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ARTICLE INFO ABSTRACT
Keywords: Vascular endothelial growth factor (VEGF) plays a vital role in promoting attachment and proliferation of
Electrospun endothelial cells, and induces angiogenesis. In recent years, much research has been conducted on functionali-

Fibrous scaffolds
Thiol-ene reaction
VEGF peptide

zation of tissue engineering scaffolds with VEGF or VEGF-mimetic peptide to promote angiogenesis. However,
most chemical reactions are nonspecific and require organic solvents, which can compromise control over
functionalization and alter peptide/protein activity. An attractive alternative is the fabrication of functionaliz-
able electrospun fibers, which can overcome these hurdles. In this study, we used thiol-ene chemistry for the
conjugation of a VEGF-mimetic peptide to the surface of poly (e-caprolactone) (PCL) fibrous scaffolds with
varying amounts of a functional PCL-diacrylate (PCL-DA) polymer. 30% PCL-DA was selected due to homoge-
neous fiber morphology. A VEGF-mimetic peptide was then immobilized on PCL-DA fibrous scaffolds by a light-
initiated thiol-ene reaction. 7-Mercapto-4-methylcoumarin, RGD-FITC peptide and VEGF-TAMRA mimetic pep-
tide were used to validate the thiol-ene reaction with fibrous scaffolds. Tensile strength and elastic modulus of
30% PCL-DA fibrous scaffolds were significantly increased after the reaction. Conjugation of 30% PCL-DA fibrous
scaffolds with VEGF peptide increased the surface water wettability of the scaffolds. Patterned structures could
be obtained after using a photomask on the fibrous film. Moreover, in vitro studies indicated that scaffolds
functionalized with the VEGF-mimetic peptide were able to induce phosphorylation of VEGF receptor and
enhanced HUVECs survival, proliferation and adhesion. A chick chorioallantoic membrane (CAM) assay further
indicated that the VEGF peptide functionalized scaffolds are able to promote angiogenesis in vivo. These results
show that scaffold functionalization can be controlled via a simple polymer mixing approach, and that the
functionalized VEGF peptide-scaffolds have potential for vascular tissue regeneration.

1. Introduction regenerative medicine for the successful survival of critical sized bio-
logical constructs [1-3]. During tissue regeneration, blood vessels can
Angiogenesis plays a pivotal role in tissue engineering and supply oxygen and nutrients to sustain cell viability [4,5]. Cells located
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away from blood vessel suffer from hypoxia and apoptosis [6,7]. In the
absence of blood vessels, the removal of cell waste products is limited,
resulting in their local accumulation which trigger inflammatory re-
sponses [6,8]. A highly organized vascular network is required for
engineered tissues.

To promote formation of vascular networks many strategies have
been developed. One of the most promising approaches is the immobi-
lization of growth factors or peptides on scaffolds to stimulate neo-
vascularization [9]. Among those growth factors, vascular endothelial
growth factor (VEGF) has been the most potential angiogenic promoter
[10] by stimulating endothelial cell recruitment [11], proliferation [12,
13], and differentiation [14], resulting in the formation of new blood
vessels [15]. However, VEGF has not been applied widely because of its
high costs, difficulties of manufacturing and the possibility of an adverse
immune response [16,17]. An alternative approach has been to use
VEGF-mimetic peptides [18-20]. To this end, D’Andrea et al. [21]
designed a VEGF-mimetic peptide, QK (domain: KLTWQELYQLKYKGI),
reproducing the helix region 17-25 of VEGF, and showed the ability to
activate VEGF receptors with similar bioactivity to VEGF. QK peptides
have provided many advantages over intact VEGF including smaller
molecular weight, possibilities to use in chemical reactions, low
immunogenic potential, and cost-effectiveness by synthesis [17,19-22].
This peptide promoted the attachment and proliferation of endothelial
cells, and most importantly, induced capillary network formation [21,
23]. Leslie-Barbick et al. also reported that the QK peptide is easier to
conjugate or immobilize into poly(ethylene glycol) (PEG) hydrogels
than VEGF because it could diffuse faster and more thoroughly into the
scaffolds [20]. Yu and co-workers reported that covalently linked QK
peptide within acrylate-PEG hydrogels enhanced vascular development,
whereas addition of soluble QK peptide had no improvement when
compared to unfunctionalized hydrogels [24]. This could be due to the
free peptide quickly diffusing away from the scaffolds or fast proteolytic
degradation. Their findings indicated that the immobilized QK peptide
provided signals that direct endothelial cell migration and vascular
ingrowth.

Scaffolds should be biodegradable, biocompatible and have native-
like mechanical properties and a fibrillary structure that can mimic
the structural and functional properties of the natural extracellular
matrix (ECM) [8,25]. Significant progress has been made in the devel-
opment of ECM-mimicking scaffolds for tissue engineering, primarily
focusing on improving micro- and nano-fabrication techniques [26].
Among many scaffold fabrication methodologies, electrospinning has
received much attention, due to the fact that it is a simple and effective
polymer processing technique to produce micro and nanostructured
fiber materials with a large surface to volume ratio [27-29]. By con-
trolling the parameters of the electrospinning process, such as high
voltage, flow rate and working distance, the morphologies, diameters
and pore size of nanofibers can be successfully controlled [30,31]. The
fibrillar structure of fibrous scaffolds with micro or nano diameter
mimics the morphological features of ECM and provides a viable envi-
ronment for cell adhesion, proliferation, migration, and differentiation
[32,33]. Yang et al. has reported that loading QK peptide with electro-
spun poly(ethylene glycol)-b-poly(i-lactide-co-e-caprolactone) (PELCL)
scaffolds increased the proliferation of vascular endothelial cells during
9 days of culture [34]. Although physical loading is the most direct way
to incorporate bioactive substances into nanofibrous scaffolds, the harsh
conditions used during electrospinning could compromise the viabili-
ty/stability of bioactive substances [35,36]. Besides, it is extremely
difficult to homogeneously dissolve bioactives with high molecular
weight in an organic phase for electrospinning process. Chew et al.
investigated the possibility of loading human p-nerve growth factor
(NGF) into electrospun poly(phosphoester) fibers [37]. Although sus-
tained release of NGF was achieved, the protein was distributed
randomly throughout the fibers in aggregate form due to phase sepa-
ration between the organic polymer solution and the aqueous phases.
Therefore, post functionalization could be another option to conjugate
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bioactives on electrsopun scaffolds.

