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A biomimetic basement membrane consisted of hybrid aligned
nanofibers and microfibers with immobilized collagen IV and laminin
for rapid endothelialization
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Abstract

Rapid formation of a continuous endothelial cell (EC) monolayer with healthy endothelium function on the luminal surface
of vascular implants is imperative to improve the longtime patency of small-diameter vascular implants. In the present study,
we combined the contact guidance effects of aligned nanofibers, which enhance EC adhesion and proliferation because of
its similar fiber scale with native vascular basement membranes, and aligned microfibers, which could induce EC elongation
effectively and allow ECs infiltration. It was followed by successive immobilization of collagen IV and laminin to fabricate
a biomimetic basement membrane (BBM) with structural and compositional biomimicry. The hemolysis assay and platelet
adhesion results showed that the BBM exhibited excellent hemocompatibility. Meanwhile, the adhered human umbilical vein
endothelial cells (HUVECS) onto the BBM aligned along the orientation of the microfibers with an elongated morphology, and
the data demonstrated that the BBM showed favorable effects on EC attachment, proliferation, and viability. The oriented EC
monolayer formed on the BBM exhibited improved antithrombotic capability as indicated by higher production of nitric oxide
and prostacyclin (PGI2). Furthermore, fluorescence images indicated that HUVECs could infiltrate into the BBM, implying
the BBM’s ability to enhance transmural endothelialization. Hence, the BBM possessed the properties to regulate EC behaviors
and allow transmural ingrowth, demonstrating the potential to be applied as the luminal surface of small-diameter vascular
implants for rapid endothelialization.

Keywords Biomimetic basement membranes - Aligned electrospun fibers - Surface modification - Endothelialization -
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Vascular transplantation is the most effective means of treat-
ing severe cardiovascular diseases. However, the limited
availability of healthy and mechanically robust autologous,
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allogenic, or xenogeneic vein sources has stimulated the
development of artificial vascular implants [1, 2]. Polyethy-
lene terephthalate (PET), polytetrafluoroethylene (PTFE),
and other commercial polymers have been successfully uti-
lized for large-diameter (inner diameter >6 mm) artificial
blood vessel replacements. However, due to the disappoint-
ing long-term patency caused by the intimal hyperplasia and
high risk of luminal thrombosis, there has not been a suc-
cessful commercial small-diameter (inner diameter <6 mm)
vascular graft so far [3-5]. The innermost layer of native
blood vessels is the endothelium, which is consisted of a
continuous monolayer of endothelial cells (ECs) that are in
direct contact with blood, participating in multi-faceted blood
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vessel activities, such as inflammation, fibrinolysis, hemosta-
sis, and extracellular matrix (ECM) production [1, 6, 7].
Importantly, the endothelium could act as an anti-coagulation
barrier to prevent thrombus formation by inhibiting platelet
adhesion [8, 9]. Unfortunately, artificial vascular grafts can-
not realize rapid endothelialization in situ because of the low
EC initial attachment as well as cell spreading and growth
[10-12]. Therefore, enhancing the endothelialization of arti-
ficial vascular grafts has become an active research for the
vascular tissue engineering development [13—-15].

In vivo, ECs attach on vascular basement membranes
(BMs), and the native BMs exhibit a complex meshwork
topography with nanoscale range (1-100 nm) fibers and sub-
micron range (100-1000 nm) pores [16]. Collagen IV and
laminin are always contained in BMs, working together with
elastin and other functional components to provide the vital
physical support for vascular endothelium [17-19], as well
as some special signals to surrounding cells and tissues [16,
19-22]. They could help maintain the anti-thrombotic prop-
erty of the EC monolayer [23, 24] and regulate various cell
surface interactions, leading to discrepant promotion of dif-
ferent EC behaviors [25]. Genge et al. [12] compared the
effects of different components of ECM on human umbilical
vein endothelial cell (HUVEC) behaviors, and they found
that HUVECsS exhibited the best adhesion and proliferation
on laminin-coated substrates when compared to gelatin- or
fibronectin-coated samples. After exposed to shear stress, the
HUVEC: cultured on laminin and ECM showed similar cell
densities and the stress fiber patterns, meaning that the vas-
cular implants coated with laminin might enhance the shear
stress resistance property of ECs. According to the study of
Palotie et al. [26], bovine aortic ECs attached more prefer-
ably to the surfaces modified with fibronectin, collagen III,
and collagen IV than with laminin and collagen I and col-
lagen V. Form et al. [27] reported that the proliferation of
bovine aortic ECs was remarkably faster on laminin than on
collagen IV.

Additionally, ECs in vivo also exhibit an elongated mor-
phology and align along the direction of blood flow because
of the flow-mediated mechanotransduction effects, which
could lead to cytoskeletal rearrangement and paralleled stress
fiber bundles [28-30]. Of note, researchers had revealed
that the monolayer of oriented ECs played crucial roles
in regulating anti-thrombogenic and pro-inflammatory reac-
tions [23, 24, 31, 32], while showing preferable shear stress
resistance and low flow disturbance [33, 34]. Given the
advantages of elongated ECs, the grooved surfaces and the
aligned electrospun fibers have always been employed to
regulate the alignment of ECs. Note that the structure param-
eters of grooves, as well as the diameters and orientation
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degrees of electrospun fibers would affect ECs activities
differently [1, 24, 32, 34-38]. Li et al. [39] evaluated the
HUVEC behaviors on electrospun substrates with different
fiber diameters and orientations, and they found that nano-
sized fibers could enhance EC adhesion and proliferation
remarkably. Based on our previous studies [40, 41], the adhe-
sion and proliferation of ECs were significantly improved
on nanoscale electrospun membranes, whose fiber diameters
were close to that of the native BMs (within 100 nm), while
ECs presented a more elongated morphology on membranes
with micro-aligned fibers than with nano-aligned fibers. In
addition, the aligned electrospun microfibers with diame-
ter of 2.738 wm had the strongest contact guidance effects
on HUVEC elongation, and the HUVECs infiltrated into
the membrane, demonstrating its capability for improving
transmural ingrowth endothelialization [42, 43]. As reported
earlier, besides transanastomotic outgrowth and fallout of
blood-borne cells endothelialization mechanisms, transmu-
ral ingrowth endothelialization has been described as a main
modality of endothelialization, provided that the porosity,
pore size, and permeability of vascular grafts are adequate
to allow capillary ingrowth and transport of angiogenic
factors [42—44]. Pennel et al. had confirmed that the trans-
mural capillary ingrowth was essential for confluent vascular
graft healing [44], which could occur independently from
the transanastomotic endothelialization [45]. Adjusting the
grafts structures [46, 47] and chemical grafting [44, 48] have
both been studied to improve cell infiltration for transmural
capillary ingrowth.

