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Abstract: In this paper, polycaprolactone (PCL)/collagen (COL) nanofibrous membranes were prepared by electro-
spinning to study their mechanical properties as well as biocompatibility. The surface morphology was characterized by
scanning electron microscopy (SEM) to access the effect of microstructure on the mechanical properties, cytocom-
patibility, and enzymatic degradation behaviors. In addition, the effect of hydrophilicity of membranes on the anti-
thrombotic properties was also investigated. The results show that tensile strength of PCL/COL10 is higher than that of
other samples due to smaller fiber diameters and tight spatial interlacing of PCL/COL10 membranes. In addition, the
hydrophobic surface of PCL becomes hydrophilic after the addition of collagen, which affect platelet adhesion and cyto-
compatibility of nanofibrous membrane samples. The addition of collagen could promote the cell proliferation as well
as the enzymatic degradation rate. Overall, PCL/COL10 has good morphology, the best mechanical properties, appro-

priate degradation rate, and the best antithrombotic effect as well as biocompatibility.
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Introduction

Natural and synthetic polymers have been widely used as
implants or substitutes in clinical fields, including vascular
grafts, dressing, cartilage, and so on."? These polymers used as
biomedical materials should meet appropriate mechanical
properties, biocompatibility, and a low immune response.**
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Furthermore, some blood-contacting biomedical materials require
anti-protein adsorption and antithrombotic properties. Mean-
while, tissue regeneration requires the implants or substitutes
made from natural and synthetic polymers to provide a suitable
microenvironment for cell adhesion, migration, and prolifer-
ation.’

Polycaprolactone (PCL), as a synthetic polyester-based bio-
polymer material, has good biocompatibility and mechanical
properties.® Meanwhile, PCL scaffold with a certain porosity
does not have an antigen reaction to the human body, and
could sustain cell growth and promote cell adhesion as well as
proliferation.”® Yin ef al.’ prepared PCL/bioactive glass com-
posite porous scaffolds, exhibiting high expression of osteo-
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genic differentiation and accelerating cranial bone regeneration.
Shi et al."® constructed heparin loaded PCL/gelatin hybrid vas-
cular grafts via electrospinning, promoting endothelialization
and regulating smooth muscle regeneration. Although PCL has
many advantages, there are also its own drawbacks. The inher-
ent defects of poor hydrophilicity, low bioactivity, and slow
degradation of PCL limit its wider application."" One of the
effective ways to solve these problems is to modify PCL by
blending natural polymer such as collagen, gelatin, silk fibroin
for its wider application.'>™*

Collagen, a protein with a unique structure, widely exists in
mammals accounting for more than 25% of proteins in the
whole body," especially in bone, tendon sheath, muscle, lig-
ament, muscle membrane, cartilage and skin part, supporting
the organs and protecting the muscle. Collagen has widely
used as a promising tissue engineering substitute due to its
non-toxicity, weak antigenicity, superior biocompatibility, and
relatively low price.'®. Besides that, collagen is the most import-
ant functional protein in the intercellular substance, therefore,
it is used widely in the biomedical fields.'” However, it is usu-
ally used in the combination with other synthetic polymers
owing to its fast degradation rate and low mechanical prop-
erties."® Electrospinning technology is a method of preparing
ultra-fine fiber by using electrostatic force as a traction. Nano-
fibrous membrane prepared via electrospinning show large
surface areas and porosity to facilitate to mimic the extra-
cellular matrix for cell attachment and proliferation, exhibiting
excellent cytocompatibility.'>* Therefore, it is widely used in
tissue engineering applications.”’* Several studies on the bio-
compatibility of PCL/collagen membranes with bioactive mate-
rials have been undertaken, but the data for mechanical properties
and anti-platelet properties of PCL/collagen mixtures with dif-
ferent ratios without bioactive materials remain insufficient.

The aim of this study was to investigate the effect of col-
lagen contents and the microstructures of PCL and PCL/COL
nanofibrous membranes on the mechanical properties and cyto-
compatibility. In addition, mechanical performance, hydrophilicity,
platelet adhesion, cell viability, degradation behavior was
investigated, respectively.

