscopy images of 3D ME-AM scaffolds cross sections and top view (insets) 
obtained using each of the d-rGO composites, depicting scaffolds morphology and interconnected 
porosity. Scale bars 1mm.  

 

The ME-AM scaffolds microscale surface roughness was analysed by SEM (Figure 4). As 

a general observation, the qualitative scaffold surface roughness increased with increasing 

d-rGO content for all scaffolds types, given by the irregular protuberances formed by the 

underlying rGO particles. Interestingly, the surface of 3% d-rGO scaffolds remained rather 
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smooth, regardless of the d-rGO type (Figure 4). This is in agreement with previous 

reports, in which the surface of ME-AM scaffolds containing less than 5 wt% graphene (or 

derivatives) did not present changes in their surface microroughness compared with bare 

polymeric scaffolds. 56 In the case of 10% and 15% d-rGO scaffolds, the degree of 

roughness was influenced by the type of d-rGO, i.e. its bulk density, compaction degree 

and volume fraction within the filament, for a given d-rGO concentration. In this regard, 

10% d-rGO-A presented higher roughness than 10% d-rGO-B, and both higher than 10% 

d-rGO-C. Similarly, 15% d-rGO-B scaffold surface was much rougher than that of 15% d-

rGO-C scaffolds, where only few wrinkles raised on the surface. This is likely due to the 

much lower volume fraction occupied by the highly compacted d-rGO-C particles 

decreasing their probability of populating the filaments surface. 

 

Figure 4. Representative SEM micrographs of composite scaffolds depicting the scaffold’s surface 
roughness. Scale bars 50 µm. 
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Effect of d-rGO concentration on wettability and protein adsorption 

Prior to assessing the interaction of cells with the ME-AM scaffolds, different material 

properties, such as wettability and protein adsorption, as well as cell-material interactions 

in 2D were evaluated. For this and further studies, only the d-rGO-B composites were 

taken into consideration as they demonstrated a wider printability window (up to 15 wt%) 

compared to d-rGO-A composites, and superior electrical conductivity compared to the d-

rGO-C composites, properties that are considered relevant for their application in bone 

tissue regeneration. The static contact angle measurements on composite films (Figure 

5A), suggested that the material remained rather hydrophobic (contact angle ~80 °) up to 

10% d-rGO-B. 15% d-rGO films contact angle was reduced down to ~50 °, denoting the 

composite hydrophilicity. While the increased hydrophilicity of polymers upon d-rGO-B 

addition is in agreement with some previous reports, 19, 57 others have suggested the 

opposite trend. 58-59 The increase in hydophilicity of 15% d-rGO-B observed within our 

study might be explained by the d-rGO-B being partially reduced and containing remnant 

hydrophilic oxygen functional groups, as well as by the presence of larger amounts of d-

rGO on the surface of the films with increasing d-rGO-B concentrations. Protein adsorption 

was assessed by incubating the films in a BSA solution, as a model protein for studying 

protein-substrate affinity (Figure 5B). While 3% d-rGO-B films adsorbed as much protein 

as PEOT/PBT films, d-rGO-B content over 3% led to a significant increase in protein 

adsorption to the films. It is believed that rGO interacts with proteins mainly through 

hydrophobic van der Waals and π−π stacking interactions, due to the carbon structure. 60-

61 Yet, electrostatic interactions and hydrogen bonding are also possible due to the partial 

presence of oxygen groups on rGO. 60-61 As Figure 5B demonstrates, increasing the d-

rGO-B concentration up to 15% led to a 4-fold increase in protein adsorption in 15% d-

rGO-B films, likely due to a larger amount of interaction points with proteins, compared to 

lower d-rGO-B content films. 

Surface physicochemical properties, i.e. roughness, hydrophilicity and protein adsorption 

ability, can regulate cellular behaviour. To evaluate this effect, hMSCs were cultured on 

films pre-incubated in cell culture medium. Due to a potential partial loss of conformation 

(i.e. hiding of cell-binding sites) of the adsorbed proteins when adhered to the rGO-based 

surfaces, previously described in the literature, 62 as well as gravity acting as the main 

factor favouring cell attachment on 2D substrates, cell attachment to films did not 

significantly increase with increasing d-rGO-B content. This was observed upon DNA 
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quantification at day 1 (Figure 5C). Yet, compared to the spread morphology of cells on 

PEOT/PBT films, hMSCs cultured on d-rGO-B based films, especially at high d-rGO-B 

content (10 and 15 wt%), showed a spindle-shape, elongated and branched morphology 

at both day 1 and 7, suggesting higher affinity of hMSCs towards d-rGO-B containing 

materials, probably due to the aforementioned enhanced protein adsorption (Figure 5D). 

It is also plausible that the ridges and groves on the films rough surface, given by the 

underlying d-rGO-B, provided contact guidance cues for cells to acquire an elongated 

morphology. 63-64 

 

Figure 5. Effect of rGO concentration on physicochemical properties and cell-material interactions 
in 2D. (A) Static contact angle measured on PEOT/PBT and d-rGO-B composite films. (B) Protein 
adsorption to d-rGO-B films upon incubation in a BSA solution, normalized to protein adsorption to 
PEOT/PBT films. (C) Quantification of hMSCs attachment to d-rGO-B films after 1 day of culture. 
(D) Fluorescent microscopy images of hMSCs (F-actin in green, nuclei in blue) cultured on films for 
1 and 7 days. Scale bars 100 µm. Data presented as average ± s.d. and statistical significance 
performed using one-way ANOVA with Tukey’s multiple comparison test (n.s. p > 0.05, * p < 0.05, 
**** p < 0.0001). 
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Effect of d-rGO concentration on scaffolds antimicrobial activity 

The antimicrobial activity of scaffolds was evaluated against relevant Gram - and Gram + 

bacterial strains in the orthopedic field: P. aeruginosa and S. epidermidis respectively. 

Preliminary experiments demonstrated the biocidal activity of d-rGO-B at different 

concentrations and of composite films when in direct contact with bacteria (Table S2 and 

Table S3). Importantly, the d-rGO-B ME-AM scaffolds also demonstrated higher 

antibacterial activity with increasing d-rGO-B concentration within the scaffolds (Figure 

6A). Interestingly, antibacterial effects were only evident when bacteria were placed in 

direct contact with the scaffolds, and no biocidal effect of the supernatant, in which 

scaffolds were incubated up to 3 days (Figure S7), was observed. This suggests that 

reactive oxygen species (ROS)-dependent oxidative stress might have not been the 

dominant antibacterial mechanism, and that membrane mechanical stress induced by 

sharp edges or corners of d-rGO-B exposed to the surface of the scaffolds, which act as 

nano-knives or nano-needles and disrupt bacteria membranes, could have been the 

prevailing mode of antibacterial action. 19, 59, 65 Besides, rGO has been shown to produce 

lower oxidative stress compared to GO, because of the lower amount of oxygen functional 

groups. 66 Mechanical stress causing bacterial damage would also explain the increasing 

antimicrobial activity with increasing d-rGO-B concentration, potentially due to more d-

rGO-B exposed to the filaments surface (Figure 6A). Furthermore, this mechanism would 

support scaffolds being more potent against P. aeruginosa (Gram -) than S. epidermidis 

(Gram +) (Figure 6A). As previously described, this could be attributed to the elongated 

and curved shape of P. aeruginosa being more vulnerable to rGO mechanical damage  

compared to S. epidermidis, with less surface area and a spherical shape. 67 

Due to the conductivity of rGO, charge-transfer oxidative stress can also be considered a 

main antimicrobial mechanism when bacteria get in contact with the surface of the 

scaffolds. Here, rGO can act as a conductive bridge over the bacteria lipid bilayer to 

mediate electron transfer from bacterial intracellular components to the external 

environment, interrupting the bacteria membrane respiratory chain, and leading to bacteria 

death. 65-66 Overall, this and all the aforementioned antibacterial mechanisms will be a 

matter of investigation in future studies. 
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Cell seeding on scaffolds and osteogenic differentiation  

In spite of scaffolds displaying antibacterial activity, hMSCs viability was not compromised 

when seeded on the d-rGO-B composite scaffolds, at any d-rGO-B concentration. As 

fluorescent microscopy images of cells (F-actin) attached to the scaffolds’ filaments in 

Figure 6C depict, cells populated the scaffolds from the beginning of the culture, and 

showed viable cells characteristics, i.e. a spread or elongated morphology. DNA analysis 

further confirmed the biocompatibility of the scaffolds up to 15% d-rGO-B, as cell number 

did not decrease after 7 days of culture, but was maintained rather constant (Figure 6B). 

While various reports have addressed the cyto- or genotoxicity of graphene and GO in 

contact with different cell lines, 68-70 only a few have tried to understand the biocompatibility 

of rGO, which greatly differs from the other derivatives in terms crucial factors for 

biointeractions, such as size (number of layers, available surface area), functional groups 

(reduction degree) and protein interactions. It has been demonstrated that the cytotoxic 

effect of GO and partially reduced rGO can be attenuated by proteins in serum binding to 

their surface, which can reduce the GO/rGO ability to penetrate or physically damage the 

cell membrane, both in in vitro cell cultures and in vivo. 71  In addition, rGO has been found 

to be, in general, more biocompatible than GO and to provide a reduced inflammatory 

response upon in vivo implantation, 72 but still its dose- and size-dependent cytotoxicity 

towards hMSCs has been shown. 73 Due to the d-rGO-B encapsulated within the polymer 

matrix and the polymer slow degradation rate such a cytotoxic effect was not evidenced 

during the culture period addressed here (35 days). 74-75 Future studies on scaffolds 

degradation kinetics and d-rGO-B release rate will be essential, as polymer degradation 

will eventually occur over time in an in vivo situation, releasing potentially toxic amounts of 

d-rGO-B. 

Considering the aforementioned potential long-term toxicity of highly loaded rGO scaffolds, 

preliminary osteogenic differentiation studies were performed with hMSCs seeded on 3% 

d-rGO-B scaffolds, a low concentration that has been commonly studied in previous 

reports. 56, 76-78 HMSCs were able to proliferate both in PEOT/PBT and 3% d-rGO-B 

scaffolds over the culture period (35 days) especially in MM, likely due to more ECM 

formation within the scaffolds pores acting as cell growth support, compared to BM (Figure 

S8). As an early osteogenic marker, Figure 6D demonstrates the ALP activity of hMSCs 

scaffolds. For both bare PEOT/PBT and 3 % d-rGO-B containing scaffolds, a peak in ALP 

activity was shown at day 14, with a significant decrease on day 35, both in BM and MM, 
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which is in agreement with the osteogenic differentiation progression. 79 However, no 

statistical differences on ALP activity were found among the d-rGO-B containing scaffolds 

and the PEOT/PBT control.  

 

Figure 6. Cell-material interactions in d-rGO-B scaffolds: effect of d-rGO-B concentration. (A) 
Antibacterial activity of scaffolds against P. aeruginosa and S. epidermidis. (B) DNA content on 
scaffolds seeded with hMSCs after 1 and 7 days of culture. (C) Fluorescent microscopy images of 
hMSCs attachment (F-actin, green) to composite scaffolds cross section. Scale bars 250 µm. (D) 
ALP activity of hMSCs seeded on PEOT/PBT and 3% d-rGO-B scaffolds after 14 and 35 days 
cultured in BM or MM. Data presented as average ± s.d. and statistical significance performed 
using two-way ANOVA with Tukey’s multiple comparison test (* p < 0.05, ** p < 0.01). (E) 
Stereomicroscopy images of PEOT/PBT and 3% d-rGO-B scaffold cross sections stained with ARS 
after 35 days of culture in MM. Scale bars 1 mm. (F) Quantification of the ARS staining extracted 
from scaffolds in (E), normalized to cell number. Data presented as average ± s.d. and statistical 
significance performed using T-test (n.s. p > 0.05). 
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ECM mineralization was examined at day 35 of culture in BM and MM with ARS, as a late 

osteogenic marker. Interestingly, both PEOT/PBT and 3% d-rGO-B scaffolds revealed 

calcium deposition on the ECM matrix produced by cells inside the pores of scaffolds 

cultured in MM, as depicted by the ARS in Figure 6E. In spite of a slight increase in the 

calcium deposition on 3% d-rGO-B scaffolds, no statistical differences were observed 

among these and the PEOT/PBT scaffolds (Figure 6F). These results imply that 3% d-

rGO-B scaffolds support osteogenic differentiation, observed by both early and late stage 

markers. Yet, these scaffolds seem to not enhance differentiation compared to bare 

polymeric scaffolds. While this is in disagreement with some previous reports, other 

studies only point out the enhanced cell adhesion and proliferation ability on composite 

scaffolds with such low graphene derivatives concentrations (up to 1 wt%). 16, 29, 76 As 

previously mentioned, this might very well be correlated to differences in rGO bulk density 

affecting the final volume fraction of rGO within the scaffolds. It is plausible that the low d-

rGO-B concentration used here (3 wt%) did not allow for sufficient exposure of d-rGO-B to 

the scaffolds filament surface, preventing it to act as a pre-concentration platform for 

osteogenic inducers (e.g. dexamethasone and β-glycerolphosphate), which is believed to 

be the origin of the enhanced stem cell differentiation exerted by graphene derivatives. 80-

82  In this regard, we hypothesize that the increased hydrophilicity and protein adsorption 

on 10% and 15% d-rGO-B scaffolds, together with their surface microroughness, would 

induce accelerated osteogenic differentiation, compared to 3% d-rGO-B and PEOT/PBT 

scaffolds. Nevertheless, future studies will be dedicated to validate this hypothesis, as well 

as to strike a balance between in vivo biocompatibility and bone formation ability. 

CONCLUSION  

Due to its very low bulk density, rGO has to be densified prior to melt compounding with a 

polymer. The aim of this study was to understand the effect of rGO densification 

parameters (densification solvent and rGO bulk density after densification) on rGO 

compaction degree and on the resulting melt compounded composites physicochemical 

properties and printability via ME-AM. The effect of rGO concentration on the materials’ 

physicochemical properties and cell-material interactions in 2D and 3D was also 

investigated. It was observed that high d-rGO bulk density (90 g/L) correlated with higher 

d-rGO compaction, which was translated into smaller d-rGO volume fraction for a given d-

rGO concentration within the polymer composite, and printability up to 15 wt% d-rGO. On 
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the other hand, medium bulk density d-rGO (50 g/L) occupied a greater volume within the 

melt compounded composites, which presented some challenges upon ME-AM at high d-

rGO contents (10 and 15 wt%), in terms of loss of filament fidelity, poor layer bonding, or 

even lack of printability. At a given bulk density (50 g/L), when comparing acetone and 

water as densification solvent, it was observed that densification in water led to a more 

compacted d-rGO than d-rGO densified in acetone, and d-rGO was poorly dispersed within 

the polymer matrix. This led to bigger aggregates formation within the composites, whose 

connections were able to create conductive pathways within the composites, making these 

materials the most conductive among all d-rGO types. Composites prepared medium bulk 

density d-rGO-B densified in acetone were chosen for further characterization, due to a 

balance of printability and electrical properties. It was observed that increasing d-rGO 

content led to increasing material hydrophilicity and protein adsorption, as well as to 

increasing surface roughness due to higher rGO exposure to the surface. Scaffolds 

prepared with 3, 10 and 15% d-rGO were found to possess increasing antibacterial 

properties with increased d-rGO content, without affecting hMSCs viability. Notably, 3% d-

rGO scaffolds were able to support hMSCs proliferation and osteogenic differentiation. 

Overall, this study demonstrated that rGO compaction degree and concentration greatly 

affects composites printability and scaffolds physicochemical and electrical properties. In 

this regard, a careful selection of the rGO densification parameters has to be made in order 

to ensure the most adequate properties of the final scaffolds required for bone tissue 

engineering applications.   
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SUPPLEMENTARY FIGURES 

 

Figure S1. (A) XRD diffraction patterns of the three different d-rGO used in this study, each coming 
from different rGO batches. (B) FWHM of (002) diffraction peaks. 

 

Figure S2. Representative SEM images of d-rGO-B and d-rGO-C at different magnifications, 
displaying different degrees of compaction. Scale bars 20 µm (top row), and 2 µm (middle and 
bottom row). 
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Figure S3. TGA curves of (A) d-rGO batches, (B) PEOT/PBT-d-rGO-A composites, (C) PEOT/PBT-
d-rGO-B composites and (D) PEOT/PBT-d-rGO-C composites. For each concentration, two curves, 
measured from two different samples are represented. 
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Figure S4. SEM micrographs of 3D ME-AM scaffolds cross sections obtained using each of the d-
rGO composites, depicting scaffolds morphology and interconnected porosity. Scale bars 1mm. 
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Figure S5. Demonstration of poor layer bonding of 10% d-rGO-A upon punching of scaffold using 
a biopsy puncher, compared to other scaffold types, such as the 15% d-rGO-C scaffold. Scale bars 
2 mm. 

 

 

 

Figure S6. SEM micrographs of 3D ME-AM scaffolds filaments cross sections cut with a razor 
blade. Yellow arrows indicate rGO particles within the polymer matrix. Scale bars 50 µm. 
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Figure S7. (A) Disk diffusion agar test diagram. (B) Antimicrobial activity of d-rGO-B scaffolds 
against P. aeruginosa and S. epidermidis, measured through the disk diffusion agar test and 
reported as ZOI values. (C) Images of representative disk diffusion test plates depicting ZOIs 
around a disk impregnated with an aliquot of the scaffold supernatant after the initial 24h of 
incubation. 
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Figure S8. DNA content progression on PEOT/PBT and 3% d-rGO-B scaffolds over 35 days of 
culture in BM or MM. 

 

Table S1. Atomic compositions (%) of each of the d-rGO measured by XPS. 

 C O C/O ratio N Al Si S Cl Fe 

d-rGO-A 85.3 14.4 5.8 0.0 0.0 0.2 0.0 0.1 0.0 

d-rGO-B 83 16 5.2 0.2 0.0 0.6 0.2 0.2 0.0 

d-rGO-C 82 16.5 5.0 0.2 0.2 0.6 0.1 0.4 0.1 

 

Table S2. d-rGO-B antimicrobial activity at different concentrations in contact with P. aeruginosa 
and S. epidermidis. 