Motivated by the versatile electrospinning approach for ECM
mimicking micro/nano fibrous scaffolds fabrication and the unique
contributions of VEGF-mimetic peptide in angiogenesis, we aimed to
prepare electrospun VEGF peptide-functionalized PCL nanofibrous
scaffolds to form bioactive scaffolds for vascular tissue engineering.
Several methods can be found in literature describing the immobiliza-
tion of a peptide to a targeted surface or scaffold, such as covalent
conjugation chemistry [38-40] or the use of a crosslinker and binding
tags [41,42]. However, many of these chemical reactions are nonspe-
cific, possess limited efficiency and control and often require organic
solvents that can compromise the activity of the bioactives or the me-
chanical stability of the scaffolds [22,43]. “Click” chemistry is an
attractive alternative because of the simple reaction conditions, high
reaction rate, high yields and functional group tolerance [44-46].
Several “click” methods including radical thiol-ene [47],
copper-catalyzed azide alkyne cycloaddition (CuAAC) [48,49],
strain-promoted azide-alkyne cycloaddition (SPAAC) [50,51], Diel-
s—Alder addition [52] and Michael additions [53] have been employed
for nanofiber modifications [54]. Wang et al. functionalized DC-ECMs
with QK peptide via CuAAC click. The attachment of the QK peptide
on to DC-ECM further enhanced the formation of branched tubular
networks of endothelial cells [55]. The thiol-ene reactions also provide
an attractive and effective method for functionalization due to the
relatively mild reaction conditions and the ease of incorporation of
thiols into functional peptides. Thiol-ene modification of electrospun
meshes has previously been utilized for modification of polymers before
and after spinning [56], and a few reports have shown the ability to graft
functional peptides (RGD and YIGSR) directly after electrospinning [57,
58]. Furthermore, the UV-initiated thiol-ene reaction has been shown to
allow for facile photopatterning of an active polymer layer [47].

Here, we used thiol-ene chemistry to introduce VEGF-mimetic pep-
tide on electrospun scaffolds. In the present work, we 1) synthesized
“ene”’-containing polymer with low molecular weight (PCL-diacrylates;
PCL-DA; Mn ~ 2000 g/mol), blend it with a high-molecular-weight PCL
(Mn = 8,0000 g/mol) for the fabrication of the functionalizable elec-
trospun fibers; 2) designed thiol containing peptides to test the fidelity of
the reaction; 3) applied the radical thiol-ene reaction to immobilize
VEGF-mimetic peptides on the fibrous scaffolds; 4) cultured human
umbilical vein endothelial cells (HUVECs) on the functionalized scaf-
folds and determined the VEGF-peptide signaling capacity of the scaf-
folds. Additionally, we carried forward to investigate the in vivo
vascularization potential of these scaffolds using the chick chorioallan-
toic membrane (CAM) assay.

2. Materials and methods

2.1. Materials

~

Poly(e-caprolactone) (PCL, Mn 80,000 g/mol), Poly(e-capro-
lactone) (PCL-2k, Mn ~ 2000 g/mol), trimethylamine, acryloyl chloride,
7-Mercapto-4-methylcoumarin and all organic solvents were purchased

from Sigma Aldrich and used without further purification.

2.2. Synthesis of PCL-diacrylates (PCL-DA)

PCL-2k diol (4 g, 2 mmol) was dissolved in 40 mL of benzene and
then reacted with 0.63 mL (7 mmol, 3.5 equiv) of trimethylamine and
0.37 mL (4.6 mmol, 2.3 equiv) of acryloyl chloride. The mixture was
stirred at 80 °C for 3 h in a 250 mL three-necked flask, after which the
triethylamine hydrochloride was removed by filtration. Finally, the
mixture was precipitated in n-hexane and dried in a vacuum at 40 °C
under reduced pressure for 24 h to produce the powdered form of PCL-
DA. The final product was characterized by 'H NMR and stored at
—20 °C until use.
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2.3. Synthesis of TAMRA-labeled VEGF mimetic peptide

VEGF-TAMRA mimic (TAMRA-GGCGGKLTWQELYQLKYKGI-
CONH;) was synthesized by manual solid-phase peptide synthesis on a
0.10 mmol scale using the in situ neutralization/activation procedure for
Boc-/Bzl-peptide synthesis as previously described [59], but using
HCTU instead of HBTU as a coupling reagent. MBHA resin (Sunresin,
1.07 mmol/g) was used as the solid support. TAMRA is referred as 5-car-
boxytetramethylrhodamine. After completion of the peptide chain, the
resin-bound peptide was washed with dimethylformamide (DMF) and
treated with trifluoroacetic acid (TFA) (2 x 1 min) to remove the
N-terminal Boc group. 6-carboxytetramethylrhodamine-Succinimidyl
ester (AAT Bioquest, 1.1 eq in 400 pL DMF) was added to the resin
bound peptide and left to react for 2 h at 37 °C. The completed peptide
chain was washed with DMF, CH5Cl, and 1:1 v/v CH,Cl,/MeOH, and
subsequently dried until further use.

The peptide was deprotected and cleaved from the resin by treatment
with anhydrous HF for 1 h at 0 °C, using 4 v-% p-cresol as a scavenger.
Following cleavage, the peptide was precipitated in ice-cold diethyl
ether, dissolved in 50% water/50% acetonitrile containing 0.1% TFA,
and lyophilized. After lyophilization the peptide was purified by semi-
preparative HPLC. Fractions containing the desired product were iden-
tified by UPLC-MS, pooled and lyophilized.

In order to test the specificity of the thiol-ene reaction, the free thiol
at the cysteine residue was alkylated in a portion of the purified peptide.
The peptide was dissolved in 50 mM ammonium bicarbonate, pH 8 and
was reduced by incubation with DTT (20 mM) for 1 h at 37 °C for.
Subsequently, the reduced peptide was alkylated by addition of iodoa-
cetamide (40 mM) and reacting for 30 min protected from light at room
temperature. The alkylation reaction was quenched by addition of DTT
(20 mM). The reaction was monitored by MALDI-TOF-MS and the
desired product was purified by semi-preparative HPLC. Fractions con-
taining the desired product were identified by UPLC-MS and pooled. The
final peptide concentration of the pooled fraction was measured by
absorbance at a wavelength of 550 nm using a Varian Cary 50 BIO UV-
VIS Spectrophotometer.

2.4. VEGF-TAMRA mimic peptide characterization

UPLC-MS was performed on a Waters XEVO QTOF G2 Mass Spec-
trometer, with an Acquity H-class solvent manager, FTN-sample man-
ager and TUV-detector. The system was equipped with a reversed phase
C18-column (Waters, Acquity PST 130A, 1.7 pm 2.1 x 50 mm i.d.),
column temperature 40°. Mobile phases consisted of 0.1% formic acid in
water (solvent A) and in 90% acetonitrile (solvent B). FTN-purge solvent
was 10% acetonitrile in water. Gradient condition: 10%-55% solvent B
over 15 min monitored at 220 nm.

Semi-Preparative reversed-phase HPLC was performed on a Waters
Delta Prep System equipped with a Waters 2487 Absorbance Detector,
using a Vydac C-18 column (250 x 10 mm, 10 pm). A linear gradient of
acetonitrile in water/0.1%TFA was used to elute the peptide. Flowrate
was 12 mL/min. Finally, Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight (MALDI TOF)-MS was performed on an Applied Bio-
systems 4800 MALDI TOF/TOF system in reflector mode using a-cyano-
4-hydroxycinnamic acid as matrix material. Both peptides were isolated
as single peaks in the LC/MS analysis with VEGF-TAMRA giving an
observed mass of 664.34 [M-+4H]*" (expected 664.53) and VEGF-
TAMRA-alk giving an observed mass of 678.57 [M—&-4H]4+ (expected
678.79), with m/z ratios resulting in a monoisotopic mass of 2652.28
(expected 2652.33) and 2709.28 (expected 2709.35), respectively.

