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ABSTRACT: In this study, we evaluate coaxial electrospun
nanofibers with gelatin in the shell and poly(vinyl alcohol)
(PVA) in the core as a potential vascular material by
determining fiber surface roughness, as well as human platelet
deposition and activation under varying conditions. PVA
scaffolds had the highest surface roughness (Ra = 65.5 + 6.8
nm) but the lowest platelet deposition (34.2 + 5.8 platelets) in
comparison to gelatin nanofibers (Ra = 36.8 = 3.0 nm and
168.9 + 29.8 platelets) and coaxial nanofibers (1 Gel:1 PVA coaxial, Ra = 24.0 + 1.5 nm and 150.2 + 17.4 platelets. 3 Gel:1 PVA
coaxial, Ra = 37.1 & 2.8 nm and 167.8 + 15.4 platelets). Therefore, the chemical structure of the gelatin nanofibers dominated
surface roughness in platelet deposition. Due to their increased stiffness, the coaxial nanofibers had the highest platelet activation
rate, rate of thrombin formation, in comparison to gelatin and PVA fibers. Our studies indicate that mechanical stiffness is a
dominating factor for platelet deposition and activation, followed by biochemical signals, and lastly surface roughness. Overall,
these coaxial nanofibers are an appealing material for vascular applications by supporting cellular growth while minimizing
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1. INTRODUCTION

Cardiovascular disease is the leading cause of mortality in the
United States." The underlying pathology for cardiovascular
disease remains obstructive atherosclerotic coronary artery
disease (CAD).> To overcome coronary obstruction, revascula-
rization, either via percutaneous balloon angioplasty stenting or
surgical bypass graft surgery, is utilized.> > In the United States,
over 600 000 angioplasty and stent procedures® and 1.4 million
coronary artery bypass procedures” are performed yearly.
Despite the success of both of these approaches, they remain
limited by progressive arterial or bypass graft reclosure. Vessel
reclosure for both of these approaches involves localized
thrombosis or neointimal thickening with smooth muscle cell
migration and proliferation.>™ As a result, a need exists for
materials and strategies that may be applied to arterial stents or
bypass graft veins that may modulate localized thrombosis.
Further, development of novel hemocompatible materials may
extend our therapeutic capability to accelerate localized
endothelialization thereby limiting thrombosis and neointimal
thickening,*~>’
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To further improve the materials and devices that come into
direct contact with blood, various modifications such as
coatings and drug incorporation have been made. For example,
several stent coatings such as gold,* " silicon carbide,”~"* and
phosphorylcholine®™'* have been investigated; however, these
coatings do not show any discernible improvement in
restenosis for coronary applications. Additionally, drugs such
as heparin®'® and corticosteroids'>'* have been incorporated
into the stents in an attempt to further decrease restenosis
rates. The use of these drugs did not show a statistically
significant difference when compared to the bare metal stent
counterparts.”'*'¥'* Furthermore, stents can be covered with a
graft material such as expanded polytetrafluoroethylene
(PTEE),"*~" polyethylene terephthalate (PET),"® or polyur-
ethane (PU)">"'®" that provides a physical barrier between the
stent and the vessel wall. Therapeutic agents can be
incorporated into the graft to provide a more uniform release
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distribution across the entire stent—graft area. Surface
modifications in the graft material, itself, can also be made to
tailor the stent—graft for a given indication. These surface
modifications include biomimetic peptides, antibodies, growth
factors, and nanoparticles."®