 

 

Table S3. Antimicrobial activity against P. aeruginosa and S. epidermidis of PEOT/PBT- d-rGO-B 
films (0.1 g/mL) containing different d-rGO concentrations. 
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Abstract 

Bone infections following open bone fracture or implant surgery remain a challenge in the 

orthopedics field. In order to avoid high doses of systemic drug administration, optimized 

local antibiotic release from scaffolds is required. 3D additive manufactured (AM) scaffolds 

made with biodegradable polymers are ideal to support bone healing in non-union 

scenarios and can be given antimicrobial properties by the incorporation of antibiotics. In 

this study, ciprofloxacin and gentamicin intercalated in the interlamellar spaces of 

magnesium aluminum layered double hydroxides (MgAl) and α-zirconium phosphates 

(ZrP), respectively, are dispersed within a thermoplastic polymer by melt compounding 

and subsequently processed via high temperature melt extrusion AM (~190 °C) into 3D 

scaffolds. The inorganic fillers enable a sustained antibiotics release through the polymer 

matrix, controlled by antibiotics counterions exchange or pH conditions. Importantly, both 

antibiotics retain their functionality after the manufacturing process at high temperatures, 

as verified by their activity against both Gram + and Gram - bacterial strains. Moreover, 

scaffolds loaded with filler-antibiotic do not impair human mesenchymal stromal cells 

osteogenic differentiation, allowing matrix mineralization and the expression of relevant 

osteogenic markers. Overall, these results suggest the possibility of fabricating dual 

functionality 3D scaffolds via high temperature melt extrusion for bone regeneration and 

infection prevention.  
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INTRODUCTION 

In the orthopedics field, surgical procedures involving fracture stabilizations or implants 

can develop infections in up to 5% of the cases, while this rate rises up to 50% in open 

bone fracture scenarios. 1-2 Bacterial infections can trigger osteomyelitis, an inflammatory 

reaction in bone that can ultimately lead to bone destruction or osteolysis Moreover, 

bacteria can invade and survive within osteoblasts slowing down or preventing new bone 

formation, or and create biofilms, which present a challenge to the antibiotic therapy, due 

to reduced antimicrobial susceptibility leading to prolonged infection. 3-5 The standard 

medical strategy to overcome osteomyelitis involves the debridement of infected bone and 

soft tissue and the removal of the implant or fixation device, accompanied by the systemic 

administration of antibiotics from 6 to 16 weeks depending on the severity of the infection. 

6-7 Typically, high antibiotic concentrations are administered systemically to achieve 

effective concentrations at the infected site, which can lead to the development of resistant 

bacterial strains, as well as cell toxicity and adverse effects in the bone regeneration 

process. 8 Since the removal of necrotic bone tissue commonly leaves a critical size 

defects, antibiotic-laden poly(methyl methacrylate) (PMMA) cements or beads were 

designed to act both as bone spacer and as local antibiotic delivery systems, maximizing 

target tissue concentrations and minimizing toxicity risks. 9-10 Despite being one of the gold 

standard approaches, PMMA cements possess a series of disadvantages including lack 

of biodegradability, requirement of a second surgery to replace it by other material that 

allows bone regeneration. Furthermore, PMMA cements present a suboptimal drug elution 

kinetics, which is associated to a non-reproducible antibiotic-polymer mixing procedure, 

and to the exothermic polymerization of PMMA. Moreover, they are restricted to heat-

stable antibiotics. antibiotics can be incorporated. 11-12 With the recent development in the 

field of biomaterials and bone tissue engineering, a number of alternative natural (i.e. 

collagen or calcium phosphates) and synthetic (i.e.  poly(lactic acid) (PLA) and 

poly(lactides-co-glycolides) (PLGA)) carriers have been designed to allow biodegradability 

and the capability of delivering locally a wider variety of antimicrobial agents. 13-14 These 

carriers are mainly collagen, chitosan, calcium sulfate, calcium phosphates, demineralized 

bone, as well as synthetic polymers, such as polyurethanes, polyanhydrides, PLA and 

PLGA. 13-14 However, processing these materials into 3D scaffolds using conventional 

fabrication techniques, such as gas foaming/particulate leaching, freeze-drying or phase 

separation, can result in constructs that lack reproducibility or the structural integrity and 



3D Additive Manufactured Composite Scaffolds with Antibiotic-loaded Lamellar Fillers for Bone 
Infection Prevention and Tissue Regeneration 

239 

 

mechanical properties needed to stabilize a non-union defect, making them also not fully 

functional candidates for facilitating bone healing following infection management.  

In the past decade, additive manufacturing (AM) and, more specifically, melt extrusion 

(ME)-based techniques (ME-AM), have emerged as one of the most appealing 

technologies to produce scaffolds for bone tissue engineering. 15 This method allows for 

the reproducible fabrication of patient-personalized 3D scaffolds, from a variety of 

biocompatible and biodegradable thermoplastic polymers, with an interconnected pore 

network, high porosity, and optimum mechanical properties for bone regeneration. 

Osteoinductive and antibacterial scaffolds have recently been developed by combining AM 

and drug delivery. Antimicrobial peptides, 16-17 or other antimicrobial compounds, such as 

silver, 18 bioactive glass, 19 or  quaternized chitosan, 20-21 have been incorporated onto the 

surface of 3D AM scaffolds. These alternative compounds have been used to avoid the 

use of antibiotics due to their potential cell toxicity and bacterial resistance risks. Yet, the 

in vivo efficacy of these substitutes compared to conventional antibiotic therapies is still 

unproven. Therefore, as a common strategy, antibiotics have been adsorbed on the 

surface of AM scaffolds. However, surface adsorption via the immersion of the scaffold in 

an antibiotic solution has shown a limit retention of the loaded antibiotic, amount that 

correlates to the scaffold surface area, resulting in poor loading efficiency and leading to 

the burst release of the antibiotic. 22 In order to increase the loading efficiency and allow 

for a more sustained drug release, different strategies have been explored, such as 

porogen leaching to create microporosity in the scaffold’s filaments, hydrogel coatings, or 

loading of antibiotics within degradable polymeric microparticles. 22-24 The combination of 

several of these loading methods in the same scaffold has also been considered to allow 

the incorporation of different antibiotics and to obtain a sequential release profile for a more 

potent therapy. 25 However, in spite of enhancing the scaffold antimicrobial properties, 

these multi-step post-modification approaches are complex and laborious. Thus, the direct 

incorporation of the antibiotic within the scaffold material would be desired to simplify the 

fabrication process, as well as to improve the loading capability and release profile. With 

the exception of ME of polymers at low temperatures, such as polycaprolactone (PCL), 26-

27 the incorporation of antibiotics in the scaffold material is not frequently investigated due 

to the sensitivity of bioactive molecules to temperature. This in turn limits the polymer 

choice, as a large majority of the thermoplastic polymers for biomedical applications 

require long exposure to high processing temperatures (~175 – 220 °C), 28-29 which are 

above the thermal stability limits of most commonly used antibiotics (~ 120 °C, depending 
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on exposure time and antibiotic type). 30 Moreover, most of current delivery systems lack 

the optimum release kinetics of the cargo. A desirable sustained drug release should 

ensure that an adequate antibiotic concentrations is delivered on site, above the minimal 

inhibitory concentration (MIC) values and over a sufficient time to cover the critical window 

period post-surgery, followed by a sustained release at an effective level for inhibiting the 

occurrence of a latent infection. 31-32 

Here, we introduce a novel approach that allows the direct fabrication of drug loaded 

scaffolds via high temperature ME-AM. The composite scaffolds consist of the 

biocompatible and biodegradable copolymer poly(ethyleneoxideterephthalate)/ 

poly(butyleneterephthalate) (PEOT/PBT) and the inorganic layered compounds 

magnesium aluminum layered double hydroxide (MgAl) or α-Zirconium phosphate (ZrP), 

which contain antibiotics intercalated within their lamellar structures. Ciprofloxacin (CFX) 

and gentamicin (GTM), two commonly used antibiotics to treat orthopedic infections, are 

used as model anionic and cationic molecules to be intercalated within the positively 

charged MgAl and negatively charged ZrP fillers, respectively. We evaluate the dual 

functionality of these scaffolds as i) local antibiotic delivery systems against 

Staphylococcus epidermidis (Gram +) and Pseudomonas aeruginosa (Gram -), identified 

as two of the major responsible for implant associated infections, 33 and ii) their potential 

to support bone tissue formation. 

MATERIALS AND METHODS 

A list of materials described in this study and the abbreviations used to refer to them can 

be found in Table 1. 

Table 1. List of materials  

Nomenclature Description  Nomenclature Description  

CFX Ciprofloxacin 5, 10, 20 %  
ZrP-GTM_p 

Pellets composed of 5, 
10, 20 wt% ZrP-GTM 
dispersed in PEOT/PBT 

GTM Gentamicin 5, 10, 20 % 
ZrP-GTM_s 

Scaffold composed of 5, 
10, 20 wt% ZrP-GTM 
dispersed in PEOT/PBT 
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MgAl Magnesium aluminum 
layer double hydroxide 

5, 10, 20 % 
ZrP-GTM_f 

Film composed of 5, 10, 
20 wt% ZrP-GTM 
dispersed in PEOT/PBT 

ZrP α-Zirconium phosphate 
lamellar compound 

10 % CFX_p Film composed of 10 
wt% CFX dispersed in 
PEOT/PBT 

MgAl-CFX MgAl filler loaded with 
CFX 

10 % CFX_f Film composed of 10 
wt% CFX dispersed in 
PEOT/PBT 

ZrP-GTM ZrP filler loaded with GTM 10 % GTM_p Film composed of 10 
wt% GTM dispersed in 
PEOT/PBT 

PEOT/PBT_p PEOT/PBT pellets 10 % GTM_f Film composed of 10 
wt% GTM dispersed in 
PEOT/PBT 

PEOT/PBT_s PEOT/PBT scaffolds 10 % MgAl_p Film composed of 10 
wt% MgAl-CO

3
 

dispersed in PEOT/PBT 

5, 10, 20 % 
MgAl-CFX_p 

Pellets composed of 5, 
10, 20 wt% MgAl-CFX 
dispersed in PEOT/PBT 

10 % MgAl_s Scaffold composed of 
10 wt% MgAl-CO

3
 

dispersed in PEOT/PBT 

5, 10, 20 % 
MgAl-CFX_s 

Scaffold composed of 5, 
10, 20 wt% MgAl-CFX 
dispersed in PEOT/PBT 

10 % ZrP_p Film composed of 10 
wt% ZrP-H dispersed in 
PEOT/PBT 

5, 10, 20 % 
MgAl-CFX_f 

Film composed of 5, 10, 
20 wt% MgAl-CFX 
dispersed in PEOT/PBT 

10 % ZrP_s Scaffold composed of 
10 wt% ZrP-H dispersed 
in PEOT/PBT 

MgAl synthesis and CFX intercalation  

MgAl in nitrate form (MgAl) was obtained adapting the urea method from Costantino et al. 

34 Solid urea was added to 0.5 м magnesium nitrate hexahydrate (м II) - aluminum nitrate 

nonahydrate (м III), having molar fraction м (III)/(м (III) + м (II)) equal to 0.33, until the 

molar ratio urea/м (III) reached the value of 6. The mixture was heated at 100 °C for 48 h. 

The final product was filtered, washed with water and dried in oven at 60 °C. MgAl-CFX 

was prepared via anionic intercalation. A carbon dioxide free water solution of NaOH 1 м 

(36 ml) was added to a suspension of CFX (12.2 g) in a hydroalcoholic solution (370 ml, 

water: EtOH 1:1) in order to obtain a sodium salt solution. Then MgAl (10 g) was added 

(MgAl:CFX 1:1 molar ratio). The suspension was kept under N2 and stirred for one day at 
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RT. The reaction mixture was centrifuged, washed twice with a water-ethanol solution and 

dried in oven at 45°C. 

ZrP-synthesis and GTM intercalation  

ZrP synthesis and GTM intercalation was carried out as previously described. 35 Briefly, 

crystalline zirconium phosphate Zr(HPO4)2·H2O (ZrP) was obtained by refluxing zirconyl 

chloride (ZrOCl2·8H2O) in a 10 м phosphoric acid solution for 48 h. The residual solid was 

centrifuged, washed 3 times with water and dried in oven at 60 °C. A pre-intercalated 

phase of ZrP with an expanded interlayer distance was obtained via ion exchange with 

propylamine, followed by HCl mixing to regenerate the acid form. ZrP-GTM was prepared 

by adding of GTM (18.9 g) to the gel. The mixture was stirred for 24 h at RT until complete 

exchange of the protons with GTM. The reaction mixture was centrifuged, washed twice 

with deionized water and dried in the oven at 40 °C.  

Composite production  

The production of 5, 10, 20 % MgAl-CFX_ p, 5, 10, 20 % ZrP-GTM_p, 10 % MgAl_p and 

10 % ZrP_p composites was carried out in a lab scale co-rotating twin screw extruder 

installed in Nadir S.r.l., with a screw diameter of 11 mm and a length-to-diameter ratio (L/D) 

of 40. The screw profile was composed of 8 zones with three interposed kneading sections. 

PEOT/PBT pellets (PEO molecular weight = 300 kDa, PEOT:PBT weight ratio= 55:45, 

intrinsic viscosity 0.51 dl/g, Polyvation, The Netherlands, PEOT/PBT_p) were fed in the 

main hopper with a volumetric feeder. Using a double inlet, MgAl-CFX or ZrP-GTM powder 

were fed in main hopper at 5, 10, 20 wt%. The screw rotation speed was fixed at 80 rpm 

while the barrel temperature was set at 140°C for the first zone and temperatures from 145 

to 150°C for following zones. The nanocomposite wire was taken at the die exit, solidified 

in air and pelletized in a pelletizer machine. The production of 10 % CFX_p and 10 % 

GTM_p was carried out in co-rotating twin screw extruder by pre-mixing grinded 

PEOT/PBT_p and CFX or GTM powder (9:1 by weight). The screw rotation speed was 

fixed at 80 while the barrel temperature was set at 150°C. The nanocomposite wire was 

taken at the die exit, solidified in air and manually pelletized. 
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Composite materials characterization  

TGA measurements of CFX, GTM, MgAl-CFX, ZrP-GTM, MgAl-CFX_p and ZrP-GTM_p 

were carried out with an STD Q600 thermal analyser (TA Instruments, USA) in air flow 

with a heating rate of 10 °C/min up to 800 °C. Inorganic filler content within MgAl-CFX and 

ZrP-GTM was calculated to be 54 wt% MgAl (46 wt% CFX) and 46 wt% ZrP (54 wt% GTM), 

respectively. These results in combination with the MgAl-CFX_p and ZrP-GTM_p TGA 

curves were used to calculate the experimental filler-antibiotic loading of the each polymer 

composite. Results are presented in Table S6.  

Particle size distribution was assessed using the image analysis software tool XT Pro v3.2 

(Soft Imaging System GmbH). 

For high-performance liquid chromatography (HPLC) analysis, a precise amount of sample 

was weighted. When a polymer composite was analysed, sample was dissolved in 

chloroform by sonication for 20 min at RT, followed by 10 min centrifugation at 4600 rpm. 

The supernatant was aspirated and the residual chloroform was allowed to evaporate 

under N2. The pelleted MgAl-CFX or ZrP-GTM was treated with a suitable volume of HCl 

(1 м) or in HCl/KCl (3 м), respectively, for antibiotic extraction. Then, the solution was 

filtered (pore size 0,2 µm)  or centrifuged for filler separation and appropriately diluted. The 

amount of CFX was assessed by means of a HPLC column (Zorbax SB C18 4,6 x 250 

mm, 5 µm) with a flow rate of 0.8 ml min-1, and the eluent consisting of water and 2% acetic 

acid/acetonitrile at a ratio 84/16 v/v%. In order to assess the uncertainty involved in the 

samples dilutions, all samples were diluted and analyzed three times. A five point 

calibration curve was used to quantitatively determine the CFX content.  

The amount of GTM was assessed by means of a LC-MS Bruker qTOF Compact. The 

chromatographic separation was conducted using an Agilent Zorbax SB-C18 column (4.6 

mm x 150 mm, 3.5µm) with a flow rate of 0.4 ml/min and the eluent consisting of 

trifluoroacetic acid (TFA) water (0.2 м) and methanol at a ratio 92/8 v/v%. The mass 

spectrometer was operated in full scan mode, and for the mass calibration, sodium formate 

clusters were used. According to literature, the four main isoform components of GTM 

were separated and quantified by extracting the high resolution mass chromatogram of the 

selected compounds with an uncertainty of 0.01 a.u.. For the quantification of the total 

amount of antibiotic loaded into the composites, the sum of all four species was taken into 

account. In order to assess the uncertainty involved in the samples dilutions, all samples 

were diluted and analyzed twice. 
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Scaffolds fabrication and characterization  

Scaffolds were fabricated via ME-AM. The platform (Bioscaffolder, Gesim) was equipped 

with a custom-made print head with two separate heating sources for the cartridge and 

screw. Briefly, the cartridge was filled with MgAl-CFX_p or ZrP-GTM_p, heated at 185 °C 

and extruded at 190-195 °C by applying a pressure of 8 bar, an auger screw rotation of 

50-60 rpm and a translation speed of 15-20 mm/s. Parameters were adjusted slightly 

around these values for each material type and composition. 10% MgAl_p and 10% ZrP_p 

were also used to prepare only filler control scaffolds with the same aforementioned 

parameters. Similarly, PEOT/PBT_p were heated and extruded at 195 °C by applying a 

pressure of 4 bar, an auger screw rotation of 30 rpm and a translational speed of 15 mm/s. 

The scaffolds architecture consisted of a 0-90 pattern, with a 340 µm fiber diameter, 250 

µm layer thickness and 850 µm strand distance (center to center), giving an expected x-y 

porosity of 510 µm and an expected z porosity of 90 µm. Cylindrical scaffolds of 4 mm 

diameter and 4 mm height were punched out from 15x15x4 mm3 manufactured blocks 

using a biopsy punch and used for further experiments. 

Scaffold morphology and porosity was assessed using a stereomicroscope (Nikon 

SMZ25). Stereomicroscopy images were used to measure the experimental values of fiber 

diameter and x-y-z porosity, and these values were inserted in the Landers equation 

(Equation 1) to calculate the average scaffold porosity. 36 Presence and distribution of 

fillers within gold sputter-coated scaffolds’ filaments surface and cross section was 

examined using backscattered scanning electron microscopy (BSEM, XL-30 beam voltage 

20 kV, spot size 5). Scanning electron microscopy (SEM) operating at 25 kV coupled with 

energy dispersive X-ray spectroscopy (EDS) was used to observe the chemical 

composition of the samples. Particle size distribution on scaffolds was assessed using the 

image analysis software tool XT Pro v3.2 (Soft Imaging System GmbH). 

Equation 1. Landers formula for scaffold porosity calculation, where d1 is the experimental fiber 
diameter, d2 is the experimental strand distance and d3 is the experimental layer thickness. 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) = (1 −
𝜋

4
∙

1

(
𝑑2
𝑑1)

∙
1

(
𝑑3
𝑑1)

) ∙ 100 

Antibiotic release kinetics from films and 3D scaffolds  

To assess the antibiotic release from each of the composite 3D scaffolds, 5, 10, 20 % 

MgAl-CFX_s and 5, 10, 20% ZrP-GTM_s were disinfected (20 min, 70% ethanol), to mimic 
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the disinfection performed to the samples used for in vitro culture, and subsequently 

incubated for 4 weeks in 1 ml Dulbecco’s phosphate buffered saline (dPBS) at 37 °C at 

static conditions.  