2.5. Preparation of electrospun PCL-DA fibers
A high molecular weight of PCL and a lower molecular weight of

PCL-DA were blended in different ratios (10, 30, and 50 wt % of PCL-DA
as described in Table S1) to give a final concentration of 20 wt %

308

Bioactive Materials 20 (2023) 306-317

polymer in a solvent mixture, respectively. All polymer solutions were
prepared in chloroform-dimethylformamide (CHCl3:DMF = 4:1). The
electrospinning parameters were selected based on previous study [60].
After mixing properly, PCL solution was transferred into a 5 mL syringe
capped with a stainless steel blunt-ended nozzle. The syringe was con-
nected with a silicon feed line to deliver polymer solution, then equip-
ped into a syringe pump with a fixed flow rate at 1 mLpp/h. The steep
needle was set 20 cm from aluminum plate. A high voltage of 20 kV was
then used during electrospinning. The temperature was kept at 25 °C.

2.6. Characterization of electrospun fibers

The morphology of the PCL-DA electrospun fibers was observed by
scanning electron microscopy (SEM; XL30; Philips). The diameter of
electrospun fibers were determined by Image J. The morphological
change of the fibers after binding with thiol-ene reaction was also
examined.

2.7. Fluorescent dye immobilization on fibers using thiol-ene reaction

7-Mercapto-4-methylcoumarin was used to validate thiol-ene reac-
tion with 30% PCL-DA fibrous scaffolds. The fibrous mesh was covered
with 1 mL of ethanol-water (1:1) solution containing 7-Mercapto-4-
methylcoumarin (2 mg/mL) in a petri dish. The petri dish was
exposed to UV light for 10 min (365 nm, intensity 10 mW/cm?). The
control group was treated in dark for the same time. After the reaction,
the sample was washed with excess ethanol-water (1:1) solution to
remove the unbound dye. Fluorescence was observed with a fluorescent
microscope (Nikon Eclipse Ti-S) and then quantified by UV-Vis spec-
trophotometer (UV-Vis Cary60; Agilent). Each of the absorption bands
were monitored by Fourier-transform infrared spectroscopy (ATR-FTIR;
Bruker). The variation in molecular weight of 30% PCL-DA was deter-
mined from gel permeation chromatography (GPC). GPC measurements
were carried out on a Shimadzu Prominence-i LC-2030C 3D equipped
with a refractive index detector and a photodiode array detector, using a
Shodex KD-G 4A guard column (4.6 x 10 mm) with 8 pm beads, two
Shodex KD-802 (5 pm, 8 x 300 mm) and KD-804 (7 pm, 8 x 300 mm)
columns. N,N-dimethylformamide (DMF) containing 0.1 wt % LiBr as
stabilizing agent was used as eluent and samples of 2 mg/mL at a con-
stant flow rate of 1 mL min-1 at 50 °C was applied. The GPC system was
calibrated with poly(methyl methacrylate) (PMMA) standards.

Patterning solutions consisted of 2 mg/mL 7-Mercapto-4-methylcou-
marin in an ethanol-water (1:1) solution. 30% PCL-DA fibrous scaffolds
containing the desired solution were covered with different photomasks
and irradiated for 10 min. Patterned fibrous mesh were placed in
ethanol-water (1:1) solution and washed 3 times to remove the excess
dye. Fluorescence pattern was visualized by a UV lamp.

2.8. Functionalization of PCL-DA fibrous scaffolds with fluorescent
peptides

RGD-FITC peptide (CGGGRGDSK-FITC) (MW: 1339 g/mol; China-
Peptides) and VEGF TAMRA mimic peptide (TAMRA-GGCGGKLTWQE-
LYQLKYKGI-CONH;) were used to validate the thiol-ene reaction
between peptides and PCL-DA scaffolds. The peptides were dissolved in
ethanol-water (1:1) solution at a concentration of 2 mg/mL. The PCL-DA
(10 and 50%) fibrous scaffolds was placed in the peptide solution along
with or without a photoinitiator (Irgacure 2959, 0.5 w/v%) at room
temperature during 30 min. This fibrous scaffolds were then exposed to
10 mW/cm? UV for 10 min. After that, the electrospun scaffolds were
washed several times with ethanol-water (1:1) until all of the non-
reacted peptide was removed. Scaffolds fluorescence was observed
with a fluorescent microscope (Nikon Eclipse Ti-S) and then quantified
by UV-Vis spectrophotometer (UV-Vis Cary60; Agilent).
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2.9. Functionalization of PCL-DA fibrous scaffolds with VEGF peptide
and VEGF-TAMRA peptide

VEGF peptide (Ac-CGGKLTWQELYQLKYKGI-NHz) (MW: 2090.35;
ChinaPeptides) or VEGF-TAMRA peptide (MW: 2652.28 was dissolved
in ethanol-water (1:1) solution at a concentration of 2 mg/mL. The 30%
PCL-DA fibrous scaffolds was placed in the peptide solution along with a
photoinitiator (Irgacure 2959, 0.5 w/v%) at room temperature. This
fibrous scaffold was then exposed to 10 mW/cm? UV for 10 min. The
active form of the peptide bonded onto PCL-DA fibers is termed as “30%
PCL-DA/VEGF pep” fibrous scaffolds.

2.10. Mechanical test and contact angle measurements

The mechanical behavior of PCL-DA and PCL-DA-peptide electro-
spinning fibers was carried out on a DMA tester (Q800, TA corporation,
USA) at room temperature. Typically, electrospinning fibers with a
rectangular shape (length: 20 mm, width: 6 mm, height: 0.25 mm) were
fixed with two stainless steel clamps and stretched at a constant rate of
50% strain/min. The tensile stress of the electrospinning fibers was
calculated according to the following description: stress = F x L/Aq X
Lo, where F, L, Ay, and L represent the force, the real-time length be-
tween clamps, initial cross-sectional area, and initial length of sample,
respectively. Strain was defined as (L-Lgp)/Lo x 100%. The elastic
modulus was calculated from the slope of linear segment from 0% to 5%
strain by the tensile stress-strain curve.

The water contact angle of different scaffolds was measured using
the sessile drop method. For this measurement, the scaffolds were fixed
on the plate of a contact angle device (OCA15, Dataphysics, Germany).
4 uL of water drop was released on the surface of the scaffolds through a
syringe. Images of the liquid drop on the scaffolds were captured for the
calculation of the water contact angle.

2.11. Cell culture

HUVECs were purchased from Lonza and cultured in endothelial
growth medium (EGM, Lonza) containing EBM™.-2 basal medium (CC-
3156) and EGM™-2 SingleQuots™ supplements (CC-4176). HUVECs
between four and eight passages were used in this study. The culture
medium was changed every 2 days and the cells were cultured at 37 °C
in a humidified 5% CO».

All electrospun scaffolds (diameter: 15 mm) were disinfected by 70%
ethanol for 30 min and then dried under a biosafety flow hood. The
disinfected scaffolds were placed on a 24-well plate and fixed by O-rings
(ERIKS).

