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Abstract 

There is an expanding interest for the fabrication of biomimetic scaffolds for 

tissue engineering. Nanofibrous scaffolds can mimic the mechanical and 

structural properties of the natural extracellular matrix (ECM), and have shown 

high potential in tissue engineering and regenerative medicine. 

Electrospinning is a popular, effective and controllable technique for the 

production of scaffolds in nano/micro scale. This review presents a general 

overview on nanofiber fabrication, with a specific focus on the design and 

application of nanofibrous scaffolds for vascular regeneration. The main 

nanofiber fabrication approaches, including self-assembly, thermally induced 

phase separation and electrospinning are described. We also address 

nanofibrous scaffolds design, including nanofiber structure design and surface 

functionalization, to improve scaffolds properties, with a particular focus on 

electrospun scaffolds as these have found more and more applications in 

tissue engineering and regenerative medicine. Scaffolds for vascular 

regeneration with enhanced functional properties by providing cells with 

structural cues or bioactive components are discussed. In vivo evaluation with 

these nanofibrous scaffolds is highly required before their potential application 

in clinical vascular tissue engineering can be further assessed.  

Keywords: nanofibers; scaffolds; vascularization 
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Introduction 

Tissue engineering, which combines the principles and methods of the life 

sciences with those of engineering to create tissue replacements to direct 

tissue regeneration, has attracted the interest of many researchers with the 

hope to regenerate patient's own tissues and organs without tissue/organ 

transplantation [1, 2]. The most classical tissue engineering approach consists 

of cell seeding on a scaffold, followed by cell proliferation, eventually 

differentiation if the starting cells are stem cells, and tissue growth (through 

extracellular matrix synthesis by the cells) in an orderly manner. The resulting 

biological construct is typically matured in vitro to become a functional new 

tissue that can be implanted back in the host environment [3]. The field of 

regenerative medicine has achieved many progress in the past decade 

(Figure 1) [4]. A few examples comprise: 1) the generation of induced 

pluripotent stem (iPS) cells from adult somatic cells, which showed the 

possibility for personalized regenerative medicine [5-7]; 2) the development of 

scaffolds with tailored stiffness and topography that could regulate stem cell 

differentiation, providing an approach to control cell phenotype using physical 

and mechanical cues [8-10]; 3) a more fundamental understanding of the role 

of immune cells in presence of a regenerative medicine treatment (e.g. at the 

interface with biomaterials, or triggered by cell therapy application) [11-13]. 

Some successful products to aid in tissue regeneration are already available 

in the clinic, such as poly(vinyl alcohol) sheets developed for vessel coverage 

during anterior vertebral surgery [14], collagen sponges with β-tricalcium 

phosphate (β-TCP) commonly used as void fillers for bone regeneration [15], 

and the use of limbal stem cells for cornea injury repair [16]. However, there 

are still challenges that discourage the clinical use of tissue engineering 

approaches at a larger scale than what is happening today. Several important 

aspects should be considered to reach successful regeneration, such as, (i) 

scaffolds with desired mechanical, chemical and biological properties that 

better mimic the native microenvironment of a targeted tissue and by doing so 
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can better support cell activity; (ii) maintenance and regulation of growth 

factors to steer cellular behavior; and (iii) large vascular networks that can 

easily integrate the engineered tissues into the host system for fully functional 

regeneration [17, 18].  

Figure 1: Summary of tissue engineering progress. 

Tissue engineering approaches typically start with scaffold design. An 

engineered scaffold should provide favorable biochemical (e.g. surface 

chemistry [19]) and biophysical cues (e.g. fibrous structure [20], hydrophilicity 

[21] and stiffness [22]) to mimic the native extracellular matrix (ECM) for cells.

Biochemical and biophysical properties from ECM are important to support 

cell growth and affect cell functions [23]. For example, scaffolds mimicking key 

features of the ECM can regulate cell behavior including attachment, migration, 

proliferation and differentiation in tissue regeneration [24-26]. The creation of 

scaffolds that can better mimic the native ECM and provide native structures 

have become a common goal for tissue engineering [27]. In native tissues, the 
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diameter of structural ECM proteins is smaller than the cells, approximately 

50–500 nm [28]. ECM normally affords structural support and biological 

factors to guide cell maturation and integration to form tissues [29-31]. To 

mimic the nanofibrous structure of ECM, three fabrication techniques have 

been widely investigated: molecular self-assembly [32-35], phase separation 

[36, 37], and electrospinning [38-40]. These three methods are briefly 

introduced in the following section. 

Nanofibrous fabrication techniques 

Self-assembly 

Self-assembly is a method by which simple molecular and macromolecular 

building blocks are engineered to organize themselves into nanofibers through 

non-covalent forces such as hydrogen bonding, hydrophobic forces, and 

electrostatic interactions [41, 42]. The molecules and the intermolecular forces 

are critical for the self-assembly of nanofibous scaffolds. Self-assembly of 

biomolecules to form nanostructures is widely used in natural systems, as can 

be seen in many of the superstructures of the cell or the ECM [43]. Likewise 

synthetically created self-assembling systems and materials are widely used 

in tissue engineering for a variety of functions [44-46]. A well-established 

approach to creating molecularly self-assembled biomaterials is to engineer 

amphiphilic peptide sequences [47-49]. The self-assembly of these peptide 

amphiphiles are controlled by both hydrophobic interactions and hydrogen 

bonding[50]. These peptide amphiphiles (PA) consists of a hydrophobic tail 

group and a hydrophilic head group (Figure 2) [51, 52]. During the self-

assembly process, the hydrophobic tail of PA will be driven away from water 

and towards each other, and smaller nanofibers around 5-25 nm can be 

successfully archived based on the peptide design [53]. Peptide amphiphiles 

remain one of the most prolific platforms for molecularly self-assembled 

fibrous scaffolds and have found success in applications ranging from spinal 

cord regeneration to vascularization [54, 55].  
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Moreover, supramolecular nanofibers can also be created by other self-

assembling motifs. Early examples of supramolecular polymers to form 

nanofibers are Ureido-Pyrimidone (Upy). Sijbesma and coworkers prepared 

the self-assembled UPy nanofibers through self-complementary four 

hydrogen bonding between self-complimentary Upy moieties [56]. The fibrous 

Upy based materials have been widely used for drug delivery and tissue 

engineering [57, 58], with early success in regenerative heart valves [58]. 

Other examples of nanofibrous self-assembling materials include bsenzene-

1,3,5-Tricarboxamide (BTA) [59, 60], polyelectrolytes [61], and squaramide 

derivatives [62], to name a few. The nanofibers produced by molecular self-

assembly usually are much smaller than those produced by electrospinning, 

clearly due to the molecular design character of self-assembly [32]. While 

fascinating helical nanofibers can be particularly well-formed by the self-

assembly method, full and rational control of the self-assembling of peptides 

or supramolecular polymers at the nanoscale is still a challenge. For example, 

it is hard to control nanofibers assembling in a direct way (e.g. guiding 

nanofibers deposition like electrospinning). Another challenge is the scaling of 

self-assembled nanofibers in comparison to polymer processing techniques. 

The study to investigate how to control and produce self-assembled scaffolds 

at large scales will be beneficial for the further application of this technique in 

tissue engineering [63]. 

 

Figure 2. (A) Molecular model of a peptide amphiphiles (IKVAV) and (B) SEM images of a self-
assembling peptide-amphiphile nanofiber network. Reproduced with permission from [64]. 
Copyright 2004, AAAS. 
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Thermally Induced Phase separation 

Thermally Induced Phase Separation (TIPS) has been used to produce three-

dimensional (3D) porous scaffolds from many years ago. Nanofibrous 

materials have also been achieved by this technique [37]. When phase 

separation occurs, two different phases, a polymer-rich phase and a polymer-

poor phase are divided in polymer mixtures. The polymer-rich phase dries 

during solvent evaporation and then forms 3D porous structures at a certain 

concentration. If polymer concentration is too low, polymer beads will be 

formed after phase separation. High concentration will only lead to form small 

pores without interconnection in polymer scaffolds. Hence, the polymer 

concentration for a specific polymer-solvent system, with which TIPS is 

performed, is an important parameter to be optimized. This process involves 

four steps: (a) dissolution of a polymer in a targeted solvent to form a 

homogeneous polymer solution, (b) separation of two phases, (c) solvent 

evaporation and polymer solidification, and (d) freeze-drying of the final 

product (Figure. 3) [65, 66]. One of the advantages of TIPS is that adjusting 

temperature and polymer concentration could change the pore size and fiber 

diameter of scaffolds [67]. Ma and his team have fabricated poly (l-lactic acid) 

(PLLA) nanofibrous matrix by using TIPS with a low polymer concentration 

from 1% to 7.5% in Tetrahydrofuran [37]. The diameter of PLLA nanofibers 

are 50-500 nm and the porosity of matrix are quite high, reaching to 98.5%. 

Normally using low concentration of polymer solution could produce smaller 

fibers and high porous structure of scaffolds. The porous nanofiber scaffolds 

formed by phase separation, which was reported to mimic the structure of 

collagen type I fibers in ECM, are useful for tissue engineering applications 

[68]. For example, Yang et al. fabricated PLLA fibrous scaffolds via phase 

separation method for nerve regeneration study. In vitro results proved that 

nanofibrous scaffolds could support neural stem cell (NSC) growth and 

differentiation, which is considered to be promising in nerve tissue engineering 

[69]. However, there are still limitations in TIPS. First, the fibers created by 

TIPS are randomly oriented and the diameters are in wide range. Next, phase 
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separation to produce fibrous scaffolds are only limited to the laboratory scale. 

The potential methods to control and upscale TIPS fibrous scaffolds are highly 

required for tissue engineering.  

 

Figure 3. A schematic (A) of nanofiber formation by phase separation, and an SEM image (B) of 
nanofibrous structure fabricated by this technique. A is reproduced with permission from [66]. 
Copyright 2012, Elsevier Ltd. SEM image is reproduced with permission from [37]. Copyright 1999, 
John Wiley & Sons. 

 

Electrospinning 

Electrospinning is a common and cost-effective fabrication technique to 

generate nano/micro fiber scaffolds [70]. The fiber formation process is driven 

by the electrostatic force on polymer solution [38]. When electrostatic forces 

are higher than the surface tension of polymer solution, the polymer droplet is 

stretched to form a Taylor’s cone, as a charged jet. After the charged polymers 

solution is sprayed out, the solvent evaporates quickly and polymer fibers 

solidify. Then sprayed fibers are deposited to a grounded collector. A broad 

variety of nature and synthetic polymers have been reported to produce 

nanofibers via electrospinning. Due to less restrictions in materials choice, this 

technique has gained high relevance for applications in tissue regeneration 

[71]. The major advantage of electrospun scaffolds is the high porosity and 

small structure in scaffolds which can be used as ideal scaffolds in tissue 

engineering [72].  

By controlling the processing parameter of electrospinning (including polymer 

content, high voltage, flow rate and collecting distance), the structure, 
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diameter and pore size of nanofibers can be successfully controlled [38, 73]. 

Many researchers highlighted that the micro- and nano fibrous structure in 

electrospun scaffolds imitate the morphological features of the ECM, and offer 

a viable environment to help cells attach to, proliferate and migrate on the 

scaffolds [74, 75]. Therefore, a considerable number of electrospun scaffolds 

have been studied in tissue engineering application, such as soft tissue 

regeneration like skin [76], blood vessels [77], cartilage [78], and nerve [79], 

and hard tissue regeneration like bone [80-82]. 

Figure 4. Schematic (A) of a typical electrospinning system, and SEM image (B) of electrospun 
nanofibrous structure.  

Nanofiber structure design 

Although there are three main approaches used for nanofiber fabrication as 

mentioned above, electrospinning is still the most common and effective 

method for generating nanofibers for tissue engineering applications. 

Traditional electrospun nanofibrous scaffolds are randomly oriented due to the 

jet instability during electrospinning. In past years, researchers have 

attempted to make nanofibrous scaffolds with highly ordered structure by 

changing the parameters of electrospinning or using additional setups. 

Although the beads structure in electrospun scaffolds has often been 

considered as a defect structure in fibers, some researchers proposed the use 

of a uniform beaded nanofibrous scaffold structure for drug delivery 
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applications [83]. Examples comprise using lower concentration (5%) of 

poly(ethylene oxide) (PEO) solution, which could result in a more beaded 

structure compared with electrospinning 6% PEO [84]. Highly aligned PLLA 

fibers have been produced by using a rotating disk as a collector [85]. The 

tunability of nanofiber structure provides more possibilities for the application 

of electrospun scaffolds in tissue engineering applications. In this section, 

some achievements to control fiber architectures, including fabricating beaded, 

aligned, honeycomb, web, and wavy fibers and nanotubes, will be described.  

Porous Microsphere/Nanofiber Composites  

It is well known that the lotus leaves are dry and exhibit self-cleaning effects 

from the mud. The hierarchical micro/nanostructure of lotus-leaf leads to a 

specific surface roughness, which is highly related to its super hydrophobicity 

[86]. Inspired by the lotus-leaf, many researchers have been investigating its 

surface structure and tried to mimic its super hydrophobic surface for 

biomedical applications. Super hydrophobic surfaces were reported to restrict 

protein adsorption and cell adhesion [87]. Some researchers showed the 

potential of creating a super hydrophobic micropattern or a tunable 

hydrophobic surface to control cell behavior [88, 89]. Moreover, super 

hydrophobic materials could be applied in drug delivery, to slow down drug 

release. Kaplan and his colleagues fabricated polycaprolactone (PCL) and 

poly(glycerol monostearate-co-caprolactone) (PGC) electrospun nanofiber 

mesh, which showed super hydrophobic surface [90]. The non-wetting 

properties made them successful as a drug delivery system to sustain the 

release of cisplatin over 90 days. Electrospinning is an effective method to 

prepare super hydrophobic surfaces by fabricating a composite hierarchical 

structure, which contains microspheres and micro/nanofibers inside. Jiang et 

al. created electrospun polystyrene (PS) porous microspheres and nanofiber 

composites in order to obtain super hydrophobicity. The contact angle of 

fabricated PS films was higher than 150°, confirming super hydrophobic 

properties (Figure 5A) [91].  
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The shape and morphology of beads/fibers can be controlled by adjusting 

electrospinning parameters. For example, Lee et al. illustrated that changing 

polymer concentration during electrospinning could result in different bead 

dimensions and morphology. Bead structures were largely produced when 

electrospun with a PS solution below 15%, while only fibers were formed after 

increased concentration above 15% [92]. As PS is not biodegradable, 

translating these findings to biodegradable polymers for a hybrid fiber-beaded 

scaffold fabrication could find better use for tissue engineering studies. Hence, 

electrospinning polymer solutions with lower concentration to produce beads 

or beaded fibers were also verified with several other polymers [93-95]. Micro- 

or nanostructured electrospun meshes are known to be more hydrophobic, 

which is mainly ascribed to the underlying beads or fibrous structures 

producing air pockets between the mesh surface and water droplets when 

measuring the contact angle [96-98]. Yet, most of cell studies in tissue 

engineering were performed on uniform electrospun micro/nano fibers and 

only few of them worked on electrospun beads containing mesh.  

Aligned nanofibers  

Aligned nanofibers provide specific physical cues to affect activities, especially 

it could guide cell distribution and elongation in the direction of the fibers [99]. 

There are several aligned electrospun fibers, which have been used in tissue 

regeneration. For example, Deepthi et al. fabricated electrospun aligned PLLA 

nanofibers and covered them with a chitosan-collagen hydrogel in order to 

mimic the fibrous ECM for tendon regeneration [100]. In the bone matrix, 

collagen fibers are preferentially oriented (parallel to the long axis of bone), 

and their structural features are important to provide strength in tension and 

resistance in bone bending [101-103]. Many researchers attempted to mimic 

this unique structure of bone by using aligned electrospun fibers [104, 105]. 

The effects of fiber alignment on osteogenic differentiation have been widely 

investigated [82, 106, 107]. It was reported that the alignment of fibers induced 

osteogenic differentiation and upregulated the expression of osteogenic 

marker genes, including osteocalcin, runx2, osteopontin and osteonectin, 
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compared to that on random fiber [104]. Aligned electrospun fibers provide 

specific geometrical cues, which guide the structure and function of human 

mesenchymal stromal cells (hMSCs) for bone regeneration [104, 108]. 

Calcium content on aligned fibers was significantly higher compared to that of 

random fibers [82]. These aligned fibrous meshes showed positive effect for 

bone regeneration. Moreover, aligned topography of fibers also showed a 

positive effect on vascular regeneration. Zhu et al. fabricated PCL aligned 

fibers by using a rotating mandrel to collect fibers [109]. Human umbilical 

artery smooth muscle cells (huSMC) and human umbilical vein endothelial 

cells (HUVECs) were seeded on aligned PCL fibers, showing that the 

alignment of fibers guided cell distribution and elongation, which is important 

for tube formation. In another study, 3D PCL fibrous tubular scaffolds were 

produced [110]. Cell studies proved that the 3D aligned tubular scaffolds 

effectively restricted the endothelial cells distribution. The alignment of fibers 

could be, therefore, used to create functional vascular grafts to achieve 

mechanical compliance. 

The most common and effective way to fabricate aligned electrospun 

nanofibers is the use of a rotating collector. Our lab also fabricated PCL 

aligned nanofibers by using this approach (Figure 5B). We found, like many 

other researchers in the field, that the degree of alignment and the diameter 

of the nanofibers could be controlled by controlling the rotating speed of the 

collector. High rotating speed of the mandrel results in enhanced stretching of 

the fibers, which gives higher fiber alignment and smaller fibers. Co-cultured 

hMSCs with HUVECs on aligned and random PCL fibrous scaffolds was 

investigated to study how fiber alignment modulate osteogenic differentiation 

of hMSCs. The result demonstrated that aligned PCL fibers strongly 

influenced the morphology and orientation of hMSCs and HUVECs. Aligned 

fibers could be introduced to regenerate bone tissues with oriented 

topography without significant deleterious effects on hMSCs differentiation 

[111].  
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Figure 5. Different nanofibrous structures fabricated by electrospinning approach. SEM images 
of (A) porous microsphere/nanofiber composite, (B) aligned nanofiber, (C) honeycomb nanofiber, 
(D) spider web-like nanofiber, (E) curly nanofiber and (F) nanotube. Porous
microsphere/nanofiber composite: reproduced with permission from [91]. Copyright 2004,
WILEY‐VCH. Spider web-like nanofiber: reproduced with permission from [112]. Copyright 2011.

Elsevier B.V. Curly nanofiber: reproduced with permission from [113]. Copyright 2019, Royal
Society of Chemistry. Nanotube: reproduced with permission from [114]. Copyright 2004,
American Chemical Society.

Honeycomb nanofibers 

A honeycomb is composed of hexagonal wax cells constructed by honeybees 

in their nests[115]. Natural honeycombs structure showed good features for 

cell culture, including large surface area, well stability and permeability [116]. 

In recent years, many researchers showed interests in making ordered 

honeycomb scaffolds, which mimics nature honeycombs’ structure. Garcia et 

al created a PCL and hydroxyapatite (HA) honeycomb scaffolds, which could 

facilitate osteocompatibility in vitro and osteoinduction in vivo [117]. To 

fabricate honeycomb patterns by electrospinning, two methods have proven 

successful: 1) self-assembly [118] and 2) a collector equipped with hexagonal 

micropatterns [117]. The self-assemble approach is an easy, fast, and 

effective way to obtain honeycomb patterns. Honeycomb nanofibrous 

scaffolds have been successfully fabricated in our lab by self-assembly 

(Figure 5C). By changing the electrospinning parameters, such as the polymer 

concentration, high voltage and collecting distance, we could produce 
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honeycomb nanofibrous scaffolds with different diameter [119]. We also 

cultured HUVECs on honeycomb scaffolds as a biocompatible template to 

induce and regulate the formation of vascular network. Results showed that 

the honeycomb patterned nanofibrous scaffolds could support endothelial 

cells adhesion, proliferation and migration into the scaffolds. Moreover, 

HUVECs cultured on the honeycomb scaffolds reorganized their cell bodies 

into tube-like structures, suggesting that HUVECs morphogenesis can be 

regulated by geometrical cues. 

In addition to honeycomb patterns, other studies reported to achieve fiber 

patterns through directed fiber deposition, such as in the case of the direct 

writing approach [120, 121]. Lee and his colleagues made concentric circles 

and lattice patterned PCL electrospun fibrous mesh by using this approach 

[121]. The direct writing approach 1) requires a side-wall electrode which is 

placed around the electrospinning jet to focus the fiber deposition, and 2) need 

a X-Y stage to control the pattern during writing. The patterned nanofibrous 

mesh could be used for cell patterning in tissue engineering. Our group 

developed complex 3D poly(ethylene oxide terephthalate)/poly-(butylene 

terephthalate) (PEOT/PBT) fibrous scaffolds with articular cartilage mimetic 

structure by the direct writing method [122]. The effect of mimetic pattern on 

chondrogenic differentiation was also studied, demonstrating that patterned 

scaffolds guided fibril matrix organization and promoted the expression of 

chondrogenic markers (Sox9 and ACAN). As human tissues always exhibit 

unique anisotropical structures, these results showed the great potential of 

using patterned fibrous structures (like in the case of honeycomb and direct 

writing methods here discussed) to generate complex tissue mimetic patterns, 

which could be used for inducing tissue regeneration.  

Spider webs 

A conventional electrospun membrane only produce one type of (micro or 

nano) fibers. One big improvement of recent electrospinning is creating 

complex electrospun scaffolds with both micro and nano fibers at same time. 
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Electrospun fibers in the nano scale could mimic native ECM fibers (a 

diameter in the range of 10-50 nm), while microfibers could keep high porosity 

of scaffolds which benefit cell infiltration and migration. The fabrication of 

electrospun scaffolds that contain spider-web-like nano-nets with two types of 

(micro or nano) fibers could enhance scaffolds properties for tissue 

engineering applications [123]. The addition of nano-webs structure could 

improve the mechanical properties of scaffolds. Nylon-6 and poly (acrylic acid) 

nano-nets were first reported, which were fabricated by tuning electrospun 

parameter and polymer solutions [124]. Four years later, Pant et al. reported 

another spider-web like nanofibers, which contain thin Methoxy Poly(ethylene 

glycol) (MPEG) nanofibers and thick nylon-6 nanofibers. Those composite 

nanofibrous mats could increase mechanical strength and hydrophilicity 

compared with neat nylon-6 nanofibers (Figure 5D) [125]. 1 wt% MPEG 

nanofibers showed higher mechanical strength because of the interconnected 

MPEG web-nanofiber with nylon-6 thick nanofibers. Tiwari and their 

colleagues fabricated a PCL-human serum albumin (PCL-HSA) membrane 

with a spider-web-like nano-nets by electrospinning the blend solution of PCL 

and HAS [126]. The phase separation during electrospinning led to the 

formation of two type of fibers with different diameters. They also evaluated 

cell behavior on PCL-HSA scaffolds and proved that the membrane containing 

HSA nano-nets have better support for cellular activities compared to PCL 

scaffolds. Another study developed a polycaprolactone/polyethylene glycol 

(PCL/PEG) electrospun fibrous mesh with nano-nets embedded into it [127]. 

The stress-strain curves showed that the addition of PEG nano-nets could 

increase the tensile stress of PCL fibers, from 13.40 ± 0.9 MPa to 27.20 ± 1.4 

MPa. Higher mechanical strength of PCL/PEG nanofibrous mesh benefits cell 

attachment and growth. Other studies have also shown spider-web-like 

structures in different electrospun polymeric membranes can better mimic the 

ECM and displayed enhanced mechanical properties like in the cases here 

discussed, which could be especially beneficial for cell attachment and 

migration in comparison to membranes without nano-webs [127-129].  
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Curly fiber 

Inspired by the structure of proteins in different tissues of our body, nanofibers 

with curved morphology display many specific features, including large 

porosity, elasticity, and toughness, which make it attractive in biomedical 

tissue engineering. Three techniques has been reported to produce waved 

nanofibers: 1) self-assembly [130, 131], 2) chemical vapor deposition [132] 

and 3) electrospinning [133-135]. Wang et al. reported that two synthesized 

β-sheet dipeptides with long alkyl chains derived from l- and d-threonine (Thr) 

and sodium hydroxide (NaOH) could self-assemble into helical nanofibers 

[136]. It has been reported that peptides amphiphiles with longer peptide 

sequences could form helical nanofibers, due to the hydrogen bonding 

interactions between side chains, induced the formation of twisted nanofibers. 

Chemical vapor deposition was considered to be another technique 

generating helical fibers. It is widely reported that straight nanowires have 

been grown by the mechanism of vapor-liquid-solid (V-L-S). The adsorption of 

a gas phase deposit on to a solid surface leads to the growth of crystal from 

bottom to top, thus creating the nanofibrillar structures. Zhang and his team 

produced helical SiO2 nanofibers by using this technique, with diameters of 

the fabricated nanofibers from 80 to 140 nm [132]. Although, the addition of 

CH4 flow in the carrier gas resulted in a helical structure of the formed 

nanofibers, the actual mechanism with which a helical structure was formed, 

was not reported. It was only hypothesized that CH4 helped moderating the 

highly oxidizing environment and kept the activity of Iron catalytic particles.  

Electrospinning has been regarded as the most common and efficient 

technique to fabricate helical nanofibers. Researchers produced helical 

nanofibers by electrospinning and studied the potential factors that could 

guide the fibers to be helical and curly. Zhou et al. created wavy nanofiber 

through an airflow-electrospinning process [137]. Airflow could drive 

electrospun nanofibers to deposit into a hybrid yarn, then form wavy structures. 

Another study demonstrated that using auxiliary electrodes in near-field 

electrospinning could regulate the deposited fibers to form wavy pattern [138]. 
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They found that the frequency of the wavy fibers was the same as the current 

power frequency. Our lab investigated the use of a thermally shrinking film to 

guide electrospun fibers in the formation of curly and wavy patterns (Figure 

5E) [113]. In vitro studies showed that wavy patterns could enhance cellular 

infiltration and induce transforming growth factor-beta (TGF-β) expression. 

These hierarchically structured nanofibers could be used to mimicking 

epithelial tissue buckling morphogenesis for tissue formation. The wavy 

pattern could afford unique physical properties to regulate cell behavior, which 

showed possibility for application in tissue engineering. 

Nanotubes 

Tubular nanostructures are widely used in tissue engineering, especially for 

drug delivery [139]. Many approaches have been studied to produce 

nanotubes for drug delivery systems. For instance, nanotube structures could 

be developed from organic building blocks by self-assembly approach [140-

142]. Yan et al. demonstrated that cationic dipeptides (H-Phe-Phe-NH2⋅HCl) 

could form nanotubes at physiological pH via self-assembly methods. To test 

the delivery of these cationic dipeptide nanotubes in cells, fluorescein labeled 

single‐stranded DNA (ssDNA) was bound to the nanotubes by electrostatic 

interactions. After incubation with HeLa cells, the fluorescence showed that 

these nanotubes could enter cells and accumulate in the cytoplasm. It might 

have a possibility to exploit the nanotubes for potential applications of gene 

and drug delivery. However, low yield is a significant limitation to produce 

nanotubes in a large scale. The template-directed approach have also been 

used to build nanotubes, since it is more direct and controllable compared to 

self-assembly approach [143, 144]. Hou et al. produced poly(p-xylylene) 

nanotubes by this approach [144]. The average inner tube diameter was in 

the range of about 10 nm. The template approach works well for producing 

short tubes. It is hard to fabricate continuous nanotubes by this approach. 

Compared with self-assembly and template-directed approaches, coaxial 

electrospinning was proved to be the optimal approach for creating continuous 
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nanotubes with a controllable condition and large-scale production. In co‐

electrospinning, a coaxial nozzle is the key device that is comprised of a 

central tube and a concentric circular corona. This coaxial nozzle allows two 

different solutions to produce a core-shell composite structure [145, 146]. In 

order to fabricate hollow nanofibers, it was shown that different oil-soluble 

materials could be directly spun into the core of the fiber [114, 147]. After 

removal of the oil phase from the core of the scaffolds, hollow nanofibers were 

obtained (Figure 5F) [114]. Srouji et al. developed electrospun core-shell fiber 

scaffolds to load bone morphogenetic protein-2 (BMP-2) in the core of the 

fibers. After BMP-2 slow release from the scaffolds, both in vitro and vivo 

studies showed that slow-releasing scaffolds have significant increase in 

alkaline phosphatase activity and bone regeneration compared to fast BMP-2 

releasing scaffolds. This core-shell scaffolds serve as an ideal approach for 

drug releasing system and could be also used in other tissue regeneration 

applications. Moreover, Zhao et al. successfully developed multi-channel 

tubes with variable diameter and channel number. The channel number of 

nanotubes was controlled by a powerful multifluidic compound-jet during 

electrospinning [148]. Multi-channel tubes could be used to load different 

bioactive components without interaction in drug release.  

Nanofiber functionalization 

To explore more applications of nanofibrous scaffolds in tissue engineering, 

researchers investigated the functionalization of nanofibrous scaffolds by 

many different approaches, such as, physical blends, core-shell 

electrospinning, and post functionalization.  

Physical Blends 

Polymer blends is an easy and direct method to introduce bioactive 

components into nanofibrous scaffolds for tissue-engineering applications. 

Nanostructure polymer blends could result in the production of low-cost nano-

scaffolds with specific functionality. Biopolymers can be blended into a 

synthetic polymer for electrospinning to obtain better mechanical properties, 
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good biodegradability and biocompatibility of nanofibers. For example, to 

improve the biodegradability and biocompatibility, gelatin was mixed in PCL 

electrospun solution and then incorporated into PCL nanofibrous scaffolds 

during electrospinning [149]. The obtained PCL/gelatin nanofibrous scaffolds 

showed positive influence on cell proliferation and nerve differentiation 

compared with pure PCL scaffolds. A lot of natural polymers have been used 

extensively to blend with synthetic polymers for electrospinning, such as 

collagen [150-152], gelatin [153-155], elastin [156-158], fibrinogen [159], silk 

fibroin [160], alginate [161, 162], chitosan [163, 164], dextran [165, 166], and 

heparin [167]. These results highlight the essential role of both natural and 

synthetic polymers in tissue engineering applications. The combination of 

natural and synthetic polymers could effectively improve the mechanical 

properties and biocompatibility of nanofibrous scaffolds, which could support 

cell growth and favor tissue regeneration. More importantly, the simple 

physical blending process for the introduction of functional components to 

polymeric nanofibers usually resulted in converting the nanofibers into highly 

effective delivery systems. Many biofunctional components (such as, growth 

factors [168, 169], peptides [170, 171], enzymes [172, 173], drugs [174, 175], 

DNA [176, 177]) have been incorporated into nanofibers for biomedical 

research. After incorporating bioactive components into polymer nanofibers, 

the composite scaffolds could serve as a carrier to provide continued or 

controlled release of the bioactive components for tissue regeneration. 

Selecting polymers (such as, biodegradable and non-degradable) as a carrier 

could offer the possibility to control the speed of drug release. By selecting 

different polymers with a variety of biofunctional components, nanofibrous 

scaffolds afford high possibility for different applications. 

Core-Shell electrospinning 

Electrospinning is an effective technique to incorporate biomolecules into 

nanofibrous scaffolds. However, physical blends cannot be effective for long 

time and often provide bioactive molecules with a fast release. The burst 

release often results in a short lifetime of the bioactive scaffolds and reduced 
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therapeutic efficiency of bioactive molecules. To overcome these restrictions, 

coaxial electrospinning have been designed to produce core-shell nanofibers, 

which facilitate the biomolecules encapsulation into the core of nanofibers. 

This specific coaxial structure is essential to avoid burst release, slow down 

the release rate, and maintain the mechanical and biological properties of 

scaffolds. For example, Zhang et al. encapsulated vascular endothelial growth 

factor (VEGF) and platelet-derived growth factor-bb (PDGF) into fibrous films 

via coaxial electrospinning technique. VEGF was loaded in a chitosan 

hydrogel/poly(ethylene glycol)-b-poly(l-lactide-co-caprolactone) (PELCL) 

electrospun membrane as the inner layer and PDGF was loaded in an 

emulsion/PELCL electrospun membrane as the outer layer. Results 

demonstrated that the release of those two growth factors at same time could 

promote vascular endothelial cells (VECs) proliferation and facilitate 

revascularization [178]. Mickova and his colleagues designed polyvinyl 

alcohol/PCL as core/shell nanofibers with embedded liposomes in the core. 

Results showed that the enzymatic activity of encapsulated horseradish 

peroxidase was still maintained in the scaffolds, which could be used in drug 

delivery system [179].  

Researchers compared the loading efficiency and releasing properties of two 

methods (physical blends and coaxial electrospinning). They fabricated two 

different Basic fibroblast growth factor (bFGF) embedded poly(lactic-co-

glycolic acid) (PLGA) nanofibers by using physical blends and coaxial 

electrospinning. Although both PLGA nanofibers showed growth factors 

encapsulation and achieved continued release, the release profiles were quite 

different. Co-electrospinning scaffolds could prolong the bFGF release one 

week more compared to physical blends scaffolds. Therefore, co-

electrospinning technique are more effective to load the growth factors and 

achieve continued release. Except growth factors and liposomes, controlled 

release of other bioactive components, such as peptides, proteins and even 

DNA, is also accomplished with core-shell electrospinning approaches [180].  
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Figure 6. Functionalization approaches of electrospun nanofibers. (A) Physical blends, (B) core-
shell electrospinning and (C) post functionalization. 

