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Purpose: A promising vascular scaffold must possess satisfying mechanical properties, great 

hemocompatibility, and favorable tissue regeneration. Combining natural with synthetic materi-

als is a popular method of creating/enhancing such scaffolds. However, the effect of additional 

modification on the materials requires further exploration.

Materials and methods: We selected polycaprolactone (PCL), which has excellent 

mechanical properties and biocompatibility and can be combined with collagen. Electrospun 

fibers created using a PCL/collagen solution were used to fashion mixed nanofibers, while 

separate syringes of PCL and collagen were used to create separated nanofibers, resulting in 

different pore sizes. Mixed and separated nanofibers were cross-linked with glutaraldehyde 

(GA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and genipin; hence, we named 

them as mixed GA, mixed EDC (ME), mixed genipin (MG), separated GA, separated EDC 

(SE), and separated genipin (SG).

Results: Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction showed that 

cross-linking did not affect the main functional groups of fibers in all groups. ME, MG, SE, and 

SG met the requisite mechanical properties, and they also resisted collagenase degradation. In 

hemocompatibility assays, only ME and MG demonstrated ideal safety. Furthermore, ME and 

MG presented the greatest cytocompatibility. For vascular scaffolds, rapid endothelialization 

helps to prevent thrombosis. According to human umbilical vein endothelial cell migration on 

different nanofibers, ME and MG are also successful in promoting cell migration.

Conclusion: ME and MG may be promising candidates for vascular tissue engineering. The 

study suggests that collagen cross-linked by EDC/N-hydroxysuccinimide or genipin facilitates 

endothelial cell regeneration, which could be of great benefit in tissue engineering of vascular 

scaffolds.

Keywords: tissue engineering, glutaraldehyde, mechanical test, hemocompatibility, subcutane-

ous implantation, migration assay

Introduction
Natural and synthetic materials have been used as substitutes or implants in the 

clinic, including pericardial patches, vascular grafts, and cartilage. Ideal biomaterials 
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should exhibit cytocompatibility, a low immune response, 

and appropriate mechanical performances.1–3 There are 

many approaches that are used to mimic the extracellular 

matrix (ECM), which can serve as scaffolds to facilitate cell 

attachment and supply signals to induce cell migration and 

proliferation. Collagen is the most abundant protein in the 

ECM of both soft and hard tissues. It is readily accessible and 

exhibits great cytocompatibility, such that it is widely used. 

A high content in the cornea is one reason why collagen has 

been extensively used in tissue engineering of the cornea.4 

Similarly, collagen scaffolds are widely used in tendon, heart 

valve, and vascular scaffold repairs.5–7

However, collagen is unstable and can rapidly degrade. 

Therefore, cross-linking treatment is necessary to improve 

the water resistance of collagen biomaterials. In addition, 

cross-linking biological tissues can reduce the antigenicity 

and immunogenicity.8 Typical cross-linking technologies can 

be divided into physical, chemical, and biological methods.9 

The major issue with physical methods is that they hardly 

control the cross-linking density of collagen samples,10 may 

not cross-link uniformly,11 and have the potential to cause 

damage to DNA (eg, ultraviolet [UV] lighting).12 The most 

commonly used chemical cross-linking agents are aldehydes 

(eg, glutaraldehyde [GA]) and carbodiimides (eg, 1-ethyl-

3-(3-dimethylaminopropyl) carbodiimide [EDC]).13 

However, their residual cytotoxicity makes them unsuitable 

agents to use in tissue regeneration.14 Genipin, a commonly 

used biological agent, is generally better tolerated by cells.15 

However, many biological methods are cost-prohibitive. 

Each cross-linking method results in a different degree of 

structural and mechanical change. Hence, we elected to 

compare different cross-linking methods to evaluate their 

suitability for use with vascular scaffolds.

Although the cross-linking process can enhance the 

mechanical stiffness of collagen to some extent, the improve-

ment is of limited use in the tissue engineering of vascular 

grafts for patients with high blood pressure.16 Polycaprolactone 

(PCL), which has been approved by the US Food and Drug 

Administration (FDA) for biomedical applications, is flexible, 

biodegradable, and biocompatible.17 Electrospun nanofibers 

show porosity and a high surface area that facilitates the 

adhesion, ingrowth, and proliferation of cells.18 Electrospun 

PCL/collagen nanofibers are a promising tissue-engineering 

substitute with great biocompatibility, low cytotoxicity, and 

excellent tensile strength. PCL/collagen nanofibers, on the 

other hand, have small pores that could inhibit cell growth 

into materials.7 However, collagen can be used to make larger 

pores as it degrades in vivo. Hence, PCL/collagen nanofibers 

can be produced using a mixed or separated solution, which 

results in different pores. In this paper, the effects of different 

cross-linking technologies for preparing PCL/collagen nanofi-

bers were studied. The mechanical properties, physiochemical 

characteristics, cytocompatibility, hemocompatibility, and 

subcutaneous implantation of cross-linked PCL/collagen 

nanofibers were examined.

Materials and methods
Materials
PCL (Mn =8,000), triton X-100, and paraformaldehyde 

were supplied by Sigma-Aldrich Co. (St Louis, MO, USA). 

Collagen, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC⋅HCL), 2-morpholinoethanesulfonic acid 

(MES), collagenase type I, and penicillin–streptomycin were 

acquired from Beijing Solarbio Co., Ltd. (Beijing, China). 