2.12. Cell survival on different scaffolds

After washing with sterilized water, the scaffolds were coated using
Matrigel® (1:150 dilution in EBM) overnight in order to increase cell
attachment. HUVECs (2 x 10%) were then seeded on the scaffolds, and
incubated with 5% CO at 37 °C. To evaluate cell survival on 30% PCL-
DA and 30% PCL-DA/VEGF pep fibrous scaffolds, endothelial basal
media (EBM) without growth factors was used to induce a starvation
condition. After seeding on scaffolds, cells were cultured in a growth-
factor-free setting for cell viability and DNA assays. Cell viability was
tested by the PrestoBlue™ reagent (Fisher Scientific). Briefly, at 1, 3,
and 5 days after cell seeding, 500 pL of PrestoBlue medium at a dilution
of 1:10 with EBM media were added to each sample and incubated at
37 °C with 5% CO». 30 min later, 100 pL of media were placed into 96-
well plate to measure absorption value at a wavelength of 590 nm using
a microplate reader (CLARIOstar, BMG Labtech). DNA content of cell-
scaffolds was evaluated with CyQUANT™ Cell Proliferation Assay Kit
(Thermo Fisher Scientific) according to the manufacturer’s protocol.
The cells harvested after 1, 3, and 5 days were washed with PBS and
digested overnight with 250 pL Proteinase K in Tris/EDTA solution at
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56 °C. After freeze-thawing samples for 3 times, the digested solutions
were then transferred into a black 96-well plate. A 40 pL of lysis buffer
was added into each well and incubated for 1 h. Finally, the cell lysate
was stained with 80 pL GR dye for 15 min at room temperature. Fluo-
rescent intensity was measured at an excitation/emission of 450/520
nm using microplate reader. A standard curve of DNA content was ob-
tained using serially diluted ADNA with the concentration ranging from
0 to 1 pg/mL. No Matrigel pre-coating on both scaffolds was also per-
formed on cell survival assay. However, cells were dead rapidly in EBM
on non-treated scaffolds.

2.13. Cell proliferation on different scaffolds

Cell viability and proliferation were tested by the Cell Counting Kit-8
(CCK-8, Dojindo, Japan) kit and CyQUANT™ Cell Proliferation Assay
Kit. The cell proliferation on 30%PCL-DA and 30%PCL-DA/VEGF pep
fibrous scaffolds was evaluated by using endothelial growth media
without VEGF (EGM-VEGF) to assess the specific effect of VEGF peptide.
No Matrigel pre-coating on both scaffolds was performed in this assay.
First, HUVECs (2 x 10%) were seeded on the scaffolds, and incubated
with 5% CO- at 37 °C. After 1 day, 3 days and 5 days culture, 500 pL of
CCKS8 solution were added to each sample and incubated for 3 h. After
that, 100 pL of culture solution were placed into a 96-well plate, and the
optical density (OD) was measured at a wavelength of 450 nm using a
microplate reader. Cell proliferation on scaffolds was evaluated by
CyQUANT™ Cell Proliferation Assay Kit to measure the total DNA
content on scaffolds. The experiment procedure was similar as described
above. Tris(2-carboxyethyl)phosphine (TCEP) is a commercially
reducing agent to break Cys-Cys bridge, and used as co-reactant for the
thiol-ene reaction of 30% PCL-DA fibrous scaffolds with VEGF peptide.
We compared cell survival on VEGF peptide functionalized scaffolds
with and without TCEP catalyst. No differences were observed (data not
shown). Therefore, TCEP was not added into reaction solution in the
following experiment.

2.14. VEGFRI1 and VEGFR2 phosphorylation ELISA assays

The concentrations of phosphorylated VEGF receptor 1 (VEGFR1)
and VEGF receptor 2 (VEGFR2) were assayed by using Human Phospho-
VEGFR1 and Human Phospho-VEGFR2 DuoSet IC ELISA kits (R&D
Systems). First, HUVECs were seeded on 30% PCL-DA and 30% PCL-DA/
VEGF pep fibrous scaffolds, then cultured in EGM without VEGF me-
dium. HUVECs seeded on 30% PCL-DA scaffolds cultured in EGM with
VEGF (20 ng/mL) was referred to as a control condition in the experi-
mental set-up. After incubating 2 h and 4h, HUVECs were washed with
PBS 2 times. Cells were solubilized in lysis buffer following the recom-
mended protocol from R&D. 100 pL of sample and controls were added
to the pretreated 96-well plates and incubated for 2 h at room temper-
ature. After washing with wash buffer, 100 pL of detection antibody
conjugates were added and placed under dark for 2 h. The well plate was
carefully aspirated and washed by wash buffer. A 100 pL of substrate
solution was added to each well and incubated for 20 min in the dark.
The reaction was ended by adding 2 N H,SO4. A plate reader was used to
determine the optical density in each well at a wavelength of 450 nm.

2.15. Cell morphology on fibrous scaffolds

Cell adhesion morphologies on different scaffolds were observed.
Briefly, the cell-scaffolds were fixed with 4% Paraformaldehyde at 4 °C
overnight, and then dehydrated using a graded series of ethanol (30%,
50%, 70%, 80%, 90%, 96% and 100%). After immersed in 500 pL
hexamethyldisilazane (HMDS, Sigma-Aldrich) for 30 min twice, cell-
scaffolds were placed in dry air overnight. Dehydrated samples were
finally sputtered with gold and then were examined by an ultra-high
resolution FE-SEM (MERLIN, ZEISS).
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2.16. Chick chorioallantoic membrane assay

To assess the bioactivity and angiogenesis of functionalized scaffolds
in vivo, the chick embryo chorioallantoic membrane (CAM) assay has
been performed. Briefly, fertilized Lohman white leghorn eggs (provided
by Het Anker B.V., Netherlands) were placed in an incubator (n = 10 for
each condition) at day 0 and kept under 50-55% humidity at 37 °C and
rotated once every hour. Eggs were rotated during the first 3 days of
incubation to prevent attachment of the embryo to the eggshell. After 3
days of incubation, a square window of 1 x 1.5 cm? was opened in the
eggshell with a saw (Dremel) and then sealed with scotch tape to prevent
dehydration. On day 10, uncoated VEGF peptide functionalized scaf-
folds with diameter of 4 mm were placed on the surface of the chorio-
allantoic membrane. On day 14, the vessels surrounding the scaffold
was visualized under a Leica DM5 microscope. A change in vessel
number and vessel area around fibrous scaffolds was quantified by using
Image J. This change in vascularization implies an effect of functional-
ized scaffolds on angiogenesis in vivo.

2.17. Statistical analysis

Statistical analysis was performed by GraphPad Prism 8 software. All
data are shown as mean + standard deviation (SD). Data were statisti-
cally analyzed by one-way analysis of variance; column values were
compared with the control values using Student’s t-test. A probability
value of less than 0.05 was considered significantly different. Levels of
significance were as follows: *P < 0.05, **P < 0.01, ***P < 0.001.