Post functionalization 

Plasma treatments 

The simple plasma treatment is the most widely used method to improve 

nanofibers biocompatibility. Different gases such as Ar, N2, O2 and NH3 were 

utilized during plasma treatment to change the chemical composition or 

introduce functional groups on the surface of scaffolds for further applications. 

For example, polymer nanofibers were exposed with oxygen plasma in order 

to obtain carboxyl groups on the surface of nanofibers [181]. Plasma 

treatments with ammonia can generate amine active sites on the surface of 

nanofibers [182]. After generating desired functional groups (e.g., -NH2, -OH, 

-COOH) at the surface of nanofibers, these surfaces could be largely used as

substrates for biomolecule immobilization. 

A study demonstrated that the functionalization of PLLA nanofibers with RGD 

(Arg–Gly–Asp) peptides by plasma treatments and covalent coupling. The 
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plasma treatment of PLLA nanofibers is a key step to produce carboxyl groups 

for RGD coupling. RGD peptides could immobilize on the functionalized 

nanofibers by EDC/sulfo-NHS chemistry. In vitro results showed that RGD 

functionalized scaffolds promoted the proliferation and osteogenic 

differentiation of hMSCs[183]. Another study functionalized PLLA nanofibers 

with cationized gelatin (CG) to increase the biocompatibility of PLLA scaffolds 

[181]. Oxygen plasma was used to modify PLLA nanofibers with carboxyl 

groups. After the introduction of carboxyl groups on the surface of nanofiber, 

gelatin could covalently bind to the PLLA nanofibers. Apart from growth factors 

and gelatin, other bioactive components (calcium phosphate [184], collagen 

[185], and laminin [186]) were also reported to bind onto nanofibers after 

plasma treatment. Plasma treatment was regarded as a simple approach to 

generate functional groups on the surface, which provide an opportunity for 

the further immobilization of bioactive components onto scaffolds. 

Wet chemical etching 

Except plasma treatments, the surface modification of nanofibrous scaffolds 

could also be achieved by wet chemical treatments. Wet chemical approaches, 

such as hydrolysis, soaking in NaOH or KOH often leads to the degradation 

of nanofiber properties and morphology. Chen et al. reported that PCL 

nanofibrous membranes treated with NaOH etching led to enhanced 

roughness and surface area [187]. 3T3 fibroblast cells exhibited a better 

adhesion on the surface modified PCL membranes and well spread out 

morphology. Other chemical etching approaches, like aminolysis, could 

introduce amino groups onto the nanofiber surface. Amino modified 

nanofibers could be used as a substrate to bond other bioactive molecules by 

a covalent bond with the –COOH group. Fibronectin (Fn), for example, was 

grafted onto nanofibrous scaffolds via polyester aminolysis and then coupling 

via glutaraldehyde [188]. Cell studies demonstrated that the Fn coupling onto 

polymer nanofiber scaffolds significantly promoted epithelium regeneration. 

The introduction of active groups by using wet chemical etching afford an easy 

route for preparing functional nanofibrous materials in tissue engineering. A 
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variety of bioactive components such as growth factors, peptides, gelatin or 

chitosan, can be functionalized into scaffolds afterwards. Therefore, this 

functionalization approach showed high potential for tissue regeneration 

applications. 

Click chemistry 

Click chemistry is an attractive alternative for facile immobilization of bioactive 

components onto electrospun nanofiber surface, because of its simple 

reaction conditions, high reaction rate, high yields and functional group 

tolerance [189-192]. Several “click” methods including radical thiol-ene[193], 

copper-catalyzed azide alkyne cycloaddition (CuAAC) [194, 195], strain-

promoted azide–alkyne cycloaddition (SPAAC)[196, 197], Diels−Alder 

addition [198] and Michael additions [199] have been employed for nanofiber 

functionalization [200]. Modification of nanofibers surface with bioactive 

components by click chemistry could be used to improve the bio-functional 

properties of nanofibrous scaffolds for tissue regeneration applications. For 

example, Lancuški et al. developed a clickable nanofibrous scaffolds by 

electrospinning a mixture of PCL-80K with PCL-2K azide. The surface of PCL-

2K azide presented clickable sites for CuAAc reaction. This approach provide 

high efficiency to produce clickable nanofibrous scaffolds [194]. Then, 

functionalized nanofibers could easily click to a desired biomolecules 

(peptides, growth factor, drugs etc.). Another study showed a breast cancer 

sensitive protease (TSP50) was successfully coupled onto P(LA90-co-MPC10) 

electronspun fibers by CuAAc click reaction [195]. The TSP50 fibers could be 

applied for detection, separation, and purification of anti-TSP50. This method 

verifies the possibility of click reaction to couple proteins on electrospun fibers. 

Photo-initiated thiol-ene click chemistry is also widely used to bind bioactive 

molecules. For example, a cysteine contained CAG-peptide was 

functionalized onto scaffolds via thiol-ene click chemistry [201]. These 

peptide-functionalized surfaces exhibited enhanced cell adhesion, growth and 

proliferation. Compared to previous chemical functionalization of nanofibers, 

such as plasma treatment and wet chemical method, click reactions are 
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unique and offers many benefits (stoichiometric control, orthogonal chemistry 

and mild water-tolerant conditions), which could effectively attach 

biomolecules to the surface of nanofibers without damaging a fibrous structure. 

As the benefits of click chemistry keeps increasing, clickable nanofibers have 

shown great promise to bond various biomolecules with different approaches 

for tissue engineering applications.  

Surface graft 

Surface graft approach has been also developed to introduce functional 

groups on scaffolds for the subsequent coupling of bioactive components. 

Plasma treatment is usually required to introduce free radicals for 

polymerization during graft polymerization. For example, the surface of 

poly(vinylidene) fluoride nanofibers was successfully grafted with Poly(methyl 

methacrylate) by plasma-induced graft copolymerization [202]. By processing 

with graft polymerization, the pore size of electrospun nanofibrous meshes 

was significantly decreased, from 3.58 to 0.88 μm. The grafted electrospun 

membranes could be used as a microfiltration membrane. Ma et al. modified 

electrospun PCL nanofibers with gelatin by surface grafting [203]. Gelatin 

modified PCL nanofibrous scaffolds effectively helped endothelial cells (ECs) 

adhesion and promoted proliferation compared with the unmodified PCL 

scaffolds. However, the grafting approach can only modify the top surface of 

nanofibers and could not penetrate beyond the first few fiber layers.  

Electrospun fibrous scaffolds in vascular regeneration 

Vascular regeneration is one of most challenging issues in tissue engineering 

[204, 205]. During formation of new tissue, blood vessels are required to 

supply oxygen and nutrition for cells as well as to remove waste products [206-

208]. Lack of efficient vascularization limits the size of tissue-engineered 

constructs [209, 210]. Implantation of tissue constructs in a poorly 

vascularized site often leads to lack of tissue integration and cell death [211, 

212]. As a result, many tissue-engineered constructs have been reported to 

fail in vivo due to lack of vascular formantion [209, 213, 214]. Therefore, 
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vascular regeneration is critical for the successful regeneration of tissues 

where vascularization is necessary [215, 216]. Electrospinning is a common-

used technique to produce fibers in micro/nano scale, which could mimic the 

mechanical properties of native ECM. The potential in vivo use of implantable 

electrospun tubular scaffolds for vascular graft was widely reported [217-219]. 

Especially, tubular electrospun scaffolds collected on a rotating mandrel 

showed advantages to mimic the scale and architecture of vessels.   

Effects of electrospun scaffold architecture on vascular 

regeneration 

Nanotopography has been noted as an important factor to affect cell growth 

and differentiation. ECs could interact with their physical environments and 

guided by scaffolds topography. Xu et al. reported that the alignment of 

nanofibers plays a positive role in the regulation of endothelial cellular 

behavior [220]. Cell elongation and migration are indispensable processes in 

angiogenesis. This study proved that the alignment of nanofibers could guide 

cell distribution, affect cell morphology and even control migration velocity 

[221]. When HUVECs were cultured on PLGA aligned nanofibrous scaffolds, 

the morphology of migrating cell was highly ordered. Therefore, the 

topographic features and scaffold guidance should be evaluated when 

designing a tissue-engineered scaffold for vascular regeneration. Few other 

studies showed that EC morphogenesis into capillary-like structures was 

regulated by micropatterned stripe substrates [216, 222]. Dike et al. showed 

that ECs cultured on substrates micropatterned with 10µm-wide lines of 

fibronectin formed capillary tube-like structures containing a central lumen; 

cells cultured on wider (30 µm) lines did not form tubes [222]. Moon et al. 

micropatterned poly (ethylene glycol) diacrylate hydrogels with RGDS in 

different geometries [216]. As a result, ECs cultured on RGDS patterns 

reorganized their cell bodies into tube-like structures on 50-µm-wide stripes, 

but not on wider stripes. These result suggested that ECs morphogenesis 

could be regulated by topography cues. Development of a well-designed 
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topography, in which capillary tubes consistently form, is an important step 

toward the fabrication of engineered tissues. 

Effects of controlled release of biochemicals from electrospun 

scaffolds on vascular regeneration 

Growth factors  

Many researchers have reported that the controlled release of angiogenic 

factors could promote vascular formation in vivo and in vitro. Electrospun 

nanofibrous scaffolds showed high potential to incorporate or functionalize 

bioactive component into the nanofibrous scaffolds, and nanofibers 

considered as a transport carrier could achieved a controlled degree of drug 

release. VEGF is the most important growth factor to stimulate early vascular 

formation and promote angiogenesis. Jia and his colleagues loaded VEGF 

into the inner of core/shell fibrous scaffold by coaxial electrospinning with 

PLGA as the shell [223]. VEGF release could sustain for more than 28 days 

and cell studies showed that VEGF encapsulated scaffolds effectively 

enhanced cell proliferation and benefited cell distribution. Another study 

demonstrated VEGF functionalized heparin-conjugated PCL fibrous scaffolds 

able to release the growth factor for 15 days [224]. This resulted in new blood 

vessel formation with minimum immunological rejection. Other growth factors, 

such as bFGF [225] and PDGF [178] were also reported to be released from 

nanofibrous scaffolds for vascular regeneration. Montero et al. prepared 

bFGF-loaded gelatin fibrous scaffolds by physical adsorption after 

electrospinning [226]. HUVECs were seeded on these scaffolds. Results 

showed that the releasing of bFGF from the scaffolds significantly promoted 

cell proliferation and helped capillary formation. Moreover, combing two or 

more growth factors and controlling their spatio-temporal release could be 

another option to improve the functionality of scaffolds.  

VEGF-mimetic Peptides 

Except growth factors, many studies have also reported the immobilization of 

VEGF-mimetic peptides on scaffolds as potential application for vascular 
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regeneration. D’Andrea et al. designed a VEGF-mimetic peptide, QK (domain: 

KLTWQELYQLKYKGI), and showed the ability to activate VEGF receptors 

and similar bioactivity to VEGF[227]. QK peptides provided many advantages 

including smaller molecular weight, low immunogenic potential, and cost-

effectiveness by synthesis [227-231]. Leslie-Barbick et al. reported that QK 

peptides are easier to conjugate or immobilize into scaffolds than VEGF 

because it could diffuse into scaffolds faster and more completely [231]. 

Another study loaded QK peptide into poly(ethylene glycol)-b-poly(L-lactide-

co-e-caprolactone) (PELCL) nanofibers by emulsion or suspension 

electrospinning [232]. It was found that QK loaded PELCL electrospun 

scaffolds could significantly accelerate the proliferation of ECs compared with 

pure PELCL scaffolds in 9 days. Zhou et al. functionalized the surface of the 

PELCL scaffolds with QK peptides via EDC/NHS chemistry [230]. In vitro 

studies demonstrated that the QK peptide-functionalized PELCL scaffolds 

could significantly promote the proliferation of ECs compared with 

unfunctionalized PELCL scaffolds. QK peptide-functionalized electrospun 

scaffolds showed their ability of fast endothelialization, which could have 

potential use in vascular regeneration.  

Apart from VEGF-memetic peptide, RGD peptide was aslo reported to 

immobilize into electrospun scaffolds for vascular tissue engineering. For 

example, Kim et al electrospun a mixture of PLGA and PLGA-b-PEG-NH2 to 

generate electrospun scaffolds with active amino group [233]. RGD was 

covalently grafted with on PLGA fibrous scaffolds. In vitro study showed that 

the immobilization of RGD significantly promote cell adhesion and proliferation. 

These results suggest RGD functionalized fibrous scaffolds could be a 

promising for vascular regeneration. 

Hydrogen Sulfide  

Hydrogen sulfide (H2S), a unique gasotransmitter, has been recognized as an 

important physiological and pathological signaling molecule, which can 

mediate and promote the effects on angiogenesis [234, 235]. The 
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phenomenon that H2S promotes EC proliferation and migration has been 

reported by different groups [236, 237]. H2S has been reported to simulate 

angiogenesis in vitro and in vivo [236, 238]. Since H2S has been recognized 

to be beneficial for angiogenesis, researchers started to focus on the 

development of H2S releasing scaffolds for vascular regeneration [239, 240]. 

Feng et al. electrospun N-(benzoylthio)benzamide (NSHD1), an H2S donor, 

with PCL solution to form H2S release fibrous scaffolds [241]. The H2S fibrous 

scaffolds could facilitate (H9c2 and 3T3) cells proliferation. Moreover, these 

scaffolds were also reported to increase the expression of collagen type I and 

collagen type III, and wound healing related genes. Kang and his colleagues 

synthesized a pH-controlled H2S donor (JK-1) from phenylphosphonothioic 

dichloride [242]. Wu et al., instead, mixed JK-1 with PCL to prepare H2S 

releasing electrospun nanofibers [243]. The fabricated fibrous scaffolds 

showed that lower pH induced greater and faster H2S release. JK1 doped PCL 

fibers were nontoxic to fibroblasts and in vivo experiments proved that PCL-

JK1 could significantly improve wound healing. Although previous studies 

showed promising results in vitro and in vivo, many aspects still need to be 

improved for the fabrication of H2S releasing nanofibrous scaffolds: 1) slow 

H2S releasing donor need to be included; 2) except physical doping, other 

surface functionalization approach should be considered.  

Studying angiogenesis in vivo 

Chick chorioallantoic membrane (CAM) assay, rabbit or rat cornea are the 

most widely used animal models for studying the process of angiogenesis in 

vivo. CAM is an extraembryonic membrane mediating gas and nutrient 

exchanges until hatching [244]. Since this membrane could form blood 

vessels network after incubation, it has been widely performed as an in vivo 

model to screen angiogenesis stimulators and inhibitors in response to 

biomaterials. Rabbit cornea and mouse model has been reported to be other 

in vivo angiogenesis models. However, CAM is believed to be simpler and 

cost-effective with lower ethical concerns than other animal models.  
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Figure 7. (A) Chick chorioallantoic membrane (CAM), (B) rabbit cornea and (C) mouse model to 
evaluate the angiogenic ability of implanted scaffolds. 

 
CAM assay has been used by many researchers as an in vivo model in 

vascular tissue engineering for more than 40 years. A number of studies have 

evaluated electrospun nanofibrous scaffolds on the CAM to examine their 

angiogenic response and biocompatibility. The general procedure of CAM 

assay is shown in Figure 7A. By implanting nanofibrous scaffolds onto the 

CAM, the potential angiogenic activity of scaffolds can be analyzed through 

changes in the vascular density of the surrounding environment. Test 

components could be growth factors, peptides, drugs and other biomolecules, 

which are immobilized or incorporated to nanofibrous scaffolds. For example, 

in order to evaluate the angiogenic ability of VEGF loaded collagen-PCL 

scaffolds in vivo, a CAM assay was carried out showing that VEGF-loaded 

PCL scaffolds could significantly increase the vessel area on the scaffolds[245] 

Their result proved that the VEGF releasing from VEGF-loaded scaffolds 

could promote early blood vessel formation in vivo. Augustine et al. developed 

zinc oxide (ZnO) nanoparticle-loaded electrospun PCL scaffolds [246]. CAM 
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assay was used to assess the angiogenic potential of these scaffolds. A 1 wt% 

ZnO nanoparticle incorporated PCL scaffolds were pro-angiogenic, which 

showed to be statistically higher in the number of branching points compared 

with PCL scaffolds. Diaz-Gomez et al. performed a CAM assay to evaluate 

the angiogenesis response of platelet-rich plasma (PRP) coated PCL 

scaffolds [247]. PRP-PCL scaffolds were integrated with the CAM and formed 

many capillary blood vessels around the PRP-PCL scaffolds compared to the 

PCL scaffolds. These few selected studies are just to exemplify the potential 

of the CAM assay as a simple validation tool for newly designed scaffolds for 

vascular tissue regeneration, after an initial assessment in vitro. For a more 

thorough review on the several angiogenesis available assays, the reader is 

referred elsewhere [248].  

Aims and outline of thesis 

The aims of this thesis are: 1) to explore different fabrication approaches to 

create instructive structure of nanofibrous scaffolds; 2) to develop different 

chemistry strategies to functionalize nanobibrous scaffolds with bioactive 

components; 3) and finally to use these enhanced functional nanofibrous 

scaffolds for vascular tissue engineering. Different approaches to achieve 

these goals are described in 6 chapters in this thesis. 

In chapter 1, a general overview is presented on nanofiber fabrication, the 

design of nanofibrous scaffolds and the application of nanofibrous scaffolds in 

vascular regeneration. Based on this review, it can be inferred that 

nanofibrous scaffolds that include well-designed physical or chemical 

modifications, structure design and biomolecules functionalization, have 

greater chance of success in tissue engineering than pristine polymeric 

scaffolds with a random structural architecture. The theme of chapter 2, 3 and 

4 is to introduce structure modifications of nanofibrous scaffolds to create 

different physical constraints for cells. Chapter 2 introduces two factors 

(alignment of nanofibers and coculture with ECs) to take into consideration 

when using MSCs for osteogenic differentiation. In particular, the optimized 
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coculture conditions for enhanced osteogenic differentiation on electrospun 

fibrous scaffolds were demonstrated. Chapter 3 shows a simple, versatile and 

effective approach to generate gradient honeycomb patterns in nanofibrous 

meshes and investigates the effect of electrospinning parameters on the 

honeycomb formation. The size of honeycomb patterns and evenly gradient 

honeycomb could be controlled by adjusting the processing parameters. In 

chapter 4, the influence of honeycomb nanofibrous scaffolds on ECs behavior 

was investigated in terms of cell proliferation and tube formation.   

Compared to conventional chemical modifications of nanofiber surface, click 

chemistry is an attractive alternative for facile immobilization of bioactive 

components onto the surface of electrospun nanofibers, because of many 

advantages, including simple reaction conditions, high reaction rate, high 

yields and functional group tolerance. Chapter 5 and 6 describe two surface 

functionalization approaches as a strategy to immobilize bioactive 

components on nanofibrous scaffolds. In chapter 5, PCL-N3 clickable 

scaffolds were prepared by electrospinning blended PCL-N3 and PCL solution. 

H2S donor (alkyne-NTA) was immobilized on PCL-N3 fibrous scaffolds by 

azide-alkyne click conjugation. The effects of H2S-release nanofibrous 

scaffolds on ECs behavior, such as cell viability, proliferation and 

angiogenesis were investigated. However, it is impossible to localize the 

vessel growth by this approach. In order to archive spatial control of vessel 

pattern, Chapter 6 presents a photopatterning strategy based on the 

advantage of using the photochemically promoted radical thiol-ene click 

chemistry. A proof of concept study using a thiol dye demonstrates the ability 

to use photomasks to create any desired pattern (e.g. circles, squares) on 

nanofibrous scaffolds. A VEGF-mimicking peptide terminated with a thiol 

group was immobilized on PCL-diacrylate (PCL-DA) nanofibrous scaffolds by 

this approach, showing enhanced ECs survival in nutrient starvation 

conditions.  
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Finally, a general discussion of the results obtained in chapter 2-6 and future 

perspectives are provided in chapter 7. The valorization potential along with 

future applications of this research will be described in chapter 8. 
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[117] A. Garcia Garcia, A. Hébraud, J.-L. Duval, C.R. Wittmer, L. Gaut, D. Duprez, C. Egles, F.

Bedoui, G. Schlatter, C. Legallais, Poly (ε-caprolactone)/Hydroxyapatite 3D Honeycomb Scaffolds

for a Cellular Microenvironment Adapted to Maxillofacial Bone Reconstruction, ACS Biomaterials

Science & Engineering 4(9) (2018) 3317-3326.

[118] G. Yan, J. Yu, Y. Qiu, X. Yi, J. Lu, X. Zhou, X. Bai, Self-assembly of electrospun polymer

nanofibers: A general phenomenon generating honeycomb-patterned nanofibrous structures,

Langmuir 27(8) (2011) 4285-4289.

[119] T. Yao, H. Chen, P. Samal, S. Giselbrecht, M.B. Baker, L. Moroni, Self-assembly of
electrospun nanofibers into gradient honeycomb structures, Materials & Design 168 (2019)

107614.

[120] J. Lee, J. Jang, H. Oh, Y.H. Jeong, D.-W. Cho, Fabrication of a three-dimensional

nanofibrous scaffold with lattice pores using direct-write electrospinning, Materials Letters 93

(2013) 397-400.

[121] J. Lee, S.Y. Lee, J. Jang, Y.H. Jeong, D.-W. Cho, Fabrication of patterned nanofibrous mats

using direct-write electrospinning, Langmuir 28(18) (2012) 7267-7275.

[122] H. Chen, A.d.B.F.B. Malheiro, C. van Blitterswijk, C. Mota, P.A. Wieringa, L. Moroni, Direct

writing electrospinning of scaffolds with multidimensional fiber architecture for hierarchical tissue

engineering, ACS applied materials & interfaces 9(44) (2017) 38187-38200.
[123] H.R. Pant, H.J. Kim, M.K. Joshi, B. Pant, C.H. Park, J.I. Kim, K. Hui, C.S. Kim, One-step

fabrication of multifunctional composite polyurethane spider-web-like nanofibrous membrane for

water purification, Journal of hazardous materials 264 (2014) 25-33.

[124] B. Ding, C. Li, Y. Miyauchi, O. Kuwaki, S. Shiratori, Formation of novel 2D polymer

nanowebs via electrospinning, Nanotechnology 17(15) (2006) 3685.

[125] H.R. Pant, M.P. Bajgai, K.T. Nam, K.H. Chu, S.-J. Park, H.Y. Kim, Formation of electrospun

nylon-6/methoxy poly (ethylene glycol) oligomer spider-wave nanofibers, Materials letters 64(19)

(2010) 2087-2090.

[126] A.P. Tiwari, M.K. Joshi, J.I. Kim, A.R. Unnithan, J. Lee, C.H. Park, C.S. Kim, Bimodal fibrous
structures for tissue engineering: Fabrication, characterization and in vitro biocompatibility,

Journal of colloid and interface science 476 (2016) 29-34.

[127] A.P. Tiwari, M.K. Joshi, J. Lee, B. Maharjan, S.W. Ko, C.H. Park, C.S. Kim, Heterogeneous

electrospun polycaprolactone/polyethylene glycol membranes with improved wettability,

biocompatibility, and mineralization, Colloids and Surfaces A: Physicochemical and Engineering

Aspects 520 (2017) 105-113.

[128] N. Li, G. Chen, J. Liu, Y. Xia, H. Chen, H. Tang, F. Zhang, N. Gu, Effect of surface topography

and bioactive properties on early adhesion and growth behavior of mouse preosteoblast MC3T3-

E1 cells, ACS applied materials & interfaces 6(19) (2014) 17134-17143.

[129] R. Nirmala, R. Navamathavan, H.-S. Kang, M.H. El-Newehy, H.Y. Kim, Preparation of
polyamide-6/chitosan composite nanofibers by a single solvent system via electrospinning for

biomedical applications, Colloids and Surfaces B: Biointerfaces 83(1) (2011) 173-178.

[130] C. Wang, Y. Guo, Y. Wang, H. Xu, R. Wang, X. Zhang, Supramolecular Amphiphiles Based

on a Water‐Soluble Charge‐Transfer Complex: Fabrication of Ultralong Nanofibers with Tunable

Straightness, Angewandte Chemie International Edition 48(47) (2009) 8962-8965.

[131] H. Wang, W. You, P. Jiang, L. Yu, H.H. Wang, Supramolecular Self‐Assembly of Conjugated

Diblock Copolymers, Chemistry–A European Journal 10(4) (2004) 986-993.

[132] H.-F. Zhang, C.-M. Wang, E.C. Buck, L.-S. Wang, Synthesis, characterization, and

manipulation of helical SiO2 nanosprings, Nano Letters 3(5) (2003) 577-580.

[133] T. Han, D.H. Reneker, A.L. Yarin, Buckling of jets in electrospinning, Polymer 48(20) (2007)

6064-6076.

[134] T. Lin, H. Wang, X. Wang, Self ‐crimping bicomponent nanofibers electrospun from

polyacrylonitrile and elastomeric polyurethane, Advanced Materials 17(22) (2005) 2699-2703.

[135] M.K. Shin, S.I. Kim, S.J. Kim, Controlled assembly of polymer nanofibers: From helical

springs to fully extended, Applied physics letters 88(22) (2006) 223109.
[136] H. Zhang, X. Xin, J. Sun, L. Zhao, J. Shen, Z. Song, S. Yuan, Self-assembled chiral helical

nanofibers by amphiphilic dipeptide derived from d-or l-threonine and application as a template

for the synthesis of Au and Ag nanoparticles, Journal of colloid and interface science 484 (2016)

97-106.



Chapter 1 

39 

1 

[137] Y. Zhou, H. Wang, J. He, K. Qi, B. Ding, Highly stretchable nanofiber-coated hybrid yarn

with wavy structure fabricated by novel airflow-electrospinning method, Materials Letters 239

(2019) 1-4.
[138] Z. Zhu, X. Chen, Z. Du, S. Huang, D. Peng, J. Zheng, H. Wang, Fabricated wavy

micro/nanofiber via auxiliary electrodes in near-field electrospinning, Materials and Manufacturing

Processes 31(6) (2016) 707-712.

[139] R.H. Baughman, A.A. Zakhidov, W.A. De Heer, Carbon nanotubes--the route toward

applications, science 297(5582) (2002) 787-792.

[140] D.T. Bong, T.D. Clark, J.R. Granja, M.R. Ghadiri, Self‐assembling organic nanotubes,

Angewandte Chemie International Edition 40(6) (2001) 988-1011.

[141] R. Tenne, Inorganic Nanotubes and Fullerene‐Like Materials, Chemistry–A European Journal

8(23) (2002) 5296-5304.

[142] N.M. Matsumoto, R.P. Lafleur, X. Lou, K.-C. Shih, S.P. Wijnands, C. Guibert, J.W. van

Rosendaal, I.K. Voets, A.R. Palmans, Y. Lin, Polymorphism in benzene-1, 3, 5-tricarboxamide

supramolecular assemblies in water: a subtle trade-off between structure and dynamics, Journal

of the American Chemical Society 140(41) (2018) 13308-13316.

[143] M. Bognitzki, H. Hou, M. Ishaque, T. Frese, M. Hellwig, C. Schwarte, A. Schaper, J.H.

Wendorff, A. Greiner, Polymer, metal, and hybrid nano‐and mesotubes by coating degradable

polymer template fibers (TUFT process), Advanced Materials 12(9) (2000) 637-640.

[144] H. Hou, Z. Jun, A. Reuning, A. Schaper, J.H. Wendorff, A. Greiner, Poly (p-xylylene)

nanotubes by coating and removal of ultrathin polymer template fibers, Macromolecules 35(7)

(2002) 2429-2431.

[145] D. Han, A.J. Steckl, Superhydrophobic and oleophobic fibers by coaxial electrospinning,
Langmuir 25(16) (2009) 9454-9462.

[146] A. Yarin, Coaxial electrospinning and emulsion electrospinning of core–shell fibers,

Polymers for Advanced Technologies 22(3) (2011) 310-317.

[147] J.T. McCann, D. Li, Y. Xia, Electrospinning of nanofibers with core-sheath, hollow, or porous

structures, Journal of Materials Chemistry 15(7) (2005) 735-738.

[148] Y. Zhao, X. Cao, L. Jiang, Bio-mimic multichannel microtubes by a facile method, Journal

of the American Chemical Society 129(4) (2007) 764-765.

[149] L. Ghasemi-Mobarakeh, M.P. Prabhakaran, M. Morshed, M.-H. Nasr-Esfahani, S.
Ramakrishna, Electrospun poly (ɛ-caprolactone)/gelatin nanofibrous scaffolds for nerve tissue

engineering, Biomaterials 29(34) (2008) 4532-4539.

[150] W. He, T. Yong, W.E. Teo, Z. Ma, S. Ramakrishna, Fabrication and endothelialization of
collagen-blended biodegradable polymer nanofibers: potential vascular graft for blood vessel

tissue engineering, Tissue engineering 11(9-10) (2005) 1574-1588.

[151] I.K. Kwon, T. Matsuda, Co-electrospun nanofiber fabrics of poly (L-lactide-co-ε-

caprolactone) with type I collagen or heparin, Biomacromolecules 6(4) (2005) 2096-2105.

[152] J.D. Stitzel, K.J. Pawlowski, G.E. Wnek, D.G. Simpson, G.L. Bowlin, Arterial smooth muscle

cell proliferation on a novel biomimicking, biodegradable vascular graft scaffold, Journal of

biomaterials applications 16(1) (2001) 22-33.

[153] S. Heydarkhan-Hagvall, K. Schenke-Layland, A.P. Dhanasopon, F. Rofail, H. Smith, B.M.

Wu, R. Shemin, R.E. Beygui, W.R. MacLellan, Three-dimensional electrospun ECM-based hybrid
scaffolds for cardiovascular tissue engineering, Biomaterials 29(19) (2008) 2907-2914.

[154] S. Zhang, Y. Huang, X. Yang, F. Mei, Q. Ma, G. Chen, S. Ryu, X. Deng, Gelatin nanofibrous

membrane fabricated by electrospinning of aqueous gelatin solution for guided tissue

regeneration, Journal of Biomedical Materials Research Part A: An Official Journal of The Society

for Biomaterials, The Japanese Society for Biomaterials, and The Australian Society for

Biomaterials and the Korean Society for Biomaterials 90(3) (2009) 671-679.

[155] Y. Zhang, H. Ouyang, C.T. Lim, S. Ramakrishna, Z.M. Huang, Electrospinning of gelatin

fibers and gelatin/PCL composite fibrous scaffolds, Journal of Biomedical Materials Research Part

B: Applied Biomaterials: An Official Journal of The Society for Biomaterials, The Japanese Society

for Biomaterials, and The Australian Society for Biomaterials and the Korean Society for
Biomaterials 72(1) (2005) 156-165.

[156] M.J. McClure, S.A. Sell, C.P. Barnes, W.C. Bowen, G.L. Bowlin, Cross-linking electrospun

polydioxanone-soluble elastin blends: material characterization, Journal of Engineered Fibers and

Fabrics 3(1) (2008) 155892500800300101.

[157] S. Sell, M.J. McClure, C.P. Barnes, D.C. Knapp, B.H. Walpoth, D.G. Simpson, G.L. Bowlin,

Electrospun polydioxanone–elastin blends: potential for bioresorbable vascular grafts, Biomedical

materials 1(2) (2006) 72.



General Introduction and Aims 

40 

1 

[158] M.J. Smith, M.J. McClure, S.A. Sell, C.P. Barnes, B.H. Walpoth, D.G. Simpson, G.L. Bowlin,

Suture-reinforced electrospun polydioxanone–elastin small-diameter tubes for use in vascular

tissue engineering: a feasibility study, Acta Biomaterialia 4(1) (2008) 58-66.
[159] M.C. McManus, S.A. Sell, W.C. Bowen, H.P. Koo, D.G. Simpson, G.L. Bowlin, Electrospun

fibrinogen-polydioxanone composite matrix: Potential for in situ urologic tissue engineering,

Journal of Engineered Fibers and Fabrics 3(2) (2008) 155892500800300204.

[160] H.-J. Jin, J. Chen, V. Karageorgiou, G.H. Altman, D.L. Kaplan, Human bone marrow stromal

cell responses on electrospun silk fibroin mats, Biomaterials 25(6) (2004) 1039-1047.

[161] M.S. Kim, G. Kim, Three-dimensional electrospun polycaprolactone (PCL)/alginate hybrid

composite scaffolds, Carbohydrate polymers 114 (2014) 213-221.

[162] Y.B. Kim, G.H. Kim, PCL/alginate composite scaffolds for hard tissue engineering:

fabrication, characterization, and cellular activities, ACS combinatorial science 17(2) (2015) 87-
99.

[163] A. Cooper, N. Bhattarai, M. Zhang, Fabrication and cellular compatibility of aligned

chitosan–PCL fibers for nerve tissue regeneration, Carbohydrate Polymers 85(1) (2011) 149-156.

[164] U. Sajeev, K.A. Anand, D. Menon, S. Nair, Control of nanostructures in PVA, PVA/chitosan

blends and PCL through electrospinning, Bulletin of Materials Science 31(3) (2008) 343-351.