In the present study, we developed a biomimetic basement
membrane (BBM) structurally and compositionally, which
was aimed at optimizing the endothelialization process of
small-diameter vascular implants. Aligned polycaprolactone
(PCL) electrospun nanofibers with diameter of 73 nm were
utilized to mimic the nanoscale feature of native BMs,
and aligned microfibers with diameter of 2.7 pm were
electrospun simultaneously, collecting two kinds of fibers
together to develop the hybrid structure of the BBMs [41].
The resulting BBMs could combine the advantages of both
aligned nanoscale fibers on EC adhesion and proliferation,
as well as aligned micro-scale fibers on EC orientation
and penetration. Furthermore, collagen IV and laminin as
the main components of native BMs were successively
immobilized through 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC)/N-hydroxysuccinimide
(NHS) coupling chemistry to realize biomimicking the
BMs not only structurally but compositionally. A series of
characterization tests had been carried out to evaluate the
performances of the BBMs.
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Materials and methods
Materials

Polycaprolactone (PCL, Mn ~80 kDa) was obtained from
Sigma-Aldrich (USA). Trichloromethane (CHL) and acetic
acid (AA) were purchased from Lingfeng Chemical Reagent
Co., Ltd. (China). Formic acid (FA) and alcohol were sup-
plied by Sinopharm Chemical Reagent Co., Ltd. (China).
Bovine serum albumin (BSA) and BCA Protein Assay
Kits were obtained from Sangon Biotech. (China). Human
umbilical vein endothelial cells and human Endothelial Cell
Medium kit (Catalog#1001) were purchased from Scien-
Cell Research Laboratories (USA). Porcine whole blood
with Na citrate and RPMI-1640 medium were bought from
Fisher Scientific (USA). Cell counting kit-8 (CCK-8) was
supplied by MedChemExpress (USA). Nitrite assay kit was
purchased from BioVision (USA), and Prostacyclin ELISA
kit was obtained from Enzo Life Sciences (USA). Rhodamine
phalloidin and 40, 6-diamidino-2-phenylindole (DAPI) were
purchased from Yeasen Biotechnology Co., Ltd. (China).
Live/Dead viability kit was supplied by Biotium (USA). The
water used in the present study was purified by a Milli-Q
system (Millipore, USA). All the chemicals were of analyt-
ical grade and were used without further treatment unless
specially mentioned.

Fabrication of the BBMs

Through electrospinning, the aligned electrospun nanofibers
and microfibers were collected simultaneously to develop the
structure of the BBM. As discussed before [41], electrospun
solutions were prepared by dissolving PCL for 24 h at room
temperature in a mixed solvents of formic acid and acetic
acid (7:3 v/v) at a concentration of 10 wt%, and chloroform
and ethanol (7:3, v/v) at 20 wt% for the fabrication of 73 nm
sample and 2.7 wm sample, respectively. A roller collector
was used to fabricate aligned fibers, and the rotator speed
was set as 1500 rpm (10 m/s). For 73 nm sample prepara-
tion, the flow rate was controlled at 0.1 mL/h. The distance
between the needle tip and the collector was 17 cm, and the
voltage was 20 kV. For electrospinning of 2.7 pm sample,
the flow rate, spinning distance, and high voltage were set
as 2 mL/h, 20 cm, and 20 kV, respectively. The as-fabricated
scaffolds were cleaned and wetted in 70% (v/v) ethanol solu-
tion, then washed with deionized water. The sample was
named the StrM, meaning it only mimicked the structure
of native BMs. As shown in Fig. 1, the StrM was incubated
in 0.4 M NaOH solution for 20 min at 40 °C, aiming to acti-
vate the surface because of the bioinert properties of PCL.
Surface hydrolysis by NaOH solution is facile for modifying
biodegradable polymeric materials such as PCL [49]. After
NaOH treatment, the activated-StrM was immerged in 2-(N-

Morpholino) ethanesulfonic acid (MES) solution (0.1 M, pH
5.0) containing S mg/mL EDC and 5 mg/mL of NHS for 1 h at
25 °C, then submerged in collagen IV solution (100 pg/mL
in 0.5 M acetic acid) for 2 h at 25 °C, followed by rinsed
with 0.5 M acetic acid and phosphate-buffered saline (PBS)
to remove the unreacted collagen IV. The resultant sample
was named the COL-StrM. Afterwards, the COL-StrM was
soaked in the above EDC/NHS solution for 1 h at 25 °C, then
reacted with laminin (20 pg/ml in PBS, containing 0.15 M
NaCl, pH 7.4) for 2 h at 25 °C. The prepared sample was
washed 3 times with PBS and named the BBM. We also pre-
pared the LAM-StrM sample by immobilizing laminin onto
the activated-StrM through EDC/NHS coupling chemistry as
described above.

General characterization

The morphologies of the various samples were observed by
a scanning electron microscope (SEM, SU8010, Hitachi,
Japan), and the acceleration voltage was 15 kV. The fiber
alignment of different samples was evaluated using the
obtained SEM images and Image J software as described in
a previous study [35]. The 3D images and the force—distance
curves of the adhesion force of different samples were gener-
ated by an atomic force microscope (AFM, 5500 AFM-SPM,
Keysight, USA) with contact mode, and a 960 nN origi-
nal approach force was applied to obtain the force—distance
curves. Furthermore, arithmetic mean roughness (Sa) was
calculated with analyzing software (Pico Image Elements
7.3), representing the arithmetic average of the absolute
values of the profile height deviations from the mean line
within the evaluation length. The contact angle instrument
(OCAI1SEC, Dataphysics, Germany) was applied to mea-
sure the wettability of samples, and PBS solution rather than
water was chosen for the measurement in the present study.
The contact angles were obtained after the droplets con-
tacted with the surfaces for 15 s. Fourier transform infrared
(FTIR) spectra were recorded using a FTIR Spectrometer
(Nicolet 6700, Thermo Fisher Scientific, USA) in the range
of 3800-600 cm™! to identify the functional groups in the
different samples, with a resolution of 4 cm~!. X-ray pho-
toelectron spectroscopy (XPS) analyses were performed on
an ESCALAB 250Xi (Thermo Fisher Scientific, USA) spec-
trometer to examine the surface atomic composition.