2D films were prepared from 10 % CFX_p; 10 % GTM_p; 5, 10 and 20 % MgAl-CFX_p; 

and 5, 10, and 20 % ZrP-GTM_p. Briefly, 60 milligrams of pellets were molten at 190 °C 

and pressed with a coverslip against a Teflon sheet to obtain 14 mm diameter, ~300 µm 

thickness films. To evaluate the effect of the filler on antibiotic release, films were 

incubated after disinfection (20 min, 70 % ethanol) for 3 weeks in 1 ml dPBS at 37 °C at 

static conditions, with both sides being exposed to the solution. To assess the effect of pH 

on antibiotic release, films were incubated in buffer solutions of acidic, neutral and basic 

pH: pH 4 (potassium hydrogen phthalate based buffer), pH 7.5 (dPBS) and pH 10.5 

(sodium tetraborate based buffer). To evaluate the effect of the eluent’s ionic concentration 

on antibiotic release, 20 % MgAl-CFX_f were incubated for 3 weeks in 1ml of dPBS 

(containing 10 mм Na2HPO4, or 6.7 mм PO4
3-) or modified dPBS (with 2mм or 50 mм 

Na2HPO4, equivalent to 1.3 mм or 33.5 mм PO4
3-

, respectively). Similarly, 20 % ZrP-GTM_f 

were incubated for 3 weeks in 1ml of dPBS (containing 135 mм NaCl, or 53 mм Na+) or 

modified dPBS (with 27 mм or 685 mм NaCl, equivalent to 11 mм or 265 mм Na+
, 

respectively).  

At each timepoint, the supernatant was collected and films or scaffolds placed on 1 ml of 

fresh corresponding solution. CFX in the supernatants was detected by direct 

measurement of CFX absorbance at 275 nm using a nanodrop UV-Vis spectrophotometer 

(Biodrop). CFX concentrations were calculated from a CFX standard curve. GTM was 

detected by mixing equal volumes of supernatant, isopropanol and o-phthaldialdehyde 

reagent (Sigma-Aldrich) and adding 4 µl ml-1 2-mecaptoethanol (Sigma Aldrich). 37 After 

30 min incubation at RT, the fluorescent complex formed was detected using a 

spectrophotometer (CLARIOstar®, BMG Labtech) at excitation/emission= 340/455 nm. 

GTM concentrations were calculated from a GTM standard curve.  

To investigate the drug release mechanism, 20 % MgAl-CFX_s and 20% ZrP-GTM_s 

release curves (% antibiotic release from the total loading vs. time) were fitted to 7 

commonly used drug kinetic models: zero order, first order, Ritger-Peppas, Higuchi, 

Bhaskar, modified Freundlich and parabolic diffusion. 
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Antibacterial activity  

Susceptibility of bacterial strains to CFX and GTM  

In order to analyze the susceptibility of bacterial strains to CFX and GTM the Agar disk-

diffusion method was applied. Mueller- Hinton agar plates were spread with a standardized 

inoculum of P. aeruginosa (CECT 116) and S. epidermidis (CECT 231). Then, commercial 

filter paper discs impregnated with 20 µl of antibiotics at different concentrations (500, 250, 

100, 75, 50, 25, 15, 10, 5 and 0 µg ml-1) were placed on the agar surface. The Petri dishes 

were incubated under 37 ºC during 18-24 hours. After incubation, zones of growth 

inhibition (ZOI) around each of the discs (including disc diameter) were measured to the 

nearest millimeter.  

Antibacterial activity of filler-antibiotic complexes and films  

Antibacterial activity of fillers-antibiotic complexes (MgAl-CFX and ZrP-GTM) at different 

concentrations (5, 10 and 20 mg/ml), and films (5, 10, 20% MgAl-CFX_f and 5, 10, 20% 

ZrP-GTM_f) was evaluated by shaking the samples in a concentrated bacterial suspension 

(106 CFU ml-1) in nutrient broth (1:500) for 24 h at 37 ºC. After incubation, the number of 

viable bacteria present in the suspension was measured by placing aliquots of the 

suspensions and their dilutions (in triplicate) in sterile petri dishes with molten nutrient agar 

and swirled gently. The petri dishes were incubated at 37 ºC for 24 h, after which the 

colonies present on the plates were counted. Values are reported as the log10 reduction 

(R), calculated as the difference in the log base 10 of the viable cell counts found on a 

suspension that has not been in contact with the sample and a suspension that has been 

in contact with the sample. 

Antibacterial activity of scaffolds 

The antibacterial activity of the antibiotics released from 5, 10, 20 % MgAl-CFX_s and 5, 

10, 20% ZrP-GTM_s scaffolds incubated in dPBS solution was evaluated using the Agar 

disk-diffusion method, as described in previous section. 

Cell seeding and culture 

HMSCs)isolated from bone marrow were purchased from Texas A&M Health Science 

Center, College of Medicine, Institute for Regenerative Medicine (Donor d8011L, female, 

age 22). Cryopreserved vials at passage 3 were plated at a density of 1000 cells cm-2 in 

tissue culture flasks and expanded until approximately 80 % confluency in complete media 
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(CM) consisting of αMEM with Glutamax and no nucleosides (Gibco) supplemented with 

10% fetal bovine serum (FBS), without penicillin-streptomycin (PenStrep)  at 37 °C / 5% 

CO2.  

Metabolic activity assay to determine antibiotic toxicity  

The cytotoxicity of CFX and GTM was evaluated via PrestoBlue™ assay. Initially, 

trypsinized hMSCs at passage 4 were seeded at a density of 5000 cell cm-2 in the wells of 

a 48 wellplate, with CM without PenStrep, and allowed to attach for 24 hours at 37 °C / 5% 

CO2. The medium was then replaced with a fresh medium containing CFX or GTM at 

different concentrations, starting from 1 mg ml-1 or 2.5 mg ml-1, respectively. CM without 

antibiotics was used as control. After 24h, cells were washed with PBS and 250 µl of Presto 

Blue solution (10% PrestoBlue in CM) was added to each well and incubated for 1.5 h at 

37 °C / 5% CO2. After incubation, the supernatants were collected and the fluorescence 

was measured (emission/excitation = 590/560 nm) using a spectrophotometer. 

Cell seeding on 3D scaffolds 

Scaffolds were disinfected in 70% ethanol for 20 min, washed 3 times with dPBS and 

incubated for 1.5 h in CM for initial burst release of the antibiotic. Scaffolds that were not 

pre-incubated in CM were used as controls. Before seeding, scaffolds were dried on top 

of a sterile filter paper and placed in the wells of a non-treated wellplate. Passage 4 hMSCs 

were trypsinized, centrifuged 5 min at 500 rcf and resuspended in a dextran solution (500 

kDa, Farmacosmos) (10 wt/wt % dextran in CM), to achieve uniform cell seeding, at a 

density of 200,000 cells per 35 µl.38 The cell suspension (35 µl) was placed on top of each 

scaffold as a droplet, which was drawn into the scaffolds’ pores and retained inside due to 

the hydrophobicity of the wellplate. Seeded scaffolds were incubated for 4 hours at 37 °C 

/ 5% CO2 to allow cells to attach. After this time, scaffolds were transferred to new wells 

containing 1.5 ml of basic media (BM) (CM supplemented with 200 μм L-Ascorbic acid 2-

phosphate). BM was replaced after 24h and every two or three days from then on. To 

evaluate hMSCs osteogenic differentiation, after 7 days in BM, scaffolds were cultured in 

mineralization media (MM) consisting of BM supplemented with dexamethasone (10 nм) 

(Sigma-Aldrich) and β-glycerophosphate (10 mм) (Sigma-Aldrich) for another 28 days or 

until mineral nodules were observed (49 days in the case of MgAl-CFX_s, or 35 days in 

the case of ZrP-GTM_s). 
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Imaging of cell viability in 3D scaffolds 

After 1h seeding and after 7 days of culture, dead cells were stained for 20 minutes prior 

to fixation using the Live/Dead™ fixable far-red dead cell stain kit (Thermo Fisher 

Scientific) at a concentration of 0.5 µl stain in 500 µl Hank's Balanced Salt Solution per 

scaffold. Subsequently, samples were washed, fixed with 4% paraformaldehyde for 30 min 

and permeabilized using 0.1% Triton X-100 for 30 min. Samples were incubated with 

phalloidin (Alexa Fluor 488, 1:75 in PBS) for 1h at RT as counterstain. Finally, samples 

were washed 3 times with PBS. Scaffolds cross sections were imaged with a fluorescent 

microscope (Eclipse, Ti2-e, NIKON). Background subtraction and brightness adjustments 

were performed on the images using the software Image J, in order to clarify their 

visualization. No image quantification was performed on the processed images. 

Biochemical assays 

Alkaline phosphatase (ALP) assay 

ALP activity was evaluated on MgAl-CFX_s or ZrP-GTM_s after 47 days and 35 days of 

culture in MM, respectively (timepoints day 56 and day 42, respectively). 3D scaffolds were 

collected at every timepoint and washed with PBS, stored at -80 °C and freeze-thawed 3 

times, to improve lysis efficiency. Samples were incubated for 1h at RT in a cell lysis buffer 

composed of KH2PO (0.1 м), K2HPO4 (0.1 м), and Triton X-100 (0.1 v%), at pH 7.8. The 

chemiluminescent substrate for ALP CDP star® ready to use reagent (Roche) was added 

to the cell lysate at a 1:4 ratio. Luminescence was measured using a spectrophotometer. 

Remaining cell lysates were kept for DNA quantification. ALP values were reported 

normalized to DNA content.  

DNA assay 

DNA assay was performed on cells cultured on all 3D scaffolds after 1 and 7 days in BM 

(timepoints day 1 and day 7). Additionally it was performed on PEOT/PBT_s, 10% MgAl_s 

and 10% ZrP_s after 28 days in MM (timepoint day 35), on MgAl-CFX_s after 28 and 49 

days in MM (timepoints day 35 and day 56), and on ZrP-GTM_s after 28 and 35 days in 

MM (timepoint day 35 and day 42).  CyQUANT cell proliferation assay kit (Thermo Fisher 

Scientific) was used. Lysed samples from ALP assay or frozen samples after collection, 

were incubated overnight at 56 °C in Proteinase K solution (1mg/ml Proteinase K (Sigma-

Aldrich) in Tris/EDTA buffer) for matrix degradation and cell lysis. Subsequently, samples 
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were freeze-thawed three times and incubated 1h at RT with a 20X diluted lysis buffer from 

the kit containing RNase A (1:500) to degrade cellular RNA. Lysed samples were 

incubated with the fluorescent dye provided by the kit (1:1) for 15 min and fluorescence 

was measured (emission/excitation = 520/480 nm) with a spectrophotometer. DNA 

concentrations were calculated from a DNA standard curve. 

Alizarin red S (ARS) staining and quantification  

Calcium deposition was qualitatively determined by ARS staining on MgAl-CFX_s or ZrP-

GTM_s after 28 and 49 days (timepoints day 35 and day 56, respectively), or 28 and 35 

days (timepoints day 35 and day 42, respectively) of culture in MM, respectively. 

PEOT/PBT_s, 10% MgAl_s and 10% ZrP_s scaffolds were stained after 28 days of culture 

in MM (timepoint day 35). Briefly, 3D scaffolds were fixed with 4% paraformaldehyde and 

washed with distilled water. Subsequently, scaffolds were stained with ARS (60 mм, pH 

4.1 - 4.3) for 20 min at RT, and washed with distilled water. Images of scaffolds’ cross 

sections were taken using a stereomicroscope (Nikon SMZ25). After imaging, stained 

samples (whole scaffold) were incubated for 1h at RT while shaking, followed by 10 min 

incubation at 85 °C, with 30 v% acetic acid. Afterwards, scaffolds were removed and 

solutions were centrifuged at 20,000 rcf for 10 min. An appropriate volume of ammonium 

hydroxide (5 м) was added to the supernatants to bring the pH to 4.2. The absorbance 

was measured at 405 nm using a spectrophotometer. Concentration of ARS was 

calculated from an ARS standard curve and the values were normalized to DNA content.  

Immunostaining  

Cells were fixed in 4% paraformaldehyde after 35 days (PEOT/PBT_s and ZrP-GTM_s) or 

47 days (MgAl-CFX_s) of culture in MM (timepoints day 42 and day 56, respectively). 

Triton-X 100 (0.1 v%) was added and incubated for 30 min. Samples were washed 3 times 

with PBS and then blocked for 1 h with blocking buffer (3 % BSA + 0.01% Triton-X 100). 

Afterwards, primary antibodies were added (1:200 Collagen I (COL I) polyclonal antibody 

rabbit-derived (ab34710, Abcam), or 1:200 Osteopontin (OPN) polyclonal antibody rabbit-

derived (ab8448, Abcam), in washing buffer (10x diluted blocking buffer)) and incubated 

overnight. Samples were washed 3 times with washing buffer prior to secondary antibody 

incubation (1:200 Alexa Fluor 488 goat derived anti rabbit antibody (Thermo Fisher 

Scientific), for PEOT/PBT and MgAl-CFX scaffolds, or 1:200 Alexa Fluor 647 goat derived 

anti rabbit (Thermo Fisher Scientific), for ZrP-GTM based scaffolds, in washing buffer). 
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After 1h incubation, scaffolds were washed as before and stained for F-actin (647 Alexa 

Fluor Phalloidin (Thermo Fisher Scientific) for PEOT/PBT_s and MgAl-CFX_s, and 568 

Alexa Fluor Phallodin (Thermo Fisher Scientific) for ZrP-GTM_s (1:75 in PBS)), incubated 

for 1 h and washed 3 times with PBS. Confocal laser scanning microscopy was performed 

with a tandem confocal system (Leica TCS SP8 STED), equipped with a white light laser 

(WLL). Samples were excited with the dye specific wavelengths using the WLL. Emission 

was detected with HyD detectors (F-actin, OPN, COL I). For optimal visualization in the 

reported images, F-actin was colored in green, COL I in red and OPN in blue for all sample 

types.  

Statistical analysis  

All data is shown as average with error bars indicating the standard deviation of at least 

three replicates. Analysis of statistics was conducted with GraphPad Prism (version 8.0.1). 

A one-way or two-way analysis of variance (ANOVA) was performed followed by a Tukey’s 

post-hoc multiple comparison test to evaluate statistical significance and correct for 

multiple comparisons. 

RESULTS AND DISCUSSION  

Scaffolds fabrication and characterization 

Although the sustained release of drugs from MgAl 39-40 and ZrP 41-43 has been previously 

reported, the combination of antibiotic-loaded fillers with polymers has not been carefully 

examined in terms of release kinetics, antimicrobial functionality or assurance of no 

negative effect on the bone regeneration response. Most importantly, no previous studies 

have reported their processing into 3D AM scaffolds, but only as implant coatings 44 or 

incorporated on electrospun scaffolds. 45 Here, 3D polymer composite scaffolds with filler-

antibiotic concentrations up to 20 wt% (MgAl-CFX_s or ZrP-GTM_s, Table 1) were 

successfully fabricated for the first time via ME-AM of previously prepared melt-blended 

composite pellets (MgAl-CFX_p or ZrP-GTM_p) (Figure 1 and Figure S1). The 

biodegradable polyether‐ester multiblock copolymer PEOT/PBT was selected as model 

thermoplastic polymer to produce the scaffolds due to its processability at high 

temperatures (≥ 190 °C), and its proven in vitro and in vivo applicability in the orthopedic 

field. 46-50 All composite scaffolds exhibited interconnected macropores, and experimental 
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filament diameters, as well as X-Y and Z pores sizes consistently matched the theoretical 

values (Figure S2). Scaffolds presenting pores of >300 µm and porosity values in the 

range of ~ 50 % (Figure S2B) suggest that these constructs will support bone 

regeneration. 51 

 

Figure 1. Schematic representation of the antibacterial composite scaffolds (PEOT/PBT-filler-
antibiotic) fabricated by melt-extrusion AM. These polymeric composite scaffolds contain either 
MgAl intercalated with CFX (MgAl-CFX), or ZrP intercalated with GTM (ZrP-GTM). When 
submerged in an eluent solution, anions can exchange with CFX, which diffuses out of the filler and 
polymer matrix into the eluent. On the other hand, cations can exchange with GTM in the ZrP-GTM 
based system, allowing the diffusion of GTM out of the filler and polymer matrix. The release of 
antibiotics confer antimicrobial activity to the scaffolds.    

 

As it is observed in Figure 2, BSEM images confirm an increasing amount of filler (visible 

as brighter points) with increasing filler-antibiotic concentrations on the surface and cross 

section of the scaffolds filaments. Using EDS the fillers were discriminated as MgAl and 

ZrP containing particles and the distinctive atomic elements of the CFX (F and N) and GTM 

(S and N) molecules were found to co-localize with their respective lamellar particles 

(Figure 2C-D). This strongly indicates that the filler and antibiotic were not separated in 

the filaments, but showed a preserved filler structure after the compounding and ME-AM 

process. Moreover, particle size was maintained for both types of fillers within the after-

synthesis values during the processing steps. A slight size reduction was observed during 

the ME-AM process, likely due to the higher shear forces in the print-head screw (Figure 

S3). Despite the presence of some filler aggregates close to the filaments’ surface, the 

composite scaffolds surface roughness was not significantly altered in the microscale, 

presenting a smooth surface comparable to the PEOT/PBT scaffolds (Figure 2 and Figure 
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S4). The sub-surface aggregates do form topographical projections, but given their low 

numbers and large separations (on the order of 100 µm), the cells are not likely to interact 

with multiple projections simultaneously. 

 

Figure 2. Filler distribution and antibiotics localization on composite scaffolds. BSEM micrographs 
of scaffolds cross sections and filaments surface depicting filler distribution (as white points) on (A) 
MgAl-CFX_s and (B) ZrP-GTM_s at different filler-antibiotic concentrations. Scale bars 250 µm. 
EDAX elemental mapping of representative fiber cross section of (C) 20 % MgAl-CFX_s and (D) 
20 % ZrP-GTM_s. Scale bars 50 µm. 