The use of a nanofibrous material is a novel method for
formation of a physical barrier between the bloodstream and
the tissue, offering a potential utility as coating materials for
stents or structural materials for application to or fabrication of
vascular grafts. Recent advances in tissue engineering have
yielded several approaches for forming fibrous scaffolds. In
particular, the process of electrospinning forms fibrous scaffolds
with diameters ranging from the micrometer to nanometer
scale.”®*! These electrospun scaffolds have high specific surface
areas, porosities, as well as features on the micro- to
nanoscale.”*** Dual- or multiple-component fibers can also
be fabricated that have a set of properties that the single
component fibers may not have. For example, scaffolds that are
used for vascular applications need both mechanical strength
and high biocompatibility.*>** Scaffolds composed of materials
with dominant biological properties have high biocompatibility
but often have poor mechanical properties.”* > In contrast,
synthetic polymer scaffolds have appealing mechanical proper-
ties; however, they lack biological properties due to their
insufficient cellular recognition sites.”*"?"Therefore, creation of
composite fibers can combine the mechanical properties of the
synthetic polymers and the biological properties of the natural
polymer. In addition, therapeutic agents, growth factors, and
other proteins can be incorporated or chemically bound to the
fibers in order to tailor the scaffold to a given application.
Incorporation of the therapeutic a§ents into the fibers allows
these agents to be released locally.”~>*

In this study, we fabricate coaxial nanofibers with poly(vinyl
alcohol) (PVA) in the core and gelatin in the shell of each fiber.
PVA is a semicrystalline, hydrophilic, and synthetic polymer
that has displayed mechanical properties similar to soft tissue.
In contrast, gelatin, a product of collagen hydrolysis, has high
biocompatibility but poor mechanical properties.”**>*® There-
fore, combining these materials in a core—shell structure allows
the fibers to have the structural benefit of PVA in the core and
the biological benefit of gelatin in the shell.*”

For any material to be a successful construct in the
vasculature, hemocompatibility is of vital importance. The
first stage of the hemostatic response of platelets is surface
deposition.®® Therefore, we evaluate platelet deposition on the
electrospun scaffolds under static conditions, mechanical
activation (using a hemodynamic shearing device®), chemical
activation (using adenosine diphosphate*®*'), and shear
conditions (using a parallel plate flow chamber*?), respectively.
Surface roughness is an important factor affecting hemocom-
patibility, meaning that a rougher surface with higher exposed
surface area leads to more rapid blood coagulation.*> Thus,
atomic force microscopy (AFM) is utilized to determine fiber
surface roughness, which may play a role in platelet deposition
and subsequent platelet activation on the electrospun nano-
fibers. Additionally, we seek to elucidate the effect of
biochemical signals on platelet deposition and activation. In
this study, we compare PVA, a synthetic polymer, and gelatin, a
biocompatible polymer, for platelet deposition and subsequent
activation.

After platelet deposition, platelet activation is the next step in
the hemostatic response.*® To determine platelet activation on
the electrospun nanofibers, we utilized a modified prothrombi-
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nase assay that calculated the rate of thrombin formation.
Thus, the rate of thrombin formation is directly related to the
activation of platelets.**”*® Platelets can sense the mechanical
stiffness of the underlying substrate, leading to an increase in
activation on stiffer surfaces.*’ Our previous work has shown
the increase in mechanical stiffness of the coaxial (gelatin in the
shell and PVA in the core) nanofibers in comparison to
scaffolds composed solely of gelatin or PVA.>”** This work has
also shown favorable biocompatibility with the coaxial scaffolds
promoting 3T3 fibroblast viability and proliferation.*”** Thus,
we seek to determine platelet deposition when scaffolds are
preseeded with smooth muscle cells or human umbilical vein
endothelial cells, cells native to the vasculature. Therefore, we
hypothesize that the coaxial nanofibers with gelatin in the shell
and PVA in the core of each fiber will be an optimal construct
for vascular applications due to its support for cellular viability
and proliferation by displaying minimal platelet deposition and
activation.