Bovine serum albumin (BSA) adsorption

BSA adsorption was assessed utilizing a simplified method.
Briefly, the samples were cut into discs (14 mm in diame-
ter) and placed in separate wells of 24-well culture plates,
then sterilized with 75% (v/v) ethanol solution and rinsed in
PBS solution three times. 1 mL BSA solution (1 mg/mL) was
injected into each well, followed by incubated the samples
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Fig.1 Schematic illustration of the BBM preparation process

in a shaker for 6 h at 37 °C. In the present study, we mea-
sured the absorbance of the supernatant after adsorption test
to evaluate the BSA adsorption results using a BCA protein
assay kit, rather than the actual amounts of adsorbed protein
on different samples.

Hemocompatibility evaluation
Hemolysis assay in vitro

For hemolysis rate test, the detailed procedures were per-
formed following a previous method [50]. Briefly, each
sample (10 mg) was incubated in 10 mL PBS for 72hat37 °C.
Afterwards, 0.2 mL diluted blood (porcine whole blood was
diluted with PBS with a volume ratio of 4:5) was added to
each sample followed by incubation for 1 h at 37 °C. Then,
the absorbance of the supernatants, which were obtained after
centrifugation at 800 x g for 5 min, was measured at 545 nm
using an ultraviolet spectrophotometer. Hemolysis rate (HR)
was calculated following Eq. (1), and 10 mL distilled water
(positive control) and 10 mL PBS (negative control) were
applied for comparison, respectively.

ODsa — ODnNE

HR(%) =
(%) ODppo — ODNE

x 100 ey

where ODgp is the absorbance of experimental sample,
ODpo represents the absorbance of positive control, and
ODNg represents the absorbance of negative control.

Platelet adhesion
The quantities and morphologies of platelets were inves-

tigated to evaluate the anti-thrombogenicity of different
samples. We centrifuged the anti-coagulated porcine blood
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at 1500 rpm for 15 min at room temperature to obtain
platelet-rich-plasma (PRP) [51]. For the platelet adhesion
test, samples were incubated in PBS for 1 h at 37 °C firstly.
After that, 500 nL PRP was added onto sample surfaces cau-
tiously and then incubated at 37 °C for 2 h, followed by rinses
with PBS three times to wash away weakly adhered platelets.
The adhered platelets were submerged in 4% paraformalde-
hyde at 4 °C for 1 day. Finally, samples were dehydrated
with a series of ethanol solution (50%, 70%, 80%, 90%, and
100%, v/v) and dried in a vacuum drying oven before SEM
observation.

Cell culture

Before cell seeding, all samples were cut into round pieces
and placed in separate wells of 24-well culture plates, then
sterilized by 75% (v/v) ethanol solution and rinsed with PBS
three times. HUVECs were seeded onto samples at a density
of 4 x 10* cells per well for cell adhesion analysis, 1 x 10*
cells per well for all other tests, and maintained in the supplied
human Endothelial Cell Medium. All cells were incubated at
37 °C in a humidified 5% CO; atmosphere. The cell culture
medium of the NO and PGI2 production evaluation groups
was not changed until testing at 3 day, and the culture medium
was replaced every 2 days for all other tests.

Biological characterization
HUVEC adhesion and proliferation

To evaluate cell adhesion, the HUVECs were stained at 6 h
after sufficient rinse to wash away the floating cells. Briefly,
HUVEC:s cultured on different samples were fixed with 4%
paraformaldehyde at 37 °C for 30 min firstly, then washed
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with PBS three times and permeabilized using 0.5% Triton
X-100 (in PBS) for 10 min, followed by incubated in 1% BSA
(in PBS) for 20 min to weaken the nonspecific background
staining. The following fluorescent staining process was con-
ducted away from light. For the cytoskeleton staining, the
cells were stained with rhodamine phalloidin for 30 min at
room temperature and then rinsed with PBS three times. After
that, the cells were stained with DAPI for nucleus staining
at room temperature for 2 min, followed by PBS washing
three times again. Samples were observed using a fluores-
cence microscope (DMI3000, Leica, Germany). The actual
numbers of HUVECS on different samples were counted and
transferred to cell adhesion densities for evaluation.

CCK-8 assay was utilized to assess HUVEC proliferation
at days 1, 3, and 5, respectively. Briefly, the culture medium
was removed and the samples were rinsed gently three times
using PBS firstly, then 50 pL CCK-8 solution mingled in
450 wL RPMI-1640 medium was added per well. After incu-
bated in incubator (37 °C, 5% CO») for 2 h, the amounts of
HUVECs were determined by the optical absorbance val-
ues at 450 nm using a microplate reader (MULTISKAN FC,
Thermo Fisher Scientific, USA).

HUVEC viability (Live/Dead assay)

The HUVEC viability was determined by the numbers of
living and dead cells at 5 day, using a Live/Dead viability
kit. Briefly, the culture medium in the wells was removed
firstly, followed by washing the samples carefully with PBS,
then adding staining solution onto the samples according to
the instructions. Next, the samples were incubated at room
temperature for 30 min prior to the cell observation with a
fluorescence microscope (DMI3000, Leica, Germany). The
Live/Dead viability kit contained green fluorescent Calcein
AM to image the cytoplasm of living cells, and red fluorescent
propidium iodide to view dead cells. For determining the
percentages of live and dead cells on the different samples,
dead cell controls, healthy cell controls, and cell-free controls
were prepared, respectively, followed by staining cells, and
measuring fluorescence of experimental and control samples.
The percentages of live and dead cells could be calculated
from the fluorescence readings as described in the provided
protocols.