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP; purity 99.5%), 

2,2,2-trifluoroethanol (TFEA; purity 99.5%), GA (concentra-

tion 50%), and N-hydroxysuccinimide (NHS) were purchased 

from Shanghai Aladdin Co., Ltd (Shanghai, China). Genipin 

(purity 98%) was purchased from Wako Pure Chemical Indus-

tries, Ltd. (Osaka, Japan). DMEM/high glucose and PBS were 

obtained from HyClone Laboratories (Logan, UT, USA). FBS 

was acquired from Biological Industries Co., Ltd (Kibbutz 

Beit-Haemek, Israel). 0.25% Trypsin–EDTA was purchased 

from Thermo Fisher Scientific (Waltham, MA, USA). DAPI 

was purchased from Enzo Life Sciences (New York, NY, 

USA). The Cell Counting Kit-8 (CCK-8) was acquired from 

Dojindo Molecular Technologies Inc. (Rockville, MD, USA). 

The lactate dehydrogenase (LDH) cytotoxicity assay kit and 

H&E staining kit were purchased from Beyotime Chemical 

Reagent (Shanghai, China). All chemicals were used without 

further purification. Human umbilical vein endothelial cells 

(HUVECs) were provided by the Shanghai Academy of 

Life Sciences Cell Bank and Chinese Academy of Science 

(Shanghai, China). Rats were provided by the Shanghai SLAC 

Laboratory Animal Co., Ltd. (Shanghai, China). Water used 

in all experiments was purified using a Milli-Q purification 

system (EMD Millipore, Billerica, MA, USA).

Preparation of nanofiber membranes
A mixed solution, composed of 10% w/v PCL/collagen 

(1:1), was dissolved in HFIP. Separate solutions were made 

of 10% w/v PCL dissolved in TFE or 10% w/v collagen 

dissolved in HFIP. These solutions were stirred at room 

temperature for 48 hours. For comparison, two methods 

were adapted to fabricate membranes. For method 1, a mixed 

PCL/collagen solution was drawn into a syringe and pumped 
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vertically into a drum collector. The electrospun parameters 

were that the voltage was 12 kV, the distance from needle tip 

to the collector was 12 cm, and the flow rate was 0.5 mL/h. 

For method 2, separate PCL and collagen solutions were 

drawn into separate syringes and electrospun at a flow rate 

of 1 mL/h, 12 kV high voltage, and a 9–12 cm between 

the needle tip and the collector. Each electrospun membrane 

was made with 10 mL of solution (Table 1). All membranes 

were dried in a vacuum machine for 72 hours to remove the 

remnant solution. Hence, all membranes were classified as 

mixed nanofiber or separated nanofiber membranes.

Cross-linking procedures
In this paper, we used three cross-linking technologies: GA, 

EDC/NHS, and genipin. The collected membranes were put 

into an enclosed chamber with 25% GA vapor for 24 hours at 

room temperature.19 Twenty-five percent of GA solution was 

prepared from a 50% (v/v) GA stock solution using 95% etha-

nol as a solvent. In addition, membranes were cross-linked 

using EDC and NHS. Before cross-linking, membranes were 

incubated with 0.05 M MES buffer (pH 5.40) for 1 hour and 

then immersed in 50 mL MES buffer containing EDC and 

NHS under gentle shaking for 24 hours. A cross-linking 

solution was made of 2:1 EDC-to-NHS weight ratio using 

95% ethanol as a solvent. On the one hand, genipin solution 

(1 mM) was used to cross-link for 24 hours.20 After cross-

linking, all membranes were rinsed with deionized water and 

then dried at room temperature for 48 hours. The cross-linked 

membranes were named as mixed GA (MGA), mixed EDC 

(ME), mixed genipin (MG), separated GA (SGA), separated 

EDC (SE), and separated genipin (SG). Fresh membranes 

were used as the control and were named as fresh mixed 

membranes (MF) and fresh separated membranes (SF).

structural and chemical characterizations
Morphological characteristics of the membranes were 

investigated by scanning electron microscopy (SEM; 

JSM-5600; JEOL, Tokyo, Japan). Diameters of nanofibers 

were determined with ImageJ software by randomly selecting 

100 data points.

Six membranes were examined with Fourier transform 

infrared (FTIR) spectroscopy. The spectra were recorded 

by absorption mode at the 2 cm-1 interval in the range of 

500–4,000 cm-1 using an FTIR spectrophotometer (Nicolet 

Avatar 380, Thermo Fisher Scientific).

To study the crystal structure of different membranes, 

X-ray diffraction (XRD) was carried out. The curves were 

obtained on a D/max-2250 PC X-ray diffractometer (Rigaku 

Co., Tokyo, Japan) with a scanning region of 2θ (5°–60°). 

Electrospun PCL membranes and collagen were used 

as the control.

The water contact angle was used to measure the hydro-

phobicity of nanofiber membranes. The contact angle was 

monitored with a video contact angle machine (Attension 

Theta, Espoo, Finland). Droplets of 0.5 µL were placed on the 

surface of membranes, and then the contact angle was recorded 

and automatically calculated at 0, 20, 50, and 90 seconds (n=5).

Mechanical testing
The uniaxial mechanical properties were assessed by apply-

ing tensile loads to membranes. Membranes from the eight 

groups were cut into uniform sizes (4×1 cm, n=4). For 

comparison, membranes soaked into PBS for 24 hours were 

set as the control. Both dry and wet membranes underwent 

mechanical testing. The clips hold two ends of the mem-

branes. With an elongation speed of 10 mm min-1, mechanical 

properties were tested by a material-testing machine (HY-

940FS, Heng Yu Instrument Co., Ltd, Shanghai, China). 