2. EXPERIMENTAL SECTION

2.1. Electrospinning. A 16% w/v solution of PVA (Sigma-Aldrich,
89 000—98 000 MW, 99+% hydrolyzed) was prepared with ethanol
and water (1:9 v/v) in a water bath for 4 h at 60 °C. The use of
ethanol and water as solvents increased the evaporability of solvents
for subsequent electrospinning compared to using only water as a
solvent. Electrospun PVA nanofibers were fabricated from a custom-
built electrospinning device using the following parameters: 12 kV
applied high voltage (Acopian High Voltage Power Supply), 12 cm
fixed needle-tip to collector distance, and 9 yuL/min fixed flow rate
(Razel Syringe Pump, R-99). A 15% w/v solution of Gelatin Type A
(Sigma-Aldrich) was prepared from ethanol and 10X-phosphate
buffered saline (PBS) (1:1 v/v) in a water bath for 2 h at 40 °C
and subsequently at room temperature for 12 h for further dissolution.
Gelatin nanofibers were fabricated using the following parameters: 12
kV applied voltage, 12 cm fixed needle-tip-to-collector distance, and a
30 pL/min flow rate. The coaxial nanofibers were fabricated using a
custom-coaxial electrospinning device using the previously described
gelatin and PVA solutions. Composite fibers were made using two
different flow rate conditions: 3 Gel:1 PVA (3 yL/min flow rate for
PVA and 9 yL/min flow rate for gelatin) and 1 Gel:1 PVA (7 yL/min
for gelatin and PVA, respectively). Each composite scaffold used a 20
kV applied voltage and 15 cm needle-tip-to-collector distance. After
electrospinning was complete, all scaffolds were then cross-linked
using a glutaraldehyde/ethanol vapor. To cross-link the scaffolds, a 5%
glutaraldehyde in ethanol solution was prepared and placed in the
bottom of a desiccator. Next, the scaffolds were placed on the
desiccator shelf and vacuum was pulled. The desiccator was then
placed in an oven at 42 °C for 20 h. After the 20 h in the oven, the
scaffolds were ready for subsequent experiments as described in the
proceeding sections.

2.2. Fiber Surface Roughness. The samples were gold coated
under argon gas at 70 mTorr for 60 s. The samples were imaged in a
Bruker dimensional atomic force microscopy (AFM) using tapping
mode. The surface roughness (Ra) was determined using the Bruker
Nanoscope Analysis v1.40r2 software for 25 fibers of each scaffold
(gelatin, PVA, 1 Gel:1 PVA coaxial, and 3 Gel:1 PVA coaxial). The
images were corrected using the 3rd order-flattening tool to remove
tilts and bows from the images. The roughness (Ra) values were
obtained using the roughness tool with the peak inputs on. The peak
inputs allowed us to define a threshold height from the surface to
measure the roughness. This ensured that only the roughness of the
fiber was obtained.

2.3. Blood Samples. Blood samples were taken from healthy
adults who signed informed consent forms. Adults did not take aspirin
or ibuprofen for 2 weeks prior to donating and had not consumed
caffeine for 12 h prior to blood draw. Thirty milliliters of whole blood
was drawn via venipuncture and added to 0.3 mL 40% trisodium
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Figure 1. Fiber surface roughness was assessed using atomic force microscopy (AFM) for (A) gelatin scaffolds, (B) PVA scaffolds, (C) 1 Gel:1 PVA
coaxial scaffolds, and (D) 3 Gel:1 PVA coaxial scaffolds. Surface roughness values are presented as Ra (nm) in the table (panel E). Asterisk (*)

indicates significance with p < 0.001.

citrate. The whole blood was centrifuged at 450g for 4.5 min. The
platelet-rich plasma (PRP) was removed from the sample. The PRP
was filtered through a 150 mL column of Sepharose 2B beads (2%
agarose; Amersham-Pharmacia, Sigma Chemical, St. Louis, MO) to
yield the gel-filtered platelets (GFP).

2.4. Platelet Viability. Platelet viability was assessed using a lactate
dehydrogenase (LDH) assay (Thermo Scientific) after 3 h of
incubation on the electrospun scaffolds or tissue culture plate
(TCP) according to manufacturer’s instructions.