3. Results and discussion
3.1. Characterization of PCL-diacrylates (PCL-DA)

PCL-diacrylate was synthesized via treatment of PCL-diol (2 kDa)
with acryloyl chloride. The reaction was straightforward, and the for-
mation of PCL-diacrylate (49% acrylation degree) was confirmed
through 'H NMR spectrometer. As shown in H NMR spectrum (Fig. S1),
the CH,=CH- signals of the PCL-diacrylate was present in the &
5.80-6.45 ppm range, which is consistent with other literature [61-63].
The detail of vinyl groups is shown below: 'H NMR (700 MHz, CDCl3) &
6.41 (dd, J = 17.4, 1.1 Hz, 1H), 6.13 (dd, J = 17.3, 10.4 Hz, 1H), 5.83
(dd, J = 10.5, 1.1 Hz, 1H). From the 'H NMR results, the hydroxyl

Bioactive Materials 20 (2023) 306-317

groups in PCL were successfully converted to vinyl groups of PCL-DA
after reacting with acryloyl chloride.

3.2. Fabrication of PCL-DA-Incorporated electrospun PCL fibers

To investigate the effect of PCL-DA (2 kDa) on fiber morphology,
different percentages of PCL-DA were incorporated into PCL solution
and the concentrations of the total polymer solution was fixed to be in
20% (Table S1). The morphology of the formed fibrous scaffolds was
observed by SEM (Fig. 1). With higher percentage of PCL-DA, the fibrous
scaffolds displayed smaller fibers. After more PCL-DA was added, the
average dimeter of PCL fibers decreased from 1.71 + 0.18 to 0.49 +
0.23 pm (Fig. S2a), suggesting that the diameter of PCL fibers decreased
after mixing with lower molecular weight PCL-DA. Moreover, 10% PCL-
DA and 30% PCL-DA fibrous scaffolds showed more uniform fiber
morphology compared to 50% PCL-DA scaffolds. 30%PCL-DA fibers
showed much more narrow distribution of fiber diameter compared with
the other two scaffolds (Figs. S2b—d). Our finding that fiber diameter
decreases with the decline of molecular weight was also studied in
literature. Tao et al. reported that at a fixed concentration, the poly-
vinylalcohol (PVA) fiber diameter decreased as the molecular weight
was decreased [64]. When the molecular weight decreased, the solution
viscosity decreased significantly. During the electrospinning process, the
low surface tension produced by the low viscosity of the polymer solu-
tion could result in smaller fibers.

3.3. Surface modification of PCL-DA fibers

The availability of functionalizable groups on the fiber surfaces was
demonstrated using a thiol-containing fluorescent dye, 7-mercapto-4-
mehtylcoumarin (Fig. S3). Fluorescence images were captured from
the 30% PCL-DA fibers after thiol-ene reaction in the solution of 7-mer-
capto-4-methylcoumarin. Compared to the reaction groups, the fluo-
rescence in the controls was much weaker. The results demonstrated
successful modification with 7-mercapto-4-methylcoumarin onto PCL-
DA fibrous scaffolds (Fig. S3b). Fluorescence labeling of 30% PCL-DA
fibers with thiol dye proved that the -ene groups were available for
thiol-ene coupling. The success of fluorescence dye coupling was further
verified via FTIR spectroscopy. The “C=C” stretch peak (~1625 cm 1)
was not visible after reaction (Fig. S3c purple line), while much stronger
signals of benzene (~1590 cm™!) were found after functionalization,

Fig. 1. Micro- or nano-structure of electrospun fibrous scaffolds; (a and d) 10% PCL-DA, (b and e) 30% PCL-DA, and (c and f) 50% PCL-DA at low (top) and high

(bottom) magnifications. Scale bars are 100 pm (a—c) and 10 pm (b-d).
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indicating the complete conversion of the -ene groups within the limits
of FTIR detection. These results support a successful thiol-ene event
where a C-S-C linkage is formed between PCL-DA and 7-mercapto-4-
methylcoumarin. Conjugation of fluorescence dye to PCL-DA fibrous
scaffolds was also investigated via GPC (Fig. S4a), which demonstrated
that there were no major changes in the polymer molecular weight
composition before and after the thiol-ene reaction. The images on the
right are PDA traces of the GPC on the left. A strong signal of reacted
30%PCL-DA fibrous scaffolds from GPC-coupled PDA detector at 335 nm
(Fig. S4b) was observed. The strong spots in the absorption spectrum
around 335 nm at retention times of ~15 min corresponded to the
successful coupling of 7-mercapto-4-methylcoumarin to the lower mo-
lecular weight 2K PCL-DA. This is another confirmation that the
chemistry we designed is the chemistry that is working and operational
in the system.

The thiol-ene chemistry results with a fluorescence dye proved that
“functionalizable” groups on the fiber surface are also available for
further thiol-ene functionalization. Unlike many functionalization
methods, this blend and thiol-ene reaction does not need specific sol-
vents which may destroy the morphology of fibers. Therefore, this sur-
face functionalization approach provides an opportunity to couple VEGF
mimicking peptides, among other biological factors, on the surface of
PCL-DA fibers without interfering with the fiber morphology.

3.4. The effect of time and PCL-DA concentration on thiol-ene reaction

After reacted with 7-mercapto-4-methylcoumarin, the fluorescence
intensity of fibrous scaffolds was quantified by UV-Vis spectrophotom-
eter. As shown in Fig. 2a, with increasing of the reaction time, the
fluorescence intensity increased rapidly at first until 10 min and then
further increased gradually reaching a relative high point after 30 min.
Besides, the use of long exposure time for the reaction may lead to
photobleaching. Therefore, 10 min was chosen as the effective reaction
time for further investigation. Without the UV exposure, the control
group showed no specific absorbance, indicating that the PCL-DA were
intact during this process and no obvious physical absorption was found
in this 30 min treatment. The absorbance intensity of the test line
depended on the yield of the thiol-ene conjugation of 7-mercapto-4-
methylcoumarin, which in turn corresponded to the reaction site of
PCL-DA scaffolds. Although photobleaching may influence the photo-
chemical reactions of fluorescein, this method gave an indication on
which exposure time is enough for the reaction.

By dissolving functionalized scaffolds, we could quantify the amount
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of dye conjugated to the surface with a calibration curve (Fig. S5). In
Fig. 2b, it can be seen that the amount of 7-mercapto-4-methylcoumarin
immobilized on the surface increased with increased blend ratio of PCL-
DA, with 10% and 30% giving similar amounts of coupled dye. Clearly,
higher mixing ratio of PCL-DA lead to the greater amount of surface
-ene, which provided more functional group for fluorescence dye or
peptide coupling on the surface. Especially, 50% PCL-DA scaffolds
contained many smaller fibers with diameter around 490 nm, some fiber
diameter even decreased below 200 nm. It was reported that as fiber
diameter decreases, the specific surface area increases dramatically and
a much higher fiber surface could be exposed to activation [65,66].
Higher surface area could lead to a higher reaction site, which is related
to a significant increase in bonding 7-Mercapto-4-methylcoumarin. This
result showed the possibility to control the reaction by changing the
percentage of PCL-DA. Although the 50% PCL-DA fibrous scaffolds
contained the highest amount of functionalizable groups, the obtained
fiber diameters were quite small and less uniform compared with 30%
PCL-DA scaffolds. Finally, 30% PCL-DA fibrous scaffolds were chosen for
subsequent in vitro and in vivo studies.