Ultimate tensile stress (UTS), stress-strain curves, and the 

elongation at break were determined.

Degradation test of cross-linked membranes
The degradation of nanofiber membranes was measured 

according to previously published methods.10,21 In brief, 

membranes were cut into 1×1 cm2 and weighed (W
i
) and then 

soaked into degradation solution, which consisted of 1 mL 

PBS and 12 µg collagenase type I. These membranes were 

allowed to degrade at 37°C, shaking slowly at 50 rpm. The 

degradation solution was changed every 3 days. After the 

selected period of time (1, 3, 5, 10, and 15 days), membranes 

Table 1 Electrospinning parameters of mixed and separated nanofibers

Sample Solvent Concentration (%) Flow rate 
(mL/h)

Distance 
(cm)

Voltage (kV) Temperature 
(°C)

Humidity (%)

PCL/collagen (1:1) hFIP 10 0.5 12 12–14 20–25 28–35

Pcl TFea 10 1 9–12 12–14 20–25 28–35

collagen hFIP 10 1 9–12 12–14 20–25 28–35

Abbreviations: HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; TFEA, 2,2,2-trifluoroethanol; PCL, polycaprolactone.
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were taken out and washed in deionized water twice. The 

membrane was weighed after thorough drying (W
d
). The 

percentage of weight remaining (W
r
) was calculated as 

follows:

 

W
W

Wr
d

i

= ×100%

 

(1)

The results were an average of three independent 

operations.

On the last time point, the morphological characteristics 

of different membranes were investigated by SEM.

hemocompatibility
To assess whether the materials could be used as a vascular 

substitute, platelet adhesion experiments were conducted. 

Fresh New Zealand rabbit blood was centrifuged at 

1,200 rpm for 10 minutes to obtain platelet-rich plasma 

(PRP). The different membranes were disinfected and cut 

into small round pieces and placed in 24-well plates (n=4). 

Then, 500 µL PRP was added to each well of the 24-well 

plate. The plate was incubated at 37°C with slow shaking. 

After 2 hours of incubation, the supernatant was aspirated. 

Then, the membranes were washed with 37°C PBS three 

times and transferred to a new 24-well plate. The LDH 

assay was then performed according to the manufacturer’s 

instructions. The resultant solutions were read at 490 nm 

using a microplate reader (Multiskan MK3; Thermo Electron 

Corporation, Waltham, MA, USA), and the mean value of 

four membranes was calculated.

In addition, biomaterial hemolysis experiments were 

also carried out. The experimental group (different material 

leachate), the positive control group (deionized water), and 

the negative control group (normal saline, NS) were set, and 

all solutions were prepared in test tubes (n=8). All test tubes 

were kept in a constant temperature water bath (37°C) for 

30 minutes. The anticoagulant-treated fresh rabbit blood and 

NS were mixed at a ratio of 4:5. 0.2 mL diluted blood was 

added to each test tube. After that, the test tubes were placed 

in a constant temperature water bath for 60 minutes and then 

centrifuged at 3,000 rpm for 5 minutes. Supernatants were 

retained. The absorbance value was determined at 545 nm, 

and the mean value of six tubes was taken. The percentage 

of hemolysis ratio was calculated as

 

D (%)
D D

D D
t nc

pc nc

=
−

−
×

( )

( )
%100

 

(2)

D
t
 is the absorbance of material leachate, D

pc 
is the absor-

bance of deionized water, and D
nc

 is the absorbance of NS.

The criterion of hemolysis rate was lower than 5%.

In vitro cell culture
HUVECs were incubated in DMEM with 10% FBS, and 

1% penicillin–streptomycin within 5% CO
2
. The medium 

was changed every 3 days. All membranes were put into 

24-well plates and soaked in 75% alcohol, sterilizing for 

12 hours. DMEM was allowed to infiltrate the membranes 

before planting cells.

To study the cell viability on different membranes (n=4 

for each group), a CCK-8 assay kit was utilized. A density 

of 2×104 HUVECs/well was seeded on the membranes in 

24-well plates. At the desired time points of 1, 4, and 7 days, 

the cell-seeded membranes were processed according to the 

manufacturer’s instructions. The absorbance of each well was 

measured at 450 nm using a microplate reader.

To observe the morphology of the adhered HUVECs on 

different membranes, SEM was carried out. A density of 

3×104 cells/well was seeded on the mats in 24-well plates. 

The cells and membranes were cocultured for 24 hours, and 

then the attached cells were fixed with 2.5% GA overnight. 

Those cells were dehydrated with an ethanol gradient (30%, 

50%, 75%, 90%, and 100%) and then dried overnight. 

Membranes were observed under SEM.

For a substitute of vascular tissue, rapid endothelialization 

would reduce thrombosis. Hence, the better the ability of cells 

to move forward horizontally across the material surface, the 

better the tissue formed. HUVEC migration on different mem-

branes was tested, as previously described.22 The cells were 

diluted (1×104 cells/well) and placed in sterile Pyrex® cloning 

cylinders (Thermo Fisher Scientific), which were placed in the 

center of the membranes for a total of 6 hours. After 6 hours, 

500 µL culture medium was added for the desired length of 

time (0 hour, 24 hours, 4 days, and 7 days) to allow the cells to 

migrate outward. Then, the membranes were washed with PBS 

and fixed with 4% paraformaldehyde. The HUVECs adhering 

to the membranes were stained with DAPI. Then, the stained 

membranes were imaged by fluorescence microscopy, and 

the stained HUVECs were quantified using ImageJ software. 