Experimental

Materials. Polycaprolactone (PCL, M, 45000) was pur-
chased from Macklin (China), and collagen type I (COL) and
cell counting kit-8 (CCK-8) were purchased from FeiyuBio
Co., Ltd. (China). Lipase was purchased from Bidepharm Co.,
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Figure 1. Schematic diagram of electrospinning apparatus.

Ltd., (China), and hexafluoroisopropanol (HFIP, 99.5%) was
provided from Aladdin (China) and employed without further
purification.

Electrospinning. PCL/COL solution (15 w/v%) was pre-
pared using HFIP as a solvent with 0, 10, 30, and 50 wt% of
collagens, and named PCL, PCL/COL10, PCL/COL30, and
PCL/COLS50, respectively. The electrospinning solution was
stirring at room temperature for 4 h, followed by placed ina 10
mL syringe without voids. PCL/COL nanofibrous membranes
were collected with a grounded collector with the voltage
power of 18 kV and the distance of 20 cm as well as at a flow
rate of 1 mL/h (Figure 1). Finally, samples were dried in a vac-
uum oven to eliminate remnant solvents.

Characterization. The surface morphology of nanofibrous
membranes was observed by field-emission scanning electron
microscopy (FE-SEM, JSM-6510, JEOL Ltd., Japan) with an
accelerating voltage of 5 kV. The hydrophilicity PCL/COL
nanofibrous membranes was evaluated using optical contact
angle measuring instrument (OCA15EC, DataPhysics Instru-
ments GmbH, Germany). A 2-uL droplet of pure distilled water
was dropped on the PCL/COL nanofibrous membranes, and
the time was measured from the droplet dropped on the membrane
to the contact angle became zero. The mechanical properties
of the PCL/COL fibrous membranes were investigated using
an Instron 5969 (USA). The specimen has a width of 10 mm,
a length of 50 mm, a gauge length of 25 mm, and a load cell
of 50 N was used at a crosshead speed of 50 mm/min.” For
each measurement, 3 samples were measured and both the mean
value and standard deviation were recorded.

Platelet Adhesion Test. Platelet rich plasma (PRP) was
diluted with fresh frozen plasma (FFP) to form a predeter-
mined concentration (1x10° plt/uL). The PCL and PCL/COL
nanofibrous membranes were separately placed in 24-well
plates and sterilized with 70% ethanol and UV light for 10 min,
following by hydrated with PBS solution for 1 h at 37 C. After
removing solution, 1 ml of platelet solution was added imme-
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diately to each well and incubated at 37 C for 2 h. After that,
the samples were washed three times with PBS solution to
remove residual platelets and then immersed in 2.5% glu-
taraldehyde solution for 1 h at room temperature. Finally, the
samples were dehydrated in a series of ethanol/distilled water
solutions (50, 70, 90, 95, and 100% ethanol for 5 min each)
and dried completely in a vacuum desiccator for 24 h. Sub-
sequently, the morphology of adherent platelets was observed
under field emission scanning electron microscope (FE-SEM,
JSM-6510, Japan). For the quantification of adhered platelets,
the samples were treated with 2% Triton-X100 solution and
incubated at 37 ‘C for 15 min, followed by carried out lactate
dehydrogenase (LDH) activity assay.

Cell Viability. The mouse fibroblasts L929 cells (NCTC
Clone 929, China) was used to evaluate cell viability on the
base of the International Organization for Standardization
(ISO 10993-5). In brief, the PCL and PCL/COL nanofi-
brous membranes were cut into 0.5 cm X 0.5 cm and placed
in 96-well plates before sterilization under UV irradiation.
After that, 1.929 cells were seeded on the membranes with
the density of 1 x 10* cells/well and incubated at 37 C for
a determined time. After that, the medium with 10% CCK-
8 solution was added to each well and incubated at 37 C
for 2 h. The supernatant optical density (OD) was measured
with an Elisa Reader (Infinite 200 Pro, Austria) at 450 nm
wavelength, and the relative cell viability was calculated
via the eq. (1).

Cell viability (%)= OD e/ ODeoner * 100% (1)

where ODqyppie and ODqyeo Tepresented the measured absor-
bance of cells with collagen in different concentration and con-
trol group, respectively.