[165] J.-f. Pan, N.-h. Liu, H. Sun, F. Xu, Preparation and characterization of electrospun

PLCL/poloxamer nanofibers and dextran/gelatin hydrogels for skin tissue engineering, PLoS One

9(11) (2014) e112885.

[166] A.R. Unnithan, N.A. Barakat, P.T. Pichiah, G. Gnanasekaran, R. Nirmala, Y.-S. Cha, C.-H.

Jung, M. El-Newehy, H.Y. Kim, Wound-dressing materials with antibacterial activity from
electrospun polyurethane–dextran nanofiber mats containing ciprofloxacin HCl, Carbohydrate

polymers 90(4) (2012) 1786-1793.

[167] Y. Su, X. Li, Y. Liu, Q. Su, M.L.W. Qiang, X. Mo, Encapsulation and controlled release of

heparin from electrospun poly (l-lactide-co-ε-caprolactone) nanofibers, Journal of Biomaterials

Science, Polymer Edition 22(1-3) (2011) 165-177.

[168] S. Sahoo, L.T. Ang, J.C.H. Goh, S.L. Toh, Growth factor delivery through electrospun

nanofibers in scaffolds for tissue engineering applications, Journal of Biomedical Materials

Research Part A: An Official Journal of The Society for Biomaterials, The Japanese Society for

Biomaterials, and The Australian Society for Biomaterials and the Korean Society for Biomaterials
93(4) (2010) 1539-1550.

[169] A. Schneider, X. Wang, D. Kaplan, J. Garlick, C. Egles, Biofunctionalized electrospun silk

mats as a topical bioactive dressing for accelerated wound healing, Acta Biomaterialia 5(7) (2009)

2570-2578.

[170] M. Nune, U.M. Krishnan, S. Sethuraman, PLGA nanofibers blended with designer self-

assembling peptides for peripheral neural regeneration, Materials Science and Engineering: C 62

(2016) 329-337.

[171] Y.C. Shin, J.H. Lee, M.J. Kim, S.W. Hong, B. Kim, J.K. Hyun, Y.S. Choi, J.-C. Park, D.-W.

Han, Stimulating effect of graphene oxide on myogenesis of C2C12 myoblasts on RGD peptide-

decorated PLGA nanofiber matrices, Journal of biological engineering 9(1) (2015) 22.
[172] Y. Wang, Y.-L. Hsieh, Immobilization of lipase enzyme in polyvinyl alcohol (PVA)

nanofibrous membranes, Journal of Membrane Science 309(1-2) (2008) 73-81.

[173] J. Xie, Y.-L. Hsieh, Ultra-high surface fibrous membranes from electrospinning of natural

proteins: casein and lipase enzyme, Journal of Materials Science 38(10) (2003) 2125-2133.

[174] C.L. He, Z.M. Huang, X.J. Han, Fabrication of drug‐loaded electrospun aligned fibrous

threads for suture applications, Journal of Biomedical Materials Research Part A: An Official

Journal of The Society for Biomaterials, The Japanese Society for Biomaterials, and The Australian

Society for Biomaterials and the Korean Society for Biomaterials 89(1) (2009) 80-95.

[175] E.-R. Kenawy, F.I. Abdel-Hay, M.H. El-Newehy, G.E. Wnek, Processing of polymer

nanofibers through electrospinning as drug delivery systems, Nanomaterials: Risks and Benefits,

Springer2009, pp. 247-263.

[176] Y. Liu, J. Chen, N.T. Anh, C.O. Too, V. Misoska, G.G. Wallace, Nanofiber mats from DNA,

SWNTs, and poly (ethylene oxide) and their application in glucose biosensors, Journal of The
Electrochemical Society 155(5) (2008) K100-K103.

[177] Y. Liu, J. Chen, V. Misoska, G.G. Wallace, Preparation of novel ultrafine fibers based on

DNA and poly (ethylene oxide) by electrospinning from aqueous solutions, Reactive and

Functional Polymers 67(5) (2007) 461-467.

[178] H. Zhang, X. Jia, F. Han, J. Zhao, Y. Zhao, Y. Fan, X. Yuan, Dual-delivery of VEGF and

PDGF by double-layered electrospun membranes for blood vessel regeneration, Biomaterials 34(9)

(2013) 2202-2212.



Chapter 1 

41 

1 

[179] A. Mickova, M. Buzgo, O. Benada, M. Rampichova, Z. Fisar, E. Filova, M. Tesarova, D.

Lukas, E. Amler, Core/shell nanofibers with embedded liposomes as a drug delivery system,

Biomacromolecules 13(4) (2012) 952-962.
[180] S.K. Tiwari, R. Tzezana, E. Zussman, S.S. Venkatraman, Optimizing partition-controlled

drug release from electrospun core–shell fibers, International journal of pharmaceutics 392(1-2)

(2010) 209-217.

[181] J.-P. Chen, C.-H. Su, Surface modification of electrospun PLLA nanofibers by plasma

treatment and cationized gelatin immobilization for cartilage tissue engineering, Acta

biomaterialia 7(1) (2011) 234-243.

[182] A. Manakhov, E. Kedroňová, J. Medalová, P. Černochová, A. Obrusnik, M. Michlíček, D.V.

Shtansky, L. Zajíčková, Carboxyl-anhydride and amine plasma coating of PCL nanofibers to

improve their bioactivity, Materials & Design 132 (2017) 257-265.
[183] J.R.J. Paletta, S. Bockelmann, A. Walz, C. Theisen, J.H. Wendorff, A. Greiner, S. Fuchs-

Winkelmann, M.D. Schofer, RGD-functionalisation of PLLA nanofibers by surface coupling using

plasma treatment: influence on stem cell differentiation, Journal of Materials Science: Materials

in Medicine 21(4) (2010) 1363-1369.
[184] F. Yang, J. Wolke, J. Jansen, Biomimetic calcium phosphate coating on electrospun poly (ɛ-

caprolactone) scaffolds for bone tissue engineering, Chemical Engineering Journal 137(1) (2008)

154-161.

[185] W. He, Z. Ma, T. Yong, W.E. Teo, S. Ramakrishna, Fabrication of collagen-coated

biodegradable polymer nanofiber mesh and its potential for endothelial cells growth, Biomaterials

26(36) (2005) 7606-7615.

[186] H. Koh, T. Yong, C. Chan, S. Ramakrishna, Enhancement of neurite outgrowth using nano-
structured scaffolds coupled with laminin, Biomaterials 29(26) (2008) 3574-3582.

[187] F. Chen, C. Lee, S. Teoh, Nanofibrous modification on ultra-thin poly (e-caprolactone)

membrane via electrospinning, Materials Science and Engineering: C 27(2) (2007) 325-332.

[188] Y. Zhu, M.F. Leong, W.F. Ong, M.B. Chan-Park, K.S. Chian, Esophageal epithelium

regeneration on fibronectin grafted poly (L-lactide-co-caprolactone)(PLLC) nanofiber scaffold,

Biomaterials 28(5) (2007) 861-868.

[189] W.H. Binder, R. Sachsenhofer, ‘Click’chemistry in polymer and materials science,

Macromolecular Rapid Communications 28(1) (2007) 15-54.

[190] A. Celebioglu, S. Demirci, T. Uyar, Cyclodextrin-grafted electrospun cellulose acetate
nanofibers via “Click” reaction for removal of phenanthrene, Applied Surface Science 305 (2014)

581-588.

[191] J.E. Moses, A.D. Moorhouse, The growing applications of click chemistry, Chemical Society

Reviews 36(8) (2007) 1249-1262.

[192] H.C. Kolb, M. Finn, K.B. Sharpless, Click chemistry: diverse chemical function from a few

good reactions, Angewandte Chemie International Edition 40(11) (2001) 2004-2021.

[193] A.R. Davis, J.A. Maegerlein, K.R. Carter, Electroluminescent networks via photo “click”

chemistry, Journal of the American Chemical Society 133(50) (2011) 20546-20551.
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Abstract 

Vascularization is a critical process during bone regeneration. The lack of 

vascular networks leads to insufficient oxygen and nutrients supply, which 

compromises the survival of regenerated bone. One strategy for improving the 

survival and osteogenesis of tissue-engineered bone grafts involves the co-

culture of endothelial cells (ECs) with mesenchymal stromal cells (MSCs). 

Moreover, bone regeneration is especially challenging due to its unique 

structural properties with aligned topographical cues, with which stem cells 

can interact. Inspired by the aligned fibrillar nanostructures in human 

cancellous bone, we fabricated polycaprolactone (PCL) electrospun fibers 

with aligned and random morphology, co-cultured human MSCs with human 

umbilical ECs (HUVECs), and finally investigated how these two factors 

modulate osteogenic differentiation of hMSCs. After optimizing cell ratio, a 

hMSCs/HUVECs ratio (90:10) was considered to be the best combination for 

osteogenic differentiation. Co-culture results showed that hMSCs and 

HUVECs adhered to and proliferated well on both scaffolds. The aligned 

structure of PCL fibers strongly influenced the morphology and orientation of 

hMSCs and HUVECs; however, fiber alignment was observed to not affect 

alkaline phosphate activity (ALP) or mineralization of hMSCs compared to 

random scaffolds. More importantly, co-cultured cells on both random and 

aligned scaffolds had significantly higher ALP activities than monoculture 

groups, which indicated co-culture with HUVECs provided a larger relative 

contribution to the osteogenesis of hMSCs compared to fiber alignment. 

Taken together, we conclude that co-cultured with endothelial cells is an 

effective strategy to promote osteogenesis on electrospun scaffolds, and 

aligned fibers could be introduced to regenerate bone tissues with oriented 

topography without significant deleterious effects on hMSCs differentiation. 

This study shows the ability to grow oriented tissue engineered co-cultures 

with significant increases in osteogenesis over monoculture conditions. 
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Introduction 

Bone is a highly vascularized tissue which contains multiple cell types, 

including osteogenic and endothelial cells [1, 2]. Blood vessels can provide 

oxygen, nutrition and metal ions for osteogenic cells during bone regeneration 

[3, 4]. Lack of efficient vascularization limits the size of new bone formation 

and even leads to cell death in bone graft [5-8]. Therefore, vascularization is 

a great challenge in bone tissue engineering [9, 10]. In an attempt to solve this 

problem, co-culture techniques have been widely used for vascularized bone 

tissue engineering [11]. Several studies have highlighted the interaction 

between osteogenic cells and endothelial cells (ECs) using co-culture systems 

as tools for mimicking the communication between these cells in living tissue 

[12-14]. For example, the co-culture of human mesenchymal stem cells 

(hMSCs) and human umbilical vein endothelial cells (HUVECs) spheroid by 

seeding 2% or fewer HUVECs were used to create perivascular networks in 

vitro, and finally induced osteogenic differentiation of hMSCs [15]. The co-

cultured groups had higher ALP activity compared with monocultures, 

showing that endothelial cells promoted osteogenic differentiation of hMSCs 

[16, 17]. In another study, a cell sheet model on PVDF membrane combining 

bone marrow stem cells with endothelial cells was proven to be a useful 

strategy for the pre-vascularization of tissue regeneration. This cell sheet-

based constructs improved the survival of bone implantation by promoting the 

formation and stabilization of vascular units [18]. Therefore, co-cultures of 

hMSCs with ECs could be an effective strategy for vascularized bone 

formation.  

The surface topography of biomaterials is considered to be one of the crucial 

parameters in determining cell activity [19-21]. In particular, the effect of 

surface topography on stem cell differentiation has been extensively 

investigated [22-24]. Previous reports indicated that different nanopatterns, 

mechanical properties and geometrical cues of scaffolds showed a  significant 

effect on regulating stem cells behavior [25]. There are several kinds of 
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nanopatterns which have been previously studied, such as grooves [26, 27], 

nanopillars [28, 29], nanopits [30] and aligned fibers [31, 32]. In the bone 

matrix, collagen fibers are preferentially oriented (parallel to the long axis of 

bone), and their structural features are important to provide strength in tension 

and resistance in bending of bone [33-35]. Since native bone tissue is 

composed of highly aligned collagen fibers [36], researchers attempted to 

mimic this unique structure by using aligned electrospun fibers [31, 37]. The 

effects of fiber alignment on osteogenic differentiation have been already 

investigated [38-40]. It was reported that the alignment of fibers induced 

osteogenic differentiation and upregulated the expression of osteogenic 

marker genes [31]. Aligned electrospun fibers provide specific geometrical 

cues which guide the structure and function of hMSCs for bone regeneration 

[31, 41]. Calcium content on aligned fibers was significantly higher compared 

to that of random fibers[38]. These aligned fibrous meshes showed positive 

effect for bone regeneration. However, the lack of vascularization in 

biomaterials scaffold is still a primary challenge to support long-term functions 

of the regenerated bone [42, 43].  

Combining the design of aligned nanofibrous scaffolds and co-cultures with 

ECs has been considered to be a highly promising strategy for bone 

regeneration research [39]. Only one study reported the combination effects 

of these two factors on the osteogenic differentiation of hMSCs. Xu and his 

collaborators combined structural signals of aligned electrospun scaffolds and 

chemical signals of bioglass ionic products, and investigated the effects of 

combined biomaterials signals on communications between hBMSCs and 

HUVECs [39]. This study only showed the effect of aligned electrospun 

scaffolds on osteogenesis, but did not investigate if fiber alignment of the 

electrospun scaffolds contributed to the enhanced osteogenic differentiation. 

Moreover, studies on the optimization of co-culture conditions on electrospun 

scaffolds are lacking, and more specific conditions including co-culture 

medium and cell ratio should be taken into consideration when co-culture 

studies are performed. Many studies reported that a co-culture ratio of 1:1 
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(hMSCs/ECs) is the best combination to obtain osteogenic differentiation [44, 

45]. This ratio is also the most commonly used in literature for co-culture 

experiments of HMSCs/ECs [10, 46-48]. Some researchers presumed that 

lower ratio of ECs could be beneficial for the vessels formation and they used 

98:2-98:5 for co-culture studies [1, 15, 49]. Guided by these considerations, 1) 

we optimized cell ratio of hMSCs and HUVECs (98:2–50:50) on random 

electrospun scaffolds and finally chose the optimal ratio on cell differentiation 

and mineralization for osteogenesis; 2) we developed biomimetic aligned 

fibrous scaffolds using a rotating mandrel as a collector, then co-cultured 

hMSCs and HUVECs on the scaffolds. The influence of aligned topography 

on the behavior of co-cultured HUVECs and hMSCs was studied. We 

hypothesized that hMSCs/HUVECs co-cultures may behave differently on the 

random and aligned fibrous scaffolds as illustrated in Scheme 1. The aligned 

fibers may guide the structural assembly of collagen with an alignment that is 

closer to native bone environment for regeneration. Subsequently, we focus 

on an in vitro assessment of the osteogenic differentiation potential of hMSCs 

by quantifying ALP activity and calcium content in cell-scaffolds. We were 

interested in investigating the effect of two combined factors (tissue-mimetic 

nanotopography and co-culture with ECs) on hMSCs differentiation and 

subsequent mineralization. 

Materials and methods 

Fabrication of random and different aligned fibers 

Poly(caprolactone) (PCL; Mn = 70–90k) was produced by Sigma–Aldrich. 

PCL was dissolved in chloroform-dimethylformamide (4:1) mixture to prepare 

final concentrations of 15% (w/v) for random and aligned fibers. 

Homogeneous solutions were prepared with gentle stirring overnight. A 

homemade electrospinning setup applied in our study was reported before 

[50]. It made up of a plastic syringe, the syringe pump (Harvard 2000), a 

stainless-steel blunt-end needle (inner diameter = 0.8 mm), an aluminum plate 

and a high-voltage power supply. The random fibers were randomly deposited 
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on the aluminum plate. For aligned fibrous mesh, a high-speed rotational 

mandrel was used as collector. In order to get highly alignment, the speed of 

rotating mandrel was set from 1000 to 4600 rpm.  

Characterization of random and different aligned fibers 

The morphology of the random and aligned fibers was imaged by a scanning 

electron microscopy (Philips XL-30 ESEM). Briefly, electrospun samples were 

coated with gold (Cressington Sputter Coater 108 auto) for 100 s at 30 mA 

and then observed by SEM at an accelerating voltage of 10 kV. All images 

were applied to quantitatively measure the diameter and coherency of fibers 

by using the Fiji software. The coherency coefficient of fibers was measured 

using the Orientation J plug-in of Fiji. The value of coherency usually ranges 

from 0 to 1, the value is close to 1 indicating a strongly coherent orientation 

and greater alignment. 

Cell culture 

hMSCs (D8011L) were provided by Institute of Regenerative Medicine (Texas 

A&M University, Temple, Texas). Cells were first cultured in a basic medium 

including α-MEM (Gibco) with 10% FBS (Sigma), 0.2 mM ascorbic acid 

(Sigma), 100 U/ml penicillin and 100 mg/ml streptomycin (Gibco) for 

proliferation. In order to study osteogenesis and mineralization of cells, 

hMSCs were then cultured in osteogenic medium which consists of a basic 

medium plus 10nM dexamethasone and 0.01M b-glycerol phosphate. 

HUVECs were ordered from Lonza and then cultured in endothelial growth 

medium (EGM-2; Lonza). Cells at passages 3-6 were used for all the 

experiments. The culture medium was refreshed after 48 hours. Monocultures 

and co-cultures of cells were treated with different medium in 2D wellplate as 

explained in Table S1. Optical microscopic images of both co-cultures and 

monocultures in mix medium showed normal cell morphology and clear cell 

proliferation after 7 days (Figure S1). Only HUVECs cultured with OM were 

dead after 7 days. Therefore, mix medium was applied for co-culture study.  
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Optimization of cell ratio 

The optimization studies of cell ratios were carried on random fibrous scaffolds. 

The diameter of each electrospun sample for cell culture is 15mm. hMSCs 

and HUVECs were trypsinized separately and then co-cultured on electrospun 

scaffolds. The influence of cell ratio on hMSCs osteogenic differentiation was 

tested using the following groups: 98:2 (hMSCs:HUVECs), 90:10, 70:30 and 

50:50. Monocultures of hMSCs and HUVECs were also performed as controls. 

Both monocultures and co-cultures of cells were seeded on scaffolds at the 

same total density of 2x104 cells/cm2.   

Cell morphology and orientation 

After 7 days culture, co-cultured cells were stained with F-actin and nuclei to 

quantitatively analyze the morphology of cells on random and aligned 

scaffolds. Cell-scaffolds were fixed with 4% w/v formaldehyde for 30 minutes 

at room temperature. After the permeabilization with 0.1% v/v TritonX-100, 

cells were stained for F-actin using Alexa Fluor 488 phalloidin diluted in PBS 

(1:200; Fisher Scientific) for 1 hour. For nuclei staining, cells were stained 

using DAPI diluted PBS solution (1:200; Sigma-Aldrich) for 5 minutes. Finally, 

images were taken by a fluorescence microscopy (Nikon Eclipse Ti-S). The 

orientation of nuclear and cellular orientation was analyzed using CellProfiler 

3.1.5. The cells cultured on electrospun scaffolds after 7 days were also 

observed by SEM. After fixation, the samples were dehydrated for 15 min in 

different gradient concentrations of ethanol (30%, 50%, 70%, 80%, 90%, 96% 

and 100%). Cell-scaffolds were then immersed with hexamethyldisilazane 

(HMDS, Sigma–Aldrich) for 15 min twice and dried in flow hood overnight. 

Dehydrated samples were gold sputtered and imaged under the scanning 

electron microscopy. 

Live/dead assay and Dil-Ac-LDL staining 

The cytotoxicity of hMSCs/HUVECs co-cultured on the scaffolds was 

examined by live/dead staining (Fisher Scientific). Cells were rinsed with warm 
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PBS after 1 day of culture, then stained for 30 min with 200 µl of 1 µM Calcein-

AM and 6 µM ethidium homodimer-1 (EthD-1) diluted in PBS. The samples 

were washed with 200 µl PBS for 3 times before imaging. Uptake of Dil-

acetylated low-density lipoprotein (Dil‐Ac‐LDL) was applied to identify 

HUVECs in our co-culture system. Cell-scaffolds were incubated with 200µl 

Dil‐Ac‐LDL (10 µg/ml; Bioquote) in mix medium for 4 hours. After incubation, 

scaffolds were rinsed in PBS for 3 times before imaging under the fluorescent 

microscope (Nikon Eclipse Ti-S). 

Cell viability 

Cell viability was measured at day 7 and 21 using the PrestoBlue™ reagent 

(Fisher Scientific). After wash with PBS, cell-scaffolds were put in incubator 

for 30min with culture medium supplemented with PrestoBlue™ reagent 

diluted 1:9. 100µL of solution were transferred to a black 96-well plate with 

clear bottom and fluorescence was measured on a microplate reader 

(CLARIOstar, BMG Labtech) at 590nm. 

Quantification of DNA 

The proliferation of cells on the random and aligned nanofibrous scaffolds was 

quantified by the CyQUANT™ Cell Proliferation Assay (Fisher Scientific). 

Briefly, cell-seeded scaffolds were washed with PBS for three times, and 

lysated with Tris/EDTA solution containing Proteinase K overnight at 56℃. 

Then, following the manufacturer’s manual, RNAse buffer and Gr-dye solution 

were added. The fluorescence of the solution was measured on the microplate 

reader with excitation at 480 nm and emission detection at 520 nm. 

ALP activity 

Cells were incubated after 14 days in mix medium, and alkaline phosphatase 

(ALP) activity was quantified by using CDP-Star kit form Roche. Cell lysates 

were obtained by the treatment with cell lysis buffer (0.1M KH2PO4, 0.1M 

K2HPO4 and 0.1% Triton X-100) for 1h, and then immersed with CDP-Star 

reagent for 15min. The absorbance was detected at 466nm by the microplate 
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reader, then results were normalized to DNA content. 

Immunostaining 

Cells were washed twice in PBS and then fixed by 4% w/v formaldehyde for 

30 min. After fixation, the cells were permeabilized with 0.1% Triton X-100 for 

15min and followed by blocking with block buffer which include 1% bovine 

serum albumin (BSA, VWR), 0.05% Tween20 (VWR) and 5% goat serum 

(Sigma-Aldrich) in PBS. The primary antibodies used to target interested 

proteins were VE-cadherin and OPN (1:200 dilute in block buffer). Secondary 

antibodies (including Goat anti-Mouse Alexa Fluor 488 and Goat anti-Rabbit 

Alexa Fluor 568) were 1:200 diluted with 0.05% Tween20 and 1% BSA in PBS. 

After incubated with primary antibodies overnight, secondary antibodies was 

added to scaffolds and soaked for 1h. The samples were then washed with 

PBS for 3 times. Fluorescence images were captured by a fluorescence 

microscopy (Nikon Eclipse Ti-S). 

Alizarin red S staining 

To observe the calcium deposits produced by cells differentiated into 

osteoblasts, Alizarin red S staining was performed at day 28. After fixation 

steps as mentioned above, scaffolds were rinsed twice in distilled water and 

incubated with 2% Alizarin Red S (VWR) solution (pH=4.2) at room 

temperature for 2 min. Scaffolds were rinsed in distilled water for five times in 

order to wash off the excess dye. For quantitative analysis of Alizarin red S 

staining, stained samples were transferred to a micro centrifuge tube and 

dissolve in 30% acetic acid solution. After heating at 85°C for 10min, samples 

were put on ice for 5 min until fully cooled. Sample solutions were centrifuged 

for 15min at 20,000rcf and the supernatant was collected to a new micro tube. 

30% ammonium hydroxide was added into tube to neutralize the pH between 

4.1 and 4.5. Finally, sample solution was transferred in a 96-wellplate with 

transparent bottom and measured by a microplate spectrophotometer 

(CLARIOstar, BMG Labtech) at 405nm. 
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Statistical analysis 

All data were shown as mean ± standard deviation. Statistical analysis was 

performed by using GraphPad Prism 8. One-way ANOVA analysis with 

Tukey's multiple comparisons test was carried out to assess statistical 

differences between different groups. In all cases, significance was shown as 

*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

Results and discussion 

Figure 1. SEM images (a-d) showing the morphology of aligned electrospun fibers produced from 

different rotating speed of mandrel (scale bar: 10 μm). (e) The effects of rotating speed on the 

coherency of the aligned PCL elecrospun fibers. (f) The diameter of different aligned PCL 

elecrospun fibers. 

Morphology and coherency of different PCL aligned fiber 

Figure 1 showed the SEM images of different aligned electrospun PCL fibers, 

along with their coherency distribution and fiber diameter. As it can be seen 

from Figure 1a-d, by increasing the rotating speed of the collecting mandrel, 
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more oriented and aligned fibers can be obtained. The level of alignment was 

also proved by the coherency coefficients (Figure 1e). The value of coherency 

is close to 1 representing a highly coherent orientation and greater 

alignment[51]. It can be observed that the high speed rotation of mandrel led 

to a high coherency value of fibers and high alignment of fibers. Moreover, as 

the rotating speed increased to 4600 rpm, there was a decreasing trend for 

the diameter of PCL aligned fibers (Figure 1f). We found that the rotating 

speed of the mandrel was negatively correlated with fiber diameter. In the 

production of aligned nanofibers using different rotating speed, the polymer 

solution was continuously extruded from the tip of the needle while stretching 

the polymer fibers towards the rotating collector. A higher rotating speed of 

the mandrel lead to the stretch of fibers more towards to the mandrel, which 

gave higher fiber alignment and smaller fibers. This result was consistent with 

previous studies [41, 52-54]. A rotating speed of 4600rpm was found to be the 

best condition for the production of aligned nanofibers in our study. 

Figure 2. SEM images (a and b), alignment coherence (c) and average diameters (d) of random 

and aligned PCL electrospun fibers (scale bar: 10 μm). Inset in SEM images (a and b) are FFT 

output images of random and aligned fibers. 
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Characterization of electrospun PCL random and aligned fibers 

Random PCL fibrous scaffolds were fabricated by electrospinning a PCL 

solution onto a flat collector, while the aligned fibrous scaffolds were collected 

on a high rotating speed of the mandrel. SEM images showed a significant 

difference in the surface morphology of PCL random and aligned fibrous 

scaffolds (Figure 2a-b). The majority of the fibers in the random scaffolds had 

an irregular arrangement and generated a FFT output image containing pixels 

distributed in a symmetrical, circular shape. In contrast, the aligned fibrous 

scaffold generated an output image containing pixels distributed in a non-

random, elliptical distribution. This distribution occurred because the pixel 

intensities were preferentially distributed with a specific orientation in aligned 

SEM images, whereas the frequency at which specific pixel intensities 

occurred in the random SEM image was theoretically identical in any 

direction[55]. Analysis of the SEM images showed that the coherency factor 

of aligned PCL fibers was statistically higher (P<0.0001) than that of the 

randomly oriented PCL fibers (Figure 2c). Both random and aligned fibrous 

scaffolds showed uniform fibers with similar fiber diameters of 1.11±0.22µm 

and 0.96±0.27 µm (Figure 2d).  

Optimization of cell ratio 

Co-culture of MSCs and ECs was considered to be an excellent 

prevascularization approach for bone regeneration. To find out the best 

combinations of co-culture, HUVECs and hMSCs were co-cultured at different 

ratios (98:2–50:50) on random electrospun scaffolds. hMSCs osteogenic 

differentiation with different cell ratio were evaluated by measuring ALP 

activity. As it is shown in Figure 3a, significantly higher ALP activity was found 

in 90:10 co-culture on day 14 compared with 98:2, 70:30, 50:50, hMSCs and 

HUVECs monocultures (P<0.001). For both 90:10 and 98:2 groups, the ALP 

activity was higher than hMSCs monoculture. Results indicated that the 

presence of lower amount of HUVECs significantly promoted osteogenic 

differentiation of hMSCs. Previous reports also observed higher ALP activity 
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when hMSCs were co-cultured with a lower ratio of HUVECs [15, 49]. These 

studies suggested that the crosstalk between the hMSCs and HUVECs might 

be able to secrete cytokines, such as bone morphogenetic proteins (BMPs), 

which could enhance the osteogenesis of hMSCs [56]. Our results correlated 

well with those of previous reports, revealing that co-culture ratios had a 

significant effect on the ALP activity and especially a lower ratio of HUVECs 

to hMSCs was considered to benefit osteogenic differentiation.  

Figure 3.  (a) ALP activity expression in hMSCs and HUVECs on the PCL random scaffolds in 
monocultures and cocultures after 14 days of incubation. (b) Quantification of the degree of 
mineralization as measured by Alizarin red S staining. Representative images (c) of Alizarin red 
S staining cells cultured on the random electrospun sacffolds in mono- and coculture systems for 
4 weeks (scale bar: 100 μm) (***p < 0.001). ALP, alkaline phosphate; HUVECs, human umbilical 
vein endothelial cells. 

Calcium deposition is commonly used as a late marker for osteogenic 

differentiation[44]. Alizarin Red S staining was used to visualize and quantify 

the total volume of mineralization. Representative Alizarin Red S staining 

images after 4 weeks of cell culture were shown in Figure 3c. The staining 

images showed that the mineralization in hMSCs monoculture was much 
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higher than that in other groups, since this group was set as positive control 

and only cultured in osteogenic medium. The ratio of 90:10 co-culture was the 

one resulting in the higher Alizarin Red S staining compared to other co-

culture groups. These results were also supported by staining intensity 

quantification (Figure 3b). Based on the present results of ALP activity and 

Alizarin Red S staining, 90:10 of hMSCs/HUVECs co-cultured on random 

scaffolds is regarded as the optimal ratio for osteogenic differentiation in vitro. 

 

Figure 4. Live (stained green) and dead (stained red) staining of hMSCs-HUVECs co-culture 

system cultured for 1 day on random (a) and aligned (b) electrospun PCL fibers. hMSCs-HUVECs 

cultured on random (c) and aligned (d) PCL fibrous scaffolds after day1 were stained by Dil-ac-

LDL (red) and DAPI (blue). Only HUVECs showed positive for Dil-ac-LDL staining (scale bar: 100 

μm).  

 

Live/dead staining and Dil-Ac-LDL uptake in hMSCs/ HUVECs 

coculture 

Live/dead staining was used to assess cytotoxicity of hMSCs/HUVECs co-

cultured on PCL fibrous scaffolds after 24h seeding. Figure 4a-b showed 

representative images of live/dead assay staining on random and aligned 

electrospun scaffolds. Green color indicates the viable cells, while dead cells 

are red. Most of the cells were stained green, very few red cells were found in 
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the images. It means the majority of the cells were alive on both scaffolds after 

24h culture. Both hMSCs and HUVECs cultured on scaffolds were attached 

and grew well. The live ratios on random and aligned scaffolds were 

determined to be 92±4% and 93%±2%, respectively. Live/dead assay showed 

that there was no cytotoxicity of hMSCs and HUVECs on PCL random and 

aligned scaffolds in our system. PCL fibrous scaffolds offered good support 

for hMSCs and HUVECs growth. 

To prove that the system contained ECs in the co-culture system, Dil-Ac-LDL 

was used to only stain HUVECs after culturing for 1 day. Both hMSCs and 

HUVECs showed DAPI staining in Figure 4c-d, whereas the red fluorescence 

of Dil-Ac-LDL was only detected in HUVECs. The red staining clearly shown 

in the images indicated that the constructs contained HUVECs on cell-seeded 

random and aligned scaffolds. 

Cell morphology and orientation on random and aligned scaffolds 

Significant differences were observed in cell spreading and morphology 

among different scaffolds after 7 days of culture (Figure 5a-b). Generally, the 

cells on the random scaffolds had disorganized actin filaments without 

particular orientation, while cells on the aligned scaffolds showed a large 

number of actin filaments parallel to the orientation of PCL fibers and exhibited 

a polarized morphology. Both the nuclei and cell bodies were significantly 

more elongated when cultured on aligned scaffolds compared to those on 

random scaffolds. The nuclear and cellular orientation degree of cells was 

measured to quantify cell alignment (Figure 5c-d). The distribution of nuclear 

and cellular orientation had a similar trend. In the aligned scaffolds, ∼80% of 

the cells had an orientation between 65° and 90°, which suggests cells seeded 

on aligned scaffolds were elongated and stretched along the preferred fiber 

direction. On the random scaffolds, a random distribution of cell orientation 

from 1° to 90° was presented. The SEM images were consistent with the 

immunostaining observations (Figure 5e-f). 
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Figure 5. Fluorescence images stained for F-actin (phalloidin: green) and nuclei (DAPI: blue) of 
hMSCs–HUVECs on random (a) and aligned (b) PCL electrospun scaffolds after 7 days of 
coculture (scale bar: 100 μm). The nuclear and cellular orientation degree of cells cultured on 
random (c) and aligned (d) electrospun fibers. SEM images of hMSCs–HUVECs on 
random (e) and aligned (f) PCL fibers after 7 days culture (scale bar: 100 μm).  