Every time point had six independent membranes (n=6).

animal study
All procedures were conducted with respect to the Animal 

Research: Reporting of In Vivo Experiments guidelines and 

approved by the Animal Ethics Committees of Shanghai 

Children’s Medical Center, Shanghai Jiaotong University. 
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In addition, the experiments strictly followed the National 

Institutes of Health (NIH) Guide for the Care and Use of 

Laboratory Animals (NIH publications no 8023, revised 

1978). To study tissue regeneration in vivo, different mem-

branes were implanted subcutaneously in the backside of 

rats. Every mixed membrane and separated counterpart 

(MF and SF, MGA and SGA, ME and SE, and MG and 

SG) was implanted in the same rat. Upon reaching the 

designated time point (3, 7, 10, 20, and 30 days), the 

membranes were removed and fixed with 4% parafor-

maldehyde. After staining with (immuno)histochemical 

analysis, the membranes were observed and photographed 

using a microscope (Leica DMI300B; Leica Microsystems, 

Wetzlar, Germany). The depth of tissue infiltration was 

measured with ImageJ software (National Institutes of 

Health, Bethesda, MD, USA).

statistical analyses
All results are presented as mean ± SD. The data were ana-

lyzed by one-way ANOVA for the evaluation of specific 

differences. P,0.05 was considered statistically significant.

Results and discussion
Fabrication of cross-linked PCL/collagen 
nanofiber membranes
Nanofiber membranes were fabricated using a mixed PCL/

collagen solution with one syringe and separated PCL solu-

tion and collagen solution with two syringes. Hence, we 

referred to these membranes as mixed and separated nano-

fibers, respectively. To enhance the stability of the PCL/

collagen membranes, the fibers were cross-linked with GA 

vapor, EDC/NHS, or genipin according to the general reac-

tion mechanisms as shown in Figure 1. The morphology of 

Figure 1 Schematic of the cross-linking reactions of collagen with GA (A), EDC/NHS (B), and genipin (C).
Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GA, glutaraldehyde; NHS, N-hydroxysuccinimide. 
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these membranes is illustrated in Figure 2A–H. The diam-

eter of MF and SF was 0.16±0.04 µm and 0.37±0.19 µm 

(Figure 2I and J), respectively. In the mixed nanofibers, 

fibers were interconnected strongly and twisted, especially 

the MGA and MG fibers. Accordingly, the pores of the mem-

branes became smaller. After cross-linking, the membranes 

shrunk to some extent which was reduced by chemical bonds 

produced within collagen molecules and between different 

collagen molecules.23 ME shrunk most severely, followed by 

MG and then MGA. Creation of aldimine linkages (CH=N) 

between free amino groups likely explains this change.24 In 

other words, genipin could interact with collagen to induce 

the formation of cyclic structures.25 In addition, GA promotes 

collagen stability through the reaction between collagen 

lysine and hydroxylysine sidechains.26 The bind composites 

between collagens treated with EDC/NHS are relatively 

shorter, which hypothetically causes these membranes to 

shrink most severely.

In the separated nanofibers, we could see thicker fibers 

and larger pores than in the mixed nanofibers, which was 

similar to a previous study.7 In fact, the diameter of the sepa-

rated nanofibers was similar to pure PCL fibers,3 which means 

the blending of PCL and collagen attenuated the diameter 

of the fibers. Collagen is a type of polyelectrolyte that can 

increase charge density.27 The high charge density on the 

surface of the solution can increase the voltage between the 

positive and negative poles, which forces the jet to spray 

lower diameter fibers. Because PCL fibers and collagen fibers 

were interspersed with each other in the separated fibers, the 

appearance of collagen after cross-linking was not obvious.

chemical and structural characterization 
of cross-linked membranes
Surface hydrophilicity is an important parameter in tissue-

engineering materials. PCL is a hydrophobic material that 

can be modified by combining it with natural materials, 
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Figure 2 SEM images of different cross-linked membranes under mixed 10% (w/v) solution of PCL/collagen (A–D) and separated 10% (w/v) PCL and 10% (w/v) collagen 
solution (E–H). (I, J) Fiber diameter distribution of MF and sF, respectively.
Notes: Magnification, 10,000× times. scale bar, 8 µm.
Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GA, glutaraldehyde; NHS, N-hydroxysuccinimide; PCL, polycaprolactone; SEM, scanning electron 
microscopy; MF, fresh mixed membranes; sF, fresh separated membranes.
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Figure 3 Water contact angles of different cross-linked membranes at desired time points (0, 20, 50, and 90 seconds).
Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GA, glutaraldehyde; ME, mixed EDC; MG, mixed genipin; MGA, mixed GA; SE, separated EDC; 
sg, separated genipin; sga, separated ga; MF, fresh mixed membranes; sF, fresh separated membranes.

Figure 4 FTIR spectra of fresh and different cross-linked membranes.
Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; FTIR, Fourier transform infrared; GA, glutaraldehyde; ME, mixed EDC; MG, mixed genipin; 
Mga, mixed ga; se, separated eDc; sg, separated genipin; sga, separated ga; MF, fresh mixed membranes; sF, fresh separated membranes.

such as collagen. As shown in Figure 3, MF and SF were 

hydrophilic. In the mixed nanofibers, the water contact angles 

increased after cross-linking, especially in the MGA and 

MG groups. The results corresponded to the porosity. It is 

interesting that the hydrophilicity of cross-linked separated 

nanofibers increased, especially with SGA and SG.28–30 We 

hypothesized that the collagen fibers gathered together after 

cross-linking, increasing the gap between PCL fibers, which 

augmented the hydrophilicity of the membranes. The changes 

in the water contact angle may hint that the hydrophilicity of 

the separated nanofibers was greater than the mixed nanofi-

bers, which was conductive to cell adhesion and growth, at 

least to some extent.