3.5. Photopatterning of PCL-DA fibrous scaffolds

To demonstrate UV-regulated the process of fiber functionalization,
we performed photopatterning experiments to generate fluorescence
patterns using photo masks (Fig. 3a). This photopatterning strategy is
based on the advantage of using the photochemically promoted radical
thiol-ene reaction, so that conjugation of 7-mercapto-4-methylcoumarin
under UV exposure through a photomask was probed. Fig. 3b showed
the resulting fluorescent pattern after thiol-ene reaction on 30% PCL-DA
fibrous scaffolds, where the bright-blue regions are areas of reacted
polymer fluorescing under UV light. Black regions were masked during
reaction and remained unfunctionalized. As a demonstration, various
patterns were achieved on the 30% PCL-DA fibrous scaffolds by UV
illumination through different photomasks (Fig. 3c). The photopattern
approach based on thiol-ene reaction was also reported by other re-
searchers [47]. However, this study did not show the possibility of
performing photopatterning on fibrous scaffolds. Our study successfully
proved that this simple and effective approach could be used on PCL-DA
fibrous scaffolds. The ability to use thiol-ene chemistry creating any
spatial functionalization of PCL-DA fibrous films is a significant advan-
tage, which could later be used for the partial functionalization of
bioactive molecules on fibrous scaffolds.

The mixing approach of PCL-DA with PCL in our study not only gives

Electrospun 30%PCL-DA | 50%PCL-DA

10%PCL-DA
scaffold

7-Mercapto-4- 4.57 x10 519x10° |7.87x10°
methylcoumarin
(mol/mg scaffold)
* ¥k
20+
%k % ¥

-
o
1

Content (nmol/scaffolds)
o 3

Fig. 2. (a) The effect of reaction time on the fluorescence increases of 30% PCL-DA fibrous scaffolds. The control group is the reaction group without UV treatment.
Excitation wavelength: 335 nm. (b) Quantification of 7-Mercapto-4-methylcoumarin reacted with per 10, 30 and 50% of the PCL-DA electrospun scaffolds,

respectively. (*P < 0.05, ***P < 0.001; n = 3).

311



T. Yao et al.

-

Wash

&

Drop fluorescence dye
Put the UV mask

‘ UV treatment
Take off the mask

0 =
0.

Bioactive Materials 20 (2023) 306-317

OO
OO

Fig. 3. (a) Photopatterning steps of 30%PCL-DA fibrous scaffolds with 7-Mercapto-4-methylcoumarin. (b) Images of mask and photopatterned fibrous scaffolds and

(c) different mask and photopatterned fibrous scaffolds.

the ability to control the functionalization of scaffolds, but also shows
the possibility to pattern scaffolds. Spatial control of functionalization
could guide the distribution of bioactive molecules on scaffolds, which
provide specific cues for the generation of well-organized vascular
networks in tissue regeneration. This approach could be further used to
improve the angiogenic potential of synthetic scaffolds in the future.

3.6. PCL-DA scaffolds functionalization with fluorescent peptides

To probe the ability of the scaffolds to be functionalized with a
bioactive peptide, we initially tested RGD-FITC construct (Fig. S6).
Showing that the reaction was successful via fluorescence microscopy,
we turned to creating fluorescently labelled VEGF peptide mimetics to

a) Photoinitiator Without Photoinitiator

10% PCL-DA

50% PCL-DA

b)

TAMRA-VEGF (nmol/mg scaffold)

test the fidelity of the reaction with appropriate model reactions. In this
experiment, we wanted to determine the range of peptide functionali-
zations possible with this approach, and chose to study further the 10%
and 50% functionalized fiber scaffolds. A VEGF-TAMRA was created via
solid phase Boc peptide synthesis, with an installed TAMRA dye con-
nected to a spacer remote to the cysteine reactive site. Conveniently the
peptide synthetic methodology also allowed us to create a VEGF-TAMRA
with an alkylated cysteine, thus blocking the available thiol for the thiol-
ene reaction (VEGF-TAMRA-alk). VEGF-TAMRA mimetic peptides were
characterized by HPLC/MS and both showed single peaks after purifi-
cation with the corresponding expected masses (Fig. S7).

Fig. 4a showed the resulting fluorescence after the reaction of VEGF-
TAMRA on two electrospun scaffolds with different concentrations of
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Fig. 4. (a) VEGF-TAMRA mimic peptide immobilizing on different PCL-DA electrospun scaffolds. Up: 10% PCL-DA scaffolds; Down: 50% PCL-DA scaffolds. (b)
Quantification of VEGF-TAMRA concentration in the different electrospun scaffolds. Scale bars are 100 pm. (**P < 0.01, ***P < 0.001; n = 3).
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PCL-DA (10 and 50%). The amount of the immobilized VEGF-TAMRA
mimic peptide was increased in the material with higher amounts of
DA groups. A low amount of fluorescence was observed in the controls
without photoinitiator. This is likely due to either small amounts of the
thio-Michael addition occurring during these treatments [67], or due to
the low concentration of free-radicals which can be generated by
UV-light alone.

VEGF-TAMRA-alk mimic peptide with a blocked cysteine was used to
verify that the occurring reaction involves the addition of a thiol to an
alkene to form the alkyl sulfide. No significant differences in the fluo-
rescence intensity of the different scaffolds (10 and 50% PCL-DA) at
different conditions (with and without photoinitiator) could be observed
when the reactive cysteine group was blocked (Fig. S8). The fluores-
cence observed in these images can be attributed to a small amount of
physical absorption of the TAMRA on the PCL-DA.

The concentration of VEGF-TAMRA mimic peptide in the different
scaffolds was calculated from a calibration curve of TAMRA in DMF
(Fig. S9). The concentration per mg of scaffold increased with the
number of functional groups on the surface available for peptide
coupling (Table S2) and was estimated at 56.5 and 101.4 nmol/mg of
scaffold for the 10% and 50% PCL-DA scaffolds (Fig. 4b), respectively.
Although the functionalization of the scaffold with the peptide could
also occur in the absence of the photoinitiator, the fluorescence intensity
observed of the thiol-ene reaction was approximately 30% higher with
initiator. Photobleaching may reduce fluorescence of VEGF-TAMRA,
while the changes of fluorescence between different groups are still
evident.