In vitro antibiotic release  

In order to evaluate the kinetics of antibiotic release from MgAl-CFX_s and ZrP-GTM_s, 

composite scaffolds were incubated in dPBS, and CFX and GTM released amounts were 

monitored over time.  As demonstrated in Figure 3A, by increasing the MgAl-CFX 

concentration within MgAl-CFX_s, larger amounts of CFX were released over time. A 

similar trend was also observed in the release profile of GTM from ZrP-GTM_s (Figure 

3B). This tendency demonstrates the possibility of designing a customized scaffold, which 

releases the desired amount of antibiotic over time, by tuning the filler-antibiotic 
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concentration mixed with the polymer matrix. Although both systems demonstrated a filler-

antibiotic concentration-dependent release profile, significantly different release kinetics 

were observed on MgAl-CFX_s and ZrP-GTM_s. While the release of CFX from MgAl-

CFX_s was sustained over the course of the evaluated time (1 month), there was a GTM 

burst release from ZrP-GTM_s during the first 24h followed by a slower release up to the 

completion of the study (Figure 3A-B). When active molecules are fixed into the inorganic 

lamellae of layered double hydroxides (LDH), such as MgAl, their de-intercalation 

mechanism occurs mainly by anion exchange, a process in which the intercalated active 

molecule and free anions in the elution solution can be exchanged via a concentration 

gradient. 52 On the other hand, the release of active molecules from metal hydrogen 

phosphates, such as ZrP, can occur not only by ion exchange (in this case, of cations), 

but also via the disruption of acid-base interactions between the active molecule and the 

filler, which rely on a pH switch in the environment about the acid dissociation constant 

(pKa) of the intercalated molecule (Figure 1). 52 A series of factors are involved in the 

release kinetics of antibiotics when the lamellar particles are dispersed within a polymeric 

matrix: i) the permeation and diffusion of water molecules carrying counter ions through 

the polymer matrix; ii) the intra-particle diffusion of water, ions and active molecules, which 

depends on guest-host interactions and determines the rate of de-intercalation, and iii) the 

diffusion rate of active molecules (antibiotics in this study) from the polymer matrix. 53 In 

order to determine the release rate-limiting step, the release profiles of the 20 wt% filler-

antibiotic scaffolds, taken as a representative cases, were fitted to various release kinetic 

models. 7 relevant models were used and the corresponding correlation coefficients are 

reported in Figure S5. Bhaskar model was found to best describe the release profile of 

CFX from 20% MgAl-CFX_s. This model has previously been used to explain the release 

of active molecules from LDH systems and indicates that the release of CFX is an intra-

particle diffusion controlled process, and therefore, ion exchange rate is the limiting step. 

54-57 Accordingly, the decreased release rate of CFX over time (Figure 3A) is likely due to 

the formation of a phase boundary between internal zones of the lamellar filler containing 

intercalated CFX and the external zones, in which anions from dPBS have already 

replaced the antibiotic, which progressively declines the antibiotic release process. 58  

To gain more insight into the release mechanism of 20% ZrP-GTM_s, the total progress 

was separated into two stages: a rapid release stage I (<24h) followed by a slow release 

stage II (>24h). The modified Freundlich kinetic model, which describes heterogeneous 

diffusion from flat surfaces of clays via ion exchange, was found to explain the release in 
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Stage I (Figure S5). This implies that GTM diffuses into the medium solution via anion 

exchange during the first 24h, at a fast speed due to the antibiotic high solubility in water-

based neutral pH eluents. 59-61 Since after the studied period the GTM released did not 

reach 100% (Figure S5A), it is hypothesized that GTM released in stage I came from the 

ZrP particles located on the surface of scaffold filaments, after which the release of GTM 

from internal ZrP particles was hindered by the polymer network, resulting in the plateau-

like profile observed in Stage II (Figure 3B). This type of behavior was already reported 

and is likely due to the low diffusion rate of water molecules through the polymer network, 

given by the poor water uptake/swellability capability of PEOT/PBT (4% water uptake) at 

the specific PEO molecular weight (300 kDa) and PEOT:PBT segments ratio (55:45). 48, 53 

In this case, the GTM still incorporated into the system could be released upon polymer 

degradation, a process that could be potentially speeded up by increasing the molecular 

weight of the PEO segments of the copolymer or by using a different and faster degrading 

material. Following the same reasoning, the fact that a plateau was not reached in the CFX 

release curve from MgAl-CFX_s, and that only ~15-20% of the total CFX was released 

(Figure S5A) in the analyzed time, suggests that the CFX released during the evaluated 

period was also originated from the MgAl particles localized on the surface of the filaments. 

It is plausible that due to the low solubility of CFX at neutral pH, and possibly the stronger 

filler-antibiotic interactions, the fast release seen in Stage I in 20% ZrP-GTM_s did not 

happen in 20% MgAl-CFX_s.  

Effect of filler, pH and ionic concentration 

As mentioned above, the de-intercalation of molecules from fillers has been shown to be 

driven by ion exchange and pH changes in the eluent media. To further investigate these 

effects on our composite systems, easy to manufacture films were incubated in solutions 

with different pH values and ionic concentrations, and the release profiles were compared 

relative to each other without considering the absolute release amounts. In addition, the 

effect of filler was explored by preparing composite films (20 % MgAl-CFX_f) and films 

made of the same amount of CFX directly dispersed in the copolymer matrix (10% CFX_f) 

was compared (Figure 3C). The presence of the filler enabled the maintenance of a lower 

antibiotic release rate over time. The effect of filler on the sustained release of CFX was 

further confirmed upon incubation of 20% MgAl-CFX_f in acidic pH (pH = 4) (Figure 3C). 

Here, the acidic attack dissolved the layered MgAl, allowing for a faster release of CFX, 

whose release was not governed by ion exchange anymore and became comparable to 
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Figure 3. Antibiotic release profiles from MgAl-CFX and ZrP-GTM copolymer composites under 
different eluent conditions. Cumulative release of (A) CFX from MgAl-CFX_s and (B) GTM from 
ZrP-GTM_s immersed in dPBS during 4 weeks at 37 °C, proving the filler-antibiotic concentration 
dependent release. Influence of filler presence and pH of the eluent solution on the cumulative 
release percentage of (C) CFX and (D) GTM from filler-antibiotic composite films (20% MgAl-CFX_f 
and 20% ZrP-GTM_f, respectively) and films composed of comparable amounts of antibiotic 
directly dispersed in the copolymer matrix (10% CFX_f and 10% GTM_f), immersed in buffers at 
acidic, neutral and basic pH during 3 weeks at 37 °C. Influence of the ionic concentration of the 
eluent solution on the cumulative release percentage of (E) CFX and (F) GTM from 20% MgAl-
CFX_f and 20% ZrP-GTM_f, respectively, during 3 weeks a 37 °C. 

 

the release of CFX from 10% CFX_f at pH = 4. 56, 62 Interestingly, at pH ≥ 7, 10% CFX_f 

release profile remained unchanged and lower release rates than at pH = 4 were observed, 

due to lower CFX solubility at this pH range. Similarly, 20% MgAl-CFX_f release profile did 

not vary at pH ≥ 7, as MgAl remained stable and intact (Figure 3C). The role of ZrP on 

maintaining a more sustained release, especially in the stage I, was also demonstrated for 

20% ZrP-GTM_f, when comparing to 10% GTM_f (Figure 3D). However, while MgAl in 

MgAl-CFX_f was affected by acidic pH, the release of GTM from 20% ZrP-GTM_f was 

affected by alkaline conditions (pH = 10.5), due to the different nature of the system 

(Figure 3D). Considering the isoelectric point of GTM (pKa = 8), 63 the hydroxyl groups of 

GTM were deprotonated at pH = 10.5, disrupting the hydrogen bonds with the co-
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intercalated water molecules as well as producing a negatively charged GTM, which was 

repelled from the ZrP filler due to the disrupted acid-base electrostatic interactions 

between the GTM amine groups and the phosphate groups of the ZrP layers. 41 It is 

hypothesized that oxidative degradation of PEOT/PBT, happening at alkaline conditions, 

48, 64 allowed for further increase in the diffusion of GTM from the polymer matrix, which is 

visible as a slight increase in the release rate of GTM in Stage II on both 20% ZrP-GTM_f 

and 10% GTM_f  release curves at pH =10 (Figure 3D).  

The aforementioned results indicate that the GTM release from ZrP-GTM_f in stage II can 

be controlled by varying the pH (acid base-interactions), without filler degradation. This 

mechanism of release was found to be more effective than ion exchange. As depicted in 

Figure 3F, the release of GTM does not vary upon increasing or decreasing the 

concentration of cations (sodium, Na+) in the eluent, within the evaluated concentration 

range. On the contrary, CFX release is clearly affected by the concentration of anions 

(phosphate, PO4
3−) in the elution buffer, as depicted in Figure 3E, further demonstrating 

the ion-exchange related release of the system. Compared to other inorganic anions 

present in dPBS, phosphate ions present the highest affinity with LDH fillers, due to their 

higher charge. 40 By a 5-fold decrease in the phosphate concentration, CFX release 

decreased by 52% after 3 weeks. Interestingly, a 5-fold increase over the dPBS phosphate 

base concentration did not affect the system, suggesting the existence of a concentration 

threshold.  

Overall, by varying the filler and antibiotic type incorporated within the scaffold, two 

antibiotic delivery systems were fabricated, whose sustained release can be controlled not 

only upon changing the filler-antibiotic concentration, but also by varying both the eluent 

ionic concentration or pH (in the case of MgAl-CFX), or pH (in the case of ZrP-GTM). The 

ionic concentration (i.e. phosphate, calcium, sodium, potassium) is a parameter that 

cannot be predicted during the bone regeneration process. In this regard, in vivo release 

experiments would be necessary to understand the in situ antibiotic release from the 

scaffolds. On the other hand, the local pH in a fracture during bone healing is known to be 

maintained in the range of pH 6 to pH 7.5 and, in principle, our system is not tunable in 

this range. 65-66 However, the property of some biocompatible and biodegradable polymers, 

such as the aliphatic polyesters PLA, PGA or PLGA, to dramatically decrease the local pH 

upon degradation (down to pH=4), 67 could be use advantageously to further customize 

the in vivo antibiotic release from filler-antibiotic composite scaffolds. 
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The polymer degradation profile of the scaffold and its effect on the antibiotic release 

kinetics would also be a matter of evaluation in future studies. Previous literature suggests 

the slow degradation of the PEOT/PBT used in this study (PEO molecular weight = 300 

kDa, PEOT:PBT weight ratio = 55:45), which is mainly due to the low molecular weight of 

the PEO hydrophilic segment preventing the swelling of the material and lowering the 

possibility of hydrolysis. Accordingly, the intrinsic viscosity and mechanical properties of 

PEOT/PBT with similar characteristics has been shown to remain constant after 24 weeks 

immersion in PBS at 37 °C. 68 Similar results were obtained after 24 weeks implantation in 

vivo, where the mass loss was only up to 3% and minimum cracks were observed in the 

surface by SEM. 69 It is plausible that in our case, the fillers increased the degradation time 

of the polymer, as previously shown on PEOT/PBT – nanosilicate scaffolds. 70 Yet, long 

term in vitro and in vivo studies are required to further evaluate this. 

Thermal stability of antibiotics and scaffolds antimicrobial activity  

One of the main concerns involved in the AM of 3D scaffolds via high-temperature ME of 

polymers containing bioactive molecules is the preservation of their bioactivity after the 

process’ thermal stresses. It has been previously demonstrated that the incorporation of 

some bioactive molecules into lamellar inorganic fillers increases their thermal stability. 56, 

71-72 However, CFX decomposes already at high temperatures due to its stable aromatic 

structure, what might have neutralized the potential shielding effect of the MgAl filler in our 

system, which in turn maintained CFX stability, as demonstrated by TGA (Figure S6A), as 

well as in previously studies. 72 While in our TGA analysis CFX does not show any 

degradation bellow 255 °C, according to literature, MgAl-CFX weight loss bellow 255 °C is 

attributed to the loss of MgAl interlamellar water, and CFX decarboxylation occurs at ~146 

°C. 73-74 This inconsistency might be due to experimental conditions differences. Yet, HPLC 

confirmed molecular decomposition of CFX after the melt-blending process at around 150 

°C (~ 73% degradation), potentially attributed to the aforementioned decarboxylation of 

CFX at 146 °C (Figure S6B, C). 74 Further decomposition occurred during the scaffolds 

production via ME at 190-195 °C (~ 45% degradation of the remaining GTM after melt 

blending, equivalent to ~12.5 % degradation of the total initial GTM loading).  

Similarly, GTM decomposition starts at 220 °C following some water loss, and the ZrP filler 

did not show to increase nor decrease its decomposition temperature, as shown in Figure 

S7A. 63 The loss of interlamellar water of ZrP-GTM occurs in the range 20–220 °C, while 
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the step above 220 °C is attributed to the condensation of the PO4
-3 groups and the 

decomposition of GTM. 35 Accordingly, HPLC-MS analysis of GTM probed the stability of 

the molecule after each of the processing steps, with ~ 1% and ~ 8% degradation after 

melt-blending and ME-AM, respectively (Figure S7B, D). Interestingly, this analysis also 

proved the preferential intercalation of the C1a GTM isoform during the ZrP-GTM synthesis 

process, due to its less steric bulky form, with respect to the other isoforms (Figure S7C).  

Preliminary experiments demonstrated that the antimicrobial activity of the antibiotics was 

preserved after their intercalation within the filler, as well as in MgAl-CFX_f. Similarly, ZrP-

GTM and ZrP-GTM_f presented antibiotic activity (Table S1 and Table S2). Most 

importantly, the antimicrobial activity of both MgAl-CFX_s and ZrP-GTM_s against S. 

epidermidis and P. aeruginosa, was preserved on ME-AM scaffold (Figure 4), despite the 

aforementioned degradation. The antimicrobial activity of CFX consists of inhibiting the 

action of two essential enzymes that are involved in the modulation of the chromosomal 

supercoiling required for bacterial DNA synthesis, transcription and cell division. 75 Despite 

its degradation, important active sites for CFX interaction with the target enzymes 

remained intact at the processing temperatures during melt-blending and posterior ME into 

scaffolds, thus preserving its antimicrobial activity. 75 Importantly, the antimicrobial activity 

of CFX contained in MgAl-CFX_s was preserved at the same levels as unprocessed CFX, 

observed when comparing the experimental ZOI and the expected ZOI (i.e. ZOI given by 

corresponding amounts of pure unprocessed CFX) (Table S3 and Table S4). On the 

contrary, previous studies demonstrate a decrease in CFX efficiency against certain 

bacterial strains upon exposure to high temperatures (120 °C for sterilization). 30 However, 

these tests were performed under oxygen atmosphere, unlike the nitrogen conditions in 

which the ME-AM takes place, which in combination with MgAl might have acted as a 

protective shield in our system. In accordance with the thermal stability results of GTM and 

supported by previous GTM heat stability studies, 30 the efficiency of this antibiotic released 

from ZrP-GTM_s was also preserved at the same levels as unprocessed GTM (Table S3 

and Table S5). 
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Figure 4. Antimicrobial activity of polymeric composite 3D AM scaffolds with different filler-antibiotic 
concentrations over 4 weeks. Graphs depicting ZOI of (A, B) MgAl-CFX_s and (C, D) ZrP-GTM_s 
in dPBS at 37 °C against S. epidermidis and P. aeruginosa. Images of representative disk diffusion 
test plates depicting ZOIs around a disk impregnated with an aliquot of the scaffold release 
supernatant after the initial 24h of release. Scale bars 5 mm. 

 

CFX MIC against both S. epidermidis and P. aeruginosa and is 1 µg/ml and 0.5 µg/ml, 

respectively. 76 Since the non-cumulative release of CFX from MgAl-CFX_s per timepoint 

was significantly above the MIC thresholds at all MgAl-CFX concentrations (Table S4 and 

Figure S8), the antimicrobial activity was preserved over the period evaluated (30 days) 

showing an increasing activity with increasing MgAl-CFX concentration (Figure 4A, B). 

On the other hand, the required GTM concentration to inhibit bacterial growth is higher 

(MIC against S. epidermidis: 1 ug/ml; MIC against P. aeruginosa 4 ug/ml). 76 Therefore, in 

accordance with the amount of GTM released per timepoint (Table S5 and Figure S8), 

the antibacterial activity of ZrP-GTM_s against S. epidermidis lasted for 3 weeks, with a 

gradual decrease after a peak of activity in the first 48h (Figure 4C), while only 24h against 

P. aeruginosa (Figure 4D). The concentration dependent activity was also observed in the 

case of ZrP-GTM_s s as it is shown in Figure 4C, D. 
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While in vivo experiments would be necessary to fully understand the in situ antimicrobial 

function of the scaffolds, which is linked to the aforementioned in vivo conditions for 

antibiotic release (ionic concentration and pH), this results already suggest the 

antimicrobial potential of the presented systems. 

Cell viability 

To further assess the cytotoxicity of the antibacterial systems, hMSCs viability was 

evaluated on MgAl-CFX_s and ZrP-GTM_s at the three different filler-antibiotic 

concentrations. Preliminary experiments demonstrated a significant reduction in cell 

number after 7 days of culture in 20% MgAl-CFX_s and 20% ZrP-GTM_s scaffolds (Figure 

S9A, B). Despite their well-known biocompatibility, 43, 77 some reports describe the dose, 

time and size dependent cytotoxic effects of layered lamellar compounds, such as MgAl 

and ZrP when uptaken by cells. 78-79 While this is not likely to occur during our in vitro 

experiments period as the fillers remain trapped within the copolymer matrix, fillers could 

potentially play a role in cell toxicity upon polymer degradation. Yet, we hypothesize that 

the sustained release of fillers into the surroundings, due to the slow polymer degradation 

process, would not lead to toxic amount of fillers as these are always under the toxicity 

limits previously reported in literature (~200-500 µl/ml). 43, 80-82 Thus, it is plausible that the 

high amount of antibiotic released during the 4h seeding time concentrated in a small 

volume, negatively affected hMSCs attachment and viability. HMSCs cultured in tissue 

culture polystyrene showed a dose-dependence sensitivity to CFX (Figure S10A), which 

has shown to influence hMSCs proliferation upon continuous exposure. 83 Similarly, 

although GTM has an impact on hMSCs viability only at high concentrations (>1000 µg/ml) 

(Figure S10B), short exposure (20 min) to high levels of GTM was found to influence 

osteoblasts proliferation rate up to 3 days post-exposure. 84  

To prevent a decrease in cell viability, surface extraction by pre-incubating the scaffolds in 

cell culture media prior to seeding (for 1.5h) was considered, as previously described. 85 

This method was used to reduce the initial drug burst release prior to cell contact and 

showed to significantly improve cell viability within our scaffolds (Figure 5D, E). 

Accordingly, no meaningful differences in cell number were found among filler-antibiotic 

concentrations and comparable levels of viability were maintained for 7 days. 

Representative live/dead images of the scaffolds cross sections further confirmed high 

hMSCs viability regardless of the filler-antibiotic concentration over 7 days for both MgAl-
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CFX_s and ZrP-GTM_s (Figure 5A-C). Interestingly, cells in the composite scaffolds 

showed a spread morphology comparable to the control samples (i.e. polymer-only 

scaffolds) after 1 day of culture, which changed to the characteristic elongated morphology 

of migrating cells after 7 days.  