FTIR is a useful tool to identify the chemical structure 

of materials. The FTIR spectrum of fresh membranes and 

different cross-linked membranes is shown in Figure 4. There 

was no significant difference among the spectrum patterns 

of different membranes, which means that there were no 
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major changes in the functional groups. In all membranes, 

the characteristic bands of PCL were found at 2,948 cm-1 

(asymmetric CH
2
 stretching), 2,871 cm-1 (symmetric CH

2
 

stretching), 1,723 cm-1 (C=O stretching), 1,294 cm-1 (C-C 

stretching), 1,240 cm-1 (asymmetric C-O-C stretching), 

1,170 cm-1 (symmetric C-O-C stretching), and 1,045 cm-1  

(C-O stretching).27,31 As shown in Figure 4, 1,638 cm-1 

(amide I band), 1,548 cm-1 (amide II band), 1,236–1,241 cm-1 

(amide III band), and 3,300 cm-1 (amide A band) bands 

were also visible, which provided evidence of the presence 

of collagen.21 However, these were weak in the membranes 

cross-linked with EDC/NHS and genipin. The amide I band 

curves of MGA and SGA were nearly unshifted compared 

with fresh MF and SF, indicating that the second structure 

of collagen was not destroyed.32,33 When collagen is cross-

linked with GA, the peak absorbance of the amide III bands 

increases.34 On account of the formation of amide bonds 

between carboxyl groups and available amino groups in ME 

and SE, the peak of wave numbers at 1,402 cm-1 (the symmet-

ric stretching of carboxylate salts), 1,074 cm-1 (ester bond), 

and 2,969 cm-1 (CH
2
 bond) decreased.35 The absorbance band 

at 1,104 cm-1 and 1,370 cm-1 significantly increased, indicat-

ing that collagen was cross-linked with genipin.12

XRD can further confirm the crystallinity of materials. 

Figure 5 shows the XRD patterns of the different membranes. 

There were two major peaks at 2θ=21.2° and 23.6° in the 

XRD pattern of PCL, which corresponded to the crystalline 

nature of PCL.27 Collagen is an amorphous material that has 

no obviously sharp peak, rather a broadband at about 2θ=20° 

in the XRD pattern. We found that the XRD patterns of mixed 

and separated nanofibers were wider than pure PCL, which 

indicated the smaller the particles, the broader the diffraction 

peak.36 Regardless, in mixed or separated nanofibers, the 

peak intensities of the cross-linked membranes were shorter 

than the fresh membranes. We hypothesized that the surface 

crystalline structures were destroyed by cross-linking agents. 

Furthermore, there was no significant extra curve or shifted 

curve, which revealed that cross-linking did not affect the 

physical structures of the fibers.

Mechanical characterization
To produce tissue-engineering vascular scaffolds, the 

mechanical strength is integrant. The tensile data of differ-

ent membranes are presented in Figure 6. In MF and SF, 

the tensile properties are markedly different between dry 

and hydrated membranes. Both the UTS and elongation at 

break were significantly higher in hydrated fresh membranes 

compared with dry fresh membranes. Furthermore, the differ-

ence in the tensile properties of the cross-linked membranes 

in the hydrated vs dry state was not significant. However, we 

θ °
Figure 5 XRD pattern of fresh and different cross-linked membranes.
Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GA, glutaraldehyde; ME, mixed EDC; MG, mixed genipin; MGA, mixed GA; PCL, polycaprolactone; 
SE, separated EDC; SG, separated genipin; SGA, separated GA; XRD, X-ray diffraction; MF, fresh mixed membranes; SF, fresh separated membranes.
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Figure 6 Mechanical assays for different cross-linked membranes.
Notes: (A) Curve of stress on tensile process. (B) UTS. (C) Elongation percentage on the break of tensile process. *A statistically significant difference for the mean value 
compared with all other membranes. #Denotes a statistically significant difference for the mean value compared with other membranes except the group with the same # 
symbol (P,0.05, n=4).
Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GA, glutaraldehyde; ME, mixed EDC; MG, mixed genipin; MGA, mixed GA; SE, separated EDC; 
sg, separated genipin; sga, separated ga; UTs, ultimate tensile stress; MF, fresh mixed membranes; sF, fresh separated membranes.

found that the tendency of the mechanical curve of hydrated 

cross-linked membranes was relative to hydrophilicity. PCL 

is a hydrophobic material, and there is little difference in the 

mechanical properties between the dry and wet state.37 Col-

lagen has a natural tendency to absorb fluid, which increases 

its flexibility.38 Furthermore, the carbonyl, carboxyl, and 

hydroxyl groups of the fibers in water would form a hydro-

gen bond that strengthens the mechanical properties of the 

fibers,39 as evidenced by the UTS and elongation at break. 

However, the elongation of SF decreased after hydration, 

and we suspect that irregular degradation of the collagen 

is responsible. Even so, whether the mechanical effects of 

collagen addition to PCL are positive or negative remains 

controversial.27,37 Both the physical and chemical bonds 

between fibers would affect the mechanical properties. Under 

different cross-linking mechanisms, concentrations, and 

exposure time, each cross-linking technology presents differ-

ent degrees of structural and mechanical stability.13 Consider-

ing the mechanical properties of the porcine coronary artery, 

the UTS was 2.6 MPa and the elongation was 100%.37 In our 

study, only ME, MG, SE, and SG meet the abovementioned 

two requirements simultaneously. GA-fixed membranes 

performed poorly with other cross-linked counterparts, which 

corresponded to a previous study.25

In vitro enzymatic degradation of cross-
linked membranes
Ideal tissue-engineering materials should be biodegradable. 