3.7. Mechanical properties and contact angle of different scaffolds

The mechanical properties of 30% PCL-DA and 30% PCL-DA/VEGF
pep fibrous scaffolds were investigated. As shown in Fig. 5a, the ulti-
mate strain and tensile strength of 30% PCL-DA/VEGF pep fibrous
scaffolds were ~181% and ~2.72 MPa, respectively, which were
significantly higher than those of 30%PCL-DA fibrous scaffolds (~138%
and ~0.15 MPa). The modulus of elasticity was shown to be significantly
different between the two different scaffolds (Fig. 5b). The moduli for
30% PCL-DA/VEGF pep fibrous scaffolds was 7998 + 1824 kPa,
whereas the 30%PCL-DA fibrous scaffolds showed a lower modulus of
4041 + 1085 kPa. The results of stress—strain curves and elastic modulus
indicated that the mechanical properties of 30% PCL-DA/VEGF pep
fibrous scaffolds increased higher than that of 30% PCL-DA fibrous
scaffolds. This can be explained by the fact that the functionalization
process (UV exposure with initiator) of VEGF peptide on 30% PCL-DA
fibrous scaffolds initiates crosslinking between or within PCL-DA fi-
bers, possibly resulting in stiffer mechanical properties. After function-
alization with VEGF peptide, SEM images showed that the PCL-DA fibers

— 30%PCL-DA/VEGF pep
— 30%PCL-DA

Stress (Mpa)

0 1 1
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maintained their fiber morphology (Figs. S10a-b). This observation
indicated the crosslinking of PCL-DA and the functionalization with
VEGF peptide did not change the morphology and diameter of PCL-DA
fibers (Fig. S10c). Moreover, the hydrophilicity of the 30% PCL-DA
fibrous scaffolds was increased after the functionalization with VEGF
peptide comparable to unfunctionalized 30% PCL-DA scaffolds. The
30% PCL-DA fibrous scaffolds provided a water contact angle of 121 +
3.3° while functionalization with VEGF peptide resulted in a contact
angle of 109 + 1.2° (Fig. S10d). The possible explanation could be that
the conjugation of VEGF peptide on PCL-DA fibers increased the hy-
drophilicity of 30% PCL-DA fibrous scaffolds, which could facilitate the
attachment and penetration of cells.

3.8. HUVEC:S survival on 30% PCL-DA/VEGF pep scaffolds under
starvation conditions

HUVECs were seeded on the Matrigel coated 30% PCL-DA and 30%
PCL-DA/VEGF pep scaffolds under starvation medium to study the
contribution of VEGF peptide on cell survival. Cell viability was evalu-
ated by using the PrestoBlue assay at 1, 3 and 5 days. Fig. 6a indicates
that cell viability on both scaffolds were similar at day 1. Cell viability
for both scaffolds decreased after 3 days’ incubation under starvation
conditions, whereas no significant decrease was identified at day 5. In
addition, cell survival was also determined using a CyQUANT™ Cell
Proliferation Assay Kit to measure total DNA content. Results showed
that DNA content for both groups gradually decreased over 5 days
(Fig. 6b). The DNA content of both scaffolds was the same at day 1. After
3 days’ culture under starvation medium, both scaffolds experienced
extensive cell death. The DNA content at day 5 on the 30% PCL-DA
scaffolds was 24.4% of its day 1 value, while it was 29.6% for the
30% PCL-DA/VEGF pep scaffolds.

The DNA content on VEGF peptide functionalized scaffold at day 1
was significantly higher than that on the control scaffold at day 3 and
day 5, indicating that VEGF peptide on scaffolds increased HUVECs
survival. These observations supported that VEGF peptide was success-
fully immobilized onto the scaffolds. Although the mechanical proper-
ties of 30% PCL-DA scaffolds changed after functionalization, the
slightly change in moduli would not have influence on cells survival in
the present study. Previous study reported that cells may be in response
to changing substrate stiffness. Jalali et al. demonstrated that Young’s
Moduli of human umbilical vein endothelial cells (HUVECs) were
218.85 + 38.73, 385.58 + 131.67, and 933.20 + 428.92 Pa for soft
(65.01 £ 21.14 Pa), medium (770.83 & 67.32 Pa), and hard substrates
(1032.61 =+ 82.78 Pa), respectively [68]. However, the Young’s Moduli
of scaffolds in the present study were 4041 + 1085 kPa (without UV
treatment) and 7998 + 1824 kPa (with UV treatment), which value is far
above the threshold moduli that cells could be response to. The cell
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Fig. 5. Representative tensile stress—strain curves (a) and elastic modulus (b) of 30% PCL-DA and 30% PCL-DA/VEGF pep fibrous scaffolds. (*P < 0.05; n = 3).
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Fig. 6. Effect of VEGF peptide immobilizing on HUVECs survival under nutrient starvation conditions. Viability (a) and DNA content (b) of HUVECs cultured for 5
days on Matrigel coated 30% PCL-DA and 30% PCL-DA/VEGF pep fibrous scaffolds. (**P < 0.01; n = 3).

stiffness reached a plateau of 7 kPa when the substrate stiffness was ~20
kPa, and the cells retained this stiffness even on essentially infinitely
rigid substrates like glass [69]. Therefore, HUVEC survival is more likely
related to the functionalization of the fibers with VEGF peptides rather
than the difference in moduli. In the process of tissue transplantation,
insufficient vascularization of the implantation site or poor angiogenesis
at beginning could lead to cell death. Low cell survival is probably due to
the nutrient starvation conditions. Efforts employing pro-survival
growth factors or peptide functionalized scaffolds have been applied
to increase cell survival. We suppose that using VEGF peptide scaffolds
to prolong endothelial cell survival until forming vessel network might
be a promising approach to improve the survival of transplanted tissue.
HUVECs were also seeded on uncoated 30% PCL-DA and 30%
PCL-DA/VEGF pep scaffolds to test cell survival. However, cells were
dead rapidly in EBM on both uncoated scaffolds.

3.9. VEGFRI1 and VEGFR2 phosphorylation assay on the scaffolds

In order to further detect biological signaling of VEGF peptide from
the functionalized scaffolds, HUVECs were cultured on uncoated 30%
PCL-DA and 30% PCL-DA/VEGF pep scaffolds, and then stimulated to
produce phosphorylated VEGF receptor 1 (ph-VEGFR1) or phosphory-
lated VEGF receptor 2 (ph-VEGFR2). Quantification of phosphorylated
VEGFR1 in Fig. 7a showed that HUVECs on 30% PCL-DA scaffolds after
2 h produced a small amount of phosphorylated VEGFR1; HUVECs on
the 30% PCL-DA/VEGF pep scaffolds had a slightly higher level of
phosphorylated VEGFR1 than that on unfunctionalized scaffolds, yet
this difference was not significant and disappeared after 4 h. Testing the
phosphorylation of VEGFR2 (Fig. 7b) indicated that both the VEGF
peptide signal from the 30% PCL-DA/VEGF pep scaffolds and the
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addition of soluble VEGF could have a significant effect at 2h (P < 0.05),
which again was not observed after 4 h. Previous studies have confirmed
that the VEGF peptide could bind to VRGFR1 and VRGFR2, and activate
VRGFR1 and VRGFR1 phosphorylation [21,70]. Webber et al. reported
that the effect of VEGF peptide amphiphile on VEGFR1 and VEGFR2
expression was time-dependent, which only increased in the first 10
min, followed by a decrease of stimulation until 60 min [70]. In our
experiments, we also see a temporal dependence. Since the cells need
some time to attach on functionalized scaffolds and then respond to the
VEGF peptide we are likely to see a response time longer than 10 min.