HUVEC morphology

HUVECs cultured on different samples were stained as
described earlier for observation, and the morphologies of
cells were characterized using Image J software. The value
of the major axis/minor axis of nuclei of HUVECs (fitted to
ellipses) was defined as the aspect ratio [41]. Based on pre-

vious study [52], nuclear shape index (NSI) was calculated
as below:

4w x area 2LW
NSI = — 5= 5 2)
perimeter L-+W

where L and W are half of the values of nuclear length and
width, respectively.

Nitric oxide (NO) production of HUVECs

NO released by the healthy endothelium could act as an
anti-thrombogenic agent, also the anti-proliferative agent for
smooth muscle cells [8, 53, 54]. In the present study, the
amounts of NO released in the culture media of HUVECs
cultured on different samples were assessed using the Nitric
Oxide Assay kit after 3 day culture. To eliminate the varia-
tion due to cell proliferation, the measured NO production
was finally normalized by the cell number.

Prostacyclin (PGI2) production of HUVECs

PGI2 could help maintain the balance of anti-thrombosis and
anti-coagulation in vivo [24, 55]. HUVECs were cultured on
different samples for 3 days, and then, the culture medium
was collected for the measurement of the concentration of
PGI2 using a PGI2 ELISA Kit, according to the manufac-
turer’s instructions. To eliminate the variation due to cell
proliferation, the measured PGI2 production was finally nor-
malized by the cell number.

Statistical analysis

All results were presented as mean values % standard devia-
tion. One-way analysis of variance (ANOVA) and LSD test
were used to statistically analyze the significant differences
between groups using SPSS software (version 16.0). Dif-
ferences were accepted as significant when P <0.05(*), P
<0.01(**) and P <0.001(***).

Results and discussion
Surface chemistry

Aligned electrospun scaffolds without further chemical mod-
ifications were all prepared using the raw PCL material in
the present study, suggesting their same chemical proper-
ties. Therefore, we only used the nano/microfibrous scaffold
for the FTIR and XPS characterizations, and named it as
PCL. As shown in Fig. 2a, carbonyl group vibration at
1730 cm™!, -C-O~C-~ vibrations at 1186 and 1241 cm™!,
as well as -CHj- bending vibrations at 1366, 1418, and
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Fig.2 FTIR spectra (a) and XPS
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1471 ecm™!, respectively, could be observed in all spec-
tra, as these were the characteristic peaks of PCL. After
biomolecule immobilization, there were three distinct peaks
that could be identified in the COL-StrM, the LAM-StrM, and
the BBM spectra. The new peaks appearing at 1636 cm™!
and 1540 cm~! represented the amide I and amide II
peaks, respectively, indicating the successful immobiliza-
tion of proteins in the present study. Furthermore, a band
at 3000-3600 cm~! could be observed, corresponding to
the stretching of ~OH, or -NH- groups of collagen IV and
laminin.

XPS was employed to further characterize the atomic or
chemical composition of the sample surfaces. In Fig. 2b,
we could found that only C and O were detected on PCL
spectrum, appearing at binding energies of 285 eV and
532 eV, respectively. After biomolecule immobilization, an
additional N peak at binding energy of 399 eV was detected
on the COL-StrM, LAM-StrM, and the BBM spectra, which
originated from the collagen IV and laminin and provided
direct evidence for the successful protein immobilization.
Of note, from the atomic percentage statistical data (inserted
table in Fig. 2b), the higher biomolecule concentration con-
tributed to the higher N intensity of the COL-StrM (4.21%),
when compared to the LAM-StrM (1.26%). Note that the
applied biomolecule concentrations and immobilization effi-
ciency both led to the difference on N intensity, although
the accurate immobilization efficiencies of collagen IV and
laminin need further study. Moreover, the BBM exhibited

@ Springer

200 400 402

Binding energy (eV)

the highest N intensity of 5.36%, which was attributed to
the immobilization of both collagen IV and laminin. The
same conclusion could also be drawn from the N peaks in
Fig. 2c. Our previous study had confirmed that the grafting
method applied in the present study could realize the suc-
cessful biomolecule immobilization [40].

Surface morphology

The SEM and AFM graphs of different samples are shown
in Figs. 3a and 4, respectively. Figure 3b presents the dis-
tributions of fiber diameters of the 73 nm and 2738 nm
samples, and the normalized radial intensity results from
Fig. 3c showed the greatest intensity along a single axis corre-
sponding to the direction of fiber orientation for all samples.
In Fig. 3a, it could be seen that the samples with aligned
nanofibers and microfibers had relatively smooth surfaces, as
well as the StrM, which was composed of aligned nanofibers
and microfibers. The surface roughness of the 2738 nm sam-
ple, as measured by the AFM, was 1.15+£0.16 pm, much
higher than 0.13£0.012 wm of the 73 nm sample because
of its thicker fibers. For the StrM, the presence of nanofibers
and microfibers contributed to a medium roughness value
of 0.54+0.053 wm (Fig. 4). After collagen IV immobiliza-
tion, there were nanoscale features on the surfaces of the
fibers, and the fiber surfaces became rough. Similar situations
could also be seen on the fiber surfaces of the LAM-StrM,
although no obvious differences could be found between the
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COL-StrM and the LAM-StrM from Fig. 3a. However, there ~ StrM of 0.78 £ 0.065 pm) because of different immobilized
was indeed difference between their roughness values (cf.  biomolecules and applied biomolecule concentrations. After
Fig. 4, the COL-StrM of 0.90+0.096 pum and the LAM-  immobilizing both collagen IV and laminin, we could find
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that there were more aggregates on the fiber surfaces of
the BBM than the COL-StrM and the LAM-StrM from
Fig. 3a, and the roughness value of the BBM increased to
1.034+0.094 pm.