 

Figure 5. HMSCs viability is preserved after seeding MgAl-CFX_s and ZrP-CFX_s pre-incubated 
in media for 1.5 h. Representative fluorescent images depicting cell viability (F-actin, green; dead 
cells, red) 1 day and 7 days post-seeding (a) MgAl-CFX_s, (b) ZrP-GTM_s and (c) PEOT/PBT_s.  
Quantification of DNA content 1 day and 7 days post seeding (d) MgAl-CFX_s and (e) ZrP-GTM_s, 
compared to PEOT/PBT_s control. Scale bars 250 µm. Statistical significance performed using 
two-way ANOVA with Tukey’s multiple comparison test (n.s. p > 0.05).  

 

Osteogenic differentiation  

In order to gain more insight into the potential of MgAl-CFX_s and ZrP-GTM_s to promote 

new bone formation, the osteogenic differentiation capacity of hMSCs seeded on the 

different scaffolds was analyzed. Preliminary results suggested that the osteogenic 

potential of hMSCs was influenced by the presence of the filler-antibiotic complexes. As 
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depicted in Figure S11, after 28 days in mineralization media (MM), no mineral deposition 

was visualized or quantified on MgAl-CFX_s for all concentrations, nor on 20% ZrP-

GTM_s, while a ~10-fold reduction in calcium deposition was observed in 5 and 10 % ZrP-

GTM_s with respect to the control samples (Figure S11). Yet, calcium deposits were 

observed in the polymer- and filler-only control scaffolds after 28 days in MM at levels 

reported in previous studies. 38 This indicates that the fillers were not affecting hMSCs 

osteogenic behavior. This is further supported by a recently published report 

demonstrating the significant upregulation of several osteogenic genes including ALP, 

bone sialoprotein, Runt-related transcription factor 2 (RUNX2), OPN, and osteocalcin in 

osteoblasts when adding MgAl particles to the cell culture media. 80 In order to investigate 

if the antibiotics were impairing or just delaying the progression of hMSCs differentiation 

towards the creation of a mineralized matrix, scaffolds were cultured in MM for longer 

periods. After a total of 35 days in MM, all ZrP-GTM_s showed calcium deposition, which 

were inversely proportional to the ZrP-GTM concentration (Figure 6B). This suggests a 

GTM dose-dependent effect and its role in delaying mineralization. The amount of calcium 

in 5, 10, and 20 % ZrP-GTM_s increased ~3, 2 and 25-fold with respect to the previous 

timepoint, respectively. After a total of 49 days in MM, both 5 and 10 % MgAl-CFX_s 

showed matrix mineralization, which was not observed at earlier timepoints, yet at levels 

lower than the control conditions. 

Interestingly, 20% MgAl-CFX_s did not mineralize even after 49 days in MM, suggesting 

that the continuous release of higher CFX amounts had a starker effect on the hMSCs 

differentiation process. This result was further supported by the lower DNA and higher 

values of ALP activity observed on 20% MgAl-CFX_s compared to lower MgAl-CFX 

concentrations and the control (Figure S12), as the ALP activity is known to decrease 

during the mineralization process under optimum conditions. 86 A strong inhibition of 

mineralization has been reported when confluent cultures of osteoblasts were treated with 

CFX. The effect was apparent with 2.5-5 µg/ml CFX and progressively increased to more 

than a 90% decline in the calcium/protein ratio at 20-40 µg/ml CFX. 87 These values are in 

the range of the release of CFX from 5-10% MgAl-CFX_s and 20 % MgAl-CFX_s, 

respectively, therefore supporting our results. While in vitro experiments agree in the dose 

dependent interference of CFX in the bone healing process, controversial results have 

been reported for in vivo studies. Abnormalities in cartilage morphology of fracture calluses 

were observed after treatment in rat models with ciprofloxacin (2.4 µg/ml in serum), 88 while 

higher CFX release (5 µg/ml per day) from a bone defect filler in rabbits allowed bone 
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formation within 3 months in another study. 89 This suggests that in vivo studies are 

necessary to gather a better insight over the effect of our scaffolds on bone formation. 

Compared to CFX, consistent in vitro and in vivo results have been previously published 

on the dose-dependency effect of GTM. For instance, mineralization in osteoblast and 

hMSCs cultures was not impaired after short exposure of up to 16 µg/ml GTM, 84 or 

continuous exposure of 200 µg/ml. 90 Similarly, in vivo GTM serum concentration of 4.5 

µg/mL, 91 or a continuous release from a bone filler with a peak of 58 µg in the first 4h, 92 

did not show reduced healing effect in rat models. However, a burst release from a bone 

cement (10 mg GTM released in 3 days) resulted in significantly less mineralized tissue 

than the control in a sheep model. 93 

 

Figure 6. Influence of filler-antibiotic concentration on matrix mineralization. Representative 
stereomicroscopy images of scaffolds cross sections stained with ARS: (a) MgAl-CFX_s after 56 
days of culture (49 days in MM) and (b) ZrP-GTM_s and (c) PEOT/PBT_s after 42 days of culture 
(35 days in MM). Inserts represent the corresponding control scaffolds without cells incubated in 
MM and stained with ARS. Scale bars 1 mm. (d) Quantification of the ARS staining extracted from 
scaffolds normalized to cell number. Statistical significance performed using one-way ANOVA with 
Tukey’s multiple comparison test (**p < 0.01; ***p < 0.001).  

 

Along with the study in matrix mineralization, the progression in the osteogenic 

differentiation of hMSCs was further evaluated by immunostaining of two relevant 

osteogenic makers, COL I and OPN. COL I constitutes nearly 90% of bone organic ECM 

and serves as minerals nucleation sites. 94 On the other hand, OPN is one of the most 
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abundant non-collagenous proteins in bone. It reaches its peak during the mineralization 

period supporting its progression and the prevention of premature precipitation of calcium 

phosphate is suggested as one of its key functions. 86, 95 Interestingly, a dense layer of 

COL I fibrils was formed by hMSCs on top of scaffolds filaments regardless of the scaffold 

composition and no significant differences were observed compared to the PEOT/PBT 

control (Figure 7A and Figure S13). This implies that COL I fibers formation was not 

affected by antibiotics. However, OPN expression was reduced in MgAl-CFX_s when 

compared to PEOT/PBT_s and ZrP-GTM_s, qualitatively observed when comparing 

among scaffold types the ratio of OPN-stained hMSCs over the total cell number (Figure 

7B and Figure S13). Intriguingly, this result lays in agreement with the delay in matrix 

mineralization observed on these scaffolds. Particularly, in 20 % MgAl-CFX_s, where OPN 

expression is more clearly downregulated, the pronounced delay in the osteogenic 

differentiation of hMSCs cultured on these scaffolds is confirmed once more. However, the 

trend of the current results indicates that longer culture periods might lead to comparable 

osteogenesis and matrix mineralization results among different scaffolds types.  

 

Figure 7. Influence of filler-antibiotic concentration on the osteogenic differentiation of hMSCs. 
Representative confocal microscopy images of hMSCs (F-actin, green) on top of the filaments of 
20 % MgAl-CFX_s after 54 days of culture (47 days in MM) and 20% ZrP-GTM_s and PEOT/PBT_s 
after 42 days of culture (35 days in MM) and stained for the relevant osteogenic markers COL I 
(red) and OPN (blue). Scale bars 100 µm. 
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Overall, the aforementioned results suggest that bone formation is supported in vitro on 

the filler-antibiotic based scaffolds presented in this study. Further studies should aim at 

evaluating the bone bonding and heterotopic bone formation capabilities of the scaffolds 

by in vitro biomineralization experiments. Yet, conclusions should be drawn carefully after 

these, since it has been previously shown that the formation of an apatite layer on the 

material surface in vitro is not always correlated with bone formation in vivo. 96 Ultimately, 

in vivo experiments will be necessary to fully characterize the scaffolds bone regeneration 

performance. 

CONCLUSION 

Local delivery of antibiotics is desired to prevent infections after bone fracture of implant-

related surgery. The aim of this study was to develop antibiotic loaded 3D scaffolds 

fabricated via high temperature ME-AM. In order to protect antibiotics from the fabrication 

process thermal stresses and obtain a sustained release, the antibiotics CFX and GTM 

were intercalated within the lamellar structure of the inorganic layered fillers MgAl and ZrP, 

respectively, prior to their dispersion within the polymeric matrix. Compared to no-filler 

systems, a more sustained release was obtained in the filler-based scaffolds. The antibiotic 

was released via diffusion through the polymer matrix and by a mechanism governed by 

ion exchange or pH changes. The functionality of the antibiotics after high temperature AM 

was confirmed against Gram + and Gram - bacterial strains demonstrating same 

antibacterial levels as unprocessed antibiotics. Importantly, the incorporation of fillers and 

antibiotics into the scaffolds neither affected hMSCs viability nor prevented their 

osteogenic differentiation, as verified by matrix mineralization and COL I and OPN 

expression. These newly proposed method enables the fabrication of dual functional 

scaffolds via direct incorporation of antibiotics in scaffolds fabricated at high temperatures, 

and has the potential to improve infection management while allowing bone regeneration. 

Moreover, this approach opens the door to future research on the use of other relevant 

antibiotics and biodegradable thermoplastic polymers to further optimize the system 

towards clinical applications. 
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SUPPLEMENTARY FIGURES  

 

Figure S1. (A) Schematic representation of the melt-compounding process of the different 
copolymer-filler-antibiotic composites. Initially, CFX was intercalated within MgAl to obtain MgAl-
CFX, while GTM was intercalated within ZrP to obtain ZrP-GTM. Each of the two filler-antibiotic 
complexes separately were mixed at 5, 10 and 20 wt% with PEOT/PBT using a twin screw extruder. 
Pellets of the 6 different materials (MgAl-CFX_p and ZrP-GTM_p) were obtained to be 
subsequently used for the fabrication of 3D scaffolds via ME-AM. (B) SEM micrographs of the cross 
section of MgAl-CFX_p and ZrP-GTM_p with different filler-antibiotic concentrations. Scale bars 
200 µm. 
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Figure S2. (A) Stereomicroscopy images of PEOT/PBT_s and composite scaffolds cross section 
and top view (inserts) depicting the scaffolds’ interconnected porosity in XYZ. Scale bars 1mm. (B) 
Experimental fiber diameter (d1), strand distance (d2), layer thickness (d3), and porosity calculated 
for each scaffold, 

 

 

 



Chapter 7 

274 

 

 

Figure S3. (A) MgAl-CFX particle size (D90) after synthesis, melt blending and ME-AM. (B) MgAl-
CFX size distribution on MgAl-CFX_p and (C) MgAl-CFX_s. (D) ZrP-GTM particle size (D90) after 
synthesis, melt-blending and ME-AM. (E) ZrP-GTM size distribution on ZrP-GTM_p and  (F) ZrP-
GTM_s.  
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Figure S4. SEM micrographs of PEOT/PBT_s and composite scaffolds depicting the scaffolds’ 
filaments surface roughness. Insert micrographs represent the scaffolds cross section. Scale bars 
100 µm. insert corresponding to low magnification images. Sale bars 1 mm. 
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Figure S5. (A) Cumulative release (%) of CFX and GTM from MgAl-CFX_s and ZrP-GTM_s, 
respectively. (B) Kinetic models used to fit the antibiotic release profiles from 20% MgAl-CFX_s 
and 20% ZrP-GTM_s (stage I only) and corresponding correlation coefficients (R2). t refers to time, 
Mt  refers to amount of drug released in time t, M0 refers to the total amount of drug loaded in the 
system,  and k, a, and n are model-specific constants. 
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Figure S6. Thermal stability of CFX. (A) TGA curves of pure CFX and MgAl-CFX. (B) HPLC of pure 
CFX and CFX extracted from MgAl-CFX, 20% MgAL-CFX_p and 20% MgAl-CFX_s. (C) 
Percentage of complete CFX molecule recovery after each processing step. 
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Figure S7. Thermal stability of GTM. (A) TGA curves of pure GTM and ZrP-GTM. (B) HPLC-MS of 
pure GTM and GTM extracted from ZrP-GTM, 20% ZrP-GTM_p and 20% ZrP-GTM_s. (C) Relative 
amount of each GTM isoform intercalated in ZrP after each processing step. (D) Percentage of 
complete GTM molecule recovery after each processing step. 
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Figure S8. Non cumulative release of (A) CFX and (B) GTM over time from MgAl-CFX_s and ZrP-
GTM_s, respectively. 

 

 

 

Figure S9. DNA content after 1 and 7 days of culture in BM in (A) MgAl-CFX_s and (B) ZrP-GTM_s, 
directly seeded without pre-incubation in media. Statistical significance performed using two-way 
ANOVA with Tukey’s multiple comparison test (* p < 0.05; ** p < 0.01; *** p<0.001; **** p < 0.0001). 
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Figure S10. Dose dependence of toxicity of (A) CFX and (B) GTM towards hMSCs, in their pure 
form (not exposed to T) or previously exposed to 200 °C for 30 min under a N2 atmosphere 
(exposed to T). 

 

Figure S11. Stereomicroscopy images of (A) PEOT/PBT_s and MgAl-CFX_s and (B) ZrP-GTM_s 
cross sections stained with ARS after 35 days of culture (28 days in MM). Inserts represent the 
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corresponding control scaffolds without cells incubated in MM and stained with ARS.  Scale bars 1 
mm. (C, D) Quantification of the ARS extracted from scaffolds after 35 days of culture (28 days in 
MM), normalized to total cell number. Statistical significance performed using one-way ANOVA with 
Tukey’s multiple comparison test (**p < 0.01; ***p < 0.001; ****p < 0.0001).  

 

 

 

Figure S12. (A) DNA content and (B) ALP activity on MgAl-CFX_s after 56 days of culture (49 days 
in MM). (C) DNA content and (D) ALP activity on ZrP-GTM_s after 42 days of culture (35 days in 
MM). Statistical significance performed using one-way ANOVA with Tukey’s multiple comparison 
test (n.s. p > 0.05, **p < 0.01).  
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Figure S13. Representative confocal microscopy images of hMSCs (F-actin, green) on top of the 
filaments of (A) 5 and 10 % MgAl-CFX_s after 56 days of culture (49 days in MM) and (B) 5 and 10 
% ZrP-GTM_s after 42 days of culture (35 days in MM) stained for relevant osteogenic markers 
COL1 (red) and OPN (blue). Scale bars 100 µm. 
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Table S1. Antimicrobial activity of MgAl-CFX and ZrP-GTM at different concentrations against S. 
epidermidis and P. aeruginosa. 

 

 

 

Table S2. Antimicrobial activity of MgAL-CFX_f and ZrP-GTM_f against S. epidermidis and P. 
aeruginosa. 
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Table S3. Susceptibility of S. epidermidis and P. aeruginosa and strains to pure GTM and CFX 
evaluated by the disk diffusion agar test.  

 

 

Table S4. Non cumulative release of CFX over time from 20 wt% MgAl-CFX_s and the 
corresponding experimental and expected ZOI against S. epidermidis and P. aeruginosa. Expected 
ZOI were estimated from the susceptibility test in Table S3. 
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Table S5. Non cumulative release of GTM over time from 20 wt% ZrP-GTM_s and the 
corresponding experimental and expected ZOI against S. epidermidis and P. aeruginosa. Expected 
ZOI were estimated from the susceptibility test in Table S3. 

 

 

Table S6. Theoretical and experimental (determined by TGA) MgAl-CFX and ZrP-GTM loadings of 
MgAl-CFX_p and ZrP-GTM_p at different filler-antibiotic concentrations. 
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In this Chapter, the most important findings of the thesis will be discussed and 

contextualized within the overall aim of the thesis, which is the design and fabrication of 

bioactive melt extrusion additive manufactured (ME-AM) scaffolds for bone tissue 

regeneration. We highlight the reasons for material and cell source choice, the importance 

of cell confluency in osteogenic differentiation, and the unique functionality provided by the 

investigated scaffold modifications. 

Why PEOT/PBT? 

As noticed in the literature review within Chapter 2, poly(ε-caprolactone) (PCL) is the most 

used biodegradable thermoplastic polymer to fabricate ME-AM scaffolds for bone tissue 

engineering (BTE) applications. The main motivation for researchers to invest on this 

polymer is its approval by FDA or CE mark certification for drug delivery devices, tissue 

adhesion barriers, and 3D printed implants for bone regeneration, which consequently 

smoothens the clinical and marketing path of any subsequent newly designed PCL based 

scaffolds. However, most of the studies have been performed using research-grade PCL, 

which has been shown to differ from medical-grade PCL in terms of molecular weight, 

impurities content, physicochemical properties (mechanical properties, degradation) and 

processing parameters, often leading to results being unsuitable for translation. 1-2 Other 

important reasons for PCL monopolizing ME-AM BTE research are its high compression 

strength; long degradation time; and its low printing temperature, which diminishes the 

printer hardware demands. 2 Despite these appealing characteristics, PCL also possess 

some drawbacks, including its poor cell adhesion and limited cell spreading, 3 which are 

non-optimal properties for applications in which strong cell adhesion and spreading are 

required, such as bone formation. 4 For these reasons, the exploration of other synthetic 

polymers towards the design of an optimum scaffold for BTE is still desired. One of these 

polymers is the block copolymer poly(ethylene oxide terephthalate)/poly(butylene 

terephthalate) (PEOT/PBT), which is commercially available in medical-grade, as well as 

approved by regulatory authorities in the composition 1000PEOT70PBT30 (1000 kDa 

PEO segment and a PEOT:PBT ratio of 70:30) for its use as drug delivery system, cement 

restrictor and 3D printed scaffold for cartilage regeneration. PEOT/PBT copolymers are 

thermoplastic, biocompatible and biodegradable, and their mechanical, physicochemical 

and swelling properties can be tuned within a wide range by varying the PEO segment 

molecular weight, as well as the PEOT:PBT ratio, to meet the requirements of a specific 

regenerative application. 5-8 Taking this into consideration, PEOT/PBT and scaffolds made 
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from these materials have proven their in vitro and in vivo applicability in skeletal tissue 

regeneration, including bone 9-16, cartilage 17-20 and osteochondral tissue engineering, 21-24 

as well as in skin, 25 and nerve regeneration, 26 or islets of Langerhans delivery. 27-29 Among 

other formulations, the PEOT/PBT used within this thesis, 300PEOT55PBT45 (300 kDa 

PEO segment and a PEOT:PBT ratio of 55:45), constitutes a valid alternative to PCL for 

the fabrication of ME-AM scaffolds for BTE. This is owed to its long degradation time (3% 

mass loss after 24 weeks implantation in vivo), optimum mechanical properties (tensile 

modulus ~ 50 MPa, compression modulus ~ 120 MPa), and good cell attachment and 

spreading in vitro without further functionalization. 5-8, 10 Furthermore, it has a relatively low 

melting temperature (~160 °C) and low viscosity, which enables its easy processing 

through standard ME-AM platforms at 165 -195 °C. 30-31  

Why human mesenchymal stromal cells (hMSCs)? 