3.10. HUVECs proliferation and morphology on 30% PCL-DA/VEGF pep
scaffolds in endothelial growth medium

HUVECs were seeded on uncoated 30% PCL-DA and 30% PCL-DA/
VEGF pep scaffolds, and then allowed to proliferate in EGM without
VEGF (EGM-VEGF) medium. After 1, 3 and 5 days of culture, cell
viability and proliferation were evaluated. As shown in Fig. 8, we
consistently noticed an increase in cell viability and DNA content on
both scaffolds during culture time. Especially at day 3, cell viability in
the 30% PCL-DA/VEGF pep was higher than those of 30% PCL-DA group
(Fig. 8a). Moreover, it was noteworthy that DNA content in 30% PCL-
DA/VEGF pep scaffold group was significantly higher than 30% PCL-
DA scaffold group on day 1 (Fig. 8b). This indicated that VEGF pep-
tide functionalized scaffolds could promote the proliferation of HUVECs.
Similar trend was also observed at day 3, which could be attributed to
the signal of VEGF peptide resulted from VEGF peptide functionaliza-
tion. The VEGF peptide we used reproduced the helix region 17-25 of
VEGF, which was reported to enhance endothelial cell proliferation by
the downstream activation of VEGF dependent intracellular pathway

@B 30%PCL-DA
30%PCL-DA/VEGF pep
30%PCL-DA+VEGF

|
iiT

Fig. 7. ELISA analysis of (a) phospho-VEGFR1 and (b) phospho-VEGFR2 production of HUVECs on uncoated 30%PCL-DA and 30% PCL-DA/VEGF pep fibrous
scaffolds after 2 h and 4 h “30% PCL-DA + VEGF” represent HUVECs cultured on 30% PCL-DA fibrous scaffolds with adding VEGF in medium. (*P < 0.05; n = 3).
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Fig. 8. The viability (a) and proliferation (b) of HUVECs on uncoated 30% PCL-DA and 30% PCL-DA/VEGF pep fibrous scaffolds in EGM medium without VEGF

during 5 days of culture. (*P < 0.05; n = 3).
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Fig. 9. Processed images of uncoated (a) 30% PCL-DA and (b) 30% PCL-DA/VEGF pep fibrous scaffolds implanted on the CAM after 4 days. The quantification of (c)
vessel area in the images and (d) number of vessels around implanted scaffolds. (**P < 0.01; n = 10).

(ERK1/2) [21].

HUVECs were also seeded on coated 30% PCL-DA and 30% PCL-DA/
VEGF pep scaffolds to study the effect of VEGF peptide functionalized
scaffolds on the proliferation of HUVECs. However, there was no sig-
nificant difference between 30% PCL-DA and 30% PCL-DA/VEGF pep
scaffolds on proliferation during 5 days of culture (Fig. S11). The results
indicated that the introduction of Matrigel precoating on scaffolds could
cover the signal of VEGF peptide on cell proliferation.

The cell spread and adhesion of HUVECs on different scaffolds was
observed by SEM images. Fig. S12 showed the spread of HUVECs on 30%
PCL-DA and 30% PCL-DA/VEGF pep scaffold after 3 days of seeding. At
3 days of incubation, most HUVECs attached on the 30% PCL-DA scaf-
folds remained in a round shape. However, cells on 30% PCL-DA/VEGF
pep scaffold exhibited elongated and well-spread morphology. Strong
cell adhesion on the surface of 30% PCL-DA/VEGF pep fibers was
observed. This finding demonstrated that the functionalization of VEGF
peptide on 30% PCL-DA fibers enhanced cell spread and adhesion.

315

3.11. Cell morphology and expression of endothelial functional proteins
on coated scaffolds

In order to observe cell morphology on fibrous scaffolds, DAPI and
Phalloidin cell nucleus- and actin filament-staining was performed after
5 days of culture. Results clearly showed that all cells had spread and
adhered to both scaffolds. The functional development of HUVECs on
coated scaffolds was analyzed by immunostaining of the endothelial
proteins, CD31, vWF and eNOS. As seen in Fig. S13, positive CD31
staining was clearly detected on all HUVECs on scaffolds. A vWF dot
pattern was observed in small amounts of HUVECs, which demonstrated
vWF was produced within the cytoplasm of HUVECs cultured on both
scaffolds. eNOS is a marker for nitric oxide production in endothelial
cells. All HUVECs stained positive for eNOS, indicating a functional
cellular phenotype. Taken together, HUVECs on 30% PCL-DA/VEGF pep
scaffolds did not show any considerable visible difference from these
immunostaining results as compared to cells seeded on 30% PCL-DA
scaffolds. However, cells positively stained with endothelial markers
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(CD31, vWF and eNOS) confirmed that HUVECs maintained the endo-
thelial phenotype and kept endothelial function when cultured on both
scaffolds.

3.12. In vivo CAM assay

A CAM model was used to evaluate whether the VEGF peptide
functionalized scaffolds could promote angiogenesis in vivo. After
fibrous scaffolds were implanted on the CAM from day 10 until day 14,
we saw many vessels growing around electrospun scaffolds as shown in
Fig. S14 and Fig. 9a-b. For comparison, the total vessels area and vessels
number were quantified (Fig. 9c-d). 30% PCL-DA/VEGF pep fibrous
scaffolds displayed a slightly higher (1.2%) amount of vessels area
around scaffolds. However, no significant statistical difference
compared with 30% PCL-DA fibrous scaffolds was observed (n = 10).
The quantitative results of vessels number indicated that the number of
blood vessels surrounding the 30% PCL-DA/VEGF pep fibrous scaffolds
(57.9 + 6.7) was significantly higher than that of the 30% PCL-DA
fibrous scaffolds (48.0 &+ 6.0) (P < 0.01). This means that implanta-
tion with 30% PCL-DA/VEGF pep fibrous scaffolds led to more small
vessel growth surrounding the scaffolds compared with control. The
result suggests a positive angiogenic response from the VEGF peptide
functionalized scaffolds in vivo.

4. Conclusion

In conclusion, we reported a new approach for the fabrication of
VEGF-peptide functionalized electrospun scaffolds by using UV-initiated
thiol-ene chemistry. Spatial control of the fiber functionalization, an
exclusive advantage of using the photochemically promoted thiol-ene
based conjugation strategy, was possible with this set-up. This func-
tionalization approach under mild conditions could maintain fiber
morphology and mechanical properties of scaffolds. Moreover, cell
studies showed that VEGF peptide functionalized scaffolds significantly
enhanced cell survival compared with unfunctionalized scaffolds. Im-
munostaining images demonstrated that HUVECs could spread, grow
and proliferate well, especially maintaining endothelial function on
fibrous scaffolds. VEGF peptide functionalized scaffolds enhanced
angiogenesis in vivo as shown in a CAM assay. The advantages of VEGF
peptide-factionalized fibrous scaffolds, especially including the capacity
of photopatterning, make them attractive for vascular tissue engineer-
ing. Engineered vascular tissue could have potential as the trans-
plantation grafts in the treatment of cardiovascular diseases.
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