As these materials degrade, the neo-tissue grows into the 

materials. Hence, the materials should possess an ideal 

degradation rate. PCL degrades in vivo on a magnitude of 

years, while collagen degrades fast, which possibly results 

in the crystalline form of the materials.40 Figure 7A depicts 

that separated cross-linked fibers were degraded faster than 

mixed cross-linked ones, which was related to the pore 

diameters and surface hydrophilicity. Separated cross-linked 

fibers possessed larger pores, which induced larger contact 

surface area with degradation solution. Figure 7B depicts the 
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Figure 7 Degradation test for different cross-linked membranes.
Notes: (A) SEM images of different cross-linked membranes after soaked in degradation solution on the 15th day. Magnification, 300× times; scale bar, 200 µm. Magnification, 
1,500× times; scale bar, 50 µm. (B) Weight remaining in different cross-linked membranes after incubating at 37°C in PBS with collagenase type I. *A statistically significant 
difference (P,0.05, n=4) in the mean value compared with the last time point.
Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GA, glutaraldehyde; ME, mixed EDC; MG, mixed genipin; MGA, mixed GA; SE, separated EDC; 
seM, scanning electron microscopy; sg, separated genipin; sga, separated ga; MF, fresh mixed membranes; sF, fresh separated membranes.

weight remaining of different membranes soaked in PBS and 

collagenase at the designated time points (1, 3, 5, 10, and 

15 days). MF and SF degraded the most. Interestingly, we 

found that the degradation of MF did not correspond to the 

concentration ratio of the solution. In other words, the ratio 

of the mixed solution was composed of PCL and collagen 

at a 1:1 ratio, while the degradation of MF over a relatively 

short span of time was about 70%. Previous studies have 

indicated that several enzymes, such as protease and lipase, 

can accelerate the degradation of scaffolds.41 The addition of 

collagen would be expected to result in discontinuity of the 

PCL fibers. In the case of collagenase, the fast degradation 

of collagen would create defects in the fibers. Accumulated 

defects break the structure of the fibers, leading to faster 

degradation. As shown in Figure 7, after cross-linking with 

genipin or EDC/NHS, the resistance of the membranes 

against collagenase degradation significantly increased. 

The cleavage site of collagen was covered or masked by 

cross-links with genipin or EDC/NHS with free amino acids, 

which inhibited the enzyme–structure response, resulting in 

an altered degradation rate.10,25

In vitro cell viability
In vitro cell viability tests were used to primarily detect 

whether the membranes meet the fundamental cytocompat-

ibility requirements in tissue engineering. Vascular endothe-

lial cells play critical roles in maintaining vascular functions. 

In our study, HUVECs were used. The proliferation of 

HUVECs on days 1, 4, or 7 after culture is presented in 

Figure 8A. Compared with the blank coverslips, cell viabil-

ity on MF, ME, and MG was unchanged. However, the cell 

viability on MGA and SGA was significantly lower than the 

others on day 7. GA is an efficient cross-linking agent. How-

ever, the residual cytotoxicity of the GA-treated membranes 

renders it very cytotoxic.42 The high cytotoxicity of GA may 

result from the fact that this agent is subject to polymeriza-

tion. Aldehyde groups of GA undergo nucleophilic substitu-

tion by adding amines, thiols, and imidazoles to the cell, thus 

inducing toxicity.21 In the process of cross-linking, EDC/NHS 

does not enter the structure of the products, but produces the 

by-product urea.43 Therefore, EDC/NHS is also considered to 

have little potential toxicity. To avoid the cytotoxic effects 

of chemical agents, biological methods have also been 

assessed. Genipin has received attention for its excellent 

biocompatibility. It has been reported previously that genipin 

has much less cytotoxicity than GA. Moreover, residues 

released from the membranes cross-linked by genipin were 

non-cytotoxic.25 Nevertheless, the cytotoxicity of genipin is 

related to its concentration. Under the premise of ensuring 

cross-linking efficiency, the concentration of genipin should 

be limited to less than 1 mM.12 Generally, large pores between 

the fibers facilitate cell infiltration and nutrient flow between 

cells. On the other hand, although smaller diameter fibers are 

so dense that cells have difficulty in infiltrating them, they 
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Figure 8 (A) CCK-8 assay of HUVEC proliferation adhered on the coverslips and different cross-linked membranes at desired time points (1, 4, and 7 days after 
operation). The sequence of letters a–d represents the size of the mean value (a.b.c.d). The same letter indicates no statistically significant difference (P,0.05, n=4). 
(B) SEM observations of HUVECs grown on the different cross-linked membranes at 1 and 4 days after culture. Magnification, 250×. Scale bar, 300 µm.
Abbreviations: CCK-8, Cell Counting Kit-8; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GA, glutaraldehyde; HUVECs, human umbilical vein endothelial cells; 
Me, mixed eDc; Mg, mixed genipin; Mga, mixed ga; Nhs, N-hydroxysuccinimide; SE, separated EDC; SEM, scanning electron microscopy; SG, separated genipin; SGA, 
separated ga; MF, fresh mixed membranes; sF, fresh separated membranes.

provide more attachment points for the cells. However, large 

diameter fibers with wide gaps do not permit cell adhesion 

across neighboring fibers.44 Adhesion behaviors of HUVECs 

on the different membranes were evaluated by SEM on 

days 1 and 4 (Figure 8B). HUVECs exhibit good adhesion to 

the surface of nanofiber membranes. Compared with day 1, 

the number of cells adhering to the membranes increased 

significantly on day 4, indicating that cell proliferation was 

an upward trend. Particularly, the HUVECs on ME and MG 

proliferated the fastest, and the results were consistent with 

the results of the CCK-8 assays.