Because of their ability to differentiate into osteoblasts and their role in tissue regeneration, 

hMSCs are commonly used in tissue engineering. 32 HMSCs have the ability to migrate 

chemotactically to injured tissues, where they differentiate into tissue-specific cells, and 

help in the regeneration process by the secretion of factors, which can modulate the 

inflammatory response, promote vascularization, and induce proliferation and 

differentiation of other endogenous cell types. 33-34 In an attempt to support the 

endogenous homing of hMSCs, BTE approaches have considered the direct injection to 

the injured site of these cells or, most interestingly, the implantation of hMSC-laden 

scaffolds. 35-36 When combined with hMSCs, the scaffold would not only mechanically 

support the fracture and promote a material-induced bone growth response, but also 

ideally boost the implanted hMSCs and, subsequently, other endogenous cell types, 

towards an accelerated bone regeneration response. HMSCs can be extracted and 

isolated from the patient’s own bone marrow without leading to donor site morbidity, unlike 

other autografts, and can be expanded in culture to generate sufficient numbers while 

maintaining their multipotency. 35  

Prior to implantation, and regardless of the final scaffold application being cell-free or cell-

laden, the functionality of a newly designed scaffold is usually tested by seeding it with 

hMSCs and evaluating these cells ability to undergo osteogenic differentiation on the 

scaffold. 37-38 Several reports have already dedicated initial efforts to evaluate this way the 

in vitro biological performance of PEOT/PBT (300PEOT55PBT45) ME-AM scaffolds for 
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BTE. 13-16, 21-24 This common in vitro practice gives hints on the osteoinductive and 

osteoconductive properties of the scaffold, i.e. the scaffold’s ability to recruit bone forming 

cells or simply support bone formation on scaffold surface, respectively. Accordingly, 

hMSCs were used in this thesis to test the developed ME-AM scaffold’s ability to support 

or induce bone formation in vitro.  

Addressing the cell seeding problem on ME-AM scaffolds 

A challenge encountered when seeding hMSCs on PEOT/PBT ME-AM scaffolds was the 

poor cell attachment along the scaffold cross section, with the majority of cells sedimenting 

and forming a monolayer at the scaffold’s bottom. This is a persistent issue associated 

with the macroporosity and synthetic nature of polymeric ME-AM scaffolds, as well as to 

gravity, 22, 39 which up to now has been managed by architectural or surface scaffold 

modifications, or by complicated seeding methods. Chapter 3 of this thesis has 

demonstrated that by simply altering the physical properties of the seeding media 

(viscosity or density), a significant enhancement on cell distribution along the scaffold 

cross section can be attained upon static seeding. This was possible by including the 

macromolecules (macroM) dextran or Ficoll to the seeding media at specific 

concentrations, which dramatically reduced hMSCs settling velocity, allowing cells to float 

longer in the suspension and giving them more time to attach to the scaffold filaments. This 

approach differs from previous efforts in terms of: i) its simplicity, as it does not require of 

additional equipment, such as a rocking bed for dynamic seeding, a vacuum chamber for 

plasma treatment, or complicated chemistry for a hydrogel carrier formation; ii) its 

universality, as it can be used for any scaffold type, regardless of its material and 

architecture; iii) its efficiency, as it avoids the use of large cell stocks; and iv) its temporary 

activity, as none of the supplements attach to the scaffold filaments and can be quickly 

expelled by cells when endocytosed.  

Alternatively, enhanced cell attachment and distribution was achieved by fabricating 

PEOT/PBT scaffolds via atmospheric pressure plasma assisted AM in Chapter 4. In this 

case, cell attachment was induced by the deposition of hydrophilic and protein adhesive 

coatings on the scaffolds filaments, generated by plasma-polymerization, prior to 

conventional static seeding. Plasma had been previously used to treat 3D ME-AM 

scaffolds, 40-42 but with our approach, we have tackled several issues that had been 

previously identified when this surface modification technique was used to treat scaffolds. 
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First, the use of an atmospheric pressure plasma jet (APPJ) allowed to direct the plasma 

flame into the scaffold pores, thus avoiding the inhomogeneous and uncontrolled gradient 

functionalization along the scaffold volume resulting from conventional vacuum plasma. 43 

Furthermore, we investigated the use of plasma polymerization, which offers a more 

specific surface functionalization via the deposition of specific functional groups, in contrast 

to plasma activation with inert gases. Specifically, we employed organosilane precursors 

((3-Aminopropyl) trimethoxysilane (APTMS) and a mixture of maleic anhydride and 

vinyltrimethoxysilane (MA-VTMOS)), which provide stable coatings resistant to 

delamination in aqueous conditions compared to other precursors. 44-45 In this way, we 

were able to precisely analyze, for the first time, cell attachment to 3D ME-AM scaffolds 

as a function of specific surface charge and functional groups, in the presence or absence 

of serum. In particular, we observed that all plasma treatments increased the surface 

wettability of the scaffolds, enhanced cell-adhesive proteins adsorption to their surface, 

and allowed for homogeneous cell attachment along the scaffold cross section. 

Interestingly, APTMS treated scaffolds allowed cell attachment in the absence of serum, 

driven by electrostatic interactions between the cell and the charged scaffold surface, 

which possess relevant clinical applications. 

Homogeneous cell distribution and cell confluency in 3D ME-AM scaffolds are 

necessary for MSCs osteogenic differentiation and mineralization 

Although both macroM seeding and plasma treatment improved homogenous cell 

coverage on the PEOT/PBT scaffolds and led to high seeding efficiencies of 70-80%, 

macroM seeding performed better at retaining cells along the scaffold cross section. While 

a large portion of the seeded cells adhered to the plasma treated scaffolds’ bottom in form 

of a monolayer, reducing the cell number attached to the filaments throughout the 

scaffold’s height, no monolayer was formed in the macroM seeded scaffolds.  This was 

translated into a larger cell density and cell-cell contact points on the filaments of macroM 

seeded scaffolds, where cell agglomerates were already observed after seeding, and cells 

confluently covered the filaments after 1 day of culture. At the same timepoint, cell-cell 

contact was less abundant on the significantly less crowded plasma-treated scaffolds’ 

filaments. Cell density and cell-cell contact in 2D cultures have been previously observed 

to greatly influence the osteogenic potential of hMSCs. According to the results in Chapter 

3 and Chapter 4, we hypothesized that these parameters also played a key role in the 

differentiation of hMSCs on our ME-AM 3D scaffolds. Here, calcium deposition, a late 
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marker for osteogenic differentiation, was observed only on scaffolds with high cell 

confluency on their filaments (macroM seeding), while osteogenic differentiation was 

delayed and calcium deposition was not observed on scaffolds with less cell density 

(plasma-assisted seeding), even after longer culture periods (54 days in MM). In 2D, 

studies have reported increased alkaline phosphatase (ALP) activity with increasing 

number of cell-cell contacts. 46-47 Similarly, hMSCs plated at high density and cultured in 

osteogenic media have shown to lead to enhanced calcium deposition, compared to 

hMSCs plated at lower density. 48-50 In particular, 100% confluent hMSCs cultures have 

resulted into higher calcium deposition and osteocalcin protein expression, compared to 

lower confluency values, 51 and over-crowding (> 100%) has been shown to maintain the 

osteogenic differentiation potential of hMSCs. 52-53 The upregulation of osteogenic markers 

through cell density variations in 2D has been explained by the activation of cell contact-

dependent signaling, such as gap junctions, 46 and the activation of integrin 50-51 and 

cadherin 54 signaling pathways, which are all involved in the regulation of osteogenic 

differentiation. 55-57   

While cell studies in 2D have clearly demonstrated the positive correlation between cell 

confluency and enhanced osteogenic differentiation and calcium deposition, such effects 

have not been clearly observed so far in 3D. Some researchers have reported the 

detrimental effect of high seeding density on the ALP activity in osteoblasts or hMSCs, 

when cultured on 3D scaffolds, 58-59 while others have shown a positive impact of high 

cell seeding density on hMSC osteogenic differentiation. 60-63 Overall, we hypothesize that 

these contradictory results in 3D are mainly owed to a lack of homogeneous cell 

distribution along the scaffold volume, which results in an inhomogeneous cell population 

and an erroneous averaged analysis. In this regard, we believe that the homogenous cell 

distribution attained with the macroM seeding method in Chapter 3 and with the plasma-

assisted conventional seeding method in Chapter 4, allow us to draw more accurate 

conclusions on the effect of cell density, confluency and cell-cell contact on hMSCs 

osteogenic differentiation in 3D scaffolds, in particular in 3D ME-AM scaffolds. Taking this 

into account, it can be hypothesized that cell confluency is necessary for hMSCs 

osteogenic differentiation and calcium deposition on 3D AM-scaffolds, and this effect is 

potentially driven through the same mechanisms as in 2D.  
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Cell confluency vs. other pro-osteogenic cues: in the race to osteogenic 

differentiation 

It cannot be dismissed that plasma-treated seeded scaffolds come along with an extra 

variable that has previously been shown to affect osteogenic differentiation on its own, i.e. 

surface chemistry. Functionalized 2D surfaces with polar functional groups have been 

shown to promote osteogenic differentiation, through an enhanced exposure of the integrin 

binding domains of adsorbed cell-adhesion proteins, which can lead to high levels of focal 

adhesion components and phosphorylated focal adhesion kinase (p-FAK) in the adhered 

cells, required for osteoblast differentiation. 64-66 While in Chapter 4 we hypothesized that 

the lower protein adhesion to aged scaffolds (where osteogenic differentiation was 

evaluated) might have hampered MSC osteogenic stimulation and calcium deposition, it 

is also possible that the surface chemistry’s pro-osteogenic effect is not as strong as the 

effect of cell confluency. Some studies in 2D have pointed out that substrates with 

increasing amount of polar functional groups or surface roughness give rise not only to 

enhanced calcium deposition, but also to increased cell attachment and density. 67-68 This 

makes it difficult to identify the relevant osteogenic cues, among surface properties and 

cell confluency. Besides these, other cues that have been found to influence hMSCs 

osteogenic differentiation are, for example, substrate stiffness, substrate roughness, cell 

shape, and cell size. In some studies, where cells were exposed to competing pro-

differentiation signals, cell-cell contact has been found to be a powerful cue, overruling the 

effect of other signals. For instance, through alterations in cytoskeletal tension, ALP and 

RUNX2 gene expression have been proven to be upregulated on cells with a large spread 

area, large perimeter, or with an aspect ratio around 2, compared to other shapes or sizes. 

69-71 Yet, hMSCs cultured at high density also displayed the upregulation of osteogenic 

markers, together with calcium deposition, in spite of the physical constrains imposed by 

an increase density leading to “non-osteogenic morphologies” (i.e. small cell spread 

areas). 70 Similarly, stiff substrates have been previously shown to direct hMSCs towards 

the osteogenic lineage, according to the upregulation of osteogenic markers. 72 However, 

hMSCs cultured on stiff substrates were capable of depositing high amounts of calcium 

only when cultured at high density. 49  

The fact that cell confluency can override other pro-osteogenic factors in ME-AM scaffolds 

was further supported by the results observed in Chapter 5 and Chapter 6. In Chapter 5, 

hMSCs were seeded on PEOT/PBT-nanohydroxyapatite (nHA) composite scaffolds using 



General Discussion 

295 

 

the macroM seeding method and osteogenic differentiation was analyzed as a function of 

the HA content. Similarly, in Chapter 6 PEOT/PBT-reduced graphene oxide (rGO) 

composite scaffolds were seeded with hMSCs by the macroM seeding method, and 

osteogenic differentiation was assessed. While some previous studies had shown that the 

addition of HA and graphene based fillers to ME-AM composite scaffolds lead to the 

upregulation of osteogenic markers in hMSCs or other cell types in vitro, 73-76 we did not 

observe significant differences in the osteogenic profile of these cells cultured on the 

composite scaffolds, compared to bare PEOT/PBT scaffolds. Indeed, hMSCs could 

undergo osteogenic differentiation and deposit a mineralized extracellular matrix (ECM) at 

the same levels on every scaffold type, regardless of the presence or absence of the fillers. 

One reason might be the polymer matrix being a barrier for fillers release in nHA containing 

scaffolds due to the poor exposure of the nHA particles to the surface, as suggested in 

Chapter 5 and by previous reports. 74, 77 This, together with the slow degradation time of 

nHA, possibly led to suboptimal ion exchange dynamics between the scaffold and the 

medium and a calcium concentration in the medium, which was insufficient to affect 

calcium signaling pathways involved in osteogenesis. Nevertheless, calcium phosphate 

(CaP) re-precipitation after incubation in simulated body fluid was an indicator of the 

potential of these highly loaded HA scaffolds in vivo, in terms of tissue integration and 

osteoconduction. Another possible reason why differences were not observed in the 

osteogenic outcome between bare polymeric and filler-containing scaffolds could be 

correlated to the variable of seeding density being ruled out by seeding all the scaffold types 

with the macroM seeding method. In addition to accelerated osteogenic differentiation, 

previous studies have also observed enhanced cell attachment on such composite 

scaffolds, due to the fillers increasing the scaffold hydrophilicity and surface physical 

properties. 78-80 Therefore, it is plausible that the observed accelerated cell differentiation 

on these composite scaffolds was induced by the higher cell density and confluency 

indirectly promoted by the fillers. Currently ongoing animal studies, in which such scaffolds 

were implanted in critical size ulnar defects in rabbits, will allow us to draw better 

conclusions on the bone regeneration performance of HA based composite scaffolds, 

compared to bare polymeric scaffolds.  

These results raise an important question: if cell confluency is the main pro-osteogenic 

factor in ME-AM scaffolds, and it can be attained by simple strategies, such as macroM 

seeding on bare polymeric scaffolds, would it be necessary to invest on further scaffold 

modification strategies to regenerate bone, such as plasma treatments or the use of 
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composite materials? Before answering this question, it is worth to mention that osteogenic 

differentiation was only attained in macroM seeded scaffolds when hMSCs were provided 

with osteogenic medium (Chapter 3 and Chapter 5), and it is not known whether 

endogenous factors would be sufficient to trigger bone formation in confluent scaffolds in 

an in vivo scenario. Previous in vivo studies evaluating the bone regeneration ability of 

cell-laden polymeric ME-AM scaffolds (seeded with hydrogel carriers or following protein 

coatings) have shown contradictory results, and it is not clear yet whether the presence of 

cells along with the scaffold has overall beneficial effects. 81-84 Nevertheless, these studies 

have never assessed the state of cell confluency prior to scaffold implantation, and there 

is still no consensus on the optimum cell number, state of cell differentiation (the use of 

pre-differentiated or undifferentiated cells), and amount of viable cells after transplantation. 

85 This highlights the necessity of future research on more controlled and systematic 

studies to investigate all these parameters. We believe that the macroM seeding method 

could serve as a reliable platform to study the bone regeneration capabilities of cell-laden 

scaffolds and to unravel the importance of cell density and confluency in vitro and in vivo. 

Given that the effect on in vivo bone regeneration of cell confluency in 3D scaffolds is still 

unknown, and that the use of the macroM seeding would be only applicable for cell-laden 

scaffolds strategies, the answer to the aforementioned question would be: yes, the 

investigation of other modification strategies such as plasma or the use of composites is 

still required.  

Unique functionalities of plasma-modified and composite ME-AM scaffolds  

Plasma for better tissue integration 

As presented in Chapter 4, plasma activation and polymerization enhanced the surface 

energy and wettability of polymeric scaffolds, and led to protein adsorption and enhanced 

cell adhesion in vitro. In vivo, this could be translated into better scaffold integration with 

the existing bone defect ends and surrounding tissue (also called osseointegration), 86-88 

which is critical for implant stability and is considered a prerequisite for implant loading and 

long-term clinical success. Moreover, these plasma modifications can promote 

endogenous cell adhesion, as a first step towards osteogenesis and bone formation. 

Notably, the aged scaffolds still showed to provide enhanced cell adhesion compared to 

untreated scaffolds. This experiment simulated the clinical scenario of scaffold production, 

where the storage after surface modification may occur for several days prior the 
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implantation into the patient’s defect. The automated production of scaffolds within an 

integrated ME-AM and APPJ platform further validates the translational potential of such 

plasma-modified scaffolds. Although not presented in this study, this integrated platform 

also allows to treat the scaffold layer by layer, to reach deep pores in large anatomical 

scaffolds, or zonally, to facilitate cell attachment in specific scaffold regions. 89 

Composites for mechanical properties  

Among all the ME-AM scaffold modification strategies presented in Chapter 2, the 

incorporation of bioactive fillers within the scaffolds’ polymer matrix towards composite 

scaffolds is the only method that enables increasing the scaffold mechanical properties 

without compromising its architecture and porosity. This is of great importance since, 

regardless of the polymer type used, polymeric ME-AM scaffolds still possess very low 

mechanical properties compared to bone, whereas scaffolds with high mechanical 

strength are fundamental for load bearing scenarios. In Chapter 5, we observed how the 

addition of HA led to a significant increase in the scaffold compression modulus and 

strength at yield, reaching the range of cortical bone mechanical properties. Although not 

discussed within this thesis, the addition of rGO in Chapter 6 and of lamellar inorganic 

fillers in Chapter 7 can also improve the mechanical properties of the PEOT/PBT 

scaffolds, in terms of compression modulus and yield compression strength. 90 

Electrically conductive scaffolds 

In addition to improving their mechanical properties, the incorporation of fillers can provide 

the scaffold with other functional properties, such as electrical conductivity. In Chapter 6, 

polymeric scaffolds were rendered conductive with the addition of rGO fillers. Bone is a 

piezoelectric material and can generate electric potentials in response to mechanical 

stress, promoting bone resorption or formation. 91 Moreover, stem cell attachment, 

migration, proliferation, and differentiation have been shown to be influenced by electrical 

stimulation through the modification of the electrochemical environment, resulting in the 

activation of ion transporting channels, and membrane receptor complexes. 92 For all these 

reasons, electrical stimulation has been considered as a tool in the clinics to stimulate 

bone healing, and its combination with electrically conductive scaffolds opened the door 

to a more localized therapy. 93 During the last decades, scaffolds prepared through 

conventional fabrication methods and coated with conductive polymers, such as poly(3,4-

ethylenedioxythiophene) PEDOT, polypyrrole (PPy), and polyaniline (PANI) have been 

explored as conductive substrates for bone regeneration. 94 As a result of the 
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establishment of AM as preferred scaffold fabrication technology, together with the rise of 

carbon-based materials as desired materials for biomedical applications, the field has 

recently been focused on the investigation of electrically conductive carbon based 

composite ME-AM scaffolds. 95-96 The incorporation of the conductive material within the 

polymer matrix, rather than as a coating, provides mechanical reinforcement to the 

scaffold, enables to reduce its exposed amount ensuring higher biocompatibility, and 

avoids coating delamination due to weak interactions with the underlying substrate. Most 

recent studies have explored the in vivo bone formation capabilities of PCL/graphene and 

PCL/multiwall carbon nanotubes (MWCNT) ME-AM scaffolds combined with electrical 

stimulation. 97-98 The presented results confirm the promising character of this line of 

research, to which we have contributed within this thesis mostly from a materials science 

point of view. Specifically, within Chapter 6 we evaluated how the densification of rGO into 

a more dosable and less inhalation-hazardous material affects the resulting composite 

scaffold printability, conductivity and physicochemical properties. Among different 

graphene based fillers, rGO is preferred due to its electrical conductivity, thermal stability, 

and availability at large scale through established synthesis methods. Our study reveals 

that while increasing the rGO bulk density leads to a more dosable material and to 

composites with a wider printability window, it also results in scaffolds with lower electrical 

conductivity, at a given wt%. The solvent used for densification also showed to play a role 

in rGO compaction and subsequent dispersability within the composites. In this regard, for 

a given bulk density, densification in water resulted in a more compacted and aggregated 

rGO material than when densified in acetone, which reduced its dispersion within the 

polymer matrix and printability window. Overall, our study establishes relevant knowledge 

for potential future studies using rGO as a filler, and provides insight on the relevance of 

the rGO bulk density and volume occupancy for attaining ME-AM scaffolds with specific 

properties. 