 

Prestoblue and DNA assay 

The metabolic activity of cells after co-culturing 7 and 21 days was assessed 

with Prestoblue assay. As observed in Figure 6a, the metabolic activity rate of 

hMSCs/HUVECs co-cultured on random fibers was similar to that on aligned 

fibers (P>0.05). Cells co-cultured on both fibrous scaffolds after day 21 

showed statistically significant increase of the metabolic activity compared to 

cells cultured for 7 days (P<0.0001). The increase in metabolic activity rate 

after 21 days could be ascribed to the proliferation of cells. The DNA 

quantification of hMSCs/HUVECs co-culture indicated a similar trend as the 
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metabolic activity assay, which presented a significant increase of proliferation 

at day 21 compared to day 7 (Figure 6b). The DNA content on random 

scaffolds changed from 0.1±0.01 to 0.35±0.11 µg/ml after 7 and 21 days 

culture, while that of aligned scaffolds increased from 0.20±0.06 to 0.43±0.03 

μg/ml. DNA results indicated both random and aligned scaffolds could support 

cell proliferation. However, there was still no statistical differences in DNA 

content between random and aligned groups (P>0.05). It can be concluded 

that the cell proliferation on random and aligned scaffolds may not be 

significantly different. This result is consistent with previous results reporting 

that the fiber orientation did not alter cell proliferation[38].  

Figure 6. Metabolic activity (a) and proliferation (b) of hMSCs–HUVECs cultured for 7 and 21 
days on PCL electrospun fibers. (c) ALP activity expression in hMSCs–HUVECs on the PCL 
random and aligned scaffolds after 14 days of culture (*p < 0.05, **p < 0.01, and ****p < 0.0001). 

ALP activity 

ALP activity was used to examine the early osteogenic differentiation of 

hMSCs. The ALP activity of different cells on fibrous scaffolds at day 14 was 

measured and shown in Figure 6c. For both random and aligned scaffolds, 

the ALP activity was significantly higher in co-culture than that in monoculture 

(p<0.01), indicating that HUVECs supported osteogenesis of hMSCs. We also 

compared the ALP activity between cells cultured on random and aligned 

scaffolds. However, there were no statistical differences between hMSCs 

cultured on different scaffolds (P>0.05). Our study demonstrated that fiber 
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alignment did not have much effect on ALP activity of hMSCs. Similar trend 

were also found in the co-culture group. These results clearly indicated that 

fiber alignment did not play an important role in osteogenic differentiation, 

while co-culture with hUVECs actively induced early osteogenic differentiation 

of hMSCs.  

Previous studies on whether random and aligned topography of nanofibers 

affect MSCs osteogenic differentiation is still controversial. Some studies 

showed that fiber alignment enhanced osteogenic differentiation: for example, 

MSCs cultured on the aligned PHBHHx microfibers showed relatively higher 

expression of osteogenic genes, including osteocalcin, runx2, osteopontin 

and osteonectin, compared to that on random fiber [57]. Another study 

however demonstrated that MSCs grew on randomly PLLA fibrous scaffolds 

presented enhanced ALP staining and osteogenic maker genes compared 

with cells on aligned PLLA fibrous scaffolds [58]. Quite few studies also 

reported that fiber alignment guided the orientation of adherent cells, but did 

not influence osteogenic differentiation [38, 41]. In the presence of HUVECs, 

our results are consistent with observations where the aligned fibers provide 

oriented tissue, but do not significantly influence osteogenic differentiation [38, 

41]. 

Immunostaining 

After 21 days, the formation of vascularized bone tissue on different scaffolds 

was evaluated by the immunofluorescence staining of an osteogenic 

differentiation marker osteopontin (OPN, red) and an angiogenic specific 

marker VE-Cadherin (green), respectively. OPN is a key marker of 

osteogenesis and biomineralization[59]. Immunostaining for OPN showed a 

robust expression in cells cultured on random and aligned scaffolds (Figure 

7a-b).  
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Figure 7. OPN (osteogenesis marker; red) immunostaining of hMSCs cultured on the random (a) 

and aligned (b) PCL electrospun fibers in coculture with HUVECs for 21 days. Graphs(c-d) 

showing expression of endothelial marker, VE-Cadherin (green), by HUVECs in coculture with 

hMSCs at day 21 on random and aligned scaffolds (scale bar: 100 μm). 

Moreover, immunofluorescent staining for VE-cadherin (Figure 7c-d) revealed 

the formation of an interconnected endothelial cell layer in co-culture 

conditions. The localization of these proteins at the cell-cell borders is 

consistent with their functions as endothelial cells adhesion molecules [60]. 

Both random and aligned scaffolds showed the expression of VE-cadherin at 

endothelial cell junctions in hMSCs-HUVECs co-culture. Nuclear staining with 

DAPI was used to detect all cells, including hMSCs which did not express VE-

cadherin. The localization of hMSCs was adjacent to the endothelial network 

formed by HUVECs, suggesting that hMSCs could be acting as pericytes to 

stabilize the networks [61-63]. Our study did not show much vascular network 

due to the low amount of HUVECs in co-culture, however cells on both 

scaffolds showed relatively expression of VE‐Cadherin. Taken together, these 

results indicate that co-culture of hMSCs and HUVECs on both random and 

aligned scaffolds exhibited a positive result on osteogenesis and the ability of 

generating intercellular junctions. 
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Alizarin Red S staining 

 

Figure 8. Representative images of Alizarin Red S staining cells cultured on the random and 

aligned electrospun sacffolds in mono and co-culture systems for 4 weeks (scale bar: 100 μm). 

(b) Quantification of the degree of mineralization as measured by Alizarin Red S staining 

(*p < 0.05). 

 

The osteogenic differentiation of hMSCs on the scaffolds was further analyzed 

via staining calcium deposits with Alizarin Red (Figure 8). This mineralization 

assay demonstrated positive Alizarin Red staining from hMSCs monoculture 

and co-culture group in comparison to HUVECs monoculture. Significant 

higher staining of calcium deposits was shown in hMSCs/HUVECs co-culture 

than hMSCs monoculture (P<0.05). This results are consistent with other 
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literature which demonstrated co-culture of hMSCs with ECs result in an 

increased osteogenic differentiation [47]. However, no significant difference 

was found between hMSCs monoculture and co-culture on random and 

aligned fibrous scaffolds (P>0.05). Hence, fiber alignment did not influence 

hMSCs mineralization. This finding suggests that the co-culture with 

endothelial cells strongly promoted the osteogenesis of hMSCs, while fiber 

alignment did not.  

Conclusion 

In summary, we fabricated random and aligned PCL fibrous scaffolds to 

evaluate the combinatorial influence of fiber orientation and co-culture with 

endothelial cells on hMSCs osteogenic differentiation. The optimization of co-

culture results indicated that the 90:10 of hMSCs/HUVECs cultured on 

random fibrous scaffolds appeared to be the optimal ratio for osteogenisis of 

hMSCs. Fiber alignment strongly influenced cell morphology and orientation, 

but did not show an important impact on hMSCs osteogenic differentiation. 

Moreover, the addition of endothelial cells to hMSCs enhanced their 

osteogenic differentiation, as shown by ALP activity and mineralization of 

hMSCs. The microcapillary-like structures organized by ECs were apparent 

when co-cultured with hMSCs on scaffolds. These results indicated that co-

cultures with endothelial cells have more influence on bone regeneration than 

fiber alignment; in addition, structural properties of scaffolds (such as, fiber 

alignment) can control orientation and distribution of cells, which may be used 

to engineer bone tissue with defined direction. 
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Supporting Information 

Table S1. Optimization of culture medium used in the experiments 

OM, Osteogenic differentiation medium. EGM, endothelial growth medium. Mix medium, 1:1 
mixture of OM and EGM. 

Figure S1. Bright filed images showing the proliferation of HUVECs and hMSCs in different 

medium. Scale bars are 100 μm. 
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Abstract 

The self-assemble approach is a technically simple, rapid, and direct way to 

realize selective deposition of electrospun nanofibers. In the present study, 

we aimed to fabricate gradient polycaprolactone (PCL) honeycomb meshes 

by electrospinning. We demonstrated for the first time the ability to effectively 

fabricate a self-assembled gradient honeycomb pattern in electrospun 

meshes. Different honeycomb patterns were successfully fabricated by 

controlling the electrospinning conditions. The working distance was found to 

be the most important factor for the formation of gradient honeycomb 

structures. At a smaller working distance of 12 cm, gradients honeycomb 

patterns were successfully fabricated. The pore diameter of the obtained 

gradient honeycomb structures spanned a range from 800 μm to 300 μm. The 

average depth of gradient honeycomb was 123 ± 56 μm. These findings are 

interesting and particularly useful for us to optimize the design of gradients 

honeycomb scaffolds for interface tissue regeneration.  

Key words: electrospun; self-assembly; gradient honeycomb 
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Introduction 

Electrospinning is a simple and versatile technique that can produce 

continuous nanofibers with high efficiency [1, 2]. Electrospinning has been 

applied to successfully fabricate nanofibers with different diameters, from 

micrometer down to tens of nanometers [3]. These electrospun nanofibers 

have several advantages, such as fibers with diameters in the range of 

fibrillary extracellular matrix (ECM), large surface area, and high porosity[4], 

which render this technology very attractive for many applications, e.g. tissue 

engineering [5-7], drug delivery [8, 9], catalyst supports [10], textiles[11], and 

sensing applications [12-14]. 

Biomimetic nanofibrous scaffolds that mimic the ECM of living tissues are 

widely used in tissue engineering, which provides a promising strategy to 

restore the functions of tissue or promote the natural healing process [15]. By 

adjusting electrospinning parameters [16, 17], several fascinating bioinspired 

nanofibrous structures have been successfully fabricated such as the lotus 

leaf [18], silver ragwort leaf [19], feather [20], plant tendril [21], spider web [22], 

polar bear hair [23], and honeycomb [24]. Inspired from natural honeycombs 

with hexagonal structure, researchers used electrospinning to produce 

honeycomb-patterned nanofibrous structures [24]. The electrospun 

nanofibers could self-assemble into honeycomb-patterned nanofibers driven 

by the competitive actions of surface tension and electrostatic repulsion. 

Biomimetic honeycombs pattern have the properties of large surface area, 

high structural stability and good permeability, which have shown to be 

excellent for proliferation and differentiation of osteoblasts [25]. These 

honeycomb structures can also promote uniform cell distribution and provide 

a stimulating environment for tissue regeneration.  

Electrospun nanofibrous meshes with different patterns are usually fabricated 

by designing special collectors to generate selective deposition. Most of the 

collectors are electroconductive templates [26-29]. For example, Zhang et al. 

[29] fabricated electrospun mats with controllable architectures and patterns 
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by using electroconductive templates. Another study demonstrated that the 

self-organization of nanofibers into honeycomb like structures could be readily 

prepared by using a honeycomb collector [28]. Whereas the collectors above 

used are electroconductive substrates, worked with insulating collectors to 

obtain patterned nanofibers [30-32]. Zhao et al. [32] proved that the generation 

of nanofibrous patterns by direct deposition of electrospun nanofibers onto a 

variety of insulating substrates can be achieved. Both methods used for 

selective deposition required well-designed collectors with different surface 

patterns. Yet, it may still be of interest to study self-assembling of nanofibers 

without special collectors to enable the generation of nanofibrous patterns, 

just like a patterned collector does. This self-assemble approach is appealing 

since it is a technically simple, rapid, and direct way to realize selective 

deposition of nanofibers. 

Human tissues display unique gradients in organization [33]. Especially 

interface tissues in the body consists of complex structures and properties, 

which gradually vary from one tissue to another [34]. Structural gradients can 

be found mainly in interface tissues [35, 36], such as bone-cartilage interfaces 

[37], dentino-enamel junctions [38], tendon-bone [39] and ligament-bone 

tissues [40]. The concept of gradient scaffolds has been applied in different 

studies to mimic complex gradients found in native tissues [41, 42]. Gradient 

scaffolds could provide cues similar to the native environment and may guide 

stem cells to migrate [43] or differentiate toward the targeted tissue to be 

regenerated [35, 39, 44]. Most of the conventional scaffolds reported in tissue 

engineering have uniform composition and pore sizes, which lack the 

structural complexity to regenerate specific tissue [34]. Only a few studies 

have developed gradient scaffolds for tissue regeneration [45]. Moreover, 

gradient biomaterials are generally more difficult to fabricate than uniform or 

homogenous biomaterials [46]. Such as, the freeze drying and particulate 

leaching methods which is commonly used to fabricate scaffolds with 

controlled pore size [47, 48]. However, it is not easy to design scaffolds with 

gradient pore size by those two methods [49]. Some studies have investigated 
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the fabrication of uniform honeycomb fibrous meshes by electrospinning [24], 

honeycomb fibrous meshes with gradients in pore sizes have not been 

reported yet. In this work, we show the first report of simple gradient 

honeycomb structure fabrication by the self-assembly of electrospun PCL 

nanofibers. By adjusting the electrospinning conditions, including the polymer 

solution concentration, voltage, and working distance, we obtained well-

organized honeycomb structures with different diameters and evenly 

fabricated gradient honeycomb patterns. 

Experimental  

Electrospinning process  

Poly(caprolactone) (PCL; Mn = 40,000–50,000) was provided by Sigma-

Aldrich. This polymer was dissolved in chloroform-dimethylformamide 

(CHCl3:DMF = 4:1) to prepare different concentrations for electrospinning 

(Table 1). After mixing for at least 10 h, the solution was loaded into a 5 mL 

BD plastic syringe equipped with a stainless steel blunt-ended needle. The 

polymer solution was delivered to the needle via a silicon feed line with a 

constant flow rate (FR) of 1 ml/h using a syringe pump (Harvard Apparatus 

PHD 2000). The working distance (WD) between the needle and conductive 

aluminum collector was from 12 to 20 cm. The high-voltage power was set 

from 15 kV to 18 kV. The environmental parameters were held constant and 

were similar for all of the experiments (T = 25℃, H = 35%). 

 

Table 1．Electrospinning parameters used for optimization studies 
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Characterization 

The morphology of the honeycomb nanofibers scaffolds was observed by 

scanning electron microscopy (Philips XL-30 ESEM, Philips, Netherlands). 

Following this, samples were gold-sputtered (Cressington Sputter Coater 108 

auto) for 60 s at 30 mA and then imaged using a SEM at V = 10 kV. For 

quantification of the diameter and area of honeycomb fibrous pattern, SEM 

images were analyzed by Image J. 3D optical-profiles and the depths of 

gradients honeycomb were measured by using a confocal laser scanning 

microscopy (Keyence). 

Contact angle measurements 

The wettability of honeycomb fibrous mesh was calculated by sessile drop 

technique contact angle goniometer (Drop shape Analyzer DSA25, Kruss, 

Germany) at room temperature. For this approach, the samples were fixed on 

a stage of the contact angle device. The water droplets (about 4 μL) were 

dropped onto the surface of meshes, and the value of contact angle (CA) was 

obtained after 30 s. The average CA value of three measurements was 

performed at different positions on the same sample. The diameter of 

gradients honeycomb mesh are 2.5 cm. Contact angle were measured from 

central to right in three region, from 0 cm to 1cm, then to 2 cm.     

Statistics analysis 

Statistics analysis was performed using GraphPad Prism 5.01 (GraphPad 

software, San Diego, USA). Values were averaged and expressed as means 

± standard deviation (SD). Statistical differences were determined by the 

analysis of One-Way ANOVA with Bonferroni’s multiple comparison tests. The 

differences were considered statistically significant at p<0.05, and the data 

were indicated with (*) for p<0.05, (**) for p<0.01, and (***) for p<0.001, 

respectively. 
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Results and discussion 

Concentration of PCL 

Polymer concentration is one of the most important parameters in the 

electrospinning process because it is strongly related to the polymer viscosity 

and the degree of entanglement[50]. Figure 1 shows the SEM images of the 

honeycomb pattern from the PCL solutions with different concentration (w/v). 

Electrospinning 18 wt% PCL solutions led to the formation of a honeycomb 

pattern, but this polymer concentration also produced numerous beads inside 

the fibrous mesh (Figure 1a–c). In case of lower surface tension produced by 

lower concentration, the jet would be broken down into drops[50]. Therefore, 

lower surface tension tends to form more beads during the electrospinning 

process. The diameter of beads and fiber were 9.53 ± 1.44 μm and 130 ± 50 

nm, respectively (Figure S1). When the concentration of the PCL solution 

increased to 22 wt%, a self-assembled honeycomb pattern emerged with less 

bead formation (Figure 1d–f). When the polymer concentration was increased, 

it induced an improvement in the surface tension, which finally led to formation 

of more smooth fibers. Moreover, higher surface tension could drive 

nanofibers to merge together, and then produced more fiber clusters for the 

self-organization of honeycomb. The average diameter of beads and fibers 

were 9.78 ± 1.78 μm and 150 ± 30 nm, respectively (Figure S1). This means 

that the polymer concentration between 18 wt% and 22 wt% did not have a 

significant influence on the diameter of beads and fibers. After increasing the 

concentration to 26 wt%, fiber self-assembly could not be obtained and 

electrospun short fibers in the form of sticks were observed, randomly 

distributed, without big beads in the fabricated meshes (Figure 1g–i). 

Honeycomb self-assembly generally disappeared at higher solution 

concentration, which has been reported before [24, 51]. This is because the 

nanosticks are drier and stronger when high concentrations are used. Less 

solvent remaining on the surface of the nanosticks can decrease surface 

tension, finally resulting in lack of fiber cluster formation. We hypothesize that 
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no continuous nanofibers clusters were formed through electrospinning at this 

concentration, preventing self-assembly of honeycomb structures.  

 

Figure 1. SEM images of the electrospun fibrous meshes with different concentration. The images 
were obtained after 10 min of electrospinning. (a-c) PCL at a concentration of 18 wt%, (d-f) PCL 
at a concentration of 22 wt%, (g-i) PCL at a concentration of 26 wt% with V=15 kV, FR=1 ml/h 
and WD=15 cm. Scale bars are 500 μm (a, d and g), 100 μm (b, e and h) and 10 μm(c, f and i). 

 

Working distance  

The impact of the working distance on gradient honeycomb formation was 

investigated by varying from 12 to 20 cm during the electrospinning process. 

Figure 2 shows SEM images of the obtained honeycomb patterns with the 

working distance set to 20, 15 and 12 cm, with constant values for other 

parameters (15 kV applied voltage, 1ml/L flow rate, 18 wt% polymer solution). 

There was poor self-organization when the working distance was set at 20 cm 

(Figure 2a and b). The fiber clusters were not well connected, and patterns 

could not be detected by Image J. However, after decreasing the working 

distance to 15 cm and 12 cm, the self-assembly into honeycomb structures 

occurred (Figure 2c–f). As demonstrated in Figure 2g and 2h, when a working 

distance of 15 cm and 12 cm was applied in forming honeycombs, the average 

pore diameters were 146 ± 30 μm and 308 ± 49 μm, and the area of the 
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honeycombs were 1.11 ± 0.39 × 104 μm2 and 4.93 ± 1.69 × 104 μm2, 

respectively. The diameter of honeycomb patterns increased with smaller 

working distance between 12 and 15 cm (Figure 2g). The area of the 

honeycomb structures showed similar results, increasing with decreasing the 

working distance (Figure 2h). This phenomenon was also reported by Yan et 

al., [24] who proposed that it is related to the increase of the electrical field 

strength at shorter distance and similar voltage. Larger electrical fields could 

produce more electrostatic repulsion between fiber clusters. This increase in 

electrostatic repulsion pushes clusters apart with more force, therefore 

forming larger honeycomb structures.  

 

Figure 2. SEM images showing the morphologies of PCL electrospun fibrous meshes with 
different working distances.  (a, b) WD=20cm; (c, d) WD=15cm; (e, f) WD=12cm. Scale bars are 
500 μm (a, c and e) and 100 μm (b, d and f). (g, h) The average diameters and area of self-
assemble honeycomb structures from different working distance. ***P ≤ 0.0005. 
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Collection time 

To study the effect of collection time on honeycomb formation, electrospinning 

was carried out with different deposition time from 1min to 30min. The 

conditions consisted of a voltage of 15 kV and a concentration of 18 wt%, 

which were applied to ensure a stable, efficient deposition of fibers. The 

morphology and structure of self-assembly electrospun meshes with different 

deposition time were characterized by SEM (Figure. 3a-f). The morphology 

and pattern of PCL nanofibrous meshes were clearly demonstrated, 

confirming that the self-assemble of fiber clusters started from 1 min of 

electrospinning. As shown in Figure 3a-b, lots of nanofibrous clusters were 

randomly distributed in the electrospun mesh. Although the amount of fiber 

deposition was small, poor honeycomb formation was observed at this time 

point.  

Figure 3. The self-assembly of electrospun fibers with different deposition time. SEM pictures 
obtained at (a-b) t=1 min, (c-d) t=10 min, (e-f) t=30 min. Scale bars are 500 μm (a, c and e) and 
100 μm (b, d and f). PCL was spun at a concentration of 18 wt% with V=15 kV, FR=1 ml/h and 
WD=15 cm. 

After increasing electrospinning time to 10 min, the amount of nanofiber 

clusters increased and the pattern of honeycomb became clearer (Figure. 3c-

d). It was expected that deposition time of 10 min could be used as a higher 

efficient time due to the longer deposition of nanofiber clusters. When the 
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deposition time was increased to 30 min, the honeycomb pattern was still very 

clear on the mesh (Figure. 3e). However, the morphology of nanofiber clusters 

at higher magnification did not show too much difference compared to 10 min 

of spinning time. We also found that the size of the whole electrospun mesh 

continuously increased with increasing electrospinning time. From these 

results, it can be concluded that the collection time influenced honeycomb 

pattern formation and 10 min could be used as an efficient time for honeycomb 

formation. 

Self-assembly of gradient honeycomb patterns 

The working voltage of electrospinning was also varied to study its effect on 

the formation of the honeycomb structures. For this purpose, PCL solutions 

with a concentration of 20 wt% and 22 wt% were chosen. A good gradient 

honeycomb structure was formed in these two conditions by adjusting 

electrospinning parameters (working distance and voltage). We found that 

different concentrations of PCL solution each have their optimum voltage to 

form the most well-defined gradient honeycomb structures. The 20 wt% PCL 

solution started to form the gradient honeycomb structure when the working 

voltage was set to 18 kV (Figure 4). However, the 22 wt% PCL solution was 

able to generate a gradient structure at 15 kV (Figure S2). Gradients 

honeycomb structures only consistently produced when working distance was 

set at 12cm.  

Figure 4a showed the SEM images of a well-defined gradient honeycomb 

structure. Figure 4b–g shows additional SEM images of the left (Figure 4b and 

c), middle (Figure 3d and e), and right (Figure 3f and g) regions of the gradient 

honeycomb structure. In order to better investigate gradients in the 

honeycomb, the average area and diameter of the gradient honeycomb were 

measured (Figure 4). The diameter of honeycombs, which relates to region 

S1, S2 and S3, were 814 ± 171 μm, 576 ± 159 μm and 335 ± 55 μm, 

respectively. The area of the honeycomb in the three gradients regions were 

3.75 ± 1.57 × 105 μm2, 1.87 ± 0.86 × 105 μm2 and 0.63 ± 0.26 × 105 μm2, 
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respectively. The pore size of the honeycomb structures decreased from left 

to right which is believed to be due to the gradients electric field produced 

when lower working distance applied (Figure 4b–g). Three regions of different 

pore sizes were also confirmed by the average diameter and area of 

honeycomb pattern (Figure 5). Images at a high magnification also showed 

that honeycomb units were compactly stacked and well interconnected. 

Similar results were obtained with the 22 wt% PCL solutions (shown in SI and 

Figures S2 and S3). 

 

 

Figure 4. SEM images of the entire gradients honeycomb structures (a) and highly magnified 
images of the three different regions, took from left to right (S1–S3) having a different pore size. 
(b, c) is the higher magnification of S1; (d, e) middle is the higher magnification of S2; (f, g) right 
is the higher magnification of S3. Scale bars are 1 mm (a), 500 μm (b, d and f) and 100 μm (c, e 
and g). 
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Figure 5. The average diameters (a) and area (b) of gradient honeycomb structures from the 
three different regions (S1–S3). *P ≤ 0.05, ***P ≤ 0.0005. 

As honeycomb size is related to the electric force (at a fixed working distance), 

in principle, the pore size can be changed by manipulating the electric filed[24]. 

Recently, Niazi et al [52] investigated the electric honeycomb and explored 

geometric attributes of the instability pattern, finally proving the role of charged 

ions as the key factor that drives the instability to form a honeycomb pattern 

when high voltage applied. They reported that in the tip-plane configuration 

the electric field is strongest right underneath the tip and reduces radially away 

from the tip. Correspondingly, the single needle of electrospinning geometry 

results in an inhomogeneous electric field with an extremely high-electric field 

concentrated on the surrounding area of the needle[53]. The electrospinning 

setup display gradients in the generated electric field from the central area of 

the needle to the side. This is the reason why changing working distance can 

influence the honeycomb size. After the gradient in electric field formed on the 

collecting plate, we found that the honeycomb size varied radially with the 

largest pores below the tip and the smaller pores at the boundary of the 

collected meshes. The higher electric field in the central part is presumed to 

have formed higher electric repulsion during the honeycomb formation. This 

electric repulsion resulted in pushing fiber clusters stronger close to each 

other, thus resulting in a larger honeycomb formed in the central area. 

Conversely, smaller honeycombs were obtained in the side parts because of 

the lower electric field compared the central part of the electrospun meshes. 

No self-organization occurred at the boundary, suggesting that this higher 
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electric field is a necessary condition for self-organization. A SEM analysis at 

a higher magnification showed that the fibrous meshes at the boundary 

displayed more droplets instead of nanofibers (Figure S2g). This phenomenon 

also supports the hypothesis that the electric field at the edge is too low and 

cannot drive droplet to stretch into fibers. 

Wettability of honeycomb-patterned mesh 

Figure 6. Microstructure and morphology of different electrospun meshes was visualized under 
SEM. (a) the PCL nanofibrous mesh, (b) honeycomb meshes and (c) gradient honeycomb 
meshes. The contact angle measurements of each mesh is showed in corresponding inset. Scale 
bars are 500 μm. 

The wettability of polymer meshes can be influenced by surface 

topography[54]. Hence, we measured the contact angles (CA) of different PCL 

electrospun meshes. As demonstrated in Figure 6, the water contact angles 

were 129.9 ± 0.9° and 153.9 ± 5.7° on the normal fibrous meshes and 

honeycomb meshes. In order to test whether the size of honeycomb patterns 

can affect the wettability of honeycomb meshes, we compared the contact 

angle of gradients honeycomb meshes in different positions (the left, middle 

and right), which have different size of honeycomb patterns, from 800 μm to 

300 μm. The contact angle was 140.1 ± 3.1°, 146.6 ± 3.3° and 145.3 ± 4.8°, 

moving from left to right respectively. The average contact angle of gradients 

honeycomb meshes was 144.0 ± 4.5°. The size of honeycomb in gradient 

honeycomb meshes did not have much effect on the wettability of honeycomb 

meshes. The honeycomb structured meshes had a higher CA value than 

normal PCL fibrous meshes, thus indicating a higher hydrophobicity as the 

honeycomb structures are present. The reason for the increase of the 
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hydrophobicity is mainly ascribed to air pockets between the substrate surface 

and water droplets when water droplets were much larger than the dimension 

of the pores[55]. The formed air pockets, which can prevent the intrusion of 

water into the pores, finally can result in the large contact angle of honeycomb 

meshes[56]. However, the CA value between honeycomb meshes and 

gradient honeycomb meshes were similar, which means the gradients 

structure did not have a strong influence on the mesh wettability.  

The depth of gradients honeycomb pattern 

The depth of gradients honeycomb fibrous mesh was investigated by optical 

profilometry. Figure 7a showed the 3D-profile of the honeycomb mesh as 

scanned by the optical profilometer. It can be seen that the wall of honeycomb 

has higher depth compared to the central area. This observation agreed very 

well with the result obtained from the SEM images (Figure 4e). The higher 

depth of the wall is mainly due to the deposition of wet fiber clusters on the 

wall during honeycomb formation. It has been demonstrated that wet fiber 

clusters that are in contact with the collector, which can induce the deposition 

of the fibers onto the walls in a self-sustained way, primarily form the walls of 

the honeycomb [51]. 

Figure 7. Optical profilometer scans of gradients honeycomb mesh (a and b); (c) Profile graph 
measuring the height of honeycomb structure in the fibrous mesh. 
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The observed depth of this honeycomb is approximately 100 μm (Figure 7c). 

Since it is a self-assemble process during the formation of honeycomb pattern, 

the depth of honeycomb is not completely uniform. The average depth value 

for gradients honeycomb was 123 ± 56 μm. These results showed the 

possibility of fabricating electrospun nanofibrous mesh with higher depth 

compared normal electrospun mesh.  

Conclusion 

In summary, a new process to produce gradient honeycomb patterned 

meshes was first demonstrated by using a simple electrospinning setup. The 

self-assembly of the electrospun nanofibers into the honeycomb structure was 

successfully fabricated by optimizing the electrospinning parameters. The 

effects of the electrospinning parameters and the concentration of polymer 

solution on the morphology of self-assembled honeycomb structures have 

been investigated. The working distance of electrospinning was considered 

as a remarkable effect on the morphology of the honeycomb structures. By 

adjusting the working distance, it is possible to form honeycomb patterned 

meshes with different diameter and area, which also could control the 

formation of a gradient structures. The gradient honeycomb meshes present 

a pore size gradient from 800 μm to 300 μm. The self-assembly of honeycomb 

gradients are mainly ascribed to the gradients in the applied electric field. 

Furthermore, honeycomb scaffold with controllable structure and diameter 

should be adaptable for tissue regeneration. Their gradient porosity and 

dimensions makes them particularly attractive for the regeneration of interface 

tissue, and future experiments will utilize these structures as tissue 

engineering substrates.  
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Supporting Information 

Figure S1. SEM images showing the PCL electrospun honeycomb fibers at the concentration of 
18 wt% (a) and 22 wt% (b). The beads diameters (c) and fiber diameter (d) of electrospun 
honeycomb fiber from different PCL concentration. Scale bars are 10 μm (a and b). 
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Figure S2. A photograph (a) of the entire electrospun fibrous mesh with gradient honeycomb 
structures. Higher magnified SEM images of the three different regions, took from the central to 
the boundary of fibrous mesh (1–3). Figure (b, c) is the higher magnification in region 1; figure (d, 
e) and (f, g) are the higher magnification in region 2 and region 3. Scale bars are 1 mm (b, d and 
f) and 100 μm (c, e and g). 

 

 

Figure S3.The average diameters (a) and area (b) of gradient honeycomb structures from the 
three different regions (R1–R3). 
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Abstract 

Controlling angiogenesis within tissue engineered constructs remains a 

critical challenge, especially with regard to the guidance of pre-vascular 

network formation. In this work, we aimed to guide angiogenesis on a self-

assembled honeycomb nanofibrous scaffold. Scaffolds with honeycombs 

patterns have several desirable properties for tissue engineering, including 

large surface area, high structural stability and good permeability. 

Furthermore, the honeycomb pattern resembles early vascular network 

formation. The self-assembly electrospinning approach to honeycomb 

scaffolds is a technically simple, rapid, and direct way to realize selective 

deposition of nanofibers. To evaluate cell compatibility, spreading, 

proliferation and tube formation, human umbilical vein endothelial cells 

(HUVECs) were cultured on honeycomb scaffolds, as well as on random 

scaffolds for comparison. The optimized honeycomb nanofibrous scaffolds 

were observed to better support cell proliferation and network formation, which 

can facilitate angiogenesis. Moreover, HUVECs cultured on the honeycomb 

scaffolds were observed to reorganize their cell bodies into tube-like 

structures containing a central lumen, while this was not observed on random 

scaffolds. This work has shown that the angiogenic response can be guided 

by honeycomb scaffolds, allowing improved early HUVECs organization. The 

guided organization via honeycomb scaffolds can be utilized for tissue 

engineering applications that require the formation of microvascular networks. 

Key words: electrospun, honeycomb, nanofibrous, angiogenesis 
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Introduction 

With significant progress in tissue engineering over recent years, there comes 

a great promise to develop functional constructs resembling the structural 

organization of native tissues to repair or replace damaged tissues or organs 

[1, 2]. Yet, angiogenesis remains one of the most challenging issues [3, 4]. 

During formation of new tissue, the vessels created by the natural angiogenic 

process is required to supply oxygen and nutrition for the regenerating tissues 

as well as to remove metabolic waste products [5-7]. Lack of efficient 

vascularization limits the size of tissue-engineered constructs [1, 8], and often 

is the reason for failure of translation. Implantation of tissue constructs in a 

poorly vascularized site often leads to lack of tissue integration and cell death 

[9, 10]. As a result, many tissue-engineered constructs also fail in vivo [1, 11, 

12]. The angiogenesis process is critical for the successful regeneration of 

most tissues within the human body [13, 14].  