Adhesion force measured by AFM

AFM could be used to assess the adhesion force through
the force—distance curves, which were obtained by con-
trolling AFM tips retraction after direct contact with the
sample surfaces [56-59]. As shown from the schematic
illustration in Fig. 5a, the negative force at the retraction
process of the force—distance curve indicated the adhesion
force. The comparisons between different samples were
discussed by statistically analyzing the adhesion force val-
ues of several random locations on the sample surfaces. In
Fig. 5b, it was found that the average adhesion force of
the 73 nm sample was 921.60£+361.19 nN, much higher
than that of the 2738 nm sample (518.40499.36 nN). This
result is in agreement with the observation of Li et al. who
found that the thinner fibers constrained harder force to
the water, AFM tips, and fibroblast cells [59]. After colla-
gen IV and laminin immobilization, two separate adhesion
force distributions could be obtained, and they represented
the adhesion forces of nanofibers and microfibers, respec-
tively. For the COL-StrM, the average adhesion forces of
nanofibers and microfibers were 3192.66 +699.19 nN and
605.18 =268.68 nN, while the LAM-StrM demonstrating
2286.72£151.78 nN and 605.41 + 166.39 nN, respectively.
Comparing the changes of adhesion forces, we found that
the biomolecules affected the nanofibers much more signifi-
cantly than microfibers. The adhesion forces of nanofibers
increased 3.46 times for the COL-StrM and 2.48 times
for the LAM-StrM, while only approximate 1.17 times for
microfibers of both the COL-StrM and the LAM-StrM whose
adhesion force values were similar. Besides the inherent
differences between collagen IV and laminin on adhesion
force, the immobilization amount of biomolecules might also
contribute to the different adhesion forces. In the present
study, the immobilization concentrations of collagen IV and
laminin used were 100 pg/mL and 20 pg/mL, respectively,
and the adhesion force of nanofibers responded appreciably
to the concentration difference because of its fine diameter,
while the diameters of microfibers were too large to show
the effect of immobilized biomolecules. Of note, for the
COL-StrM and the LAM-StrM, the similar adhesion force
values of microfibers but different biomolecule immobiliza-
tion concentrations suggested that laminin could improve
the adhesion force more effectively than collagen IV. For
the BBM, the average adhesion forces of nanofibers and
microfibers were both the highest among all the samples,
increasing 3.64 times to 3352.92 +943.77 nN and 1.71 times
to 888.48+£598.42 nN, respectively. This suggested that
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combining collagen IV and laminin together for immobi-
lization could further enhance the adhesion forces. More
importantly, higher adhesion force corresponded to higher
surface energy and drag tension force. When applied to cell
incubation, it was expected that ECs could attach more stably
on the BBM [59]. In human body, ECs adhered onto the inner
surface of vascular implants are always subject to physiolog-
ical flow conditions, and the ECs may be sloughed off from
the surfaces if the adhesion strength is not strong enough [31,
60].

Surface wettability and BSA adsorption

As shown in Fig. 6a, the 73 nm sample showed the high-
est PBS contact angle of 133.1541.91°, much higher than
that of the 2738 nm sample (120.05 £ 0.16°). Similar results
had also been observed by Ghobeira et al., who reported
that the water contact angles of aligned electrospun fibers
gradually decreased with increase in fiber diameters [61].
Previous studies indicated that the high packing density of
the aligned fibers tended to form roughness creases instead of
well delineated pores, thus leading to less air entrapment [61,
62]. Though the fiber adhesion force of the 73 nm sample was
higher than that of the 2738 nm in the present study (Fig. 5b),
we speculated that the effect of surface topography on PBS
droplets penetration was significant enough to counteract the
opposite and competing effects of surface energy and fiber
adhesion force. For the StrM, the existence of both thick and
fine fibers led to a looser structure and larger gaps than the
73 nm and 2738 nm samples, resulting in the fast and efficient
PBS droplets infiltration into the membranes within 15 s. For
the COL-StrM, LAM-StrM, and BBM, besides the similar
structure with the StrM, hydrophilic collagen IV and laminin
would also contribute to the PBS penetration. Furthermore,
the hydrolization of the hydrophobic O=C—O- groups of PCL.
led to the increase in hydrophilic groups on the fiber surfaces,
such as —-COO- and —OH [40], further facilitating the PBS
droplets infiltration.

In Fig. 6b, we could find that the 73 nm sample showed the
lowest absorbance value, indicating its highest BSA adsorp-
tion according to our experiment design. As for BSA, it
belongs to the albumin protein group and helps to decrease
platelet adhesion [63]. In addition, several studies demon-
strated that the albumin was more likely to adhere to
hydrophilic surfaces [64, 65]. Although the 73 nm sample
exhibited the highest PBS contact angle among all the sam-
ples and its similar nanoscale dimensions with proteins might
restrict protein adsorption, the dominant effect of the largest
surface area (because of the finest fiber diameter) contributed
to its highest BSA adsorption amount [66]. The amount of
BSA adsorption on the 2738 nm sample was slightly less than
that of the 73 nm, but with no significant difference. Com-
pared with the 73 nm and the 2738 nm samples, the looser
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structure and larger gaps of the StrM led to limited surface
area, resulting in less BSA adsorption. After collagen IV and
laminin immobilization, the COL-StrM and the LAM-StrM
showed comparable BSA adsorption with the StrM. It was
speculated that the biomolecule immobilization had limited
influences on BSA adsorption, and the relatively low grafting
concentrations employed in the present study might be the
reason for that. The BBM exhibited the lowest BSA adsorp-
tion amount, which was significantly less than that of the
73 nm sample (P <0.05).

Hemocompatibility evaluation

For blood-contacting biomaterials, hemocompatibility is one
of the essential indicators to evaluate the suitability of them
for in vivo applications. In the present study, the hemol-
ysis rate and platelet adhesion tests were performed for
evaluation. Hemolysis of erythrocytes is a crucial index for
evaluating blood compatibility of materials, and it should
be less than 2% to meet the requirements for biomaterials
being implanted into the human body [50, 67]. As shown
in Fig. 7a, no obvious hemolysis phenomenon could be
observed from the inset photograph. Except for the 73 nm
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sample (2.12 +0.59%), the hemolysis rates of other samples
were all less than 2%, suggesting that these samples could
be considered acceptable as nonhemolytic materials. Of note,
the hemolysis rates of the COL-StrM, LAM-StrM, and BBM
were less than 0, indicating that they nearly did not cause red
blood cell rupture when compared with negative control. It
was because of the satisfactory biocompatibility of collagen
IV and laminin [13, 68].