Antimicrobial scaffolds for managing infections 

Beyond providing cues to promote bone formation, composite scaffolds can be used as 

drug carriers. In the clinics, up to 20% of open bone fractures, surgeries for fracture internal 

fixation, or implants revision surgeries develop into an infection. 99 The gold standard 

clinical strategy to manage infections consists of implant removal, tissue debridement and 

defect filling with a bone cement (poly(methyl methacrylate) (PMMA)) impregnated with 

antibiotics, which allows the reduction of systemic antibiotic administration. 100-101 With the 
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advances in biodegradable calcium-based bone grafts in the last decade, some of these 

products have included antibiotics in their composition to treat osteomyelitis, while allowing 

bone regeneration in the defect for avoiding a revision surgery. 101 Clinical studies have 

proven the ability of such systems (based on calcium sulfate, alone or combined with 

CaPs) in eradicating infections in 90-100% of the cases. Yet, bone healing and defect 

filling in non-unions was not always achieved, showing success rates ranging from 34 to 

100%. 102-104 The fast degradation time of these bone void fillers (3-6 months), together 

with their low mechanical properties, have been identified as responsible parameters 

leading to failure in the bone regeneration process. For this reason, slower degrading and 

stiffer ME-AM scaffolds with antibiotic-eluting properties that can support the defect during 

the bone formation process are considered as more optimum alternatives. Generally, ME-

AM processes to obtain such scaffolds are limited to a few low melting temperature 

polymers, mainly PCL, in order to maintain the stability of the dispersed heat-sensitive 

drugs. As an alternative to developing new polymers with lower melting temperatures, or 

adding biocompatible plasticizers to the composites for tackling thermal stability issues, 

105-106 we have investigated the use of lamellar protectors. In this regard, composite 

PEOT/PBT ME-AM scaffolds with lamellar inorganic fillers (magnesium aluminum layered 

double hydroxide (MgAl) and α-Zirconium phosphate (ZrP)) intercalated with antibiotics 

(ciprofloxacin (CFX) and gentamicin (GTM), respectively) were presented in Chapter 7. 

These fillers had been previously shown to increase the thermal stability of sensitive drugs. 

107-108 We also showed that the antibiotics maintained their antimicrobial activity after high 

temperature ME-AM, which was proven against some of the most common bacteria 

responsible for osteomyelitis (S. epidermidis and P. aeuruginosa). In addition to this, we 

have shown that the fillers allowed for a more sustained antibiotics release, especially on 

scaffolds containing MgAl-CFX. The release profile was further tunable by adjusting the 

weight percentage of filler-antibiotic complexes within the scaffolds, as well as by the ionic 

concentration and pH changes in the surrounding environment. Such controlled antibiotic 

eluting systems are ideal, as they avoid potentially cytotoxic burst releases and prolong 

antimicrobial activity over time. Yet, such strategies require further development since 

standard antibiotic therapy for osteomyelitis lasts for 4-12 weeks, 99, 109 a period that is 

much shorter than the time PEOT/PBT scaffolds’ take to degrade, which is required for 

complete antibiotic release. In vivo, the PEOT/PBT used in this study (PEO molecular 

weight = 300 kDa, PEOT:PBT weight ratio= 55:45) showed only a 3% mass loss after 24 

weeks of subcutaneous implantation in rats (film of thickness 400-600 µm). 110 It is possible 
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that our scaffolds porous structure, with increased surface exposed to surrounding body 

fluids, lower filament diameter (max 350 µm), and increased hydrophilicity given by the 

fillers, display shorter degradation times. In this regard, a careful evaluation of the scaffold 

degradation and antibiotic release in vivo is necessary, since a slow polymer degradation 

time can lead to a prolonged antibiotic treatment with local concentrations lower than the 

minimal inhibitory concentration (MIC), which can lead subsequently to the creation of 

antibiotic-resistant bacteria. 111 A couple of approaches could be considered to accelerate 

the scaffold degradation time, and therefore the translation potential of such scaffolds. 

Inspired by other scaffold modification strategies, microporosity could be introduced in the 

composite scaffolds’ filaments to enhance water permeability. Alternatively, a faster 

degrading thermoplastic material could be selected, such as PEOT/PBT with higher PEO 

molecular weight, or poly(lactic-co-glycolic) acid (PLGA) copolymers. 110, 112 Furthermore, 

the filler-antibiotic particles could be coated on the scaffold filaments, rather than being 

dispersed within the polymer matrix. Here, the fillers would still control the antibiotic release 

and prevent burst release, but the overall release would be completed faster due to the 

absence of the polymer matrix barrier. While the first suggested options would probably 

decrease the scaffold mechanical properties, the latter would not allow to control the 

amount of loaded antibiotic, which would mainly depend on the scaffold surface available 

area. Overall, it is evident that due to the control needed on multiple interdependent 

properties, tradeoffs are needed to be made to introduce antimicrobial properties to the 

scaffolds. Nevertheless, we encourage further investigations on the use of lamellar 

inorganic fillers for the incorporation of antibiotics within ME-AM scaffolds towards the 

development of an optimum system, as they are a reliable strategy to introduce bioactive 

molecules within high temperature melting polymers.  

In the future 

Multifunctional scaffolds  

Looking to the future, a combination of the aforementioned scaffold modification strategies 

into a single scaffold is envisioned towards further enhancing their augmented bioactivity. 

For instance, a composite scaffold combining nHA and rGO, would give rise to a 

multifunctional scaffold with electrical and antimicrobial properties (given by rGO), and 

mechanical and osteogenic properties, given by both nHA and rGO. The synergistic effect 

of nHA and rGO added to the cell culture media in osteogenic differentiation in 2D has 
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been previously shown, 113 and such a binary combination has been already presented in 

3D solvent based AM scaffolds. 114 The combination of antimicrobial agents with nHA has 

also been investigated in solvent based AM scaffolds. In this regard, PLGA/HA scaffolds 

coated with quaternized chitosan proved their bone regeneration capabilities and infection 

management in an infected in vivo bone model. 115-116 This suggests the potential of 

combining our filler-antibiotic and HA into one composite scaffold for osteogenic and 

antimicrobial properties. Such binary composite scaffolds could be easily prepared by 

loading the single-filler composites used within this thesis into the double reservoir print-

head developed by our group. 89 This print-head would allow the in situ mixing of two 

materials at desired ratios towards a binary scaffold, simple or graded, avoiding the pre-

printing fabrication of binary composites my compounding. Ultimately, plasma treatment 

could further enhance the bioactivity of any of the suggested single or binary composite 

scaffolds. 

Other CaP fillers 

Due to the slow degradation time of nHA compared to other CaP fillers, such as tricalcium 

phosphate (TCP) or biphasic calcium phosphate (BCP), HA-based ME-AM scaffolds might 

maintain over a longer period of time their initial structural and mechanical properties, 

which are beneficial to support the fracture site while the new bone formation volume is 

still minimal. However, results in Chapter 5 have also suggested that the slow dissolution 

of HA might be hampering the osteoinductive potential of HA-based ME-AM scaffolds. 

Very few studies have compared side by side the osteogenic differentiation or bone 

regeneration capacity of ME-AM polymeric scaffolds containing different CaP fillers, and 

no definitive conclusions can be obtained from here. 117 However, reports comparing the 

biological performance of different porous CaP scaffolds have shown that BCP or TCP 

scaffolds, with more optimum calcium exchange dynamics, outperform HA scaffolds in 

their in vitro and in vivo bone formation capacity. 118-120 While the use of TCP as filler for 

ME-AM scaffolds has been studied in various reports, BCP, which is a combination of TCP 

and HA has not been so far a common filler of choice. In future studies, an exhaustive in 

vitro biological evaluation of ME-AM scaffolds containing BCP with different TCP/HA ratios 

would be of interest. By adjusting the TCP/HA ratio, a balance in mechanical properties, 

scaffold degradation time and ion exchange dynamics could be struck, towards an 

optimum ME-AM scaffold for BTE. The supplementation of the CaP filler with 

bioinorganics, such as strontium, silicon or magnesium, which are found in trace 



Chapter 8 

302 

 

amounts in bone ECM and have shown to improve the bone regeneration capacity of 

CaPs, 121 has also not been investigated in ME-AM scaffolds and could also be considered 

in the future.  

Other relevant antibiotics 

Future studies could be dedicated to investigate the loading of other antibiotic types within 

ME-AM scaffolds following the strategy presented in Chapter 7, which is based on the 

prior intercalation of antibiotics within lamellar inorganic fillers. Apart from the already 

tested CFX and GTM, MgAl and ZrP fillers can intercalate many other positively or 

negatively charged molecules, respectively, within their lamellar structure. This could 

enable the loading of a wide variety of antibiotics within ME-AM scaffolds, matching or 

widening the spectra of already existing local antibiotic delivery cements. Some of the 

antibiotics that could be considered are tobramycin, vancomycin, clindamycin, 

erythromycin or colistin. Although the first commercially available PMMA bone cements 

contained GTM, 122 subsequent generations have broaden the spectra and included the 

aforementioned antibiotics, alone or combined, to cover a wider variety of pathogens 

involved in orthopedic infections. 101, 109 Similarly, vancomycin or tobramycin have also 

been included in the formulation of commercial degradable cements based on calcium 

sulfates, due to their broad antimicrobial coverage. 101, 123-124 Rifampin administration, 

combined with levofloxacin or ciprofloxacin, is a common systemic antibiotic therapy 

against Staphylococci, which is the most common bacterial strain in implant associated 

infections. 99 While this antibiotic has not been included so far within commercialized gold 

standard cements, due to its interference with the polymerization mechanism of PMMA, 

125 our polymer- intercalated filler approach could offer a suitable platform for its 

investigation within local delivery systems.  

Despite the versatility of this system, the antibiotic size could be a limiting factor hampering 

its incorporation within the lamellar structure of the fillers. The access of a drug to the filler 

interlayer spaces can be restricted by its large molecular weight, or hydrodynamic radius, 

leading to adsorption to only the external filler surface. Among the aforementioned 

antibiotics, tobramycin, clindamycin, erythromycin and rifampin possess a molecular 

weight similar to that of CFX and GTM (300-800 Da), which have been already proven to 

fit within the interlayer spaces of lamellar fillers. 126 On the other hand, vancomycin has a 

molecular weight of ~1,500 Da, and previous studies have already demonstrated their 

uptake only on the outer surface of such fillers. 127 This is an aspect to take into account, 
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as it could influence the release kinetics, as well as imped the molecule heat protection. 

For this reason, a thorough investigation of each antibiotic loading efficiency and mode, 

release kinetics, and antimicrobial activity maintenance after scaffold processing is 

encouraged. 

Revisiting the polymer and cell choice  

As previously mentioned, PEOT/PBT was initially chosen as the base material within the 

composite scaffolds, since previous studies had reported its potential for BTE applications, 

in terms of optimal mechanical, physicochemical (degradation time, melting temperature), 

and biological properties (biocompatibility, cell adhesion). While our results demonstrate 

that PEOT/PBT did not interfere in the functional properties of PEOT/PBT-rGO composite 

scaffolds (electrical conductivity, antimicrobial properties) and PEOT/PBT plasma 

functionalized scaffolds (cell adhesion), it proved to be one of the players diminishing the 

overall functionality of PEOT/PBT-nHA and PEOT/PBT-filler-antibiotic composite 

scaffolds.  Here, the interaction of the fillers with the surrounding environment was 

necessary to exert their bioactivity, and the slow degrading PEOT/PBT acted as a barrier, 

leading to suboptimal CaP exchange dynamics and antibiotic release durations, 

respectively, and challenging its choice as scaffold material. In these cases, we argued 

that the use of a polymer with faster degradation times and increased water uptake 

capabilities would had alleviated these issues, yet compromising other equally important 

properties, such as mechanical stability. We certainly believe that further research on 

biocompatible and printable polymers with optimum physicochemical properties is required 

to widen the polymer library and be able to strike a balance in these situations. 

Re-evaluating the polymer choice also guides us to revisit other initial selections, such as 

the cell type chosen to assess the functionality of the newly developed scaffolds. Among 

different cell sources for osteoblastic cells, hMSCs are preferred by the scientific 

community for their use in BTE strategies over primary cells, such as osteoblasts derived 

from bone or periosteum. 128 This is due to the possibility of isolating hMSCs from the bone 

marrow or adipose tissue in large numbers through minimal donor morbidity methods, in 

addition to their multi-lineage differentiation capabilities and participation in tissue 

regeneration processes. However, various reports have revealed that tissue source, 

isolation procedure, and donor characteristics (age, gender, and history) influence the 

phenotype, yield, growth rate, in vitro response to osteogenic signals, and in vivo bone 

formation capability of hMSCs. 129-134 Such efficacy challenges are mostly overlooked in 



Chapter 8 

304 

 

BTE research. In the present study, although ensuring hMSCs osteogenic potential in 2D 

conditions parallel to each experimental procedure in 3D, such a variability was also not 

taken into consideration, and the extent of its effect on the reliability of the results and 

hypothesis presented within this thesis is not known. For this reason, the replication of the 

experiments with different hMSCs donors would be recommended to further proof all the 

hypothesis made.  

 

Overall, we have proposed within this thesis significant scientific and technological 

advances applicable to the fabrication of more optimum ME-AM scaffolds for BTE. We 

have highlighted the advantages of each of them, as well as pointed out their limitations, 

while suggesting paths that future researchers could potentially take to further optimize 

our proposed systems. 
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Scientific impact  

Although bone has been studied since the birth of the tissue engineering (TE) field, 

scientists are still searching for the optimal strategy for its regeneration (Figure 1A). Bone 

is a complex tissue, in terms of mechanical properties, structure, and composition, and 

many molecular factors and cell types are involved in its formation and regeneration. For 

this reason, clinical problems, such as non-union fractures or craniofacial reconstructions, 

are also complex to approach, and not easy to resolve. Among the three components of 

the classical tissue engineering paradigm (cells, scaffolds and growth factors), scaffolds 

have been the main focus of study in the bone tissue engineering (BTE) field. Besides 

providing a bioactive environment for new tissue formation, scaffolds in bone regeneration 

have the additional significant role of providing mechanical support, mimicking the high 

strength of the native extracellular matrix. Aiming towards size and shape personalized 

structures with high mechanical properties, but at the same time porous for cell ingrowth, 

additive manufacturing (AM) has stood out within the last 15 years as one of the preferred 

biofabrication technologies for the fabrication of scaffolds for BTE applications. Over the 

years, large technological advancements have been made around AM to facilitate an 

efficient scaffold design, i.e. multiprinthead melt extrusion AM (ME-AM) platforms have 

been developed for the fabrication of multimaterial scaffolds, sophisticated light-based or 

bioprinting AM platforms have emerged, new printable polymer materials or bioinks have 

been designed. Yet, an AM scaffold with the optimal set of properties for efficient bone 

regeneration has not been fully attained, suggesting that further investigations and 

advancements are still required.  

Within this thesis, courageous choices were made to generate large scientific and 

technological strides providing solutions to existing issues within the field. We believe that 

the diverse strategies presented, consisting on optimized or new composite materials, new 

surface modification techniques, and novel cell seeding methodologies, contribute to the 

better understanding of AM scaffolds and their use for bone regeneration applications and 

provides a stepping stone for future studies on the application of functional composites in 

BTE. We also consider that this research has a scientific impact beyond the BTE field and 

can inspire future research, in the biomedical, biomaterial and overall tissue engineering 

scientific community.  
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Figure 1. Scientific publications on new bone scaffolds since 1970. Pubmed search, April 2021.  

 

Within the first chapters, we found extremely relevant to revisit the recurrent cell seeding 

efficiency problem on macroporous AM scaffolds. On one hand, in Chapter 3 we proposed 

a simple, reproducible and universal cell seeding approach that could be easily 

implemented by other research groups working with 3D AM for different applications. We 

are certain of the high scientific impact of this method, since it helps minimizing the 

required cell stock for in vitro experimentation and maximize cell seeding efficiency on 

scaffolds fabricated with any existing or newly developed synthetic material. It encourages 

researchers to redirect their efforts towards investigating more relevant issues, once the 

basic cell seeding problem is tackled. In Chapter 3, we went one step further and, while 

addressing the cell seeding issue, we explored a portion of the possibilities that a hybrid 

platform consisting of a melt extrusion printhead and plasma jet could bring to the design 

of surface-functionalized scaffolds. Our results open the door to future research on the 

effect of different plasma treatments on cell behavior on 3D ME-AM scaffolds. 

Furthermore, since this technique allows for a single-step workflow of scaffold production 

and surface homogeneous treatment, we envision its implementation within the scaffold 

fabrication pipeline of many laboratories in the future, as well as its impact in a smoother 

translation of ME-AM scaffolds into the clinic. 

In subsequent chapters, several optimized or novel composite materials were investigated 

and complex methodologies from several scientific fields, transiting from material 

engineering, chemistry, and biology were used to analyze their suitability for BTE 

applications and their impact in the field. In particular, Chapter 4 showed that blending 

high concentrations of nanohydroxyapatite within a polymer, as a common focus of the 

community trying to mimic the bone composition, does not necessarily result in a highly 

osteoinductive material. Thus, here we raised important questions to the scientific 

community related to the appropriate calcium phosphate material and their incorporation 
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method in ME-AM composite scaffolds for the stimulation of bone regeneration. On the 

other hand, the incorporation of graphene based materials into ME-AM scaffolds is not yet 

a well-stablished line of research in the field. For this reason, we believe that our study in 

Chapter 5 about the effect of rGO density and concentration on composite scaffolds 

production and cell-material interaction constitutes a stepping stone for scientists entering 

this field in the future. Finally, we believe that the approach presented in Chapter 6 to 

fabricate antibiotic-releasing AM scaffolds could open the door to future research on the 

use of other relevant inorganic nanofillers, antibiotics and biodegradable polymers to 

further optimize the system towards clinical applications.  