Numerous studies have been conducted to improve angiogenesis in tissue 

engineering [6, 7]. Recent strategies can be classified into three categories: 1) 

scaffold design [15-18], 2) growth factor delivery [19, 20] and 3) 

prevascularization [21-23]. Tissue-engineered scaffolds have been 

considered to be common and simple strategy to induce angiogenesis [7]. An 

engineered scaffold should typically provide well-defined biochemical (e.g. 

surface chemistry [24]) and biophysical cues (e.g. fibrous structure [25], 

hydrophilicity [26] and stiffness [27]) to mimic the environment of a cell’s native 

extracellular matrix (ECM). Three techniques have proven successful to 

fabricate the biomimetic nanofibrous structure: molecular self-assembly [28-

31], phase separation [32, 33], and electrospinning [34-36]. Electrospinning is 

a simple and cost-effective processing technique widely used to produce 

nanofibers for tissue engineering applications [2]. Several fascinating bio-

inspired nanofibrous structures have been successfully fabricated by 

electrospinning such as a lotus leaf [37], a silver ragwort leaf [38], a feather 

[39], a plant tendril [40], a spider web [41], a polar bear hair [42], and a 
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honeycomb [43]. The honeycomb-patterned nanofibrous structures have 

interesting mechanical properties for tissue-engineering, and can be 

fabricated by the self-assembly method of electrospinning [44-46]. By 

adjusting the electrospinning parameters, a well-organized honeycomb 

structure with different diameters of the honeycomb cells can be obtained [45, 

46]. Previously, honeycomb-patterned 2D films fabricated by casting the 

polymer solution under a moist air was shown to be a suitable substrate to 

enhance cell adhesion and proliferation [47, 48]. Honeycomb 3D scaffolds 

display large surface area, high porosity and good mechanical performance, 

which provide them great potential as porous scaffolds for tissue engineering 

[49-52]. Blood vessels develop via two consecutive processes, 

vasculogenesis and angiogenesis[53]. During vasculogenesis, formation of 

the earliest vessels is achieved. It is reported that fusion of blood-islands leads 

to the vasculogenesis of honeycomb-shaped primary capillaries [54]. While 

angiogenesis, new blood vessels derive from already existing vessels [53]. 

Angiogenesis involves the proliferation, migration, and remodeling of 

endothelial cells in the process of tube formation. During angiogenesis, 

endothelial cells can form honeycomb-like network that simulate tube 

formation [55, 56]. The presence of a honeycomb-like vascular structure 

indicates that vasculogenesis and the initial steps of angiogenesis proceeded 

normally [57]. Therefore, honeycomb network of endothelial cells is a very 

important morphogenesis and can be used to indicate both vasculogenesis 

and angiogenesis.  

Previous studies have shown that endothelial cell morphogenesis into 

capillary-like structures was induced and guided by the geometrical 

distribution of materials [14, 58]. One study showed that endothelial cells 

cultured on substrates micropatterned with 10µm-wide lines of fibronectin 

formed capillary tube-like structures containing a central lumen; cells cultured 

on wider (30 µm) lines did not form tubes [58]. Moon et al. micropatterned 

PEGDA hydrogels with RGDS in different geometries [14]. As a result, 

endothelial cells cultured on RGDS patterns reorganized their cell bodies into 
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tube-like structures on 50-µm-wide stripes, but not on wider stripes. These 

result suggested that endothelial cells morphogenesis can be regulated by 

geometrical cues. Development of a well-designed scaffold in which capillary 

tubes consistently form is an important step toward the fabrication of 

engineered tissues. In this article, we fabricated a nanofibrous scaffold with a 

unique honeycomb pattern as a biocompatible template to induce the 

formation of honeycomb-like vascular network. Honeycomb patterns were 

obtained by the self-assembly of electrospinning, and cell culture tests were 

performed using human umbilical vein endothelial cells (HUVECs) 

monoculture and co-culture with human mesenchymal stromal cells (hMSCs) 

in order to investigate their ability of angiogenesis on this scaffolds. 

Materials and methods 

Fabrication of honeycomb nanofibrous scaffolds 

The electrospinning process used in this study is a homemade electrospinning 

set-up as mentioned before [59]. Poly(caprolactone) (PCL; Mn=~45,000 g/mol) 

was purchased from Sigma-Aldrich and also used in our previous studies[46]. 

PCL was dissolved in chloroform-dimethylformamide (CHCl3:DMF = 4:1) at a 

concentration of 22 wt% and then stirred overnight at room temperature before 

electrospinning to ensure good polymer solubilization. The polymer solution 

was loaded into a 5  mL BD syringe and delivered to the stainless steel needle 

(Unimed S.A.) via a PFTE tube (Sigma-Aldrich). This stainless steel nozzle 

with an inner diameter of 0.8 mm was connected to a high voltage power 

supply to generate the electric field strength during electrospinning. 

Nanofibers were collected over a flat aluminum foil. Electrospinning conditions 

were showed as below: high voltage = 15 kV; working distance = 15 cm; flow 

rate = 1 mL/h; collecting time = 10 min; temperature = 25℃ and humidity = 

35%. 
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Characterization of honeycomb structures 

The morphology and topography of the honeycomb-like scaffolds were 

observed by scanning electron microscopy (Philips XL30 ESEM). Before 

observation, the scaffolds were coated with gold using a sputter coater 108 

Auto set at 30 mA for 80 seconds. Both the diameter and area of honeycomb 

were analyzed with Image J software. The fiber alignment measurement was 

carried out with the Image J software plug-in named Orientation J to calculate 

the directional coherency coefficient. The 3D optical-profiles and depth of 

honeycomb were determined by using a confocal laser scanning microscopy 

(Keyence). 

Cell culture and seeding 

HUVECs were purchased from Lonza and cultured in endothelial 

growth medium (EGM, Lonza) containing EBMTM-2 basal medium (CC-

3156) and EGMTM-2 SingleQuotsTM supplements (CC-4176). For 

experiments, cells were used between passages 4 and 7. The tube formation 

assay was performed as Lonza described in instructions. Briefly, Matrigel® 

(Corning) was used to coat the wells of 48-well plates (0.15 ml per well) and 

was left to incubate at 37 °C for 30min. After incubation, HUVECs were 

seeded on each well at the density of 50,000 cells/cm2 in EGM. The tube 

formation of cells was visualized using a light microscope. As showed in 

Figure 1e-f, HUVECs can form the capillary network after 16h, which is also 

reported by Lonza.  

Prior to seeding cells, all PCL electrospun scaffolds were washed in distilled 

water overnight to remove the residues from sample preparation, further 

sterilized by 70% ethanol solution for 30 min, and dried in a biosafety cabinet. 

In order to increase cell attachment, the scaffolds were coated using Matrigel® 

(1:150 dilution in EGM) overnight. Cells were seeded on the samples at a 

density of 20,000 cells/cm2 in EGM. Then the cells were cultured for 1, 3, and 



Fabrication of a Self-assembled Honeycomb Nanofibrous Scaffold to Guide Endothelial 
Morphogenesis 

102 

4 

5 days in an incubator at 37 °C with humidity of 95% and 5% CO2. The culture 

medium was refreshed every 2 days. 

hMSCs (D8011L, Texas A&M University) were cultured in basic medium 

consisting of α-MEM (Gibco) with 10% FBS (Sigma), 0.2 mM ascorbic acid 

(Sigma), 100 U/ml penicillin and 100 mg/ml streptomycin (Gibco). hMSCs and 

HUVECs were co-cultured at a ratio of 1:1 on both scaffolds. The seeding 

density was 20,000 cells/cm2. Cells were then co-cultured in a mixed media 

composed of EGM and basic medium at 1:1 ratio for 5 days. 

Live/dead assay 

Cell cytotoxicity was assessed using a live/dead assay kit (Thermo Fisher 

Scientific) after 1 day of cells cultured on electrospun scaffolds. Briefly, 

Calcein AM (1 µM) and ethidium homodimer-1 (EthD-1, 6 µM) fluorescent 

dyes in PBS were added into scaffolds and then incubated for 30 min at 37℃. 

Calcein AM was stained by live cells; EthD-1 stained the nuclei of dead cells 

respectively. After washing with PBS, the samples were observed using 

fluorescence microscopy (Nikon Eclipse Ti-S). From the fluorescent images 

of live/dead assay results, live and dead cells were counted and the 

percentage of viable cells was calculated from Eq. (Viable cells % = Live 

cells/Total cells×100).   

Cell viability and proliferation 

The viability of HUVECs on electrospun scaffolds was determined using the 

PrestoBlue kit (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. The cells were washed with warm PBS and treated with 

PrestoBlue medium (PrestoBlue: EGM= 1:9) for 30 min at 37 °C. After 

incubation, the PrestoBlue medium was transferred to a black 96 well-plate 

with a clear bottom. The fluorescence of each groups was measured by using 

a microplate reader (CLARIO star, BMG Labtech) at 590 nm. 

Next, cell proliferation was evaluated at different time points (1, 3, and 5 days) 

with a CyQUANT™ Cell Proliferation Assay Kit (Thermo Fisher Scientific). The 
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cell-scaffolds were frozen and thawed for 3 times. 250 µl of Proteinase K in 

Tris/EDTA solution was then added to each sample. After overnight incubation 

at 56℃, 40 µl of cell lysate was transferred to a black 96 well plate and the 

same volume of lysis buffer was added into the well plate for 1 h incubation. 

Finally, 80 µl of GR dye was added into each well and incubated in dark for 

15 min. The fluorescence of the solution was measured with the plate reader 

(CLARIO star, BMG Labtech) at emission and excitation wavelengths of 480 

and 520 nm, respectively. 

Immunofluorescence staining 

HUVECs were cultured on the electrospun scaffolds for 5 days and then fixed 

using 4% formaldehyde for 30 min at room temperature. After washing with 

PBS, cells were permeabilized with 0.1% Triton-X 100 in PBS for 15 min, then 

blocked with block solution (0.05% Tween 20, 5% goat serum, and 1% BSA 

in PBS) for 1 h. The samples were incubated with the primary antibodies (anti-

CD31 or anti-VE-Cadherin antibody, 1:200 dilution in block solution) overnight 

at 4°C after blocking. The cells were then washed with wash buffer (blocking 

buffer without goat serum) and incubated with the secondary antibody (goat-

anti mouse; Alexa Fluor 488; 1:200 dilution in wash buffer). After 1 h of 

incubation with secondary antibody, the samples were washed with PBS for 

three times. Cell nuclei were stained with DAPI for 5min, followed by washing 

with PBS. Finally cells were imaged with a fluorescence microscope (Nikon 

Eclipse Ti-S). To quantify angiogenesis, Image J was used to analyze the 

length of tube formation. 

Cell Morphology and attachment 

SEM images of HUVECs seeded on honeycomb electrospun scaffolds after 5 

days was performed. In brief, scaffolds were washed with PBS three times 

following fixation with 4% formaldehyde for 30min at room temperature. After 

that, the samples were dehydrated by a standard ethanol series (30%, 50%, 

70%, 80%, 90%, 96% and 100%) for at least 15 min. The dehydrated samples 
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were immersed in hexamethyl-disilazane (HMDS; Sigma-Aldrich) for 15 min 

twice and then dried overnight. After coating with gold, samples were 

observed by SEM. Cell behavior on the scaffold was also assessed using 

phalloidin to selectively stain the F-actin. After fixation, nucleus and F-actin of 

cells were stained with DAPI (Invitrogen, 1:200) and Alexa Fluor 568 phalloidin 

(Invitrogen, 1:200) according to manufacturer instructions. Cell-scaffolds were 

then washed with PBS for three times and finally imaged using fluorescence 

microscopy (Nikon Eclipse Ti-S) and a confocal laser excitation microscope 

(TCS SP8 STED, Leica).  

Statistical analysis 

All data are represented as mean ± standard deviation. Statistical analysis 

was carried out using GraphPad Prism 7 software. Unpaired t-test was used 

to define the significance of the results. In all cases, significance was shown 

as *p < 0.05, **p < 0.01 and ***p < 0.001. 

Results and discussion 

 

Figure 1. SEM images of random (a and b) and honeycomb (c and d) PCL electrospun fibers. 
Images (e and f) showed the tube formation of HUVECs cultured on Matrigel-coated wellplate 
after 16 h. Scale bars are 500μm (a and c) and 100μm (b, d, e and f). 

 

a） c） 

b） d） 

e） 

f） 
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Only a few studies have proved the effect of geometrical control on 

morphogenesis of ECs into tubular structures by using micropatterned stripes 

substrates [14, 58]. In the present study, we analyzed the influence of 

honeycomb patterns on angiogenesis using a self-assembled honeycomb 

scaffolds. To provide structural guidance for cell response, PCL nanofibrous 

scaffolds with random and honeycomb morphologies were fabricated.  

Morphology of random and honeycomb electrospun scaffolds 

The morphologies of random and honeycomb electrospun scaffolds were 

examined by scanning electron microscopy (SEM). SEM images clearly 

showed a difference in morphology between two types of scaffolds. As shown 

in Figure 1a-b, PCL random fibrous scaffolds were formed with randomly 

oriented and uniform fibers. The diameter of PCL random fibers was 

1.84±0.14 µm. From Figure 1c-d, the self-assembly of nanofibers into a 

honeycomb pattern was observed in the scaffolds. Honeycomb pattern was 

well-organized and distributed uniformly in the electrospun scaffolds, which 

mimics the tube formation of HUVECs (Figure 1e-f). The average diameter 

and area of honeycombs were 517 ± 97 μm and 1.31 ± 0.43×105  μm2, 

respectively (see the distribution of diameter and area of honeycomb patterns 

in Figure 2a and b). Due to the competitive actions of surface tension and 

electrostatic repulsion, the charged nanofibers could self-assemble into the 

honeycomb structures, which might explain how the patterns were formed[45, 

46]. The wall of honeycomb scaffolds were observed by SEM images with 

higher magnification (Figure S1). Most of the fibers were aligned along the 

wall of the honeycombs, whereas only few fibers were stretched and 

suspended in the center of the honeycombs. Moreover, the junctions of the 

honeycomb patterns tend to form three-branched with an angle approaching 

120° (Figure S1a-b), which is consistent with other electrospun honeycomb 

studies[44, 45]. Figure S1c-d clearly showed the beads structure on the wall and 

the alignment of nanofibers produced by self-organization of the honeycombs. 

The level of alignment was measured by the coherency coefficients (Figure 
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S1e). The coherency coefficient ranges from 0 to 1, the value of coherency is 

close to 1 indicating a strongly coherent orientation and greater alignment[60]. 

Analysis of the fibers showed that the coherency of fibers near the wall of 

honeycomb was statistically higher (0.81 ± 0.03 vs. 0.20 ± 0.08 and 0.21 ± 

0.05) than that on the central of honeycomb and the random scaffolds, and 

the fiber randomness at the center of honeycomb is similar to the random 

scaffolds. 

The 3D image and depth of the honeycomb structure was obtained by optical 

profilometry, as shown in Figure 2c-e. A complete honeycomb was observed 

in 3D, which showed a similar pattern as what observed by SEM. It can be 

seen that the wall of honeycombs has a higher depth compared to the central 

region. The average depth of honeycomb pattern is approximately 82.7 ± 26.8 

μm, whereas a lower depth of random scaffolds (less than 2 μm) was 

observed in Figure S2. These results showed that the walls of the honeycomb 

nanofibrous scaffolds display a significant height, providing a 3D surface for 

cell growth as compared to random scaffolds. 

Figure 2. The diameter (a) and area (b) distribution of honeycomb patterns in nanofibrous 
scaffolds. Images (c and d) are optical profilometer scans of a honeycomb pattern. (e) Profile 
graph measuring the height of honeycomb structure in the nanofibrous scaffolds. 
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HUVECs on random and honeycomb electrospun scaffolds 

Live/dead assays were carried out on random and honeycomb scaffolds after 

one day of in vitro cell culture. The results can be seen in Figure S3. After one 

day of culture, cells attached to and survived very well on both scaffolds (green 

indicates live cells). Only few dead cells were seen on the scaffolds (red 

indicates dead cells). The percentage of living cells on random and 

honeycomb scaffolds were 93 ± 3% and 95 ± 2%, respectively, which 

indicated good biocompatibility for both scaffolds. Cell viability was evaluated 

by using the PrestoBlue assay at 1, 3 and 5 days as illustrated in Figure 3a. 

Results showed that cell viability for both groups gradually increases over 5 

days, whereas no significant differences were identified between random and 

honeycomb scaffolds for the same time point. These observations supported 

the live/dead findings and confirmed low cytotoxicity of both random and 

honeycomb nanofibrous scaffolds. In addition, cell proliferation was 

determined using a CyQUANT™ Cell Proliferation Assay Kit to measure total 

DNA content. The samples with HUVECs were harvested after 1, 3 and 5 days 

of culture. The DNA content on honeycomb scaffolds was higher than that on 

random scaffolds at day 5 (Figure 3b). There was a statistically significant 

increase of proliferation on honeycomb scaffolds compared to the random 

ones. Cell proliferation was also evaluated by Ki67 staining, as it is a marker 

for proliferation. As shown in Figure S4, at day 5, the intensity of Ki67 

fluorescence-positive cells on the honeycomb scaffolds was much higher than 

that on the random scaffolds. These results suggested that honeycomb 

patterns in electrospun scaffolds were capable of positively influencing 

HUVECs growth, ultimately leading to a higher number of cells compared to 

the random scaffolds. This might be attributed to the 3D structure of 

honeycomb patterns; indeed, the honeycomb scaffolds have higher depth 

compared to random scaffolds, which offered increased available surface and 

large porosity for cell growth.  
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Figure 3. The viability (a) and proliferation (b) of HUVECs cultured for 5 days on PCL random 
and honeycomb fibrous scaffolds. **p < 0.01.  

 

 

Formation and orientation of tube-like structures 

 

Figure 4. Fluorescence images stained for CD31 (a-b), VE-Cadherin(c-d) and nuclei (DAPI: blue) 
of HUVECs on the random (a and c) and honeycomb (b and d) fibrous scaffolds after 5 days 
culture (scale bar: 100 μm).  

 

In order to test the responses of endothelial cells to honeycomb patterns, cells 

cultured on random and honeycomb patterns were observed by 

immunocytochemistry staining and SEM. Immunocytochemistry staining with 

CD31, VE-Cadherin and DAPI was used to evaluate cell identity and 
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morphology on the scaffolds. As shown in Figure 4, the HUVECs cultured on 

both scaffolds expressed an endothelial cell phenotype showing the positive 

staining of CD31 and VE-Cadherin. However, the cells responded differently 

to random and honeycomb nanofibrous scaffolds. Cells on the random 

scaffolds were well spread and showed a disorganized distribution without any 

tube formation, as shown in CD31 staining (Figure 4a). In contrast, cells on 

the honeycomb scaffolds showed the preferential location of the cells along 

the wall of honeycomb, which is mainly due to the alignment of nanofibers in 

the honeycomb scaffolds. It has been widely reported that aligned nanofibers 

could provide contact guidance cues for endothelial cells [61-63]. It also 

formed cord-like structures organized by HUVECs when cells cultured on 

honeycomb scaffolds (Figure 4b). This phenomenon resulted in the formation 

of 3D tube-like structures on honeycomb scaffolds, as also confirmed by 3D 

confocal images (Figure 5). Confocal images of horizontal and vertical (Figure 

5c-d) cross sections confirmed the existence of the central lumen, which 

appeared as a negatively stained central space extending along multiple cell 

lengths. Figure S5 also illustrated another negatively labeled lumen and the 

position of this lumen. We quantified about 30 tubes from multiple CD31 

staining images on one scaffolds and the length of tubes was 247.6 ± 152.5 

µm. The junction of HUVECs in the scaffolds was further revealed by VE-

Cadherin staining (Figure 4c and d). VE-Cadherin is the basic adhesion 

junction in endothelial cells, which is important for cell to cell contacts[64]. It 

was interesting to note that more VE-Cadherin (green) was observed when 

cells were cultured on the honeycomb nanofibrous scaffolds compared to 

random scaffolds, indicating that cells generated stronger cohesion and 

organization of cell-cell junctions. Moreover, the honeycomb pattern on 

electrospun scaffolds could lead to the ability of HUVECs to contact and form 

a tube-like structure. As proven previously, the formation of cell-cell 

connections is essential for endothelial cells to maintain cell-cell adhesion and 

communication, which subsequently directs endothelial cell morphogenesis 

and guides the early development of vascular networks [65]. The addition of 
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micro-/nanotextured topographies to materials could effectively activate 

angiogenic signaling pathways, which are crucial in the process of endothelial 

angiogenesis [66, 67]. A regular pattern such as the honeycomb guarantees 

that cells in the entire construct are never further away from the next vessel 

than half of the long diagonal of a honeycomb cell. The results obtained in the 

present investigation therefore supported that the geometries of the 

honeycomb patterns might also activate angiogenic signaling pathways in 

HUVECs and stimulate reorganization of cell bodies into tube-like structures. 

Figure 5. (a-b) 3D confocal images of the HUVECs grow on honeycomb scaffolds showing the 
capability of cells to generate 3D tube-like structures. (c-d) The lumen cavity appears as a 
negatively stained central space when viewed in horizontal (XY) and vertical (YZ) cross section. 
Nuclei were labeled with DAPI (blue) and HUVECs were stained with an anti-CD31 antibody 
(green). Scale bars are 100 μm (a), 20 μm (b), 10 μm (c) and 5 μm (d). 

The morphology of cells grown on both scaffolds was observed by SEM 

(Figure 6). HUVECs cultured on random scaffolds were widely spread and 

showed polygonal shape without a preferential distribution, whereas those on 

honeycomb scaffolds grew along the wall of the honeycomb and preferred to 

retain at the wall. This result is consistent with immunostaining. More SEM 

images of HUVECs on honeycomb scaffolds are shown in Figure S6. We also 

looked into single cells grown on scaffolds (Figure 6b and d). It was found that 

cells on the random scaffolds were more elliptical with less pseudopodia. In 

contrast, cells on honeycomb scaffolds were more stretched out, and some 
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pseudopodia were elongated along the fiber direction. More pseudopodia of 

cells on honeycomb could firmly attach to the nanofibers and might help cells 

migrate in three dimensions. Interestingly, with smaller fiber diameter in 

honeycomb scaffolds the pseudopodia were longer and smaller on attached 

fibers. This observation was also confirmed by Li et al. [68]. 

 

Figure 6. SEM images of HUVECs on random (a and b) and honeycomb (c and d) PCL fibers 
after 5 days culture. Scale bars are 50 μm (a and c) and 10 μm (b and d) 

 

Co-cultures on honeycomb nanofibrous scaffolds 

Despite ECs being the cell lines that can form the blood vessels in human 

tissue, perivascular cells, especially pericytes, were shown to have great 

impact over vascularization. It was previously demonstrated hMSCs can act 

as pericytes and stabilize the formed vascular structures when co-cultured 

with ECs in defined conditions. Therefore, co-culturing hMSCs with 

endothelial cells can be an effective strategy to form vascularization, and to 

stabilize blood vessels. To determine the topographical influence of 

honeycomb scaffolds on co-cultured cell behavior, HUVECs and hMSCs were 

co-cultured up to 5 days. DAPI (blue)/phalloidin (red) staining was performed 

to observe overall cell distribution and organization. As shown in Figure 7, the 

honeycomb structure in electrospun scaffolds could guide cell distribution. On 

random scaffolds, cells exhibited wide spreading of cellular actin filaments and 

 



Fabrication of a Self-assembled Honeycomb Nanofibrous Scaffold to Guide Endothelial 
Morphogenesis 

 

112 

4 

were randomly distributed throughout the nanofibers without any preference. 

While on honeycomb scaffolds, most of cells distributed on the wall of the 

honeycomb and stretched along the attached nanofibers. It seems that the 

cells preferred to spread at the top of the honeycomb pattern, growing along 

the wall. 3D confocal images also proved this observation (Figure S7). The 

co-culture further corroborated the trend observed in HUVECs monoculture 

showing that cell behavior can be regulated and guided by honeycomb 

nanofibrous scaffolds. It was also interesting to note that VE-Cadherin staining 

was much higher for the HUVECs co-culture with hMSCs on honeycomb 

scaffolds compared on the random scaffolds, as shown in Figure 8. The 

results demonstrated that HUVECs/hMSCs co-culture on the honeycomb 

scaffolds generated strong cohesion and organization of the inter-cellular 

junctions. However, it was much less on the random scaffolds. This result 

obtained in the co-culture investigation also supported that the honeycomb 

scaffolds could facilitate desirable intracellular connection and the following 

endothelial cell morphogenesis. 

 

Figure 7. Fluorescence images stained for F-actin (phalloidin: red) and nuclei (DAPI: blue) of 
hMSCs-HUVECs on random (a and c) and honeycomb (b and d) PCL electrospun scaffolds after 
5 day of co-culture. Scale bars are 100 µm. 
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Figure 8. Immunoflourescence staining of VE-Cadherin in HUVECs after co-culture with hMSCs 
on random (a and c) and honeycomb (b and d) scaffolds at day5. Scale bars are 100 μm. 

Conclusion 

In this study, we fabricated honeycomb nanofibrous scaffolds by the self-

assembly process of electrospinning. The fabricated honeycomb scaffolds 

can support endothelial cells adhesion, proliferation, and guide cell migration 

on the scaffolds. Compared with the random electrospun scaffolds, the 

honeycomb scaffolds significantly promoted HUVECs proliferation and 

influenced the distribution of cells. It is interesting that the honeycomb 

electrospun scaffolds can regulate HUVECs morphogenesis into capillary-like 

structures with a central lumen. Moreover, higher VE-Cadherin staining was 

observed when HUVECs were mono-cultured and co-cultured with hMSCs on 

the honeycomb nanofibrous scaffolds compared to random scaffolds. This 

study provides evidence that endothelial cells are highly sensitive to their local 

microenvironment and can respond to geometric cues to form capillary 

networks. These results show that the better geometric control of endothelial 

cells during angiogenesis give honeycomb scaffolds more potential for 

vascular tissue engineering. 
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Supporting Information 

 

 
Figure S1. SEM images of the junction corners (a) between three honeycombs. Model (b) of a 
regular honeycomb structure where contain three-branched corners. SEM images showing the 
beads (c) and nanofiber (d) structures in honeycomb scaffolds. Alignment coherence (e) of PCL 
electrospun fibers in random and honeycomb scaffolds. Scale bars are 50 μm (a), 10 μm (c) and 
5 μm (d) (***p < 0.001). 
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Figure S2. Optical profilometer scans of a random electrospun scaffolds (a and b); (c) Profile 
graph measuring the height of random scaffolds. 

 

 
 
 
 
 

 
 
Figure S3. Live (stained green) and dead (stained red) staining of HUVECs cultured for 1 day on 
random (a) and honeycomb (b) electrospun PCL scaffolds (scale bar: 100 μm). 
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Figure S4. HUVECs on random (a and c) and honeycomb (b and d) electrospun PCL scaffolds 
at day 5 stained with Ki67 (green) and nuclear counterstained with DAPI (blue). Scale bars are 
100 μm. 

 
 
 
 

 

 
 
Figure S5. (a) Vertical confocal image cross sections revealed lumen formation by HUVECs on 
honeycomb scaffolds and (b) the position of lumen corresponding to the left images. Scale bars 
are 5 µm. 
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Figure S6. SEM images of HUVECs on honeycomb (a and d) PCL fibers after 5 days culture. 
Scale bars are 50 μm. 

Figure S7. 3D confocal images of co-cultured hMSCs and HUVECs on random (a) and 
honeycomb scaffolds (b) after 5 days incubation. The actin cytoskeleton and nuclei of cells were 
stained by Phalloidin(red)  and DAPI(blue). Scale bars are 100 μm.  
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Abstract 

Tissue-engineered constructs are currently limited due to the lack of 

vascularization necessary for the survival and integration of implanted tissues. 

Hydrogen sulfide (H2S), a physiological gasotransmitter, has been recently 

reported to mediate and promote angiogenesis in low concentrations. Yet, 

sustained delivery remains a challenge. Herein, we have developed 

angiogenic scaffolds by covalent attachment of an H2S donor to a 

polycaprolactone (PCL) electrospun scaffold. Via a low-molecular weight 

azide-PCL, an alkyne N-thiocarboxyanhydrides (NTA, H2S donor) could be 

attached to electrospun scaffolds by a straightforward click reaction. To 

evaluate cell compatibility, adhesion, spreading and proliferation, human 

umbilical vein endothelial cells (HUVECs) were cultured on different NTA-

functionalized scaffolds, as well as on non-functionalized scaffolds for 

comparison. The NTA functionalized fibrous scaffolds were observed to better 

support cell proliferation, form confluent endothelial monolayers, and facilitate 

the formation of tight cell-cell junctions. Moreover, treatment of chicken 

chorioallantoic membranes (CAM) on NTA-functionalized scaffolds increased 

vascular growth in vivo. Therefore, we conclude that covalent conjugation of 

H2S donors to scaffolds not only promotes HUVECs proliferation in vitro, but 

also increases neovascularization in vivo. NTA-functionalized scaffolds 

provides local control over the vascularization from a powerful angiogenic 

agent, which should be further explored to promote angiogenesis in tissue 

engineering. 

Key words: electrospun; N-thiocarboxyanhydrides (NTA); click chemistry; 

angiogenesis 
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Introduction 

The extra cellular matrix (ECM), a cell’s natural environment, consists of 

various interwoven protein fibers with diameters ranging from tens to 

hundreds of nanometers [1-3]. The ECM provides structural support and 

biological communication to guide the maturation and integration of cells to 

form tissues [4-6]. Tissue engineered scaffolds has been driven by 

biomimicry-inspired design of ECM to provide a natural network of nanofibers 

for cell migration, attachment, and proliferation [7, 8]. Therefore, the major 

challenge in tissue engineering is to design and fabricate a suitable scaffold 

to mimic the architecture of ECM, which also provides relevant biological cues. 

Electrospinning has emerged as a simple, cost‐effective, and versatile 

materials-processing method that is used to fabricate continuous, ultrafine 

fibers from the micro to the nano scale [9-11]. This process utilizes different 

electrospinning parameters, such as high voltage, flow rate and working 

distance, to control the morphologies, diameters and pore size of nanofibers 

[9, 12]. The large specific surface area, high porosity, and spatial 

interconnectivity of electrospun nanofibers favors cell adhesion, proliferation, 

migration, and differentiation [13-15]. Moreover, the electrospun scaffolds can 

be further functionalized by the incorporation or conjugation with bioactive 

components (e.g. enzymes [16, 17], DNAs [18, 19], growth factors [20, 21]and 

small molecules [22-24]) to better control the proliferation and differentiation 

of cells on the scaffolds [23, 25].  

Hydrogen sulfide (H2S), a unique gasotransmitter, has been recognized as an 

important physiological and pathological signaling molecule, which can 

mediate and promote angiogenesis [26, 27]. In endothelial cells (ECs), H2S is 

generated from cysteine by enzymes such as cystathionine β-synthase (CBS), 

cystathionine γ-lyase (CSE), and the combined action of cysteine 

aminotransferase (CAT) and 3-mercaptopyruvate sulfurtransferase (3-MST) 

[28-31]. The biological roles of H2S in angiogenesis has been investigated 

from different aspects. The phenomenon that H2S promotes endothelial cell 
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proliferation and migration has been reported by different groups. 

Papapetropoulos et al. found 60 and 600 μM of H2S resulted in a significant 

proliferation of HUVECs [32]. Cai et al. reported that NaHS (an H2S donor; 10 

and 20 μM) stimulated endothelial cell growth by 12.5±2.5% and 11.4±2.9%, 

while the treatment with high concentrations (500 and 1000 μM) resulted in a 

significant decrease in cell proliferation [33]. Therefore, the sustained release 

of H2S is highly required rather than burst release. In addition, H2S has been 

reported to stimulate angiogenesis in vitro and in vivo. Papapetropoulos et al. 

also reported that H2S stimulated capillary morphogenesis of HUVECs on 

Matrigel [32]. The chicken chorioallantoic membrane (CAM) results showed 

that H2S induced a potent and concentration‐dependent increase in the vessel 

length [32]. A mouse model has demonstrated that NaHS treatment 

significantly increased collateral vessel growth, capillary density, and regional 

tissue blood flow in ischemic hind limb muscles [34]. The most widely and 

easily used class of H2S donors in biological studies are the sulfide salts, 

sodium hydrosulfide (NaSH) and sodium sulfide (Na2S) [35-37]. While 

sulphide salts are commonly used to evaluate the therapeutic potential of 

exogenous H2S delivery, there are shortcomings to these H2S donor. Once 

adding water or medium, these salts generate a large amount of H2S over a 

short time period [38, 39]. However, angiogenesis takes place over a period 

of hours or days, sulfide salts often lead to instantaneous release of H2S and 

does not mimic the slow and continuous process of H2S generation in vivo 

[40].  

Since H2S has been recognized to be beneficial for angiogenesis, many 

researchers focus on the development of H2S donors, which can release H2S 

effectively for ECs behavior [39, 41]. The shortcomings of burst release have 

led to the high demand of H2S release scaffolds that have controllable release 

rate to mimic biological H2S generation in vivo. A study performed by Powel 

et al. reported the potential use of N-thiocarboxyanhydrides (NTAs) as 

Carbonyl sulfide (COS)/H2S donor for continuous releasing [42]. The ring-

opening of NTAs to release COS is triggered by primary amine. COS is 
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converted into H2S by the enzyme carbonic anhydrase (CA), resulting in more 

controlled release [43]. The use of NTAs as H2S donors resulted in sustained 

release with innocuous byproducts.  