2.5. Platelet Deposition on Electrospun Scaffolds. Five
hundred microliters of 20000 platelets/uL was incubated on the
scaffold or substrate surface. Platelets and scaffolds were incubated at
37 °C, 5% CO,, and 95% relative humidity for 4 h. After incubation,
platelets were fixed for scanning electron microscopy (SEM) using 5%
glutaraldehyde. The cells/scaffolds were then transferred from
glutaraldehyde (GTA) to deionized water through a series of graded
solutions (3 GTA:1 H,0, 1 GTA:1 H,0, and 1 GTA:3 H,0). Next,
solutions were transferred to ethanol (EtOH) using a series of graded
solutions (3 H,0:1 EtOH, 1 H,0:1 EtOH, and 1 H,0:3 EtOH) and
allowed to sit overnight in the ethanol solution. Lastly, the samples
were transferred to hexamethyldisilazane (HMDS) through a series of
graded solutions (3 EtOH:1 HMDS, 1 EtOH:1 HMDS, and 1 EtOH:3
HMDS) and then allowed to air-dry overnight.*” After preparation, the
samples were gold-coated for 60 s using a sputter coater and imaged
using field emission scanning electron microscopy (SEM, Hitachi-
S4800). Platelet deposition on scaffolds was determined using the
National Institute of Health’s Image] software using ten images for
each scaffold type.

For the mechanically activated platelets, platelets at a concentration
of 20000 platelets/uL. were subjected to a physiological shear of 10
dyne/cm? for 10 min using the hemodynamic shearing device.*
Platelets were then seeded onto the scaffolds and incubated for 4 h as
described in the preceding paragraph. After the 4 h of incubation, the
scaffolds were prepared for SEM imaging as previously described.

For the chemically activated platelets, platelets at a concentration of
20000 platelets/uL and S uM adenosine diphosphate (ADP) were
incubated on each scaffold for 4 h. Samples were prepared for SEM
imaging as described previously.

2.6. Platelet Activation Assay. Platelet activation state (PAS)
was measured using a chemically modified prothrombinase-based
assay. Each scaffold was seeded with 500 uL of human platelets at a
concentration of 20 000 platelets/uL in platelet buffer. Samples were
incubated at 37 °C for 0, 60, 120, and 180 min. After incubation, 200
nM Factor Ila (acetylated prothrombin), 100 pM factor Xa, and S mM
calcium (Ca?*) were added and incubated for 10 min. After the 10 min
incubation, samples were read at 405 nm for 7 min in a plate reader at
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405 nm to obtain the PAS values. The PAS values at each time point
were normalized against fully activated platelets (obtained using 7.5 W
of sonication for 10 s). The normalized value represents the fraction of
thrombin that is produced by fully sonicated platelets. The platelet
activation rate (PAR) is obtained from the slope of the PAS values
over 3 h.*7*

2.7. Platelet Deposition under Flow Conditions. Platelet
deposition on the electrospun scaffolds was determined under vascular
relevant shear conditions to better simulate the in vivo environment.
Platelet-rich plasma was diluted to a concentration of 15 000 platelets/
4L and circulated for 60 min across the scaffold surfaces at 1 or 3 dyn/
cm?, respectively. The samples were then fixed and imaged using a
SEM in order to determine platelet deposition.

2.8. Effects of SMC or HUVEC Preseeding on Platelet
Deposition. To prepare the scaffolds for cell culture, the scaffolds
were placed in an oven at 42 °C for a period of 24 h. Next, the
scaffolds were sterilized in the ultraviolet light for 30 min prior to cell
culture. The scaffolds were then incubated with cell culture media for a
period of 15 min prior to cellular seeding. Cell culture media for
human umbilical vein endothelial cells (HUVEC) was M-199 stock
media supplemented with 1% 0.2 M glutamine, 1.5% 1 M HEPES
(Lonza Walkersville, Walkersville, MD, USA), 7.5% NaHCO;, 1.8%
penicillin/streptomycin/gentamicin (Lonza Walkersville, Walkersville,
MD, USA), 15% fetal calf serum (Lonza Walkersville, Walkersville,
MD, USA), heparin salt (Fisher Bioreagants, Fair Lawn, NJ, USA) and
ECGS (endothelial cell growth supplements). Human umbilical vein
endothelial cell (HUVEC) (BD Biosciences, San Jose, CA, USA) were
grown to 80% confluency and were passaged using a 1:1 mixture of
trypsin—versene and HBSS (Lonza Walkersville, MD, USA).