Social impact 

Bone is one of the most commonly injured organs in our body. Bone fractures can result 

from trauma, such as car accidents, or sport injuries, as well as from osteoporosis, a 

disease that weakens the bones and increases the risk of fragility fractures. Inappropriate 

initial treatments and co-morbidities, such as diabetes, genetic factors and poor life style, 

can increase the risk of delayed bone healing or non-unions. Resection of bone tumors, 

infections or prosthetic revisions in long bones can also result in non-unions. Around 4 

million fractures are estimated to occur in Europe annually, from which approximately half 

a million require hospitalization and bone repair intervention. 1 Non-unions, which occur in 

5-10% of the cases, are the most difficult to treat and have a high financial impact, with a 

total cost of € 8,000 to € 91,000 per case. 2-3 In European healthcare systems, around 

82.8–93.3% of this cost has been estimated to derive from indirect costs, such as 

productivity losses, due to long healing times leading to patients being unable to resume 

daily life activities and work within a short time. 4 The remaining expenditures derive from 

care and intervention costs.  

Current available clinical solutions for bone repair are based on natural and synthetic bone 

grafts. The natural grafts are divided into autografts and allografts, the latter ones including 

demineralized bone matrices (DBMs). The synthetic materials are based on ceramic, 

collagen-ceramic composites, polymers and bone morphogenetic proteins. In 2020, the 

global bone graft market size, based on allografts and synthetic substitutes, was estimated 

at € 2.36 billion (Grand View Research, market analysis report 2021, ID: GVR-1-68038-

154-2). Due to the aging population and the increased incidence of osteoporosis and bone 

fractures, this market is expected to grow at an annual rate of 5.8% to reach € 3.7 billion 
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by 2028. Although the market is currently dominated by allograft materials (~ 60% share 

in 2020, mainly DBMs), the synthetic segment is anticipated to show significant growth 

over the years, due to the investment in product development, arise of new technologies 

and acceptance growth among patients. Bone grafts and substitutes are mostly used for 

spinal fusion, dental, and joint cemented prosthesis applications, while only 5% of the 

products are dedicated to long bone repair. This is partly because current marketed 

solutions, such as DBMs, or resorbable calcium phosphate cements have been shown to 

be inefficient in managing non-union scenarios in long bones, mainly due to their poor 

mechanical properties, unable to withstand the load required in these locations. Similar 

limitations are offered by collagen sponges infused with bone morphogenetic proteins 

(BMPs), which additionally have shown to induce undesired uncontrolled ectopic bone 

formation in clinical trials. 

Here, AM scaffolds could bring many benefits for non-union defects. Such scaffolds can 

be fabricated to fit the specific patient complex defect using CT scan images of the patient’s 

anatomy. This avoids the need of manipulation or modification of the scaffold 

intraoperatively, reducing the surgery time and ensuring good implant fixation within the 

defect. Moreover, AM scaffolds can be fabricated with specific structural parameters and 

mechanical properties from polymeric biodegradable materials or composites, to allow new 

bone formation and avoid a revision surgery. Despite their advantages, the implementation 

of biodegradable AM scaffolds in the clinics is still slow, as it is a rather new field and new 

medical devices require long regulatory paths, which subsequently leads to the current 

absence of companies marketing such products. Accordingly, many key players in the 

business of bone grafts, such as DePuy Synthes, Medtronic, Wright Medical, AlloSource, 

Stryker, Johnson and Johnson and Zimmer Biomet, only offer products based on DBM, 

ceramics or BMPs, and so far do not possess 3D AM scaffolds within their product portfolio. 

On the other hand, emerging small companies, such as Mimetis and Cerhum, have 

entered the sector by jumping in the 3D printing wave, yet developing AM ceramic 

scaffolds based on tricalcium phosphate (TCP) and hydroxyapatite (HA), whose 

performance in load bearing scenarios is arguable and still to be proven. Up to now, only 

one company (Osteopore International) has been able to commercialize 3D ME-AM 

polymeric scaffolds, for craniomaxilofacial defects, and currently is performing first-in-

human trials for their future application in long bone non-unions. Osteopore’s 

poly(caprolactone) (PCL) scaffold was recently implanted in a patient with a non-union 

tibial defect at Maastricht University Hospital. The success of this clinical case, and many 
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others to follow, will certainly open in the future the clinics’ door to other novel ME-AM 

scaffolds. We believe that the research presented within this thesis will have a direct 

impact in shaping the future of such novel products, as we propose several strategies to 

improving their functionality, which could further accelerate bone healing times and reduce 

the socioeconomic burden associated with non-unions. Joining the success of the 

aforementioned basic polymeric ME-AM scaffolds with the extensive road of ceramics in 

the clinics, the clinical success of the PEOT/PBT-nHA scaffolds presented in Chapter 5 

can be seen as a natural next step to come. Such scaffolds would combine i) the bioactivity 

and osteoconductivity provided by the ceramic component, ii) the mechanical support 

brought by the polymer, the reinforcing ceramic, and the scaffold structure itself, and iii) 

the concept of personalized medicine. Overall, a blend of properties that current 

commercial products lack. Although not directly investigated within this thesis, the further 

addition to these scaffolds of the antibiotic loaded lamellar fillers presented in Chapter 7, 

would certainly further boost their functionality and transform them into a very unique 

product. As mentioned in previous chapters, further optimization would be required before 

obtaining a “ready to use” scaffold, but we believe that we are on a good track, which will 

surely guide us to implement a novel, more reliable, probably cheaper and, importantly, 

functional therapy for bone non-union regeneration, compared to current gold standards. 
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Summary  

Summary 

Current clinical strategies to treat critical bone size defects, mainly based on autografts, 

are inefficient and have limitations. For this reason, the orthopedic field is seeking 

innovative and effective solutions to regenerate bone in such scenarios, with the help of 

tissue engineering. Melt extrusion additive manufacturing (ME-AM) has stood out as an 

ideal biofabrication technique to generate patient personalized, highly porous, 

biodegradable and mechanically robust scaffolds that can provide support for new bone 

tissue formation in non-unions. However, these scaffolds are made out of synthetic 

polymers lacking bioactivity, which generally require further functionalization to improve 

their biological performance. In this regard, several strategies have been investigated over 

the last decades to augment the bioactivity of ME-AM scaffolds, which are carefully 

reviewed in Chapter 2 of this thesis. Strategies such as architectural modifications, surface 

physical and chemical modifications, the incorporation of secondary fibrous or hydrogel 

networks within the scaffolds pores, and the use of filler-polymer composites are reviewed. 

As the search for optimal scaffolds that can boost bone regeneration continues, the aim of 

this thesis is to further contribute to the field by investigating different material-driven 

approaches to design and fabricate bioactive ME-AM scaffolds for bone tissue 

regeneration. To start with, Chapter 3 and Chapter 4 provide two elegant solutions to the 

recurrent cell seeding efficiency issue associated to macroporous 3D scaffolds. In Chapter 

3, a simple and reliable static seeding method was developed to improve the cell seeding 

efficiency and distribution in ME-AM scaffolds. This method consisted of the 

supplementation of Dextran or Ficoll to the cell seeding media, which modified the medium 

viscosity and density, respectively, and reduced the settling velocity of cells, allowing for 

better attachment and distribution during the seeding process, compared to conventional 

static seeding. The macromolecules were completely removed after the seeding period 

and cell distribution along the scaffold cross section was dramatically enhanced. In 

addition, osteogenic differentiation of human mesenchymal stromal cells (hMSCs) was 

accelerated, in terms of enhanced mineralization and bone matrix maturation, compared 

to conventional seeding. In Chapter 4, the cell seeding issue was tackled from another 

perspective. In this case, ME-AM scaffolds were fabricated using a hybrid AM technique 

that combined ME-AM and an atmospheric pressure plasma jet, which was used to 

plasma-functionalize their surface. While argon activation resulted in an unspecific 

treatment, (3-Aminopropyl) trimethoxysilane (APTMS) and maleic anhydride-
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Vinyltrimethoxysilane (MA-VTMOS) plasma polymerization deposited positively and 

negatively charged coatings, respectively. This enabled to investigate the cell attachment 

mechanism to the scaffolds as a function of surface charge in the presence or absence of 

serum. Furthermore, the coatings increased the surface wettability of the scaffolds, 

enhanced cell-adhesive proteins adsorption, and allowed for homogeneous cell 

attachment along the scaffold cross section. Cell proliferation was enhanced even on aged 

scaffolds, and hMSCs were able to express osteogenic genes in all scaffold types.  

After ensuring an efficient cell attachment, composite scaffolds comprising a polymer 

matrix mixed with bioactive fillers possessing distinct properties were fabricated in 

Chapters 5, 6 and 7. In Chapter 5, highly loaded PEOT/PBT-nanohydroxyapatite (nHA) 

composite scaffolds with up to 45 wt% nHA were fabricated, mimicking the organic-

inorganic bone composition. Here, the effect of nHA content on the osteogenic 

differentiation of hMSCs was evaluated in depth, and results suggested that in spite of no 

observed differences among scaffold types at the gene and protein level, increased matrix 

mineralization was observed on 45 wt% nHA scaffolds when cultured in mineralization and 

basic media. Moreover, a denser calcium phosphate layer reprecipitated on these 

scaffolds upon immersion in simulated body fluid. These results in combination with the 

enhanced compression modulus measured on 45 wt% nHA scaffolds, could be predicting 

their enhanced performance in vivo.  In Chapter 6, ME-AM composite scaffolds containing 

reduced graphene oxide (rGO) were fabricated to provide electrical conductivity, protein 

adhesion and osteogenic properties. Initially, the low-density rGO was densified by solvent 

evaporation, in order to ease handling and ensure safety during melt compounding. It was 

observed that high density led to more compacted rGO which facilitated the printing of 

these composites up to 15 wt% rGO formulations. On the other hand, composites prepared 

with medium density rGO possessed a lower printability window, but presented higher 

electrical conductivity. In addition, increasing rGO content led to increasing material 

hydrophilicity, protein adsorption, and antibacterial properties, without affecting hMSCs 

viability. Furthermore, 3% rGO scaffolds were able to support hMSCs osteogenic 

differentiation. In Chapter 7, antibiotic-eluting scaffolds were fabricated via high 

temperature ME-AM. The antibiotics ciprofloxacin and gentamicin were intercalated within 

the lamellar inorganic fillers magnesium alluminium layer double hydroxide (MgAl) and 

zirconium phosphate (ZrP), respectively, prior to their dispersion within the polymeric 

matrix, in order to protect them from the fabrication process thermal stresses and obtain a 

sustained release. Compared to no-filler systems, a more sustained release was obtained 
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in the filler-based scaffolds, which was governed by diffusion through the polymer matrix 

and by ion exchange or pH changes. After printing, scaffolds demonstrated antimicrobial 

activity against Gram + and Gram - bacterial strains, at the same levels as unprocessed 

antibiotics. In addition, fillers and antibiotics did not affect hMSCs viability and osteogenic 

differentiation as shown by matrix mineralization and osteogenic proteins expression.  

All the aforementioned results are discussed and placed into the state of the art context, 

in Chapter 8, while providing future perspectives. To finalize, a reflection on the scientific 

and societal impact of the research carried out in this thesis is presented in Chapter 9. 

 

Samenvatting 

De huidige klinische strategieën om kritieke botafwijkingen te behandelen, voornamelijk 

gebaseerd op autografts, zijn inefficiënt en hebben beperkingen. Om deze reden is de 

orthopedische sector op zoek naar innovatieve en effectieve oplossingen om bot te 

regenereren in dergelijke scenario's, met behulp van tissue engineering. Melt extrussion 

additive manufacturing (ME-AM) heeft zich onderscheiden als een ideale 

biofabricagetechniek om op de patiënt afgestemde, zeer poreuze, biologisch afbreekbare 

en mechanisch robuuste scaffolds te genereren die ondersteuning kunnen bieden voor de 

vorming van nieuw botweefsel in niet-unionen. Deze steigers zijn echter gemaakt van 

synthetische polymeren met een gebrek aan bioactiviteit, die over het algemeen verder 

gefunctionaliseerd moeten worden om hun biologische prestaties te verbeteren. In dit 

opzicht zijn er de laatste decennia verschillende strategieën onderzocht om de bioactiviteit 

van ME-AM steigers te vergroten, die in hoofdstuk 2 van dit proefschrift zorgvuldig 

worden besproken. Strategieën zoals architectonische modificaties, oppervlakte fysische 

en chemische modificaties, de incorporatie van secundaire vezelachtige of hydrogel 

netwerken binnen de scaffolds poriën, en het gebruik van vulstof-polymeer composieten 

worden besproken.Aangezien de zoektocht naar optimale steigers die botregeneratie 

kunnen stimuleren doorgaat, is het doel van dit proefschrift om verder bij te dragen aan 

het veld door verschillende materiaal-gedreven benaderingen te onderzoeken om 

bioactieve ME-AM scaffolds te ontwerpen en te fabriceren voor botweefsel engineering. 

Om te beginnen, hoofdstuk 3 en hoofdstuk 4 bieden twee elegante oplossingen voor de 

terugkerende cel seeding efficiency probleem geassocieerd met macroporeuze 3D 

scaffolds. In hoofdstuk 3, werd een eenvoudige en betrouwbare statische zaaien 
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methode ontwikkeld om de cel zaaien efficiëntie en distributie in ME-AM scaffolds te 

verbeteren. Deze methode bestond uit de toevoeging van Dextran of Ficoll aan de cel 

zaaien media, die het medium viscositeit en dichtheid, respectievelijk gewijzigd, en 

verminderde de afwikkeling snelheid van de cellen, waardoor voor een betere hechting en 

distributie tijdens het zaaien proces, in vergelijking met conventionele statische zaaien. De 

macromoleculen werden volledig verwijderd na de zaaiperiode en de celdistributie langs 

de scaffoldsdoorsnede werd drastisch verbeterd. Bovendien werd de osteogene 

differentiatie van hMSCs versneld, in termen van verbeterde mineralisatie en botmatrix 

maturatie, vergeleken met conventionele seeding. In hoofdstuk 4 werd het probleem van 

de celzaaiing vanuit een ander perspectief benaderd. In dit geval werden ME-AM scaffolds 

vervaardigd met behulp van een hybride AM techniek die ME-AM combineerde met een 

atmosferische druk plasmastraal, die werd gebruikt om het oppervlak te plasma-

functionaliseren. Terwijl argon activering resulteerde in een niet-specifieke behandeling, 

(3-Aminopropyl) trimethoxysilaan (APTMS) en maleïnezuuranhydride-

Vinyltrimethoxysilaan (MA-VTMOS) plasma polymerisatie afgezet positief en negatief 

geladen coatings, respectievelijk. Dit maakte het mogelijk het aanhechtingsmechanisme 

van de cellen aan de scaffolds te onderzoeken als functie van de oppervlaktelading in 

aanwezigheid of afwezigheid van serum. Bovendien verhoogden de coatings de 

bevochtigbaarheid van het oppervlak van de scaffolds, verbeterden ze de adsorptie van 

celadhesieve eiwitten en maakten ze een homogene celhechting langs de doorsnede van 

de scaffolds mogelijk. De celproliferatie was verbeterd, zelfs op verouderde scaffolds, en 

hMSCs waren in staat om osteogene genen tot expressie te brengen in alle scaffold types. 

Na het verzekeren van een efficiënte celaanhechting, werden composiet scaffolds 

bestaande uit een polymeermatrix gemengd met bioactieve vulstoffen met verschillende 

eigenschappen gefabriceerd in de hoofdstukken 5, 6 en 7. In hoofdstuk 5 werden 

hoogbelaste PEOT/PBT-nHA composiet scaffolds met tot 45 wt% nHA gemaakt, die de 

organisch-inorganische botsamenstelling nabootsten. Hier werd het effect van HA gehalte 

op de osteogene differentiatie van hMSCs diepgaand geëvalueerd, en de resultaten gaven 

aan dat ondanks geen waargenomen verschillen tussen scafoldstypes op gen- en 

eiwitniveau, verhoogde matrixmineralisatie werd waargenomen op 45 wt% nHA scaffolds 

wanneer gekweekt in MM en BM. Bovendien reprecipiteerde een dichtere CaP-laag op 

deze steigers na onderdompeling in SBF. Deze resultaten in combinatie met de verhoogde 

compressie modulus gemeten op 45 wt% nHA scaffolds, zouden hun verbeterde prestaties 

in vivo kunnen voorspellen.  In hoofdstuk 6, werden ME-AM composiet scaffolds met rGO 
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gemaakt om elektrische geleiding, eiwit adhesie en osteogene eigenschappen te bieden. 

In eerste instantie werd de lage dichtheid rGO verdicht door oplosmiddel verdamping, om 

het hanteren te vergemakkelijken en de veiligheid te garanderen tijdens het smelten. Er 

werd vastgesteld dat een hoge dichtheid leidde tot meer verdichte rGO, wat het drukken 

van deze composieten tot 15 wt% rGO formuleringen vergemakkelijkte. Anderzijds hadden 

composieten bereid met rGO met een gemiddelde dichtheid een lagere bedrukbaarheid, 

maar een hoger elektrisch geleidingsvermogen. Ook leidde het verhogen van het rGO-

gehalte tot een verhoging van de materiaalhydrofiliciteit, eiwitadsorptie en antibacteriële 

eigenschappen, zonder de levensvatbaarheid van hMSC's aan te tasten. Bovendien 

waren 3% rGO scaffolds in staat om hMSCs osteogene differentiatie te ondersteunen. In 

hoofdstuk 7, werden antibiotica-eluting scaffolds gefabriceerd via hoge temperatuur ME-

AM. De antibiotica CFX en GTM werden geïntercaleerd in de lamellaire anorganische 

vulstoffen MgAl en ZrP, respectievelijk, voordat ze werden gedispergeerd in de polymere 

matrix, om ze te beschermen tegen de thermische spanningen in het fabricageproces en 

om een duurzame afgifte te verkrijgen. Vergeleken met systemen zonder vulstof werd een 

duurzamere afgifte verkregen in de op vulstof gebaseerde scaffolds, die werd bepaald 

door diffusie door de polymere matrix en door ionenuitwisseling of pH-veranderingen. Na 

het printen toonden de steigers antimicrobiële activiteit tegen Gram + en Gram - 

bacteriestammen, op dezelfde niveaus als onbewerkte antibiotica. Bovendien hadden 

vulstoffen en antibiotica geen invloed op de levensvatbaarheid en osteogene differentiatie 

van hMSC's, zoals aangetoond door matrixmineralisatie en expressie van osteogene 

eiwitten.  

Alle bovengenoemde resultaten worden in hoofdstuk 8 besproken en in de context van 

de huidige stand van de wetenschap geplaatst, waarbij ook toekomstperspectieven 

worden gegeven. Tot slot wordt in hoofdstuk 9 een beschouwing gegeven over de 

wetenschappelijke en maatschappelijke impact van het onderzoek dat in dit proefschrift is 

uitgevoerd. 
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