Enzymatic Biodegradation Test. The enzymatic degradation
of the PCL and PCL/COL nanofibrous membranes were
examined in the presence of lipase (200 U/mL), and weight
change of the samples were monitored as a function of time. In
brief, the samples were vacuum dried at room temperature for
48 h to a constant weight and weighed (W), after which they
were immersed in PBS containing 200 U/mL of lipase. At pre-
determined time points, the samples were rinsed three times
with distilled water, and then vacuum dried for 48 h to a con-
stant weight and weighed as W,. The weight loss was calculated
according to the following formula (eq. (2)):**

Weight loss (%) = (Wy- W)/ Wy x 100% Q)

All experiments were performed in triplicate, and the data
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were expressed as the mean + standard deviation

Statistical Analysis. The data were stated as mean value +
standard deviation (SD). The one-way analysis of variance
(ANOVA) and Tukey’s multiple comparison tests were used to
analyze the significance of differences between experimental
groups. A value of p*<0.01, **<0.005 was considered to be
statistically significant.

Results and Discussion

The hydrophilicity of the PCL and PCL/COL nanofibrous
membranes was evaluated by determining their water contact
angles. As shown in Figure 2, the water contact angle of pure
PCL is about 124.9° exhibiting hydrophobicity. However, the
contact angle of PCL/COL nanofibrous membranes becomes

zero when the water droplet falls on the samples, and it takes
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Figure 2. Water contact angle images of (a) PCL; (b) PCL/COL10;
(c) PCL/COLI10 after 8 s; (d) PCL/COL30; (e) PCL/COL30 after 5 s;
(f) PCL/COL50; (f) PCL/COLS50 after 4 s.
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8s, 5s, and 4 s for PCL/COL10, PCL/COL30, PCL/COL50
samples, respectively, which indicates that the hydrophilicity is
more obvious with the increase of collagen weight percent.
Generally, pure PCL contains five methylene groups, causing
undesired wettability and prolonged degradation rate, thus it
limits its wide application in tissue engineering. In contrast,
collagen contains a large number of hydrophilic groups in the
chain and exhibits strong hydrophilicity. Therefore, the addition
of collagen could improve the hydrophilicity of PCL, and as
the weight percent of collagen increases, wetting speed is get-
ting faster.

The surface morphology and the fiber diameter distribution
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Figure 3. SEM images and diameter distributions of four groups of

PCL/collagen composite fiber membranes: (a-d) microstructure of

PCL, PCL/COL10, PCL/COL30, and PCL/COL50, respectively;

(e-h) fiber diameter distribution of PCL, PCL/COL10, PCL/COL30,

and PCL/COLS50.
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Figure 4. Mechanical properties: (a) maximum stress; (b) stress-
strain curves.

of PCL, PCL/COL10, PCL/COL30 and PCL/COL50 nano-
fibrous membranes were analyzed by SEM observation (Fig-
ure 3). It can be seen that the fiber diameter distribution of the
PCL is relatively uniform and smooth (Figure 3(a)). However,
the fiber diameters of PCL/COL samples are significantly smaller
by the addition of collagen owing to low viscosity of collagen
compared to pure PCL. In addition, as the weight percent of
collagen increases, the fiber diameter distribution becomes not
uniform, especially for PCL/COL50 samples. Among them,
PCL/COL10 and PCL/COL30 have relatively better surface
morphology with suitable fiber diameters and porosity.
The mechanical performance of pure PCL and PCL/COL
nanofibrous membranes are shown in Figure 4. The results
show that the tensile strength of pure PCL, PCL/COL10, PCL/
COL30, PCL/COL50 were 4.06 + 0.56 MPa, 5.67 £+ 0.37 MPa,
0.93 £ 0.08 MPa, 0.26 + 0.04 MPa, respectively. Among all
the samples, PCL/COL10 has the highest tensile strength, while
that of PCL/COL30 and PCL/COLS50 significantly decreases
limiting their wider application. The reason may be related to
their microstructures. As shown in Figure 3, nanofibers were
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randomly arrayed with porous structures; however, the average
fiber diameters of PCL/COL10 are smaller than those of pure
PCL, and spatial interlacing of PCL/COL10 is more tightly
arranged compared with PCL leading to better tensile strength
of PCL/COLI10 than that of pure PCL, which are in accor-
dance with the previous studies.”** However, as the amount of
collagen increases, tensile strength of PCL/COL decreases due
to relatively low viscosity of PCL/COL which is unfavorable
to electrospinning and hinder fiber formation, causing uneven
distribution of fiber diameters for PCL/COL30 and PCL/
COLAO0.