Motivated by the electrospinning approach for the fabrication of ECM 

mimicking fibrous scaffolds and the unique properties of NTA in controlled 

releasing of H2S for angiogenesis, we 1) synthesized PCL-azide (PCL-N3) for 

further functionalization, 2) electrospun PCL-N3-incorporated PCL fibrous 

scaffolds to form “clickable” fibers with high surface content of azide, and 3) 

coupled alkyne-NTA on PCL-N3 fibrous scaffolds by azide-alkyne click 

conjugation. The morphology and “clickable azide group” of the different NTA-

functionalized scaffolds were characterized, showing controllable “clickable” 

scaffolds by changing the PCL-N3 ratios. Our aim was to investigate the 

effects of different NTA-functionalized scaffolds on ECs behavior, such as cell 

viability, attachment and proliferation. Cell viability, DNA content, CD31 and 

VE-cadherin immunostaining were tested to reveal the role of H2S-release 

fibrous scaffolds in vitro. In addition, CAM assay has been performed to 

assess the effect of functional scaffolds on angiogenesis in vivo. Our goal was 

to promote angiogenesis by releasing of H2S from NTA functionalized PCL 

scaffolds.  

Materials and methods 

Synthesis 

PCL-azide synthesis 

In the first step, p-toluenesulfonyl-poly(ε-caprolactone) (PCL-OTs) was 

synthesized, which is an intermediate product to PCL azide. PCL-diol (3g, 

0.0015 mol) was dissolved in 5 ml of dichloromethane in dried round bottom 

flask. P-toluenesulfonyl chloride (0.69g, 0.0036mol, 2.4 eq) and triethylamine 

(1.2g, 0.012 mol, 8eq) was dissolved in 7 ml of dichloromethane in a separate 

flask and added to PCL-diol solution drop by drop. After 24 hrs, reaction 

mixture was washed to remove any insoluble particles and washed with 
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dichloromethane. The filtered solution was collected and excessively washed 

with 0.1M HCl, NaHCO3, H2O and NaCl, H2O solution, respectively. The 

organic phase was vacuum dried and PCL-OTS was obtained (3.3 g, 95% 

yield). PCL-OTS (3.3g, 0.0014 mol) was dissolved in 5mL anhydrous 

dimethylformamide (DMF) under inert environment. Sodium azide (NaN3) 

(0.55g, 0.008mol, 6eq) was added into the reaction flask and let reaction run 

for 24 hours at 50°C under nitrogen environment. Next, reaction mixture was 

vacuum dried until minimal DMF was left, precipitated in cold water, and 

centrifuged at 6000 RCF to obtain product PCL-N3 (2.6g, 81% yield). For cell 

culture applications, an extra washing step was included. PCL-azide was 

dissolved in chloroform (CHCl3) and washed with excess water using a 

separatory funnel. 

Alkyne-NTA synthesis 

Alkyne-NTA was synthesized by our collaborators, synthetic procedure and 

characterizations has already been published in the literature [44]. 

Iminodiacetic acid thiocarbamate TCDA (2.188 g, 9.890 mmol) was added into 

80 ml CH2Cl2 and stirred in a roundbottom flask. Pyridine (0.80 mL, 9.9 mmol) 

was added to form pyridinium salt of TCDA in solution. This flask was placed 

in the ice bath. EDC·HCl (1.896 g, 9.890 mmol) and 25ml CH2Cl2 were added 

into another roundbottom flask to generate EDC suspension. Allyl alcohol (2.0 

mL, 30.0 mmol) was then added to generate clear EDC solution. The TCDA 

flask was installed with a funnel.  EDC solution was dropped to TCDA solution 

through this funnel in the ice bath. The reaction was detected by Thin layer 

chromatography (TLC) (5 % MeOH in 5 CH2Cl2). After the spots of TCDA 

disappeared, the reaction mixture was washed with 1 N HCl and brine, then 

dried, filtered and concentrated. The product was purified by silica gel 

chromatography (CH2Cl2) to obtain i.  

A two-neck roundbottom flask was flame-dried under vacuum and backfilled 

with nitrogen.  2 ml dry THF was added to thiocarbamate monoester i (0.372 

g, 1.42 mmol) to make a clear solution. After dissolved, solution was diluted 
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with 3 ml dry THF and transferred to the flask in ice bath. PBr3 (0.150 mL, 1.57 

mmol) was dropped in solution under nitrogen. The mixture solution was 

stirred in the ice bath for 10min, followed by placing it to room temperature 

stirring for 45min. The flask was put in ice bath again, and MeOH was dropped 

to quench excess PBr3. The residue was dissolved in CH2Cl2 after 

concentrated by a rotary evaporator. The final mixture was washed with 

NaHCO3 and brine, dried, filtered, and concentrated. The product was purified 

via silica gel chromatography (CH2Cl2) to produce alkyne-NTA.  

Preparation of PCL-N3 Fibers and Characterization 

A high molecular weight of poly(ε-caprolactone) (PCL-80K) Mn≈80 000 g/mol, 

a lower molecular weight of PCL-2k and PCL-N3-2k were mixed in different 

ratios (1, 5, and 10 wt% of PCL-N3 in final scaffold as described in Table S1) 

to give a final concentration of 15 wt% polymer in CHCl3/DMF (4/1, v/v) solvent 

mixture, respectively. The polymer solution was stirred overnight to form a 

homogeneous solution for electrospinning. The electrospinning setup is a 

homemade machine for generating nanofibers, as reported before[45]. Briefly, 

the polymer solution was loaded into a 5 mL syringe (BD biosciences) 

equipped with a stainless steel blunt-ended needle. The polymer solution was 

delivered to the needle via a silicon feed line. The flow rate was controlled by 

syringe pump (Harvard Apparatus PHD 2000) at 1 mL/h. An aluminum plate 

was used as the collector connected to the ground. The distance between the 

tip and the collecting plate was set as 20 cm, and the electrospinning voltage 

was kept at 20 kV. The temperature was maintained at 25℃, and the humidity 

maintained at 35%. The prepared fibrous scaffolds were dried overnight at 
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room temperature to remove solvent traces. The morphology of PCL-N3 

fibrous scaffolds were examined by a scanning electron microscopy (SEM; 

XL30; Philips). The elemental analysis of fibrous scaffolds were determined 

by energy dispersive X‐ray analysis (EDX). Fiber samples were coated with 

gold for 60s before image. At least five areas were randomly selected to test 

the uniformity of the fibers. The diameter of electrospun fibers were quantified 

from SEM images by using Image J. 

Click modification of PCL-N3 with Alkyne MegaStokes  

To optimize the azide-alkyne functionalization, different PCL-N3 scaffolds 

were treated with the click solution, which contained 0.4 mM CuSO4·5H2O, 2 

mM Na-Ascorbate, and 0.05 mM Alkyne MegaStokes dye in ethanol at room 

temperature. Reaction bottles were placed on an orbital shaker for a set time 

interval. Then, the fibrous scaffolds was washed with absolute ethanol 3 times 

and dried under nitrogen. Controls were 0% PCL-N3 fibrous scaffolds in the 

click reaction and all other processes were the same. In order to study the 

effect of time on functionalization, the reaction was set with different time point 

(15min; 30min; 2h and 4h). Finally, samples placed in a glass bottom petri dish 

(Ibidi) and imaged with a microscope (Nikon Eclipse Ti-S).  

Click conjugation of Alkyne-NTA on PCL-N3 electrospun fibers  

Click reaction between PCL-N3 and Alkyne-NTA was performed on the 

different PCL-N3 fibrous scaffolds. Briefly, a mixture of Alkyne-NTA solution 

including Alkyne-NTA (0.05 mM), CuSO4·5H2O (0.4 mM), Na-Ascorbate (2 

mM) was dropped on the PCL-N3 scaffolds and the reaction bottles were 

placed on an orbital shaker for 2 hours. Scaffolds were then washed 3 times 

with absolute ethanol, followed by 15 min wash with EDTA (0.01 M in milliQ) 

and 3 washes with absolute ethanol.  

After click reaction of the 10% PCL-N3 scaffolds with Alkyne-NTA, NTA-

functionalized scaffolds were placed in a new glass reaction bottle wrapped in 

aluminum foil. The mixture of 6-aminofluorescence (0.1 mM) and triethylamine 
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(0.2 mM) solutions in ethanol was added to the 10% PCL-N3/NTA scaffolds 

and the reaction bottle was placed on the shaker for 20 min. For the control 

experiments, 10% PCL-N3 scaffolds without functionalization was placed in 

the same fluorescence solution and other processes were the same. Then, 

samples were washed 3 times in ethanol and placed in a glass bottom petri 

dish (Ibidi). Finally, samples were imaged with the microscope (Nikon Eclipse 

Ti-S). 

Cell culture 

HUVECs were obtained from Lonza and cultured according to standard 

procedures of Lonza. Briefly, HUVECs were cultured in endothelial growth 

medium (EGM, Lonza) containing EBMTM-2 basal medium (CC-3156) and 

EGMTM-2 SingleQuotsTM supplements (CC-4176) according to the 

manufacturer’s protocol (Lonza). Cultures were incubated in a humidified 

environment with 5% CO2 at 37℃. The culture medium was changed every 2 

days and cultures were passaged at 80% confluence to prevent contact 

inhibition. Passages 4 through 8 were used in this study. 

Electrospun scaffolds were punched into round pieces (15 mm) and washed 

in water for 3 times. Prior to cell seeding, the scaffolds were sterilized by 70% 

ethanol for 30min, and dried in biosafety cabinet. The sterilized scaffolds were 

placed on a 24-wellplate and fixed by O-rings. After washing with sterilized 

water, scaffolds were incubated overnight in Matrigel® (1:150 dilution in EGM) 

to aid protein adhesion and cell attachment. We also incubated scaffolds with 

EGM overnight to compare the effect of scaffolds after different coating 

process. The treated scaffolds was seeded with a density of 2 × 104 cells/cm2. 

The culture medium was refreshed every 2 days. 

Live/dead assay 

Cell cytotoxicity was assessed using a live/dead assay kit (Invitrogen), which 

included two components, calcein AM and ethidium homodimer-1 (EthD-1), to 

simultaneously determine the existence of live and dead cells on electrospun 
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scaffolds. Briefly, the scaffolds were washed with PBS, incubated in 1µM 

calcein AM (staining live cells) and 6µM EthD-1 (staining dead cells) in PBS 

for 30 min at 37 °C. The cells were then washed with PBS for three times to 

remove excess dye. Finally, the samples were observed under a fluorescent 

microscope. As a result live cells stain green and dead cells are red. The 

percentage of live cells was assessed by counting the number of calcein AM-

stained viable cells and EthD-1-stained dead cells. 

Cell viability and proliferation 

The cells grew and proliferated on the electrospun scaffolds for 1, 3, and 5 

days. Cell viability was analyzed using PrestoBlueTM assay according to the 

manufacturer’s protocol (Fisher Scientific). 10% (V/V) of PrestoBlue reagent 

was mixed with EGM to prepare PrestoBlue medium. 500 µl of PrestoBlue 

medium was added to samples and then incubated at 37 °C for 30 min. 100 

μL media samples were transferred from each well into a black 96-well plate 

with clear bottom. Fluorescence was measured at 540-570 nm excitation 580-

610 nm emission in a microplate reader (CLARIOstar, BMG Labtech). The 

readout from the samples was corrected with a control (PrestoBlue medium). 

DNA content based on the total amount DNA of each samples was 

quantitatively determined with CyQUANTTM Cell Proliferation Assay Kit 

(Thermo Fisher Scientific) at 1, 3, and 5 days. The cells were first digested 

overnight with 250µl Proteinase K in Tris/EDTA solution at 56℃. CyQUANT 

GR dye and lysis buffer were prepared according to the manufacturer’s 

protocol. After freeze-thawing samples for 3 times, 40 μL of digested samples 

was transferred to a black 96-wellplate, then lysed in 40µl lysis buffer for 1h 

at room temperature. GR dye solution (80 μL) was added to each well. After 

incubating the samples at room temperature for 15 min, the fluorescence 

intensity of the samples was measured using the microplate reader.  
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Immunostaining 

The electrospun scaffolds with HUVECs were fixed with 4% formaldehyde for 

30 min at room temperature. The samples were permeabilized with PBS 

containing 0.1% Triton-X 100 for 15 min. After washing with PBS, samples 

were blocked with 5% goat serum in 1% BSA/0.05% Tween-PBS solution for 

1 h at room temperature to block nonspecific protein interactions. The samples 

were then incubated with the primary antibodies (CD31 and VE-Cadherin; 

1:200 dilution in blocking solution) overnight at 4 °C. After washing with 

washing buffer (0.05% Tween 20 and 1% BSA in PBS), the secondary 

antibody (goat-anti mouse, Alexa Fluor 488, 1:200 dilution in washing buffer) 

was incubated for 1 h at room temperature in dark. In addition, the cell 

cytoskeleton was stained with phalloidin solution for 1h at room temperature. 

DAPI was used to stain the cell nucleus for 5 min and finally observed with a 

florescence microscopy (Nikon Eclipse Ti-S). 

Chlorioallantoic membrane assay 

The chick embryo chorioallantoic membrane (CAM) assay was performed to 

assess the ability of NTA functionalized fibrous scaffolds to induce 

angiogenesis in vivo. Fertilized chicken eggs were purchased from Het Anker 

B.V., Netherlands. The eggs were incubated at 37 °C with approximately 50-

55% humidity (9 eggs for each condition). On day 3, a window of 1 x1.5 cm2 

was gently opened with a rotary tool (Dremel) on the wide end of the egg 

without damaging the embryo. The shell and inner membrane were peeled off 

with sterile tweezers. About 1–1.5 ml of albumen was aspirated with a syringe 

in order to detach the developing membrane from the top part of the shell. The 

windows were closed with transparent tape to prevent dehydration and 

possible infections before putting back to the incubator. On incubation day 10, 

the sterilized scaffolds with diameter of 4mm were placed on the egg 

membrane between branches of the blood vessels. After 4 days of incubation, 

the scaffolds were imaged with the surrounding vessels under a Leica 

microscope. The quantification of vessel areas were processed by Image J 
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using an automatic script. Angiogenesis was evaluated by the area of the 

blood vessels around the scaffolds.  

Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 8 software. All data 

are expressed as mean ± standard deviation (SD). Data were statistically 

analyzed by one-way analysis of variance, column values were compared with 

the control values using the Holm-Sidak multiple-comparisons test. A 

probability value of less than 0.05 was considered significantly different. 

Levels of significance were as follows: *P ≤ 0.05, **P ≤ 0.005, ***P ≤ 0.0005, 

****P ≤ 0.0001. 

Results and Discussion 

Characterization of PCL-azide  

Three polymers characterized by using 1H NMR (Figure S1). Figure S1c 

shows the spectrum of pure PCL before reaction. The PCL-OTS was used for 

the chemical transformations of tosyle to azide group. The tosyle peak (i, g 

and h) is observed at 2.42 ppm, and 7.34-7.78. Figure S1a showed the final 

product with clear triplet of H (a”) proton (δ = 3.3) from the end-groups. 

Synthesis of the PCL-N3 polymer by using tosylation reaction is an effective 

approach, which was previously reported [46]. The NMR data was also 

confirmed with their result.  

Fabrication of PCL-N3-Incorporated Electrospun PCL fibers 

To obtain uniform PCL and PCL-N3-incorporated PCL fibers, the 

concentrations of the total polymer solution was fixed to be 15% w/v. The PCL-

80k was mixed with PCL-2k and PCL-N3-2K in a DMF/CHCl3 solution as 

described in the Table S1. The electrospun fibers are referred to as 0%PCL-

N3, 1%PCL-N3, 5%PCL-N3 and 10%PCL-N3 corresponding to 0, 1, 5, and 10 

wt% PCL-N3 in the final polymer scaffolds, respectively. As shown in Figure 

1a-d, all of the fibers were smooth, straight and bead-free. Figure 1e showed 
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the average diameter of different PCL-N3 electrospun fibers measured by 

Image J. The diameter of all different PCL-N3 fibers are in a similar range from 

800 to 1200 nm without significant difference between each group. Although 

the percentage of PCL-N3 is low, most of the functional azide group is present 

on the surface of fiber during electrospinning due to the electrostatic attraction 

forces. The advantage of using this approach is to effectively create functional 

azide surface for further click functionalization, which has been proved by 

Lancuški [46]. More than 80% of azide groups was reported to locate on the 

fiber surface after electrospinning. 

Surface Click of PCL-N3 electrospun fibers with Alkyne 

Megastokes  

To confirm the availability of N3 on the fiber surface, and optimize the 

functionalization procedure, we utilized an alkyne-containing fluorescein dye, 

Alkyne MegaStokes 673 for a test copper (I)-catalyzed azide–alkyne 

cycloaddition (CuAAC) reaction. Fluorescence images of the fibrous scaffolds 

confirm that the alkyne dye reacted with the azide groups on the electropun 

scaffolds (Figure 2a-d). No dye attachment was observed in a control 

experiment carried out using the 0%PCL-N3 (Figure 2a), and an increase in 

the overall fluorescence intensity of the PCL-N3 fibers with increasing 

percentage of PCL-N3 was observed in the fluorescence images. The 

fluorescent labeling on PCL-N3 electrospun scaffolds confirmed that the 

amount of small molecule on the fibers could be easily controlled by changing 

the concentration of PCL-N3. Moreover, the effect of reaction time on click 

reaction between 5% PCL-N3 fibrous scaffolds and Alkyne MegaStokes was 

investigated at 15min, 30min, 2h and 4h, respectively. As shown in Figure 2e-

h, with the increase of the reaction time, the fluorescence intensity increased 

gradually at first and then reached a maximum fluorescence after 2h. 

Therefore, 2h was considered to be the optimal time for further investigation. 
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Figure 1. SEM images of (a) 0% PCL-N3 electrospun scaffolds, (b) 1% PCL-N3 electrospun 
scaffolds, (c) 5% PCL-N3 electrospun scaffolds and (d) 10% PCL-N3 electrospun scaffolds. (e) 
Fiber diameters of different electrospun scaffolds. Scale bars are 10 µm. 

Detection of NTA on functionalized scaffolds 

NTA is a sulfur mimic of an anhydride group, thus the ring-opening of NTA 

can be effected with an amine, resulting in amide bond formation. Since NTA 

can react with amine, 6-aminofluorescein dye was applied to detect the 

successfully immobilization of Alkyne-NTA on 10% PCL-N3 scaffolds. After 

being conjugated with Alkyne-NTA, functionalized (10% PCL-N3/NTA) and 

non-functionalized (10% PCL-N3) fibrous scaffolds were immersed into the 

ethanol solution of 6-aminofluorescence. Results showed no evident 

fluorescence exists on the non-functionalized scaffolds due to the lack of NTA 

on the scaffolds (Figure S2). The scaffolds on which click was performed 
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showed a strong fluorescence, indicating the successful click conjugation of 

alkyne-NTA to the PCL-N3 fibers. This data suggests that the H2S donor, 

Alkyne-NTA has been successfully coupled onto PCL-N3 the electrospun 

fibrous scaffolds. On the other hand, Figure S3 showed the SEM images of 

different PCL-N3 fibrous scaffolds after click reaction. The fibers were still 

uniform and smooth, no significant morphological changes were observed 

from SEM images. Therefore, it could be concluded that the electrospun fibers 

maintained its morphology after successful functionalization with alkyne-NTA. 

 

Figure 2. Fluorescence images of different PCL-N3 fibers scaffolds containing: (a) 0%, (b) 1%, 
(c) 5% and (d) 10% PCL-N3 labeled with Alkyne Megastokes after 1 hours. (e-h) showed the effect 
of click reaction time on the fluorescence intensity of the 5% PCL-N3 fibers (e: 15 min; f: 30 min; 
g: 2 h and h: 4 h). Scale bars are 100 µm. 

 

Cellular behaviors of HUVECs on different PCL-N3/NTA fibrous 

scaffolds 

To evaluate the biocompatibility of the NTA-functionallized electrospun fibrous 

scaffolds, HUVECs cultured on scaffolds after day 1 were assessed using the 

Live/Dead staining. As shown in Figure S4, nearly all the cells remained viable 

(green staining), and very few dead cells (red staining) were detected. Live 

cells attached to the surface of the scaffolds and started spreading at day 1. 

The percentage of living cells on 0%PCL-N3, 1%PCL-N3/NTA, 5%PCL-
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N3/NTA and 10%PCL-N3/NTA scaffolds were 96 ± 2%, 97 ± 4%, 96 ± 2% and 

98 ± 1%, respectively. This results suggests that the NTA-functionalized 

electrospun fibrous scaffolds are non-cytotoxic and suitable for cell culture. 

The cell viability after 1, 3 and 5 days was evaluated with PrestoBlue assay. 

Results indicating the cell viability for all conditions showed an increase over 

5 days, although substantial differences were noticed already after 3 days of 

culture (Figure 3a). HUVECs cultured on 5%PCL-N3/NTA and 10%PCL-

N3/NTA fibrous scaffolds showed a statistically significant increase of cell 

viability at day 3 compared to cells on 0%PCL-N3 and 1%PCL-N3/NTA 

scaffolds (P<0.0001). However, there was no significant difference of cell 

viability in different groups at day 5. The overall increase of cell viability during 

5 days confirmed the biocompatibility of the scaffolds. Additionally, high 

viability of cells on 5%PCL-N3/NTA and 10%PCL-N3/NTA fibrous scaffolds 

showed that higher NTA functionalization has positive effects on endothelial 

cell viability.  

 

 

Figure 3. Viability (a) and proliferation (b) of HUVECs cultured for 5 days on different NTA 

functionalized scaffolds in EGM. *P ≤ 0.05, **P ≤ 0.005, ****P ≤ 0.0001. 

 

The effect of NTA scaffolds on cell proliferation was analyzed with total DNA 

content at day 1, 3 and 5 (Figure 3b). The DNA quantification at day 3 had a 

similar trend as presented in cell viability, showing a statistically significant 

increase of proliferation on 5%PCL-N3/NTA and 10%PCL-N3/NTA 
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functionalized scaffolds compared to 0%PCL-N3 and 1%PCL-N3/NTA 

scaffolds. A significant increase in cell proliferation on 5%PCL-N3/NTA and 

10%PCL-N3/NTA scaffolds was also observed at day 5. These results suggest 

that a high amount of NTA functionalized onto the scaffolds was capable of 

leading to a higher proliferation of HUVECs compared to the control and lower 

NTA functionalized scaffolds. Previous studies proved that exposure of 

endothelial cells with H2S (60µM) led to higher cell proliferation, while lower 

concentration of 6 µM H2S showed no significant effect on the increase of cell 

number [32]. Therefore, the effect of H2S is a dose-dependent increase in cell 

proliferation, similar to our findings. Moreover, immunostaining images 

showed that HUVECs on 5%PCL-N3/NTA and 10%PCL-N3/NTA fibrous 

scaffolds reached about 90% confluence after 5 days culture (Figure 5). It was 

reported that high confluency of cells over 80% could result in a drop of cell 

viability [47]. This observation could explain the reduced increase of cell 

viability at day 5, while high DNA content is still measured. As cells proliferate, 

cell viability increases at the beginning, form a more confluent cell layer, but 

decreases with increasing the confluence up to 90%. Ki67 staining was 

performed, as it is a cellular marker for proliferation. As shown in Figure 4, at 

day 5, the intensity of Ki67 fluorescence-positive cells in 5%PCL-N3/NTA and 

10%PCL-N3/NTA fibrous scaffolds was much higher than that in 0%PCL-N3 

and 1%PCL-N3/NTA scaffolds. The control group (0%PCL-N3 scaffolds) had 

the lowest intensity, indicating NTA functionalized scaffolds enhanced the 

proliferation of HUVECs, therefore showing a higher staining of Ki67. All fibers 

acted as a scaffold for cell attachment and proliferation, and the NTA could 

act as H2S releasing donor resulting in faster cell proliferation.  

Cell viability and proliferation were also assessed on FBS coated NTA 

functionalized scaffolds (Figure S5). Although less proliferation was observed 

on FBS coated scaffolds compared with Matrigel coated scaffolds, higher 

viability and proliferation of cells was still observed on NTA functionalized 

scaffolds at day 5 compared with control scaffolds. These results 
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demonstrated that NTA functionalized scaffolds have a positive effect on cell 

growth when coated with a different protein source. 

Figure 4. Cell proliferation was visualized by immunofluorescent staining using anti-Ki67 antibody 

in HUVECs cultured on different fibrous scaffolds after 5 days. Scale bars are 100 µm.  

Morphological analysis of HUVECs grown on different PCL-N3 

fibrous scaffolds 

After 5 days of incubation, HUVECs behavior, cytoskeleton development and 

intercellular junction were investigated on the different PCL-N3 scaffolds by 

immunochemical staining. To observe cell morphology, we used phalloidin 

and DAPI to stain the cell cytoskeletons and nuclei, as shown in Figure 5. 

HUVECs adhered well to all the fibrous scaffolds and distinct cytoskeletal 

structure was observed. Interestingly, the HUVECs grown on 5%PCL-N3/NTA 

and 10%PCL-N3/NTA fibrous scaffolds rapidly proliferated and showed more 

confluence in comparison to the HUVECs cultured on 0%PCL-N3 and 1%PCL-

N3/NTA scaffolds.  

In order to study the functional development of HUVECs on the fibers, we 

analyzed the expression of universal endothelial cell markers: CD31, VE-

Cadherin and von Willebrand factor (vWF). CD31 staining was widely 
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recognized as an endothelial cell marker to confirm the cellular phenotype for 

endothelial function. Figure 5 showed positive staining of CD31 in HUVECs, 

suggesting that HUVECs cultured on different scaffolds expressed an 

endothelial cell phenotype. Moreover, no changes were observed in HUVECs 

morphology cultured on the different fibrous scaffolds.  

Figure 5. Immunofluorescence staining images showing the nuclei (blue) and the expression of 

F-actin (red), CD31 (Green) and VE-Cadherin (Green) of HUVECs grown on (a) 0%PCL-N3

fibrous scaffolds, (b) 1%PCL-N3/NTA fibrous scaffolds, (c) 5%PCL-N3/NTA fibrous scaffolds and

(d) 10%PCL-N3/NTA fibrous scaffolds after 5 days. Scale bars are 100 µm.

The intercellular junction of HUVECs on the scaffolds was further revealed by 

VE-Cadherin staining. VE-cadherin is the basic adhesion junction in 

endothelial cells, which shows cell-cell contacts. As shown in Figure 6, 

HUVECs on 0%PCL-N3 and 1%PCL-N3/NTA scaffolds were mainly isolated 

without showing much VE-cadherin staining. However, HUVECs cultured on 

5%PCL-N3/NTA and 10%PCL-N3/NTA fibrous scaffolds formed a confluent 

cell monolayer with an increased staining of tight junctions compared with the 

other two scaffolds groups. The highly expressed VE-cadherin is mainly due 
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to faster cell proliferation of HUVECs on these scaffolds. The results 

demonstrated that firm intercellular junctions were formed on 5%PCL-N3/NTA 

and 10%PCL-N3/NTA fibrous scaffolds, which would be beneficial for 

generating stabilized confluent endothelial monolayer and the integrity of 

endothelium. vWF antibody was stained to confirm endothelial cell phenotype. 

A small, dotted pattern of vWF was clearly observed in Figure S6, which 

indicate some of HUVECs could produce vWF within the cytoplasm when 

cultured on different PCL-N3 fibrous scaffolds. These results demonstrate that 

HUVECs interact well with PCL-N3 fibers.  

To confirm the morphology and spreading of HUVECs on the different 

scaffolds, SEM examinations were also performed after 5 day culture. As 

shown in Figure S7, HUVECs adhered and grew well on these fibrous 

surfaces. Especially, HUVECs on 5%PCL-N3/NTA and 10%PCL-N3/NTA 

fibrous scaffolds covered about 90% area at day 5. These two functionalized 

scaffolds could be favorable for the cell growth because of high amount of 

NTA on scaffolds. Moreover, we observed that HUVECs on 10%PCL-N3/NTA 

fibrous scaffolds showed lots of dots on cell membrane. The dotted pattern 

produced by HUVECs can be correlated to vWF dots, which was reported by 

K. M. Valentijn[48]. Hence, we hypothesize that the dots in SEM images could 

be the vWF dots secreted by HUVECs.  

In vivo CAM assay 

CAM assay was performed to assess whether the NTA functionalized 

scaffolds could promote angiogenesis in vivo. Figure 6a-d showed the images 

of blood vessels around 0%PCL-N3, 1%PCL-N3/NTA, 5%PCL-N3/NTA and 

10%PCL-N3/NTA scaffolds. 5%PCL-N3/NTA and 10%PCL-N3/NTA scaffolds 

implanted on chicken embryo CAM presented an increase of vessels branch 

surrounding the scaffolds. The capillary vessels grew radially to form a radical 

like pattern. To quantify the ability of NTA functionalized scaffolds to induce 

angiogenesis, blood vessel area was counted (Figure 6e). The quantitative 
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results indicated that the blood vessels area surrounding the 10%PCL-N3/NTA 

scaffolds (29.8 ± 1.7%) was significantly higher than that of the 0%PCL-N3 

scaffolds (25.9 ± 3.2%) (P= 0.0148). This means that implantation with 

10%PCL-N3/NTA scaffolds lead to 1.15 times the vessel area (about 15.4% 

increase) as compared to that on control scaffolds. However, there was no 

statistical significance of blood vessels area between 0%PCL-N3, 1%PCL-

N3/NTA and 5%PCL-N3/NTA scaffolds. This data proved that 10%PCL-

N3/NTA scaffolds could induce capillary formation and the introduction of high 

amount NTA into scaffolds was effectively beneficial to induce angiogenesis 

in vivo.  

 

Figure 6. Effects of the different NTA functionalized scaffolds on angiogenesis using a CAM 

assay. Representative images of the capillary vessels growth surrounding (a) 0%PCL-N3, (b) 

1%PCL-N3/NTA (c) 5%PCL-N3/NTA and (d) 10%PCL-N3/NTA fibrous scaffolds after 4 days of 

implantation. (e) Quantification of the vessels area around different fibrous scaffolds. Scale bars 

are 1mm. *P ≤ 0.05. 
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Conclusion 

In summary, we demonstrated that Alkyne-NTA could be attached into PCL-

N3 electrospun scaffolds via the click reaction, without impairing fiber 

morphology of the scaffolds. By adjusting the concentration of PCL-N3, 

tunable amounts of alkyne-small molecule functionalization can be achieved. 

Moreover, we investigated the cell biocompatibility and proliferation on 

different NTA-functionalized scaffolds. Our data presented HUVECs were 

spread and proliferated well on functionalized scaffolds, especially 5%PCL-

N3/NTA and 10%PCL-N3/NTA fibrous scaffolds significantly increased cell 

proliferation and formed tight endothelial monolayer. Firm intercellular 

junctions were produced on 5%PCL-N3/NTA and 10%PCL-N3/NTA fibrous 

scaffolds. Furthermore, CAM assay have shown that NTA-functionalized 

scaffolds stimulates angiogenesis blood vessel formation in vivo. Taken 

together, the NTA-functionalized fibrous scaffolds are promising to promote 

cell proliferation and form desirable endothelium, which will be a critical step 

for the success of enhancing angiogenesis in tissue engineering.  
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Supporting Information 

Table S1. Electrospinning parameters for PCL-80K and azide-functionalized fibers: 0%PCL-N3, 

1%PCL-N3, 5%PCL-N3 and 10%PCL-N3

Figure S1. 1H NMR (700 MHz) spectra of the (a) PCL-N3, (b) PCL-OTS, and (c) PCL polymers in 

CDCl3. 
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Figure S2. Fluorescence images of a) 10% PCL-N3 electrospun scaffolds after immersion in the 

6-Aminofluorescence solution, b) 10% PCL-N3 electrospun scaffolds functionalized with Alkyne-

NTA and then labelled with 6-Aminofluorescence. Scale bars are 100 µm. 

 

 

 

 

 
 
Figure S3. SEM images of (a) 1% PCL-N3, (b) 5% PCL-N3 and (c) 10% PCL-N3 nanofibrous 

scaffolds after clicked with alkyne-NTA. Scale bars are 10 µm. 
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Figure S4. Live/dead staining images of HUVECs cultured on (a) 0%PCL-N3 fibrous scaffolds, (b) 

1%PCL-N3/NTA fibrous scaffolds, (c) 5%PCL-N3/NTA fibrous scaffolds and (d) 10%PCL-N3/NTA 

fibrous scaffolds. Scale bars are 100 µm. 

Figure S5. Viability (a) and proliferation (b) of HUVECs cultured for 5 days on different NTA 

functionalized scaffolds (with FBS pre-coating). *P ≤ 0.05. 

a） b） 
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Figure S6. Expression of vWF on HUVECs grown on on (a) 0%PCL-N3 fibrous scaffolds, (b) 

1%PCL-N3/NTA fibrous scaffolds, (c) 5%PCL-N3/NTA fibrous scaffolds, and (d) 10%PCL-N3/NTA 

fibrous scaffolds after 5 days culture. Scale bars are 50 μm.  