Platelet adhesion and hemocompatibility
Since the designed nanofiber membranes are used in vas-

cular tissue engineering, it is important to investigate their 

hemocompatibility. Materials with high hemolysis activity 

not only cause the destruction of red blood cells leading to 

diseases, such as anemia, but also aggravate the aggregation 
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Figure 9 Hemolytic assay of different cross-linked membranes.
Notes: *A statistically significant difference in the mean value compared with all other membranes. #Denotes a statistically significant difference in the mean value compared 
with water and PBS (P,0.05, n=8).
Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GA, glutaraldehyde; ME, mixed EDC; MG, mixed genipin; MGA, mixed GA; SE, separated EDC; 
sg, separated genipin; sga, separated ga; MF, fresh mixed membranes; sF, fresh separated membranes.

Figure 10 Platelets deposited on different membranes, quantified by LDH activity.
Notes: The sequence of letters a–c represents the size of the mean value (a.b.c). The same letter indicates no statistically significant difference (P,0.05, n=4).
Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GA, glutaraldehyde; LDH, lactate dehydrogenase; ME, mixed EDC; MG, mixed genipin; 
Mga, mixed ga; se, separated eDc; sg, separated genipin; sga, separated ga; MF, fresh mixed membranes; sF, fresh separated membranes.

of platelets via ADP released by lysed erythrocytes, which 

leads to thrombosis.45 For comparison, distilled water was 

designated as the positive control, while PBS served as the 

negative control. As shown in Figure 9, with the excep-

tion of the positive control and the separated membranes, 

the hemolysis rates of the negative control and the mixed 

membranes were ,5% (the safe value). On the other hand, 

membranes treated with EDC/NHS presented relatively low 

hemolytic activity, regardless of whether they were mixed 

or separated membranes.

Figure 10 shows the quantitative statistics of platelet 

deposition on different membranes. The platelet deposition 
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of SF and SGA was most severe (greatest number adhering), 

and there was no significant difference between these two 

groups. Compared with that, the deposition levels on mixed 

membranes were significantly decreased. Although there 

was a similar level of platelet deposition among mixed mem-

branes, it appeared that fewer platelets adhered to ME and 

MG. Collagen was one of the primary targets for nonselec-

tive cell adhesion proteins.46 However, this affinity was not 

merely to the endothelial cells but also to other components 

that exist in blood, such as platelets.47 Hence, collagen pos-

sesses pro-thrombogenic properties, but fixation can change 

the primary structure of collagen and reduces platelet adhe-

sion to some extent.

Inflammatory response
Figure 11 shows the immunohistochemical analysis within 

CD45 and CD163 of different cross-linked membranes 

after subcutaneous implantation on the 10th day, which 

represented early stage of host responses to the implantation. 

CD45 (+) leukocyte largely presented in MGA and SGA, and 

barely in other groups. CD163 (+) M2 macrophage presented 

in SGA and SG. Implantation of synthetic materials could 

evoke an inflammation reaction dominated by neutrophils 

and macrophages.48 M1 macrophage is a key effector cell in 

foreign body reaction, while M2 macrophage facilitates tissue 

regeneration. A mixed M1/M2 phenotype in SGA indicated 

that both a constructive and destructive tissue formation were 

present in the host immune responses. It was known that the 

reduction in free amino groups in biological tissue could 

diminish its antigenicity.49 The abnormality in GA-fixed 

membranes was supposed in pro-inflammatory effects on 

macrophage-like cells and disrupted host tissue remodeling.50

Migration assay
The integrity of the intima of the blood vessels prevents 

thrombosis and serves to maintain the patency of blood 

vessels. It is agreed that the endothelium plays a critical 

role in the regulation of vascular hemostasis. Some studies 

have shown that angiogenic endothelial cells are remolded 

by endothelial progenitor cells in blood,51 while others have 

shown that normal endothelial cells at both ends migrate to 

the middle to regenerate the endothelial layer.52 Therefore, 

we tested the ability of HUVECs to migrate against the 

membrane surface. A certain number of HUVECs were 

planted in a hollow cylinder and cultured for a period of time 

to migrate outward. At the desired time points (0 hour, 1, 4, 

and 7 days), we fixed the cells and stained with DAPI. In 

Figure 12, the migration of cells on the surface of different 

Figure 11 Cross-sections within immunohistochemical analysis of different cross-linked membranes after subcutaneous implantation.
Notes: The scale bar of first and third line, 50 µm. The scale bar of second and last line, 100 µm.
Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GA, glutaraldehyde; ME, mixed EDC; MG, mixed genipin; MGA, mixed GA; SE, separated EDC; 
sg, separated genipin; sga, separated ga; MF, fresh mixed membranes; sF, fresh separated membranes.
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Figure 12 Migration of HUVECs on the coverslips and different cross-linked membranes with DAPI staining at desired time points (0 hour, 1 day, 4 days, 7 days). Scale bar, 
4,000 µm.
Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GA, glutaraldehyde; HUVECs, human umbilical vein endothelial cells; ME, mixed EDC; MG, mixed 
genipin; Mga, mixed ga; se, separated eDc; sg, separated genipin; sga, separated ga; MF, fresh mixed membranes; sF, fresh separated membranes.