The adhesion and activation of platelets on the luminal
surfaces of vascular grafts will trigger blood coagulation
and thrombus formation, leading to the implantation fail-
ures [5, 69, 70]. In Fig. 7b, ¢, we could find that significantly
more platelets adhered on the 73 nm sample when compared
with the 2738 nm sample. The StrM exhibited the largest
value, significantly higher than all other samples. Of note,
the adhered platelets on the 73 nm, the 2738 nm, and the
StrM showed a dendritic morphology with many extruding
filopodia (Fig. 7c). Previous study has showed that platelets
forming primarily filopodia may recruit other platelets [71].
For the COL-StrM, LAM-StrM, and BBM, they showed
similar amounts of adhered platelets, with no significant dif-
ferences.
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It is well known that the increase in hydrophilicity was
correlated with the decrease in platelet adhesion and acti-
vation [3, 72]. Compared with the 2738 nm sample, the
PBS contact angle of the 73 nm sample was significantly
higher (cf. Fig. 6a). In addition, the larger surface area of
the 73 nm sample might also contribute to higher num-
ber of platelets adhered [41]. As discussed earlier, the drag
tension force of the 73 nm sample was higher than that
of the 2738 nm sample, suggesting the greater force and
attraction of the 73 nm sample to the platelets, which is
in agreement with Li et al. [59]. For the StrM, it showed
the largest amount of adhered platelets, up to 9533 2213
platelets/mm?. The StrM was composed of both nanofibers
and microfibers, and the nanofibers filled up the large gaps
between microfibers and restricted the platelets penetration
when compared with the 2738 nm sample. During the eval-
uation process, we needed to wash away the weakly adhered
platelets. The porous surface of the StrM resulting from its
structure was more likely to collect the floating and weakly
adhered platelets than the 73 nm sample. Although the topo-
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graphical cues of the StrM and the lack of biomolecule
immobilization might be the main reasons for the largest
number of adhered platelets, intensive and elaborate explo-
rations are still required to prove this hypothesis.

Collagen IV and laminin were both adhesion
biomolecules, which had the binding sites of the platelets
and could cause platelet adhesion, activation, and aggre-
gation [73, 74]. Howbeit, the statistical results shown in
Fig. 7b indicated that the numbers of adhered platelets on
the COL-StrM, LAM-StrM, and BBM were significantly
lower than that on the StrM. Moreover, among the adhered
platelets, some platelets showed round shape (marked in red
circles in Fig. 7c) with less filopodia, indicating that they
generally had a low attachment force to the surfaces [71].
Here, we speculated that the biomolecule immobilization
process changed the original platelet adhesion and activation
properties of both collagen IV and laminin, leading to the
decreased number of adhered platelets. Furthermore, the
fiber surfaces of the COL-StrM, LAM-StrM, and BBM
were more hydrophilic than that of the StrM because of the
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hydrophilicity of biomolecules, leading to more albumin
adsorbed which contributed to less adhered and activated
platelets. In addition, since the adsorption and interaction
of albumin on hydrophilic and hydrophobic surfaces were
different, the changes of the molecular conformation and
orientation of the adsorbed albumin might also affect platelet
adhesion and activation [64, 65]. For the 2738 nm sample
and the StrM, the changes of adhered plasma proteins
brought by their micron-sized topographical features [75]
led to the appearing of round-shaped platelets, as shown in
Fig. 7c.

HUVEC adhesion, proliferation, and viability

HUVECs were cultured on different samples for 6 h to eval-
uate cell adhesion. As shown in Fig. 8a, b, compared to
the 2738 nm sample (14,835 £ 7115 cells/cm?), the numbers
of adhered HUVECs on the 73 nm sample and the StrM
were higher, 20,003 6760 cells/cm? and 18,144+ 7766
cells/cm?, respectively, while there were no significant dif-
ferences among these samples. Our previous study had
demonstrated similar results that the changes in fiber diame-
ter and roughness had no significant influences on HUVEC
adhesion [41]. This finding is in agreement with the con-
clusions from Dong et al., who found that the surface
topography (e.g., smooth surface, electrospun fibers with dif-
ferent diameters) did not affect HUVEC adhesion at 6 h,
though their electrospun fiber samples were random [76].
After biomolecule immobilization, more HUVECs adhered
onto the COL-StrM (23,500 £ 7829 cells/cmz) and the LAM-
StrM (24,666 £+ 6954 cells/cmz), and the number of adhered
cells further increased to 28,396 48754 cells/cm? on the
BBM, a significant increase in comparison with the StrM.
Cells adhere onto biomaterials via integrin proteins (cell
transmembrane receptor proteins), which could bind to ECM
proteins, such as collagens, fibronectins, and laminins [77,
78]. Therefore, biomolecule immobilization, especially com-
bining collagen IV and laminin together in the present study,
could impose bioactivity to the StrM and improve HUVEC
adhesion.

In addition, we could find clearly that the attached
HUVECs on the 73 nm, 2738 nm, and the StrM samples
did not spread actively. The round and dwindle-shaped mor-
phologies from Fig. 8a suggested that the hydrophobic fiber
surface of these samples lacked biological conditions, lead-
ing to less adhesion and low activation level of HUVECs.
Moreover, from the fluorescence images, HUVECS spread
better on the 73 nm sample and the StrM than on the
2738 nm sample. The reason might be that higher surface
area could provide more binding sites for HUVECs adhesion
and spreading. After biomolecule immobilization, HUVEC
spreading improved further with strong expression of F-actin
stress fibers, especially on the LAM-StrM and the BBM,

demonstrating the positive effects of collagen IV and laminin
on HUVEC viability. Of note, HUVECs cultured on the
StrM, COL-StrM, LAM-StrM, and BBM aligned along the
fiber orientation direction, indicating the strong contact guid-
ance effects of these samples on HUVEC elongation. No
obvious HUVEC alignment phenomenon was observed on
the 2738 nm sample in the present study, likely because
there were less HUVECs adhered for observation, as well
as the low activation level of HUVECs, though the aligned
microfibers possessed stronger contact guidance effects than
the aligned nanofibers [41].