Figure S7. SEM images of HUVECs on (a) 0%PCL-N3 fibrous scaffolds, (b) 1%PCL-N3/NTA 

fibrous scaffolds, (c) 5%PCL-N3/NTA fibrous scaffolds and (d) 10%PCL-N3/NTA fibrous scaffolds 

after 5 days culture. Scale bars are 50 μm.  
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Abstract 

Vascular endothelial growth factor (VEGF) plays a vital role to promote the 

attachment and proliferation of endothelial cells, and induce angiogenesis. In 

recent years, much research has been conducted for the functionalization of 

tissue engineering scaffolds with VEGF or VEGF-mimetic peptide to promote 

angiogenesis. However, most chemical reactions are nonspecific and require 

organic solvents, which can compromise VEGF peptide activity. Recent 

advances in the fabrication of functionalizable ‘clickable’ electrospun fibers are 

reported, which showed potentially to solve these problems. In this study, we 

used thiol-ene click chemistry for the conjugation of VEGF peptide to the 

surface of poly (ε-caprolactone) (PCL) fibrous scaffolds. PCL (Mn≈80K) and 

PCL-diacrylates (PCL-DA) with lower molecular weight (Mn≈2K) were mixed 

together for electrospinning. A VEGF-mimetic peptide was then immobilized 

on PCL-DA fibrous scaffolds by thiol-ene click reaction. 7-Mercapto-4-

methylcoumarin was used to validate the thiol-ene click reaction with fibrous 

scaffolds. Fluorescence labeling of PCL-DA scaffolds after the click reaction 

indicated the success of the surface coupling. In particular, patterned 

structures were clearly observed after using a photomask on the fibrous film. 

Moreover, in vitro studies indicated that scaffolds functionalized with VEGF 

peptide are able to maintain higher HUVECs survival compared with 

unfunctionalized scaffolds. Proliferation and immunofluorescent staining 

analysis showed that cells could attach, spread and proliferated well on 

scaffolds, expressing several specific endothelial markers. A CAM assay 

further indicated that the VEGF peptide functionalized scaffolds are able to 

promote angiogenesis in vivo. Together, these results suggest that the 

functionalized VEGF peptide-scaffolds have potential for vascular tissue 

regeneration.  

Key words: electrospun; fibrous scaffolds; thiol-ene click; VEGF peptide 
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Introduction 

Angiogenesis plays a pivotal role in tissue engineering and regenerative 

medicine for the successful survival of critical sized biological constructs [1-3]. 

During tissue regeneration, blood vessels can supply oxygen and nutrients to 

sustain cell viability [4, 5]. Cells located away from blood vessel suffer from 

hypoxia and apoptosis [6, 7]. In the absence of blood vessels, the removal of 

cell waste products is limited, resulting in their local accumulation which trigger 

inflammatory responses [6, 8]. A highly organized vascular network is required 

for engineered tissues. To promote the formation of vascular network, many 

strategies have been developed. One of the most promising approaches is 

the immobilization of growth factors or peptides on scaffolds to stimulate 

neovascularization [9]. Among those growth factors, vascular endothelial 

growth factor (VEGF) has been the most potential angiogenic promoter [10], 

stimulating endothelial cell recruitment [11], proliferation [12, 13], and 

differentiation [14], and the formation of blood vessels [15]. However, VEGF 

was not applied widely because of its high costs, difficulties of manufacturing 

and the possibility of an immune response [16, 17]. An alternative approach 

has been to use VEGF-mimetic peptides [18-20]. To this end, D’Andrea et al. 

[21] designed a VEGF-mimetic peptide, QK (domain: KLTWQELYQLKYKGI),

reproducing the helix region 17-25 of VEGF, and showed the ability to activate 

VEGF receptors and similar bioactivity to VEGF. QK peptides provided many 

advantages including smaller molecular weight, possible to use in chemical 

reactions, low immunogenic potential, and cost-effectiveness by synthesis [17, 

19-22]. This peptide promoted the attachment and proliferation of endothelial

cells, and most importantly, induced capillary network  formation [21, 23]. 

Leslie-Barbick et al. also reported that QK peptide is easier to conjugate or 

immobilize into poly(ethylene glycol) hydrogels than VEGF because it could 

diffuse faster and thoroughly into the scaffolds [20].  

Scaffolds should be biodegradable, biocompatible and have native-like 

mechanical properties and a fibrillary structure that can mimic the structural 
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and functional properties of the natural extracellular matrix (ECM) [8, 24]. 

Significant progress has been made in the development of ECM-mimicking 

scaffolds for tissue engineering, primarily focusing on improving micro- and 

nano-fabrication techniques [25]. Among many scaffolds fabrication 

methodologies, electrospinning has received much attention, due to the fact 

that it is a simple and cost-effective polymer processing technique widely used 

to produce micro and nanostructured fiber materials with a large surface to 

volume ratio [26-28]. By controlling the parameter of electrospinning process, 

such as high voltage, flow rate and working distance, the morphologies, 

diameters and pore size of nanofibers can be successfully controlled [29, 30]. 

It has been reported that the fibrillar structure of fibrous scaffolds with micro 

or nano diameter mimics the morphological features of ECM, provides a viable 

environment for cell adhesion, proliferation, migration, and differentiation [31, 

32].  

Motivated by the versatile electrospinning approach for ECM mimicking 

micro/nano fibrous scaffolds fabrication and the unique contributions of VEGF-

mimetic peptide in angiogenesis, we prepared electrospun VEGF peptide-

functionalized PCL nanofibrous scaffolds to form bioactive scaffolds for 

vascular tissue engineering. Several methods can be found in literature 

describing the immobilization of a peptide to a targeted surface or scaffold, 

such as covalent conjugation chemistry [33-35] or the use of a crosslinker and 

binding tags [36, 37]. However, these chemical reactions are nonspecific, 

possess limited efficiency and often require organic solvents that can 

compromise VEGF activity or the mechanical stability of the scaffolds [22, 38]. 

“Click” chemistry is an attractive alternative because of the simple reaction 

conditions, high reaction rate, high yields and functional group tolerance [39-

41]. Several “click” methods including radical thiol-ene [42], copper-catalyzed 

azide alkyne cycloaddition (CuAAC) [43, 44], strain-promoted azide–alkyne 

cycloaddition (SPAAC) [45, 46], Diels−Alder addition [47] and Michael 

additions [48] have been employed for nanofiber modifications [49]. The thiol-

ene reactions provide an attractive and effective method for functionalization 
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because the reaction involves thermal or photochemical generation of free-

radicals. The UV-initiated thiol-ene click was found to preserve the emissive 

color integrity of poly(fluorene) films and allowed for facile photopatterning of 

the active polymer layer [42]. Here, we used thiol-ene click chemistry to 

introduce the VEGF-mimetic peptide on electrospun scaffolds. In the present 

work, we 1) synthesized “ene”-containing polymer with low molecular weight 

(PCL-diacrylates; PCL-DA; Mn≈2000g/mol), blend it with a high-molecular-

weight PCL (Mn≈80 000 g/mol) for the fabrication of the “clickable” 

electrospun fibers; 2) designed VEGF peptides with a thiol group by coupling 

with a cysteine; 3) and finally applied the radical thiol-ene reaction to 

immobilize the VEGF-mimetic peptide on the fibrous scaffolds. In addition, 

human umbilical vein endothelial cells (HUVECs) were seeded on 

functionalized scaffolds and cultured under starving medium and endothelial 

growth medium in order to determine the VEGF-peptide signaling capacity of 

the scaffolds.  

Materials and methods 

Poly(ε -caprolactone) (PCL, Mn≈80 000 g/mol), Poly(ε -caprolactone) (PCL-

2k, Mn≈2 000 g/mol), trimethylamine, acryloyl chloride, 7-Mercapto-4-

methylcoumarin and all organic solvents were purchased from Sigma Aldrich 

and used without further purification. 

Synthesis of PCL-diacrylates (PCL-DA) 

4.0 g of PCL-2k diol was dissolved in 40 mL of benzene and then reacted with 

0.63 mL of trimethylamine and 0.37 mL of acryloyl chloride. The mixture was 

electro-stirred at 80°C for 3 h in a 250 mL three-necked flask, after which the 

triethylamine hydrochloride was removed by filtration. Finally, the mixture 

were precipitated in n-hexane and dried in a vacuum at 40°C under reduced 

pressure for 24 h to produce the powdered form of PCL-DA. The final product 

was characterized by 1HNMR and stored at -20°C until use. 
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Preparation of electrospun PCL-DA fibers 

A high molecular weight of PCL and a lower molecular weight of PCL-DA were 

blended in different ratios (10, 30, and 50 wt % of PCL-DA as described in 

Table S1) to give a final concentration of 20 wt % polymer in a solvent mixture, 

respectively. All polymer solutions were prepared in chloroform-

dimethylformamide (CHCl3:DMF=4:1). After mixing for at least 10 h, the 

solution was loaded into a 5mL BD plastic syringe equipped with a stainless 

steel blunt-ended needle. The polymer solution was delivered to the needle 

via a silicon feed line with a constant flow rate of 1 ml/h using a syringe pump 

(Harvard Apparatus PHD 2000). The working distance between the needle 

and conductive aluminum collector was fixed at 20 cm. The high-voltage 

power was set at 20kV. The environmental parameters were held constant 

and were similar for all of the experiments (T ≈ 25℃, H ≈ 35%). 

Fluorescent dye immobilization on fibers using thiol-ene reaction  

7-Mercapto-4-methylcoumarin was used to validate thiol-ene click reaction 

with 30% PCL-DA fibrous scaffolds. Fibrous mesh were covered with 1mL of 

ethanol-water (1:1) solution containing 7-Mercapto-4-methylcoumarin (2 

mg/mL) in a petri dish. The petri dish were exposed to UV light for 10 min (365 

nm, intensity 10mW/cm2). The control group was treated in dark for the same 

time. After the reaction, the sample was washed with excess ethanol-water 

(1:1) solution to remove the unbound dye. Fluorescence was observed with a 

fluorescent microscope (Nikon Eclipse Ti-S) and then quantified by UV-Vis 

spectrophotometer (UV-Vis Cary60; Agilent). Each of the absorption bands 

were monitored by Fourier-transform infrared spectroscopy (ATR-FTIR; 

Bruker). The variation in molecular weight of 30%PCL-DA was determined 

from gel permeation chromatography (GPC).  

Patterning solutions consisted of 2 mg/mL 7-Mercapto-4-methylcoumarin in 

an ethanol-water (1:1) solution. 30%PCL-DA fibrous scaffolds containing the 

desired solution were covered with different photomasks and irradiated for 
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10min. Patterned fibrous mesh were placed in ethanol-water (1:1) solution and 

washed 3 times to remove the excess dye. Fluorescence pattern was detected 

by a UV lamp. 

Functionalization of PCL-DA fibrous scaffolds with VEGF peptide 

VEGF peptide (Ac-CGGKLTWQELYQLKYKGI-NH2) (MW: 2090.35; 

ChinaPeptides) was dissolved in ethanol-water (1:1) solution at a 

concentration of 2 mg/ml. The 30%PCL-DA fibrous scaffolds was placed in 

the peptide solution along with a photoinitiator (Irgacure 2959, 0.5 w/v%) at 

room temperature. This fibrous scaffold was then exposed to 10mW/cm2 UV 

for 10min. The active form of the peptide bonded onto PCL-DA fibers is termed 

as ‘‘30%PCL-DA/VEGF pep” fibrous scaffolds. 

Characterization of electrospun fibers 

The morphology and diameter of the PCL-DA electrospun fibers was observed 

by scanning electron microscopy (SEM; XL30; Philips). The diameter of 

electrospun fibers were determined by Image J. The morphological change of 

the fibers after binding with click reaction was also examined.  

Cell culture 

HUVECs were purchased from Lonza and cultured in endothelial growth 

medium (EGM, Lonza) containing EBMTM-2 basal medium (CC-3156) and 

EGMTM-2 SingleQuotsTM supplements (CC-4176), according to the 

manufacturer’s protocol. HUVECs between four and eight passages were 

used in this study. The culture medium was refreshed every 2 days and the 

cells were cultured at 37 ℃ in a humidified 5% CO2. 

The electrospun scaffolds (diameter: 15 mm) were sterilized by 70% ethanol 

for 30min and then dried under a biosafety flow hood. The sterilized scaffolds 

were placed on a 24-wellplate and fixed by O-rings (ERIKS). After washing 

with sterilized water, the scaffolds were coated using Matrigel® (1:150 dilution 
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in EBM) overnight in order to increase cell attachment. HUVECs (2×104) were 

then seeded on the scaffolds, and incubated with 5% CO2 at 37 ℃. 

Cell survival and proliferation assays 

To evaluate cell survival on 30%PCL-DA and 30%PCL-DA/VEGF pep fibrous 

scaffolds, endothelial basal media (EBM) without growth factors was used to 

induce a starvation condition. After seeding on scaffolds, cells were cultured 

in a growth-factor-free setting for cell viability and DNA assays. Cell viability 

was tested by the PrestoBlue™ reagent (Fisher Scientific). Briefly, at 1, 3, and 

5 days after cell seeding, 500 µl of PrestoBlue medium at a dilution of 1:10 

with EBM media were added to each sample and incubated at 37℃ with 5% 

CO2. 30min later, 100 µL of media were transferred to 96-well plate to 

measure absorption value at a wavelength of 590 nm using a microplate 

reader (CLARIOstar, BMG Labtech). Cell proliferation on cell-scaffolds was 

evaluated with CyQUANTTM Cell Proliferation Assay Kit (Thermo Fisher 

Scientific) according to the manufacturer’s protocol. Briefly, the cells 

harvested after 1, 3, and 5 days were washed with PBS and digested 

overnight with 250 µl Proteinase K in Tris/EDTA solution at 56 ℃. After freeze-

thawing samples for 3 times, the digested solutions were then transferred into 

a black 96-well plate. A 40 µl of lysis buffer was added into each well and 

incubated for 1h. Finally, the cell lysate were stained with 80 µl GR dye for 

15min at room temperature. Fluorescent intensity was measured at an 

excitation/emission of 450/520 nm using microplate reader. A standard curve 

of DNA content was obtained using serially diluted λDNA with the 

concentration ranging from 0 to 1 µg/ml. 

The cell proliferation on 30%PCL-DA and 30%PCL-DA/VEGF pep fibrous 

scaffolds was evaluated by using endothelial growth media without VEGF 

(EGM-VEGF) to assess the specific effect of VEGF peptide. Cell viability and 

proliferation was tested by the PrestoBlueTM reagent and CyQUANTTM Cell 

Proliferation Assay Kit as described above.  
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VEGFR1 and VEGFR2 phosphorylation ELISA assays 

The concentrations of phosphorylated VEGF receptor 1 (VEGFR1) and VEGF 

receptor 2 (VEGFR2) were assayed by using Human Phospho-VEGFR1 and 

Human Phospho-VEGFR2 DuoSet IC ELISA kits (R&D Systems). First, 

HUVECs were seeded on 30%PCL-DA and 30%PCL-DA/VEGF pep fibrous 

scaffolds, then cultured in EBM without any serum or growth factor. After 

incubating 5h and 24h, cells were washed with PBS twice. Cells were 

solubilized in lysis buffer following the recommended protocol from R&D. 

100µL of sample and controls were added to the pretreated 96-well plates and 

incubated for 2 h at room temperature. After washing with wash buffer, 100 µL 

of detection antibody conjugates were added and placed under dark for 2h. 

The well plate was carefully aspirated and washed by wash buffer. A 100 µL 

of substrate solution was added to each well and incubated for 20 min in the 

dark. The reaction was stopped by the addition of 2 N H2SO4. A plate reader 

was used to determine the optical density in each well at a wavelength of 

450 nm.  

Immunostaining 

After 5 days culture, HUVECs on scaffolds were fixed using 4% formaldehyde 

for 30 min at room temperature. Subsequently, cells were stained with Alexa 

Fluor® 568 phalloidin and endothelial markers (anti-CD31, anti-vWF and anti-

eNOS). The samples were permeabilized in PBS containing 0.1% Triton-X 

100 for 15 min and then washed with PBS for 3 times. After blocking with 5% 

goat serum for 1 h, the samples were incubated with the primary antibodies 

(1:200 dilution in blocking solution) overnight at 4°C. The samples were 

washed by washing buffer (contain 0.05% Tween 20 and 1% BSA in PBS) for 

3 times, then secondary antibodies (goat-anti mouse, Alexa Fluor 488, 1:200 

dilution in washing buffer) were added and incubated for 1h in dark. Finally, 

the samples were stained with DAPI and imaged with a fluorescence 

microscope (Nikon Eclipse Ti-S) after washing with PBS. 
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Chick Chlorioallantoic membrane assay  

To assess the bioactivity and angiogenesis of functionalized scaffolds in vivo, 

the chick embryo chorioallantoic membrane (CAM) assay has been performed. 

In brief, fertilized chicken eggs (provided by Het Anker B.V., Netherlands) 

were placed in an incubator as soon as embryogenesis started and kept under 

50-55% humidity at 37 °C. After 3 days of incubation, a square window of 1 

x1.5 cm2 was opened with a rotary tool (Dremel) on the shell and then sealed 

with adhesive tape. On day 10, VEGF peptide functionalized scaffolds with 

diameter of 4mm were placed on the surface of the egg membrane (10 eggs 

for each group). After 4 days, the vessels surrounding the scaffold was 

visualized under a Leica microscope. A change in vessel number and vessel 

area around fibrous scaffolds was quantified by using Image J. This change 

in vascularization implies an effect of functionalized scaffolds on angiogenesis 

in vivo. 

Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 8 software. All data 

are expressed as mean ± standard deviation (SD). Data were statistically 

analyzed by one-way analysis of variance, column values were compared with 

the control values using Student's t-test. A probability value of less than 0.05 

was considered significantly different. Levels of significance were as follows: 

*P ≤ 0.05, **P ≤ 0.005, ***P ≤ 0.0005. 

Results and Discussion 

Characterization of PCL-diacrylates (PCL-DA) 

The formation of PCL-diacrylates was confirmed through 1H-NMR 

spectrometer. As shown in 1H-NMR spectrum (Figure S1), the CH2=CH- 

signals of the PCL-diacrylates was present in the δ 5.80-6.45 ppm range, 

which is consistent with other literature [50-52]. The detail of vinyl groups is 

shown below: 1H NMR (700 MHz, CDCl3) δ 6.41 (dd, J = 17.4, 1.1 Hz, 1H), 
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6.13 (dd, J = 17.3, 10.4 Hz, 1H), 5.83 (dd, J = 10.5, 1.1 Hz, 1H). From the 1H-

NMR results, the hydroxyl groups in PCL were successfully converted to vinyl 

groups of PCL-DA after reacting with acryloyl chloride.   

Figure 1. Micro- or nano- structure of electrospun fibrous scaffolds; (a and d) 10%PCL-DA, (b 

and e) 30%PCL-DA, and (c and f) 50%PCL-DA at low (top) and high (bottom) magnifications. 

Scale bars are 100μm (a-c) and 10μm (b-d).  

Fabrication of PCL-DA-Incorporated electrospun PCL fibers 

To investigate the effect of PCL-DA (Mw=2K) on fiber morphology, different 

percentages of PCL-DA were incorporated into PCL solution and the 

concentrations of the total polymer solution was fixed to be in 20% (Table S1). 

The morphology of the formed fibrous scaffolds was observed by SEM (Figure 

1). It is clear that with higher percentage of PCL-DA, the fibrous scaffolds 

displayed smaller fibers. After more PCL-DA was added, the average dimeter 

of PCL fibers decreased from 1.71 ± 0.18 to 0.49 ± 0.23 μm, suggesting that 

the diameter of PCL fibers decreased after mixing with lower molecular weight 

PCL-DA (Figure S2a). Moreover, 10% PCL-DA and 30% PCL-DA fibrous 

scaffolds showed more uniform fiber morphology compared to 50% PCL-DA 

scaffolds. Our finding that fiber diameter decreases with the decline of 

molecular weight was also studied in literature. Tao et al. reported that at a 

fixed concentration, the polyvinylalcohol (PVA) fiber diameter decreased as 

the molecular weight was decreased [53]. When the molecular weight 
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decreased, the solution viscosity decreased significantly. During the 

electrospinning process, the low surface tension produced by the low viscosity 

of the polymer solution could results in smaller fibers. 

Figure 2. (a) Thiol-ene click reaction between 7-Mercapto-4-methylcoumarin and PCL-DA. (b) 

Fluorescence images and (c) FTIR spectra of fibrous scaffolds before and after click reaction. 

Scale bars are 100 μm. 

Surface modification of PCL-DA fibers 

The availability of “clickable” groups on the fiber surfaces was demonstrated 

using a thiol-containing fluorescent dye. Figure 2a illustrated how 7-mercapto-

4-methylcoumarin was labeled onto PCL-DA fibrous scaffolds by the radical

thiol-ene reaction. Fluorescence images were captured from the 30% PCL-

DA fibers after thiol-ene reaction in the solution of 7-mercapto-4-

methylcoumarin. Compared to the reaction groups, the fluorescence in the 

controls was much weaker. The results demonstrated successful modification 

with 7-mercapto-4-methylcoumarin onto PCL-DA fibrous scaffolds (Figure 2b). 

Fluorescence labeling of 30%PCL-DA fibers with thiol dye proved that the -

ene groups are surface-localized as well as available for click-chemistry 

coupling. After thiol-ene click modification, SEM images showed that the PCL-

DA fibers maintained their fiber morphology (Figure S2b-c). This observation 
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proved the click reaction worked quite well on PCL-DA scaffolds without 

changing fiber morphology.  

The success of fluorescence dye coupling was furthered verified via FTIR 

spectroscopy. The “C=C” stretch peak is not visible after reaction (Figure 2c 

purple line), while much stronger signals of benzene were found for the latter, 

indicating the complete conversion of the -ene groups within the limits of FTIR 

detection. This clearly corresponds to a successful click event where a C-S-C 

linkage is formed between PCL-DA and 7-mercapto-4-methylcoumarin. 

Conjugation of fluorescence dye to PCL-DA fibrous scaffolds was also 

confirmed via GPC (Figure S3), which demonstrated that the low-molecular 

weight peak of PCL-DA have the strong absorbance of 7-mercapto-4-

methylcoumarin at 358nm. In addition, the molecular weight of PCL-DA 

showed a small increase after reaction with 7-mercapto-4-methylcoumarin. 

The click chemistry results with a fluorescence dye proved that “clickable” 

groups on the fiber surface are also available for further click functionalization. 

Unlike many functionalization methods, this blend and click approach do not 

need specific solvents which may destroy the morphology of fibers. Therefore, 

this surface functionalization approach provides an opportunity to couple 

VEGF mimicking peptides, among other biological factors, on the surface of 

PCL-DA fibers without interfering with the fiber morphology.  

The effect of time and PCL-DA concentration on click reaction 

As shown in Figure 3a, with increasing of the reaction time, the fluorescence 

intensity increased rapidly at first until 10min and then further increased 

gradually reaching a relative high point after 30 min. Therefore, 10 min was 

chosen as the effective reaction time for further investigation. Without the UV 

exposure, the control group showed no specific absorbance under 

fluorescence dye, indicating that the PCL-DA were intact during this process 

and no obvious physical absorption was found in 30 min.  

Figure S4a showed the fluorescence spectra at different concentrations of 7-

mercapto-4-methylcoumarin. The corresponding regression equation was 
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shown in Figure S4b. Quantification of double bonds available at the surface 

of different PCL-DA fibrous scaffolds was calculated from the calibration curve. 

In Figure 3b, it can be seen that the amount of 7-mercapto-4-methylcoumarin 

immobilized on the surface increased with increased blend ratio of PCL-DA. 

Obviously, the higher blend ratio of PCL-DA resulted in the greater amount of 

surface -ene, providing more functional group for fluorescence dye or peptide 

coupling on the surface. This result showed the possibility to precisely control 

the reaction by changing the percentage of PCL-DA. Although the 50%PCL-

DA fibrous scaffolds contained the highest clickable group, the obtained fiber 

diameter were quite small and less uniform compared with 30%PCL-DA 

scaffolds. Finally, 30% PCL-DA fibrous scaffolds were chosen for later in vitro 

and in vivo studies. 

Figure 3. (a) The effect of reaction time on the fluorescence increase of 30% PCL-DA fibrous 

scaffolds. The control group is the reaction group without UV treatment. Excitation wavelength: 

335 nm. (b) Quantification of 7-Mercapto-4-methylcoumarin reacted with per 10, 30 and 50% of 

the PCL-DA electrospun scaffolds, respectively.  

Photopatterning of PCL-DA fibrous scaffolds 

To demonstrate UV-regulated the process of fiber functionalization, we 

performed photopatterning experiments to generate fluorescence patterns 

using photo masks (Figure 4a). This photopatterning strategy is based on the 

advantage of using the photochemically promoted radical thiol-ene click, so 

that conjugation of 7-mercapto-4-methylcoumarin under UV exposure through 

a photomask was probed. Figure 4b showed the resulting fluorescent pattern 
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after thiol-ene click on 30% PCL-DA fibrous scaffolds, where the bright-blue 

regions are areas of clicked polymer fluorescing under UV light. Dark regions 

were masked during reaction, and the unbound dye was washed off with 

ethanol. As a demonstration, various patterns were achieved on the 30% PCL-

DA fibrous scaffolds by UV illumination through different photomasks (Figure 

4c). The photopattern approach based on thiol-ene click was also reported by 

other researchers [42]. However, this study did not show the possibility of 

performing photopatterning on fibrous scaffolds. Our study successfully 

proved that this simple and effective approach could be used on PCL-DA 

fibrous scaffolds. The ability to use thiol-ene chemistry creating any spatial 

functionalization of PCL-DA fibrous films is a significant advantage, which 

could be used for the partial functionalization of bioactive molecules on fibrous 

scaffolds.   

 

Figure 4. (a) Photopatterning steps of 30%PCL-DA fibrous scaffolds with 7-Mercapto-4-
methylcoumarin. (b) Images of mask and photopatterned fibrous scaffolds and (c) different 
mask and photopatterned fibrous scaffolds. 
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Figure 5. Effect of VEGF peptide immobilizing on HUVECs survival under nutrient starvation 

conditions. Viability (a) and DNA content (b) of HUVECs cultured for 5 days on 30% PCL-DA and 

30% PCL-DA/VEGF pep fibrous scaffolds. (**P ≤ 0.005) 

HUVECs survival on 30% PCL-DA/VEGF pep scaffolds under 

starvation conditions 

HUVECs were cultured on the 30% PCL-DA and 30% PCL-DA/VEGF pep 

scaffolds under nutrient starvation conditions to evaluate the effect of VEGF 

peptide on cell survival. Cell viability was evaluated by using the PrestoBlue 

assay at 1, 3 and 5 days. Figure 5a demonstrates that cell viability on both 

scaffolds was similar after 1 day of culture. Cell viability for both scaffolds 

decreased after 3 days’ incubation under starvation conditions, whereas no 

significant decrease was identified at day 5. In addition, cell survival was 

determined using a CyQUANT™ Cell Proliferation Assay Kit to measure total 

DNA content. Results showed that DNA content for both groups gradually 

decreased over 5 days (Figure 5b). The DNA content of both scaffolds was 

the same at day 1. After 3 days’ incubation under nutrient starvation conditions, 

both scaffolds experienced extensive cell death. The DNA content at day 5 on 

the 30% PCL-DA scaffolds was 24.4% of its day 1 value, while it was 29.6% 

for the 30% PCL-DA/VEGF pep scaffolds. The DNA content on VEGF peptide 

functionalized scaffold was significantly higher than that on the control scaffold 

at day 3 and day 5, indicating that VEGF peptide on scaffolds increased 

HUVECs survival. These observations also supported that VEGF peptide was 
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successfully immobilized onto the scaffolds. During implantation of 

engineered tissue, cell survival may be limited if the implantation site is not 

well vascularized or angiogenesis is not timely formed. Poor cell survival is 

directly related to the nutrient starvation environment. Efforts employing pro-

survival growth factors or peptide functionalized scaffolds have been tried to 

improve cell survival. We hypothesize that using prosurvival VEGF peptide 

scaffolds to maintain endothelial cell survival until forming angiogenesis may 

be a strategy to solve this problem. 

Tris(2-carboxyethyl)phosphine (TCEP) is a commercially reducing agent to 

break Cys-Cys bridge, and used as co-reactant for the thiol-ene click of 30% 

PCL-DA fibrous scaffolds with VEGF peptide. However, we compared cell 

survival on VEGF peptide functionalized scaffolds with and without TCEP 

catalyst. No differences were observed (data not shown). Therefore, TCEP 

was not added into reaction solution in the following experiment.  

VEGFR1 and VEGFR2 phosphorylation assay on the scaffolds 

In order to further detect biological signaling of VEGF peptide from the 

functionalized scaffolds, HUVECs were cultured on 30% PCL-DA and 30% 

PCL-DA/VEGF pep scaffolds, and then stimulated to produce phosphorylated 

VEGF receptor 1 (ph-VEGFR1) or phosphorylated VEGF receptor 2 (ph-

VEGFR2). Quantification of phosphorylated VEGFR1 and VEGFR2 (Figure 

S5) showed that HUVECs on 30% PCL-DA scaffolds after 5h produced a 

small amount of phosphorylated VEGFR1; HUVECs on the 30% PCL-

DA/VEGF pep scaffolds had a slightly higher level of phosphorylated VEGFR1 

than that on unfunctionalized scaffolds. However, such difference 

disappeared on phosphorylated VEGFR1 after 24h and no difference were 

noticed phosphorylated VEGFR2 after 5h and 24h. These data indicated that 

VEGF peptide from the 30% PCL-DA/VEGF pep scaffolds have a slight effect 

on VEGFR1 phosphorylation at 5h, while no significant effect on VEGFR2 

phosphorylation. These results were also confirmed by immunostaining of ph-

VEGFR1 and ph-VEGFR2 (Figure S5a-d). HUVECs cultured on both scaffolds 
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could express ph-VEGFR1 and ph-VEGFR2. Ph-VEGFR1 staining showed 

slightly higher fluorescence on VEGF-pep functionalized scaffolds. According 

to these results, the functionalized VEGF-pep fibrous scaffolds demonstrated 

no significant effect on VEGFR1 and VEGFR2 phosphorylation at 5 h and 24h. 

Webber et al. reported that the effect of VEGF peptide amphiphile on VEGFR1 

and VEGFR2 phosphorylation only increased in the first 10 min, followed by a 

decrease of stimulation until 60 min[54]. Maybe this study could explain the 

reason why we could not find significant effect on VEGFR1 and VEGFR2 

phosphorylation. In our experiment, the VEGF peptide is coupled on fibrous 

scaffolds. After scaffold seeding, the cells were quickly exposed to the VEGF 

peptide environment, but they also need more than 60 min to attach on 

scaffolds. Therefore, it is hard to detect the time-dependent stimulation of 

VEGF-pep scaffolds on VEGFR1 and VEGFR2 phosphorylation in the first 

hour of the seeding procedure.  

HUVECs proliferation on 30% PCL-DA/VEGF pep scaffolds 

HUVECs were seeded on 30% PCL-DA and 30% PCL-DA/VEGF pep 

scaffolds and allowed to proliferate in EGM without VEGF (EGM-VEGF) 

medium. After 1, 3 and 5 days of culture, cell viability and proliferation were 

evaluated. As shown in Figure S6, we consistently noticed an increase in cell 

viability and DNA content on both scaffolds during culture time. However, no 

significant difference between 30% PCL-DA and 30% PCL-DA/VEGF pep 

scaffolds could be observed. Except VEGF, endothelial growth medium 

contain other growth factors, such as hFGF-B, R3-IGF-1 and hEGF, which are 

well known to influence endothelial cell proliferation. The results illustrated that 

the introduction of VEGF peptide on the fibrous electrosupn PCL scaffolds did 

not influence the proliferation of HUVECs when culture in EGM-VEGF medium, 

which is probably due to the positive effect of the other growth factors on 

HUVECs proliferation, as explained above, thus covering the effect of VEGF 

peptide.  
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Overall, the high relative increase of cell viability and DNA content during 5 

days culture indicated that both scaffolds were biocompatible, non-cytotoxic, 

and could be used as tissue engineering scaffolds for in vivo study. 

Cell morphology and expression of endothelial functional 

proteins on scaffolds 

 
Figure 6. Immunofluorescence staining images showing the nuclei (blue) and the expression of 

F-actin (red), CD31 (Green), vWF (Green) and eNOS (Green) of HUVECs grown on 30%PCL-

DA fibrous scaffolds and 30%PCL-DA/VEGF pep fibrous scaffolds after 5 days. Scale bars are 

100 µm.  

 

In order to observe cell morphology on the scaffolds, DAPI and Phalloidin 

stained cell nucleus and actin filaments was performed after 5 days culture. 

Results clearly showed that all cells spread and adhered to both scaffolds. 

The functional development of HUVECs on scaffolds was analyzed by 

immunostaining of the endothelial proteins, CD31, vWF and eNOS. As seen 

in Figure 6, positive CD31 staining was clearly detected on all HUVECs on 

scaffolds. A vWF dot pattern was observed in small amounts of HUVECs, 

which demonstrated vWF was produced within the cytoplasm of HUVECs 

cultured on both scaffolds. eNOS is a marker for nitric oxide production in 

endothelial cells. All HUVECs stained positive for eNOS, indicating a 

functional cellular phenotype. Taken together, HUVECs on 30% PCL-

DA/VEGF pep scaffolds did not show any considerable visible difference from 
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these immunostaining results as compared to cells seeded on 30% PCL-DA 

scaffolds. However, cells positively stained with endothelial markers (CD31, 

vWF and eNOS) confirmed that HUVECs maintained the endothelial 

phenotype and kept endothelial function when cultured on both scaffolds.  