Figure 13 (A) Migration area of HUVECs on different membranes at designated time points (0 hour, 1 day, 4 days, and 7 days). (B) HUVECs migrated outward over 7 days 
on different membranes. *Denotes a statistically significant difference in the mean value compared with other membranes (P,0.05, n=3).
Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GA, glutaraldehyde; HUVECs, human umbilical vein endothelial cells; ME, mixed EDC; MG, mixed 
genipin; Mga, mixed ga; se, separated eDc; sg, separated genipin; sga, separated ga; MF, fresh mixed membranes; sF, fresh separated membranes.

membranes is shown. The white dashed boxes measure the 

furthest outward migration of HUVECs and draw a circle 

with that distance as the radius. The HUVECs migrated 

more rapidly on coverslips, ME, and MG compared with 

the other nanofiber membranes. The cell migration distance 

was furthest on MG. However, separated membranes did not 

show a consistent migration pattern over increasing time.

The cell coverage area and outward migration per-

centage after HUVECs were cultured over 7 days were 

computed (Figure 13). Over 7 days of migration, there was 

no significant difference between ME, MG, and coverslips. 

Compared with them, the migration rates of MF, MGA, SF, 

SGA, SE, and SG were lower. Obviously, the migration 

rates on mixed membranes were higher than on separated 

membranes. It has been proposed that cell contact guidance 

effects would influence cell behavior, indicating cell pro-

liferation and migration. Generally, the diameter of fibers 

can affect the cellular adhesion contact point.53 This may be 
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because the morphology characteristics of the nanofibers are 

the same as that of the focal adhesion, and the amount has a 

high impact on cell proliferation and other behaviors.54 Previ-

ous studies have demonstrated that vascular endothelial cells 

prefer smoother surfaces for adhesion and migration.55 Mixed 

fibers have a smoother surface than the separated fibers. On 

the other hand, random orientated collagen I fibers in the 

separated fibers are believed to disturb the binding signal of 

other nanoparticles to endothelial cells.55 This may be the rea-

son why dense mixed nanofibers are more likely to promote 

HUVEC migration. In a previous study, after cross-linking, 

some biomolecules were activated for cell cognition. For 

example, after EDC/NHS cross-linking, the residual COOH 

and NH
2
 functionalize the membranes.51 The low cytotoxic-

ity of genipin may facilitate HUVEC migration. Previous 

studies have demonstrated that genipin is an antineoplastic 

agent that inhibits VEGF expression.56 However, other stud-

ies suggested that genipin-cross-linked gelatin membranes 

induce early angiogenesis.57 In addition, genipin can decrease 

the proliferation and migration of vascular smooth muscle 

cells (VSMCs) in a dose-dependent manner,58 while the 

overexpression of VSMC could cause stenosis.59 Hence, 

genipin can maintain scaffold functions to a certain extent.

When materials are implanted into the body, the ideal 

biomaterials should let tissues grow gradually as the 

materials degrade, mimicking self-tissue. Flat fresh and 

cross-linked membranes were implanted under the skin of 

rats and removed at specific time points. Through subcuta-

neous implantation, the compatibility and degradation of 

the materials in a complex biological environment were 

observed. As shown in Figure 14, the host tissues infiltrated 

into different mats over 30 days. During the observation 

period, there was no obvious tissue infiltration into mixed 

membranes, as time elapsed. However, according to H&E 

staining, we found plenty of tissues that infiltrated into the 

separated membranes with larger pores. As time increased, 

the depth of tissue infiltration also gradually deepened. Laco 

et al55 reported that nanofibers between 350 and 1,500 nm 

are involved in contact guidance in three-dimensional (3D) 

hydrogels. Hence, the diameter of mixed membranes might 

be too small for host tissue infiltration into a 3D structure. 

The dotted line in the figure represents the interface between 

the infiltrating autologous tissue and the materials. In the 

chemical cross-linked membranes (GA and EDC/NHS), 

inflammatory cells appear first and in greatest numbers. 

Some inflammatory cells were noted in SGA and SE. Neo-

capillaries were noted, indicating the tissue was regenerating. 

Although the infiltration of SGA was shallower than SF, SE, 

and SG, there was no significant difference between them. 

However, one problem with membranes cross-linked by GA 

is that they have a tendency toward calcification,10 leading 

to the destruction of vascular scaffold functions. A previous 

study also suggested that tissue-bound aldehydes can inhibit 

endothelialization.60

Conclusion
In this study, we compared nanofibers fabricated by a mixed 

10% w/v PCL/collagen (1:1) solution and a separated 10% 

Figure 14 (Continued)
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PCL and 10% collagen solution. To enhance the structural 

and mechanical properties of the different membranes, 

GA, EDC/NHS, and genipin cross-linking technologies 

were adopted. By comparing the structural and mechanical 

properties, physical and chemical characterizations, cell 

compatibility, hemocompatibility, inflammatory response, 

and cell migration assay results, we evaluated the poten-

tial of different membranes to act as prospective vascular 

scaffolds that might maintain fundamental functions and 

promote vascular tissue development in the body. ME and 

MG facilitate HUVEC proliferation and migration, which 

helps reduce the risk of thrombosis. Although the cells 

had difficulty infiltrating ME and MG, these membranes 

maintained their mechanical properties that counteracted 

the impact of blood flow. Furthermore, they are hemocom-

patible. In conclusion, both ME and MG could be promising 

candidates for the development of vascular scaffolds.
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