Cell culture media for the primary smooth muscle cells (SMC) was
Dulbecco’s modified Eagle’s medium (Life Technologies, Carlsbad,
CA, USA) supplemented with 10% v/v fetal calf serum (Life
Technologies, Carlsbad, CA, USA), antibiotic/antimycotic (Life
Technologies, Carlsbad, CA, USA), and 1% 02 M L-glutamine
(Lonza Walkersville, Walkersville, MD, USA). The primary smooth
muscle cells were isolated from the aorta of an adult, male Sprague—
Dawley rat. SMC were also grown to 80% or higher confluency and
passaged using trypsin—versene.

After incubation with the cell culture media, the respective cell line
was seeded on the scaffold and incubated at 37 °C, 5% CO,, and 95%
relative humidity for 3 days with the media refreshed on day 2. As a
control, cells were seeded on the tissue culture polystyrene well (TCP)
without any scaffolds present, as well as a gelatin film coated on the
tissue culture polystyrene well.

After the 3 days of incubation, the scaffolds were rinsed three times
with 1X phosphate-buffered saline (PBS) and once with platelet buffer.
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After rinsing with platelet buffer, the scaffolds were seeded with
platelets at a concentration of 20000 platelets/uL for 4 h. After
incubation, platelet deposition on the cell-coated scaffolds was
determined as previously described.

2.9. Statistical Analysis. All results are presented as mean =+
standard error unless otherwise indicated. Statistical analysis was
completed using a two-tailed, unpaired student’s ¢ test.

3. RESULTS AND DISCUSSION

3.1. Fiber Surface Roughness. For a material to be a
successful vascular construct, the material must be evaluated to
ensure low platelet activation while maintaining the platelet’s
role in hemostasis and angiogenesis.”® Enhanced surface
roughness increases platelet adhesion and the presence of
platelet pseudopodia to the underlying substrate. Therefore,
there is an increase in platelet adhesion, spreading, and
subsequent platelet activation.”"** In this experiment, we first
sought to determine the fiber surface roughness of the gelatin,
PVA, and coaxial nanofibers (1 Gel:1 PVA coaxial and 3 Gel:1
PVA coaxial) because this parameter plays a role in platelet
adhesion and subsequent activation.

A Bruker atomic force microscope and the Bruker Nano-
scope Analysis software were utilized to determine the surface
roughness of individual nanofibers (Figure 1). The fiber surface
roughness is reported as Ra, representing the average surface
height deviations from a given reference point (i.e., the surface
of the stainless steel chip that the fibers are electrospun onto).
The use of the reference point allows us to determine the
surface roughness of each individual fiber without taking into
account the stainless steel substrate that the fibers were
electrospun on. Out of all of the fibers, PVA had the highest
surface roughness (Ra = 65.5 + 6.8 nm) when compared to
gelatin (p < 0.001), 1 Gel:1 PVA coaxial scaffolds (p < 0.001),
and 3 Gel:1 PVA coaxial scaffolds (p < 0.001). This led us to
the question: does the increased surface roughness of the PVA
nanofibers lead to an increase in platelet deposition and
activation in comparison to the less rough fibers of gelatin and
the coaxial nanofibers? We utilized these fiber surface
roughness values into the proceeding analyses for platelet
deposition and activation.