In Fig. 8c, the results of the CCK-8 assay showed that
the absorbance exhibited a similar pattern of time-dependent
increase in all samples during the culture period. HUVECs
on untreated samples (including the 73 nm sample, 2738 nm
sample, and StrM) proliferated relatively slowly, while the
COL-StrM, LAM-StrM, and BBM exhibited an improved
HUVEC proliferation. For the untreated samples, the 73 nm
sample always showed the best proliferation situation at 1 d,
3 d, and 5 d because of its similar microstructure with the
in vivo environment for HUVECs, with no significant differ-
ences with the StrM but significantly better than the 2738 nm
sample. It was speculated that the larger surface areas of the
73 nm sample and the StrM provided more binding sites and
space for HUVEC adhesion and proliferation. In the mean-
while, protein adhesion might also contribute to the different
proliferation situation [41]. Protein adsorbed onto the mate-
rial surfaces is believed to be the first event after biomaterials
were introduced, so that cells would interact with the protein
layers, allowing the adsorbed proteins to affect cell behaviors
[66, 79]. Moreover, the conformation of the cell adhesion-
related proteins (fibronectin and hyponectin) might change
the underlying surface properties, which would further affect
cell behaviors. It is accepted that micron-sized topographi-
cal features promote protein adsorption and unfolding, while
smaller nano-sized features provide a more natural surface
with less unfavorable protein unfolding [75]. In the present
study, the structure of the 2738 nm sample had adverse
effects on the conformation of cell adhesion-related pro-
teins, thereby affecting HUVEC proliferation. The StrM was
composed of both microfibers and nanofibers, so its negative
effects on protein conformation were less than the 2738 nm
sample. A similar result has been reported by Amirian et al.
who combined oxidized cellulose nanofiber network and
PCL fibrous scaffold to develop a unique scaffold, and found
that the cyto-compatibility, including cell attachment, viabil-
ity, and proliferation, of the resultant scaffold significantly
improved when compared with the PCL scaffold [80]. Sim-
ilarly, Luo et al. designed a nano- and sub-micron bacterial
cellulose/cellulose acetate scaffold and found it was benefi-
cial for cell migration and proliferation [81].

After biomolecule immobilization, the proliferation of
HUVECs on the COL-StrM, LAM-StrM, and BBM
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improved significantly compared with the untreated samples
during the culture period. In Fig. 8c, the BBM showed the
best HUVEC proliferation, and the LAM-StrM performed
significantly better than the COL-StrM at days 1 and 3, while
exhibited similar proliferation level at 5 day. Recall that the
microstructures of these three samples were similar, which
suggested that the immobilized biomolecules played the
dominant role in HUVEC proliferation. As discussed earlier,
collagen IV and laminin as the ECM proteins could provide
plenty of binding sites for HUVEC adhesion and prolifera-
tion [82, 83]. For the BBM, collagen IV and laminin were
immobilized simultaneously, leading to the most anchoring
sites for HUVEC proliferation, which in turn, produced more
cell—cell junctions and promoted rapid endothelialization
[84]. Furthermore, it is noteworthy that HUVECs cultured
on the LAM-StrM proliferated significantly better than the
COL-StrM at days 1 and 3, even though the applied grafting
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concentration of collagen IV (100 pg/mL) was higher than
laminin (20 pg/mL). While further study is warranted, it was
speculated that collagen IV lost some of its natural bioactiv-
ity during the immobilization process. On the other hand,
laminin interacts with integrins and dystroglycan through
its globular-like domains, which directly binds to sulfated
glycolipids on the cell surface, while little is known about
whether collagen IV is directly anchored to cell surfaces
[9]. Therefore, in the early stage, the LAM-StrM improved
HUVEC proliferation more efficiently than the COL-StrM.
In the meanwhile, we inferred that, besides the bioactivity,
the quantity of binding domains also played a considerable
role in HUVEC proliferation for long-term cell culture. It
had been identified that the RGD tripeptide in collagen IV
bound with high affinity to integrins [85], so the COL-StrM
provided abundant bioactive domains because of the high
immobilization concentration of collagen IV, contributing to
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its similar HUVEC proliferation level with the LAM-StrM
at 5 day.

The viability of the HUVECs was evaluated using a
Live/Dead viability kit. As shown in Fig. 9a, HUVECs
grew well on all samples at 5 day. Of note, except the
73 nm sample, all other samples allowed HUVEC infiltra-
tion, implying their ability to enhance transmural ingrowth
for endothelialization. As discussed earlier, transmural cap-
illary ingrowth was essential for confluent vascular graft
healing [44]. Hence, besides optimizing EC behaviors for
rapid endothelialization, one should also consider to modu-
late the grafts structures [46, 47, 86] and chemical grafting
[44, 48] to improve cell infiltration for increased transmu-
ral capillary ingrowth. From the statistical results of cell
viability (Fig. 9b), it could be seen that there were no
significant differences among the 73 nm, 2738 nm, and
StrM samples, meaning that the surface topographies did
not affect the HUVEC viability strongly. After biomolecule
immobilization, the HUVEC viability was 96.66 £ 0.98%,
98.01 +1.10%, and 98.96 £ 0.89% for the COL-StrM, LAM-
StrM, and BBM, respectively, all of which were significantly
higher compared with untreated samples. It was because
collagen IV and laminin were both vascular BM proteins,
providing abundant binding sites for HUVECs adhesion and
proliferation [9].

HUVEC morphology

Previous studies had confirmed that elongated ECs showed a
better capacity of anti-thrombosis [24] and anti-inflammation
[87], as well as more excellent resistance to detachment [38,
88], promoting the formation of a functional endothelium. In
Fig. 10a, except the 73 nm sample because of its weak con-
tact guidance effects on HUVEC elongation [41], HUVECs
exhibited an elongated morphology along the orientation of
the aligned fibers on all other samples. This is in line with
the aspect ratio results shown in Fig. 10b. The HUVECs
cultured on the 73 nm sample exhibited significant smaller
aspect ratios of nuclei than other samples, and the 2738 nm,
StrM, COL-StrM, and LAM-StrM samples possessed com-
parable aspect ratio values with similar contact guidance
effects, suggesting that the introduction of nanofibers (com-
pared to the 2738 nm sample) or the immobilization of single
biomolecule (compared to the StrM sample) did not affect
HUVEC elongation greatly. In the case of the BBM, its
value was significantly higher than that of the COL-StrM and
LAM-StrM. We speculated that the immobilization of both
collagen I'V and laminin enhanced the HUVEC activity more
strongly, so HUVECS responded to the surface topography
more sensitively and intensely. More importantly, except the
73 nm sample, the pores of other five samples in the present

study were large enough for HUVEC infiltration (Fig. 10a),
and CCK-8 assay evaluated the amount of HUVECs both
on and beneath the sample surfaces (Fig. 8c). Therefore, we
concluded that the surface of the 73 nm sample promoted
the formation of the monolayered HUVEC efficiently, while
other five samples allowed HUVEC infiltration, indicating
their potential capability for enhancing transmural endothe-
lialization [42—44].