Platelet adhesion and activation is an important factor for
blood-contacting materials. When fibrous membranes contact
with blood, they will adsorb plasma proteins triggering the
activation of platelets. In this process, platelets not only acti-
vate a variety of clotting factors, but also destroy red blood
cells and white blood cells causing blood formation. In this
study, in vitro platelet adhesion observed by SEM to assess the

0 PCL

=3 PCL/COL10
= PCL/COL30
mm PCL/COLS0

Figure 5. (a) SEM images of the platelet adhesion; (b) number of
platelets adhered on the PCL and PCL/COL.
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Figure 6. Cell viability of L929 cells after culturing 24 h and 48 h.

anti-platelet properties of PCL and PCL/COL membranes. As
shown in Figure 5(a), a certain platelet is adhered on pure PCL
membranes which is a hydrophobic polymer that is favorable
for protein or platelet adhesion, whereas the number of platelet
adhered on PCL/COL10 decreases. It may be the reason that
the addition of collagen makes the PCL surface hydrophilic,
and hydrophilic or superhydrophobic surface could reduce the
platelet adhesion.””?® However, as the content of collagen
increases, the number of attached platelets decreases because
the triple helix structure of collagen could induce platelet adhe-
sion and activation.”*’

In addition, quantitative analysis was also carried out through
LDH assay. Figure 5(b) shows that the number of attached
platelets adhered on PCL/COL10 was less than half on that
pure PCL which is consistent with the SEM images above.

Generally, PCL is known as biocompatible materials, and
they are widely used in biomedical application.’! Cytotoxicity
of PCL and PCL/COL membranes with varying collagen con-
tents ranging from 0, 10, 30, and 50% determines whether the
PCL/COL samples will have toxic effects on L.929 cells incu-
bated for 24 h and 48 h.**** As shown in Figure 6, all the
groups showed more than 95% cell viability and PCL with col-
lagen exhibits higher cell viability in comparison with pure
PCL, indicating that PCL itself as well as the collagen blended
PCL samples are compatible with cells. Furthermore, the via-
bility of 1929 cells cultured on PCL/COL membranes for 48 h
is higher than that of pure PCL, indicating good cytocom-
patibility of PCL/COL. In addition, the collagen has favorable
effect on the initial cell adhesion and further cell growth due to
its hydrophilicity.”® Moreover, the microstructure of PCL and
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Figure 7. Experimental diagram of degradation of PCL, PCL/COL10,
PCL/COL30, and PCL/COL5O0.

PCL/COL is also an important factor for cell adhesion and cell
proliferation, which providing a potential for tissue recon-
struction.

In vitro enzymic degradation test was carried out in the pres-
ence of lipase. Figure 7 shows the enzymatic degradation
behavior of PCL and PCL/COL membranes. It can be found
that PCL/COL membranes quickly degraded at the early stage,
whereas it became slower after 3 days. However, pure PCL
shows slow degradation behavior in lipase solution during the
whole degradation process. The internal structure of nanofi-
brous membrane became looser in the beginning, subsequently
the nanofibers began to break.** The weight loss is 6.49%, 12.69%,
34.62%, and 61.41% after 9 days for PCL, PCL/COL10, PCL/
COL30, and PCL/COLS50, respectively, indicating that the
degradation rate of PCL becomes faster as the collagen con-
tents increases and it can be controlled by the addition appro-
priate amount of collagen.

Conclusions

In this study, PCL, PCL/COL10, PCL/COL30, PCL/COL50
nanofibrous membranes were prepared via electrospinning,
and their mechanical and biocompatibility were investigated.
Fiber diameters of PCL/COL is significantly smaller than that
of pure PCL, and the hydrophobic surface of PCL becomes
hydrophilic after the addition of collagen, which affect platelet
adhesion and cytocompatibility of nanofibrous membrane
samples. In addition, tensile strength of PCL/COLI10 is higher
than that of others due to smaller fiber diameters and tight spa-
tial interlacing of PCL/COL10 membranes. Furthermore, the

addition of collagen could promote the cell viability as well as
the degradation rate. Overall, PCL/COL10 has good mor-
phology, the best mechanical properties, appropriate degradation
rate, and the best antithrombotic effect as well as biocom-
patibility.
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