In vivo CAM assay 

Figure 7. Representative images of (a) 30%PCL-DA and (b) 30%PCL-DA/VEGF pep fibrous 

scaffolds implanted on the CAM after 4 days.  The quantification of (c) vessel area in the images 

and (d) number of vessels around implanted scaffolds. (**P ≤ 0.005) 

A CAM model was used to evaluate whether the VEGF peptide functionalized 

scaffolds could promote angiogenesis in vivo. After fibrous scaffolds were 

implanted on the CAM for 4 days, we saw many vessels growing around 

electrospun scaffolds as shown in Figure 7a-b. For comparison, the total 

vessels area and vessels number were quantified (Figure 7 c-d). 30%PCL-

DA/VEGF pep fibrous scaffolds displayed a slightly higher (1.2%) amount of 

vessels area around scaffolds. However, no significant statistically difference 

compared with 30%PCL-DA fibrous scaffolds was shown (n=10). The 

quantitative results of vessels number indicated that the number of blood 
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vessels surrounding the 30%PCL-DA/VEGF pep fibrous scaffolds (57.9 ± 6.7) 

was significantly higher than that of the 30%PCL-DA fibrous scaffolds (48.0 ± 

6.0) (P=0.003). This means that implantation with 30%PCL-DA/VEGF pep 

fibrous scaffolds led to more small vessel growth surrounding the scaffolds 

compared with control. The result suggests a positive angiogenic response 

from the VEGF peptide functionalized scaffolds in vivo.  

Conclusion 

In conclusion, we reported a new approach for the fabrication of VEGF-

peptide functionalized electrospun scaffolds by using UV-initiated thiol-ene 

click chemistry. Spatial control of the fiber functionalization, an exclusive 

advantage of using the photochemically promoted thiol-ene based 

conjugation strategy, was successfully proved. This functionalization 

approach under mild conditions could maintain fiber morphology and 

mechanical properties of scaffolds. Moreover, cell studies showed that VEGF 

peptide functionalized scaffolds significantly enhanced cell survival compared 

with unfunctionalized scaffolds. However, VEGF peptide functionalization did 

not show significant enhancement on cell proliferation. Immunostaining 

images demonstrated that HUVECs could spread, grow and proliferate well, 

especially maintaining endothelial function on fibrous scaffolds. VEGF peptide 

functionalized scaffolds enhanced angiogenesis in vivo as shown in a CAM 

assay. The advantages of VEGF peptide-factionalized fibrous scaffolds, 

especially including the capacity of photopatterning, make them attractive for 

vascular tissue engineering. 
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Supplementary Information 

Table S1. Electrospinning parameters of different PCL-DA fibers: 10%PCL-DA, 30%PCL-DA and 

50%PCL-DA. 

Figure S1. 1H NMR (700 MHz) spectrum of PCL-diacrylates (PCL-DA) in CDCl3. 
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Figure S2. (a) Fiber diameters of 10%, 30% and 50% PCL-DA electrospun scaffolds. SEM 
images (b and c) of 30%PCL-DA fibers after click conjugation with 7-Mercapto-4-methylcoumarin. 
Scale bars are 100 μm (b) and 20 μm (c). 

Figure S3. GPC trace of PCL, 30%PCL-DA electrpspun fibers and 30%PCL-DA fibers after 
bonding with 7-Mercapto-4-methylcoumarin. 
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Figure S4. (a) UV-Visible spectra and (b) calibration curve as a correlation between absorbance 

to concentration of 7-Mercapto-4-methylcoumarin, dissolved in 1ml 1, 4-dioxane and absorbance 

at 335 nm. 

 

 
 
Figure S5. ELISA assay showing that HUVECs cultured on 30%PCL-DA and 30%PCL-DA/VEGF 

pep fibrous scaffolds induced VEGFR1 and VEGFR2 phosphorylation after 5 hours and 24 hours. 

Fluorescence images stained for Phospho-VEGF Receptor 1/2 and nuclei (DAPI: blue) of 

HUVECs on 30%PCL-DB (a, c) and 30%PCL-DB/VEGF pep scaffolds (b, d) after 1 days culture 

(scale bar: 100 μm). 
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Figure S6. The viability (a) and proliferation (b) of HUVECs on 30%PCL-DA and 30%PCL-
DA/VEGF pep fibrous scaffolds in EGM medium without VEGF during 5 days of culture.  
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Scaffolds for tissue engineering have become more and more important in 

regenerative medicine, which is crucial for the development of advanced 

clinical therapy for those critical tissue damages that do not heal correctly by 

themselves. The key factors for tissue engineering include cells, biological 

factors and scaffolds, which are used alone or in combination to promote and 

guide cell proliferation and differentiation, and consequently tissue 

regeneration. In recent years, many researches have focused on the 

development of novel combinatorial approaches to design bioactive scaffolds 

for tissue regeneration. An ideal scaffold should not only provide an 

appropriate physical environment, which mimics the mechanical and 

structural properties of the target tissue, but also provide growth factor or other 

bioactive molecules to guide cellular behavior. To reach these goals, 

electrospinning is often used, since it is a simple and promising technique for 

the fabrication of biomimetic scaffolds that are capable of mimicking the 

physical properties and structure of natural extracellular matrix (ECM). The 

properties of electrospun nanofiber scaffolds, especially topographical 

features, can be easily controlled by adjusting electrospinning parameters. In 

chapter 2-4, we designed fibrous scaffolds with aligned and honeycomb 

patterns to investigate their effect on endothelial cell activity and organization. 

In addition, as electrospun fibrous scaffolds functionalized with bioactive 

components have been widely used to promote cell repair and tissue 

regeneration, in chapter 5-6 we functionalized fibrous scaffolds with VEGF 

peptide and N-thiocarboxyanhydride (NTA). We then investigated the effect of 

functionalized scaffolds on endothelial cells behavior. Overall, the aim of this 

thesis was to design different fabrication strategies to improve the 

instructiveness of scaffolds based on physical or chemical modifications, 

which could be used to enhance angiogenesis and tissue vascularization.  

Changing structure features of electrospun fibrous 

scaffolds 

In the bone matrix, collagen fibers are arranged in a specific direction (parallel 

to the direction of bone); their parallel-arranged structures are important to 
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provide strength in tension and resistance in bending [1-3]. Many researchers 

attempted to mimic the parallel-orientation of collagen fibers by using aligned 

nanofibers [4, 5]. It was already reported that fiber alignment promotes 

osteogenic differentiation and upregulates the expression of osteogenic 

genes [4]. Moreover, calcium deposition was significantly higher on aligned 

nanofibers compared to that on random fibers [6]. These parallel nanofibrous 

scaffolds showed to support bone regeneration. However, the lack of 

vascularization in scaffolds is still a primary challenge to support long-term 

functions of the regenerated bone [7, 8]. Vascularization is a critical process 

during bone regeneration. The shortage of vascular formation results in 

insufficient supply of oxygen and nutrition, which reduce the survival of the 

tissue-engineered bone. One strategy for improving the survival and 

osteogenesis of tissue-engineered bone involves the co-culture of endothelial 

cells (ECs) with mesenchymal stromal cells (MSCs). In chapter 2, we 

fabricated polycaprolactone (PCL) electrospun fibers with aligned and random 

morphology, co-cultured human MSCs with human umbilical ECs (HUVECs), 

and finally investigated how these two factors modulate the osteogenic 

differentiation of hMSCs. After optimizing cell ratio, a hMSCs/HUVECs 90:10 

ratio was considered to be the best combination for osteogenic differentiation. 

Co-culture results showed that the alignment of fibrous scaffolds strongly 

influenced the morphology and orientation of hMSCs and HUVECs; however, 

fiber alignment was observed to not affect alkaline phosphate activity (ALP) 

or mineralization of hMSCs compared to random scaffolds. More importantly, 

co-cultured cells on both random and aligned scaffolds had significantly higher 

ALP activities than monoculture groups, which indicated co-culture with 

HUVECs provided a larger relative contribution to the osteogenesis of hMSCs 

compared to fiber alignment. Previous studies only investigated the effect of 

aligned topography of nanofibers on hMSCs osteogenic differentiation. For 

example, MSCs on the aligned microfibers exhibited relatively higher 

expression of osteogenic makers (osteocalcin, runx2, osteopontin and 

osteonectin) compared to that on random fiber [9]. Aligned electrospun fibers 
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provide geometrical cues, which promoted calcium deposition of MSCs 

compared to random fibers[6]. Another study however reported that fiber 

alignment guided the orientation of adherent cells, but did not influence 

osteogenic differentiation of hMSCs [10]. Adding the co-culture of HUVECs, 

our results are consistent with observations that the alignment of fibers only 

guide the orientation of tissue, but do not significantly affect osteogenic 

differentiation. Bone regeneration is a complex process, which requires highly 

vascularized bone tissues and distinctive aligned features. However, there is 

no study to look into how these two factors (co-culture with HUVECs and fiber 

alignment) modulate the osteogenic differentiation of hMSCs at same time. 

Our results successfully showed the ability to grow oriented tissue engineered 

co-cultures with significant increases in osteogenesis over monoculture 

conditions. 

Interface tissues display unique gradients in organization, which gradually 

vary from one side to another [11, 12]. Structural gradients can be found 

mainly in interface tissues [13, 14], such as bone-cartilage interfaces [15], 

dentino-enamel junctions [16], tendon-bone [17] and ligament-bone tissues 

[18]. Gradient scaffolds have been developed and applied to mimic complex 

gradients found in native tissues [19, 20]. Gradient scaffolds could provide 

cues similar to the native environment and may guide stem cells to migrate 

[21] or differentiate toward the targeted tissue to be regenerated [13, 17, 22].

Most of the conventional scaffolds reported in tissue engineering have uniform 

composition and pore sizes, which lack the structural complexity to regenerate 

specific tissue [12]. Gradient scaffolds are generally more difficult to fabricate 

than uniform or homogenous biomaterials [23]. Some studies have 

investigated the fabrication of uniform honeycomb fibrous meshes by 

electrospinning [24], yet honeycomb fibrous meshes with gradients in pore 

sizes have not been reported. Many researchers created electrospun 

honeycomb meshes by using templates. In a previous study, Zhang et al. 

reported the fabrication of electrospun mats with controllable architectures 

and patterns by using electroconductive templates [25]. Electrospun 
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nanofibers could be organized into honeycomb-like pattern, which is strictly 

controlled by the honeycomb collectors. Another study demonstrated that the 

generation of nanofibrous patterns by self-deposition of electrospun 

nanofibers onto a honeycomb pattern was possible [26]. This phenomenon is 

attributed to large electrical fields, which produce more electrostatic repulsion 

and drive fiber clusters to form the honeycomb pattern. All these studies used 

for selective deposition only produced a well-formed honeycomb pattern with 

different size. Honeycomb fibrous meshes with gradients in pore sizes have 

not been fabricated. In chapter 3, we show a simple, versatile and effective 

approach to generate gradient honeycomb patterns in nanofibrous meshes. 

Using this self-assembly approach, we can readily fabricate nanofibrous 

meshes with gradient honeycomb patterns, which have never been previously 

reported. Different honeycomb patterns were successfully fabricated by 

controlling the electrospinning conditions. The working distance was found to 

be the most important factor for the formation of gradient honeycomb 

structures. At a smaller working distance of 12 cm, gradients honeycomb 

patterns were successfully fabricated in nanofibrous scaffolds. The decrease 

of working distance largely leads to increase the electrostatic force, 

consequently generating gradients in electric field. After the gradient in electric 

field formed on the collecting plate, we found that the honeycomb size varied 

radially with the largest pores in the central area and the smaller pores at the 

boundary of the collected meshes. The pore diameter of the obtained gradient 

honeycomb structures spanned a range from 800 μm to 300 μm. The average 

depth of gradient honeycombs was 123 ± 56 μm. Our approach fabricating 

honeycomb nanofibrous meshes with controllable diameter and 3D structure 

should be adaptable for tissue regeneration. Their gradient porosity makes 

them particularly attractive for the regeneration of interface tissue. 

Blood vessels are generated by two consecutive processes, vasculogenesis 

and angiogenesis [27]. It is reported that fusion of blood-islands leads to the 

vasculogenesis of honeycomb-shaped primary capillaries [28]. During 

angiogenesis, endothelial cells can form honeycomb-like network that 
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simulate tube formation [29, 30]. The presence of a honeycomb-like vascular 

structure indicates that vasculogenesis and the initial steps of angiogenesis 

proceeded normally [31]. Therefore, honeycomb network of ECs is a very 

important morphogenetic step in vascular development and can be used to 

indicate both vasculogenesis and angiogenesis. Previous studies have shown 

that ECs assemble into tube-like morphology, which was regulated by the 

geometrical distribution of materials [32, 33]. Although those studies have 

proved the effect of geometrical control on ECs tubular formation [32-36], 

these works were only performed on micropatterned stripes substrates to 

guide single tube formation without interconnection between each tubes, and 

often introduced biological factors (growth factor or peptide) on the surface of 

substrates. Inspired by the capillary network formation of ECs, in chapter 4 

we show a simple, versatile and effective self-assembly approach to generate 

honeycomb patterns in nanofibrous scaffolds. We successfully fabricated 

nanofibrous scaffolds with honeycomb structures by this approach and then 

investigated cell behavior on the scaffolds. Our results showed that 

honeycomb nanofibrous scaffolds promoted cell proliferation and regulate 

HUVECs morphogenesis into capillary-like structures. Honeycomb pattern is 

an additional topography to electrospun nanofibrous meshes, which could 

afford specific cues for endothelial cells. The addition of micro-/nanotextured 

topographies to materials could effectively activate angiogenic signaling 

pathways, which are crucial in the process of endothelial angiogenesis [37, 

38]. The results obtained in the present investigation, therefore, supported that 

the geometries of the honeycomb patterns might also activate angiogenic 

signaling pathways in HUVECs in response to geometric cues, thus helping 

in the formation of capillary networks. The guided organization via honeycomb 

nanofibrous scaffolds could be utilized for tissue engineering that demand the 

formation of capillary networks. 

Chemical functionalization of electrospun fibrous scaffolds 

Hydrogen sulfide (H2S), a unique gasotransmitter, has been considered as a 

significant physiological and pathological signaling gas, which can promote 
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and modulate angiogenesis [39, 40]. Sulfide salts, such as sodium 

hydrosulfide (NaSH) and sodium sulfide (Na2S), are the most widely used 

class of H2S donors in biological studies [41-43]. Normally, angiogenesis is a 

process that last for more than few hours or days; however, sulfide salts only 

result in the burst release of H2S and could not produce H2S in a slow and 

continuous way like in vivo [44-46]. The group of Matson reported the use of 

N-thiocarboxyanhydrides (NTAs) as Carbonyl sulfide (COS)/H2S donor [47].

NTAs release COS in the presence of primary amines and the ubiquitous 

enzyme carbonic anhydrase (CA) catalyzes the hydrolysis of the released 

COS into H2S, resulting in a certain degree of controlled release. Such an 

approach could be appealing when combined with surface functionalization, 

so to modulate the release of H2S in time, compared to other conventional 

H2S donors approaches present in literature [48-50]. In chapter 5, we 

prepared electrospun PCL-N3-incorporated PCL fibrous scaffolds to form 

clickable scaffolds and then bond alkyne-NTA on scaffolds by azide-alkyne 

click conjugation. To evaluate cell compatibility, adhesion, spreading and 

proliferation, human umbilical vein endothelial cells (HUVECs) were cultured 

on different NTA-functionalized scaffolds, as well as on non-functionalized 

scaffolds for comparison. The 5%PCL-N3/NTA and 10%PCL-N3/NTA fibrous 

scaffolds were observed to better support cell proliferation and form confluent 

endothelial monolayer. Moreover, VE-Cadherin staining demonstrated that 

firm intercellular junctions were formed on 5%PCL-N3/NTA and 10%PCL-

N3/NTA fibrous scaffolds, which would be beneficial for generating a stabilized 

confluent endothelial monolayer and the integrity of the endothelium. A 

chicken chorioallantoic membrane (CAM) assay on NTA-functionalized 

scaffolds showed an increase in vascular growth in vivo.  Therefore, we 

conclude that our NTA-functionalized scaffolds could be potentially used to 

promote angiogenesis in tissue engineering. NTA as an H2S donor could 

continuously release H2S under biologically relevant conditions with 

innocuous peptide byproducts. In pervious literature, the slow release of H2S 

from NTA was verified [51]. Cell studies were subsequently performed by 
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adding NTA in cell culture medium. BrdU staining showed NTA at 100 μM 

significantly increased endothelial cell proliferation. This result is similar to our 

Ki67 staining observations. The positive effect of H2S on endothelial cell 

proliferation was also reported by Papapetropoulos et al. [52]. They also 

investigated the possibility of H2S to promote angiogenesis in vivo. CAM 

results showed that H2S increased the length of the blood vessels in a dose-

dependent manner. They hypothesized that H2S stimulate endothelial cells 

through KATP channels that in turn induce the activation of MAPK pathways, 

finally resulting in new vessel formation. 

After having investigated the effect of gaseotransmitter on angiogenesis, we 

also looked into the effect of vascular endothelial growth factor (VEGF) as an 

endogenous angiogenic agent. VEGF has been widely reported to be the most 

potential angiogenic promoter [53], stimulating EC recruitment [54], 

proliferation [55, 56], and differentiation [57], and the formation of blood 

vessels [58]. VEGF peptides are more promising, because they can be easily 

conjugated or immobilized to surface and scaffolds for tissue engineering. A 

VEGF-mimetic peptide, QK (domain: KLTWQELYQLKYKGI), mimicking the 

helix region 17–25 of VEGF, showed the ability to activate VEGF receptors 

and similar bioactivity of VEGF. QK peptides provided many advantages, 

including their small size, possibility to use in chemical reactions, low 

immunogenic potential, and cost-effectiveness of their synthesis [59-63]. This 

peptide promoted the attachment and proliferation of ECs, and most 

importantly, induced capillary network  formation [60, 64]. In chapter 6, we 

used thiol-ene click chemistry for the conjugation of the QK VEGF-mimetic 

peptide to the surface of PCL fibrous scaffolds. PCL (Mn≈80K) and PCL-

diacrylates (PCL-DA) with lower molecular weight (Mn≈2K) were mixed 

together for electrospinning. The VEGF peptide was then immobilized on 

PCL-DA fibrous scaffolds by thiol-ene click chemistry. 7-Mercapto-4-

methylcoumarin was used to validate thiol-ene click reaction with fibrous 

scaffolds. Fluorescence labeling of PCL-DA scaffolds after the click reaction 

indicated the success of the surface coupling. In particular, patterned 
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structures were clearly observed after using a photomask on the fibrous film, 

thus showing also the potential of this method to control spatially the 

presentation of the VEGF-mimetic cues. Moreover, in vitro studies indicated 

that the VEGF peptide was on PCL fibrous scaffolds and affected cell survival 

over 5 days. Scaffolds functionalized with VEGF peptide were able to maintain 

higher HUVECs survival compared with unfunctionalized scaffolds in nutrient 

deprivation conditions. The effect of VEGF peptide on HUVECs survival was 

also reported by Webber et al. [65]. In the presence of VEGF peptide, serum-

starved HUVECs showed higher cell survival (23% death) compared to the 

control group (31.7% death). There are two studies, which have immobilized 

same sequence of VEGF peptide as we used on our scaffolds. Parthiban et 

al. covalently bonded a very similar VEGF peptide on gelatin methacrylate 

(GelMA) and cultured HUVECs as a cell model to test the effect on 

vascularization [66]. Results demonstrated that VEGF peptide functionalized 

GelMA upregulated vascular maker genes (KDR, CD34, Ang2, and vWF), 

leading to promote vascularization. Another study immobilized the same 

VEGF peptide on collagen–gelatin substrates as angiogenic scaffolds for 

endothelial cells [67]. HUVECs organized capillary network on VEGF peptide 

immobilized substrates, while cells only maintained their cobblestone-like 

morphology on control substrates. The VEGF peptide used in this study 

proved to support network formation of HUVECs, which is promising for 

angiogenesis. Moreover, HUVECs cultured on both scaffolds could activate 

VEGFR1 and VEGFR2 phosphorylation. CAM assay indicated that the VEGF 

peptide functionalized scaffolds promoted the growth of blood vessels in vivo. 

Future perspective 

Electrospun scaffolds were widely used in tissue engineering and 

regenerative medicine due to their ability to mimic the extra cellular matrix 

(ECM) of living tissues. However, there are still some drawbacks remaining 

for electrospun scaffolds. First, most of tissue regeneration, such as, bone, 

muscle and cartilage, necessitate 3D scaffolds, but nanofibrous scaffolds with 
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high thickness are difficult to obtain by electrospinning. Second, it is hard to 

drive nanofibers to form highly ordered pattern due to electrostatic repulsion 

between nanofibers during electrospinning. Electrospinning normally 

produces 2D random nanofibrous scaffolds with high porosity in the height of 

few microns. In our work, honeycomb scaffolds were fabricated with higher 

depth reaching to 130 µm, which is still at the microscale range. Therefore, 

there is high demand to explore more microfabrication approaches combined 

with electrospinning to increase the thickness of nanofibrous scaffolds. 

Combining electrospinning with melt electrospinning or additive 

manufacturing might be a possible approach to generate electrospun fibers 

with higher thickness. 3D filaments could act as a template layer, which 

increase the depth of nanofibrous meshes and also create high porosity. 

Porous nanofibrous scaffolds with higher depth provide a common and 

versatile 3D environment for cell migration and infiltration, which could be an 

important progress in the field of electrospun scaffolds for tissue regeneration 

applications.  

Except ECM mimicking, the high surface area of the electrospun scaffolds is 

favorable for bioactive molecules loading and releasing. In chapter 6, we 

developed a novel approach to do photopatterning on electrospinning PCL 

fibrous scaffolds. This approach is validated by simple, proof-of-concept 

experiments by using different photomasks. In the future, it could be possible 

to partially functionalize nanofibrous scaffolds with peptides or other bioactive 

molecules by this approach, thus creating biological patterns within a 3D 

scaffold. After spatial functionalization, nanofibrous substrates could become 

partial bonded with bioactive components and then have a more direct effect 

to guide cell behavior. For example, we could partially bond some cell 

adhesion factors on nanofibrous mesh to form stripe pattern functionalized 

scaffolds, then control cell distribution on this functionalized scaffolds, finally 

may be used for guiding tube formation. Moreover, other bioactive 

components, such as growth factors, peptides, drugs, enzymes and DNAs, 

could be functionalized on the scaffolds. This photopatterning approach is 
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active and interesting; it is expected to be a promising platform for 

vascularized tissue engineering applications. After functional vascular 

network is sufficient, hMSCs could be introduced to regenerate complex 

organs such as bone.  

This thesis only designed different improved scaffolds based on physical or 

chemical modifications to enhance angiogenesis and the vascularization of 

tissues. However, we haven’t combined two modifications together. In the 

future, a combination of physical and chemical modifications, such as 

combining honeycomb patterns with functionalization of a VEGF mimetic 

peptide on nanofibrous scaffolds, may have a synergistic impact in directing 

cell organization towards tissues engineering of functional vascular networks.   
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In this chapter, an attempt is made to discuss the clinical and commercial 

value of our findings and how they can be translated into the clinic in the field 

of tissue engineering and regenerative medicine. The final goal of our 

scientific output is to transfer the research findings into practice, via which they 

can contribute to clinical and commercial application. The application to 

generate value in this process is called “valorisation”. The development of 

tissue engineering scaffolds are likely to bring clinical and commercial benefits 

to the society. Our study on fabrication of self-assembled honeycomb 

scaffolds to induce angiogenesis in Chapter 4 showed high potential for 

valorisation.  

Clinical and commercial relevance 

The biomedical research has risen rapidly because people could benefit from 

it. The life expectancy of young generation is increasing and the chronic 

disability of old people is decreasing, these trends is mainly due to the fast 

development of biomedical technologies [1]. Our society emphasizes the 

importance of biomedical development and has spent lots of money in 

biomedical research. For example, the estimated yearly cost of 

pharmaceutical, biotechnology, and medical companies on biomedical 

research is more than $60 billion worldwide [2]. Despite some biomedical 

products have shown initial successes in translating from the lab to the clinic, 

the ability to regenerate complex tissue/organ is still one of the great 

challenges for clinical use [3]. In tissue engineering, cells from patients are 

seeded into an appropriate 3D scaffold to generate the tissue construct. 

However, the lack of adequate and fast vascularization often lead to cell death 

after seeding [4]. The formation of new tissue constructs needs blood vessels 

to continuously supply oxygen and nutrition [5]. Insufficient blood supply limits 

the size of tissue-engineered constructs and results in failure of translation [6]. 

In order to solve this problem, we developed a self-assembled honeycomb 

scaffold that could afford biophysical cues to induce initial blood vessel 

formation.  
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Honeycomb nanofibrous scaffolds created by the self-assembly of 

electrospun fibers could mimic the capillary network of endothelial cells 

(Figure 1). Some studies reported that the honeycomb-like network of 

endothelial cells is a very important morphogenetic feature that could simulate 

tube formation during angiogenesis [7, 8]. The wall of honeycomb scaffolds 

contains connected fiber clusters and beads, therefore allowing cells to 

adhere on the wall and possibly guide cell migration. In chapter 4, we showed 

that the fabricated honeycomb scaffolds significantly promoted HUVECs 

proliferation and influenced the distribution of cells. Especially, honeycomb 

electrospun scaffolds could regulate HUVECs morphogenesis into capillary-

like structures with a central lumen.  

 

Figure 1. SEM images of honeycomb (a) PCL electrospun nanofibers. Images (c and d) showed 
the tube formation of HUVECs cultured on Matrigel-coated wellplate after 16 h. Scale bars are 
500μm (a) and 100μm (b, c and d).  

 

Target group 

Our findings on the development of honeycomb nanofibrous scaffolds for 

vascular tissue engineering can benefit other researchers. For example, many 

studies reported how geometrical cues affect endothelial cell tube formation 

by using micropatterned stripes. To the best of our knowledge, no study was 

performed so far on the influence of honeycomb patterns on tube formation. 
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Here, we focused on the effect of honeycomb patterns on vessel formation. 

Investigating the effect of honeycomb pattern on angiogenesis will pave the 

way towards the fabrication of advanced angiogenic scaffolds that hold to be 

more promising for clinical applications. Beyond the preliminary studies that 

we have here reported, the efficacy and safety of honeycomb scaffolds have 

to be tested by further in vitro and in vivo assays, before finally being 

translated in patients [9]. After getting approval for clinical trials, the final 

products could attract the attention of investors, making it possible to enter 

into the market.  

Innovation and implementation 

Chapter 4 investigated the positive role of honeycomb patterns in promoting 

angiogenesis. The novelty of this study is 1) using a self-assembled 

electrospinning approach to fabricate a honeycomb pattern, and 2) guiding 

endothelial cells morphogenesis into capillary network through the 

honeycomb scaffolds, finally promoting tube formation. This honeycomb 

scaffold in principle could be used for some applications where 

prevascularization is highly needed to rapidly generate vascular network 

before implantation. Serval studies have reported the addition of endothelial 

cells sheets for vascularized bone regeneration [10, 11]. During 

prevascularization, human mesenchymal stromal cells (hMSCs) are seeded 

on honeycomb scaffolds and human umbilical vein endothelial cells (HUVECs) 

are seeded on the top of hMSCs in order to generate vascularized tissue 

constructs. The geometric cues of honeycomb scaffolds could accelerate the 

initial vascular network formation. This could shorten the time during which 

tissue construct suffers from hypoxia and lack of nutrition.  

The honeycomb scaffolds are made from poly(caprolactone), which has been 

approved by Food and Drug Administration (FDA) and already used in 

patients as drug delivery devices and sutures. Furthermore, to fabricate 

thermal-triggered cells sheets, honeycomb patterns could be produced from 

electrospinning of thermosresponsive polymers (e.g. pNIPAAm). After using 
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such honeycomb thermal scaffolds, cultured endothelial layers or mixtures of 

endothelial cells with other cell types could be easily harvested by changing 

temperature. This improvement could be more promising for tissue 

implantation.  

Our findings has only been proved by in vitro studies, so that the application 

of honeycomb scaffolds in vivo should be further investigated. The next step 

is to perform animal tests to confirm the efficacy and safety of honeycomb 

scaffolds on angiogenesis. If our results were confirmed in larger animal tests, 

these honeycomb scaffolds would then be eligible for further clinical 

experimentation, after having passed regulatory and medical ethical approval. 

Clinical testing without significant side effects or safety issues would provide 

these scaffolds a chance to secure further investment for introduction into the 

market. Another potential value of our findings is that researchers may also 

consider the role of geometric cues when designing biomaterials for vascular 

regeneration. Especially, highly vascularized tissues may require the fast 

formation of blood vessels to support regeneration. 
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Summary 

The use of tissue-engineered scaffolds has found widespread applications in 

the field of regenerative medicine for the treatment of injured tissues. In my 

thesis, I focus on the fabrication of scaffolds for vascularized tissue 

regeneration. Chapter 1 describes recent literature review on advanced 

nanofibrous scaffolds, which are widely used in tissue engineering. Especially, 

electrospun scaffolds for promoting vascular tissue regeneration has been 

introduced in more details. According to the review we described in chapter 

1, many requirements should be considered for designing angiogenic 

scaffolds. First, an ideal scaffold should be biomimetic to the native targeted 

tissue. Second, the scaffolds should deliver angiogenic factors. Therefore, in 

chapter 2-6 we investigated a few different design options to create 

biomimetic nanofibrous scaffolds and immobilize angiogenic factors on them. 

Chapter 2 describes the investigation of polycaprolactone (PCL) aligned 

fibers and co-culture with human umbilical endothelial cells (HUVECs) on the 

osteogenic differentiation of mesenchymal stromal cells (hMSCs). The main 

results demonstrated that aligned structure strongly influenced the 

morphology and orientation of cells, yet without interfering with the osteogenic 

differentiation of hMSCs. Moreover, co-culture with endothelial cells showed 

a positive influence to the osteogenesis of hMSCs.  

Chapter 3 presents a simple and effective method to fabricate honeycomb 

nanofibrous meshes. This self-assembly method could produce honeycomb 

nanofibrous meshes with controllable diameter by adjusting electrospinning 

processing parameters. Gradients honeycomb meshes ranging from 800 μm 

to 300 μm were successfully fabricated. Structural gradients can be found 

mainly in interface tissues. The concept of gradient scaffolds has been applied 

to mimic complex gradients found in native interface tissues, such as bone-

cartilage interfaces. Gradient honeycomb scaffolds may provide structural 
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cues to guide cells to migrate or differentiate, which may be beneficial for 

interface tissue regeneration.  

In chapter 4, the influence of a honeycomb pattern on endothelial cell 

morphogenesis is discussed. Honeycomb nanofibrous scaffolds proved to 

promote cell proliferation and regulate HUVECs morphogenesis into capillary-

like structures. HUVECs generated stronger cohesion and cell-cell junctions 

when cultured on honeycomb scaffolds. Therefore, this scaffold is promising 

for those tissue engineering applications demanding the formation of capillary 

networks. 

Hydrogen sulfide (H2S), a unique gasotransmitter, has been considered as a 

signaling molecule to modulate angiogenesis. In chapter 5, we demonstrated 

a method for bonding NTAs (N-thiocarboxyanhydrides, an H2S donor) on 

fibrous scaffolds by azide-alkyne click conjugation. These experiments 

showed a new strategy to fabricate H2S releasing fibrous scaffolds by 

conjugating NTAs, as other strategies providing H2S in culture focused on 

traditional H2S donors (e.g. sulfide salts, NaSH and Na2S), which are hard to 

control and often cause burst release. The use of NTAs as H2S donors could 

result in controlled and sustained release. The NTA functionalized scaffolds 

supported better cell proliferation and formed more rapidly a confluent 

endothelial monolayer than non-functionalized scaffolds. A chicken 

chorioallantoic membrane (CAM) assay indicated a significant increase in 

vascular growth on NTA scaffolds in vivo. The NTA-functionalized scaffolds 

could, therefore, offer a biochemical route towards promoting angiogenesis 

for vascularized tissue regeneration. 

Vascular endothelial growth factor (VEGF) has been widely reported to 

stimulate endothelial cell proliferation and tube formation. VEGF-mimetic 

peptides have the ability to activate VEGF receptors, therefore possessing 

similar bioactivity of VEGF. In chapter 6, we prepared VEGF peptide 

functionalized fibrous scaffolds by thiol-ene click chemistry. In vitro studies 

proved that the VEGF peptide functionalized fibrous scaffolds significantly 
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maintained higher HUVECs survival compared with non-functionalized 

scaffolds in starving conditions. HUVECs cultured on both VEGF peptide 

functionalized scaffolds and unfunctionalized scaffolds activated VEGFR1 

and VEGFR2 phosphorylation. Moreover, spatial control of the fibrous 

scaffolds functionalization is another advantage of using the photochemically 

promoted radical thiol−ene conjugation. Photopatterning experiments showed 

the potential of using photomasks to spatially control the presentation of the 

VEGF-mimetic peptide used in these studies.  

A general discussion of our results and future perspectives are introduced in 

chapter 7. The valorization potential along with future applications of this 

research is described in chapter 8. 
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