For untreated samples, although the surface topogra-
phy did have a dramatic effect on HUVEC elongation as
indicated by nuclei aspect ratio results, it did not have a sta-
tistically significant impact on HUVEC spreading area (cf.
Fig. 10c; the 73 nm: 1551.98 -364.58 umz; the 2738 nm:
1658.214417.27 pm?; the StrM: 1709.42+979.08 wm?).
However, Whited et al. demonstrated opposite results that
thicker aligned electrospun fibers led to smaller cell coverage
areas [38]. After biomolecule immobilization, the average
HUVEC spreading areas on the COL-StrM, LAM-StrM, and
BBM were 2381.31 +663.84 pm?, 3362.35+696.27 pm?,
and 2677.45+763.08 wm?, respectively, all significantly
higher than that on the untreated samples. This was because
the biomolecules provided plenty of focal adhesions sites and
thus enhanced adequate cell spreading. In addition, consider-
ing that the value of the LAM-StrM was significantly higher
than that of the COL-StrM, as well as the lower concentration
of laminin (20 pg/mL) than collagen IV (100 pwg/mL) dur-
ing the immobilization process, we concluded that laminin
performed better than collagen IV in improving HUVEC
spreading. Interestingly, the value of the LAM-StrM was also
significantly higher than that of the BBM, which would be
explored thoroughly in the future work.

Previous studies had shown that the NSI was affected by
the surface topography and stiffness [89, 90], and it increased
as the surface confinement grew stronger (e.g., a stiffer or
rougher surface, increased surface hydrophilicity), leading to
a faster cell migration and rapid endothelialization [43, 91].
In Fig. 10d, the statistical results showed that the 2738 nm
sample exhibited a significantly lower average NSI value than
all other five samples, and no significant differences could
be found among these five samples. A lower NSI value sig-
nified a more highly elongated nucleus [91]. In the present
study, the HUVECS cultured on the StrtM, COL-StrM, LAM-
StrM, and BBM exhibited highly elongated nuclei as on the
2738 nm sample (Fig. 10a, b), while average NSI values
of them were significantly higher than that of the 2738 nm
sample, close to that of the 73 nm sample. We inferred that
aligned nanofibers possessed more positive effects on NSI
values of the HUVECsS than aligned microfibers. Addition-
ally, biomolecule immobilization did not affect NSI values
significantly, as the surface topography played the dominant
role.
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NO and PGI2 production

NO is a key physiological molecule secreted by ECs, act-
ing as a signaling cytokine to regulate the ECs, SMCs, and
macrophages behaviors [75], and playing a significant role in
preventing platelet adhesion and aggregation [53, 54]. PGI2
is another cytokine secreted by the ECs, with similar func-
tions to NO in inhibiting thrombus formation and excessive
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proliferation of the SMCs [92]. Both NO and PGI2 have long
been recognized for their capability to maintain the long-term
patency of small-diameter vascular grafts.

In Fig. 11, it could be seen that there were no significant
differences among the normalized NO and PGI2 concentra-
tions of untreated samples, suggesting that the morphology
elongation (induced by different surface topographies) did
not significantly affect NO and PGI2 release capability of sin-
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gle HUVEC. It should be pointed out that some studies had
shown that the elongated ECs induced by blood flow shear
stress or structure cues possessed higher cell activity and
released more functional factors [93-95]. After biomolecule
immobilization, NO concentration values increased greatly,
especially for the LAM-StrM and BBM, and their values
were significantly higher than that of untreated samples. The
BBM had the highest value of 0.5384 £0.0517 nM/mL per
cell, a significant improvement compared with the LAM-
StrM of 0.2719 + 0.0084 nM/mL per cell (Fig. 11a). And, as
presented in Fig. 11b, the biomolecules seemed to play an
auxiliary catalytic role for HUVEC’s PGI2 secretion, because
the PGI2 concentration values of the COL-StrM, LAM-StrM,
and BBM were higher than that of untreated samples, even
though it made no significant contribution directly. Alto-
gether, biomolecules played a crucial role in modulating
NO and PGI2 production of HUVECs as previous reported
[96-98]. More importantly, taking the HUVEC proliferation
results into consideration (cf. Fig. 8c), the BBM exhibited
the highest NO and PGI2 secretion amounts of HUVECs,
demonstrating its best antithrombotic property, which was
beneficial for long-term patency of small-diameter vascular
implants.

Conclusions

In this study, we developed a bio-inspired BBM by immobi-
lizing natural ECM proteins, i.e., collagen IV and laminin,
onto an aligned nano/microfibrous scaffold for promoting
rapid endothelialization. Hemocompatibility results showed
that the BBM exhibited satisfactory blood compatibility
and enhanced inhibition of platelet adhesion and activation.
The HUVEC behaviors, including adhesion, proliferation,
spreading, and migration, indicated that the BBM possessed
both the positive contact guidance effects of aligned nano-
and microfibers, and the improved HUVEC affinity of immo-
bilized collagen IV and laminin. Of note, the BBM possessed
desirable pore structure for HUVEC infiltration, which was
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beneficial for transmural endothelialization. In addition, the
BBM exhibited improved antithrombotic capability as indi-
cated by higher expression of NO and PGI2 secretion.
Altogether, the BBM with hierarchical structures and instruc-
tive ECM proteins combined simultaneous biophysical and
biochemical cues to promote rapid endothelialization and
maintain the long-term patency for small-diameter vascular
implants.
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