3.2. Platelet Viability on Electrospun Nanofibers.
Platelet Vlablhtz was determined using a lactate dehydrogenase
(LDH) assay.>** Damage to the cell membrane causes lactate
dehydrogenase to leak into the platelet buffer. The LDH now in
the media can then convert the pyruvate to lactate through the
reduction of NAD"* to NADH. With NADH now present, the
diaphorase can then convert tetrazolium salt to red formazan,
which can then be quantified using a spectrophotometer at a
wavelength of 490 nm. All scaffolds (gelatin, PVA, 1 Gel:1 PVA
coaxial, and 3 Gel:1 PVA coaxial) and the tissue culture
polystyrene plate (TCP) possessed platelet viability of 98+% at
hours 1, 2, and 3 of incubation (Figure 2). Therefore, the
scaffold surfaces promote platelet viability throughout all
subsequent platelet deposition and activation studies.

3.3. Platelet Deposition on Electrospun Nanofibers
under Static Conditions. Platelet deposition after incubation
was calculated using SEM images (3000X magnification,
approximately 8400 ym?) and the National Institute of Health’s
Image] software (Figure 3). The gelatin scaffolds (169 + 30
platelets) and the coaxial scaffolds (1 Gel:1 PVA coaxial, 150 +
17 platelets; 3 Gel:1 PVA coaxial scaffold, 168 + 1S platelets)
possessed similar platelet deposition and significantly more
platelets than the PVA scaffolds (34 + 6 platelets). Despite the
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Figure 2. Platelet viability assessed using a lactate dehydrogenase
(LDH) assay after 3 h of seeding on gelatin scaffolds, PVA scaffolds, 1
Gel:1 PVA coaxial scaffolds, 3 Gel:1 PVA coaxial scaffolds, and tissue
culture plate (TCP).

PVA fibers’ having the highest surface roughness, these fibers
had the lowest platelet deposition out of all of the scaffolds.
Gelatin, rich in cellular attachment sites, has higher platelet
deposition than the PVA fibers with significantly higher surface
roughness and lacking cellular attachment sites. Therefore,
surface roughness was not a dominating factor in platelet
deposition. The chemical signals present on the biocompatible
gelatin fibers were a dominant factor in platelet deposition in
comparison to the synthetic polymer PVA, lacking these
cellular recognition sites.

3.4. Platelet Activation on Electrospun Scaffolds
under Static Conditions. In addition to platelet deposition,
platelet activation is an important determinant of a material’s
hemocompatibility and potential to serve as a vascular
construct. Activated platelets in the presence of factor II
(prothrombin) and factor Xa form a prothrombinase complex
that catalyzes the conversion of prothrombin to thrombin. In
the normal coagulation cascade, thrombin formation provides a
positive feedback on the activation of platelets and additional
thrombin formation.** Therefore, quantification of platelet
activation using thrombin can be difficult. In this study, we
utilize a modified prothrombinase assay in which acetylated
prothrombin is utilized. Essentially, this assay determines the
quantity of acetylated thrombin formed from acetylated
prothrombin using low platelet concentrations (20000
platelets/uL). Use of the acetylated prothrombin at low
platelet concentrations inhibits the positive feedback of the
thrombin formation on the platelets. Thus, a 1:1 correlation is
achieved between platelet activation and acetylated thrombin
formation.**

Electrospun scaffolds were incubated with 500 uL of platelets
at a concentration of 20 000 platelets/uL for 0, 1, 2, or 3 h. If
the platelets are activated from the interaction with the
nanofibers, then the anionic phospholipid (phosphatidylserine)
is translocated from the inner leaflet to the outer leaflet of the
cell membrane. Phosphatidylserine will then bind and activate
coagulation factors VII, IX, X, and prothrombin. Additionally,
activated platelets will activate factor V, present in the a-
granules, and express it on the membrane surface. Activated
factor V is required for the factor Xa activation of prothrombin.
Therefore, activated platelets produce the necessary cofactors
needed for the formation of acetylated prothrombin, which is
measured in subsequent steps of this assay.**

At each time point (t = 0, 60, 120, or 180 min), acetylated
factor II, factor Xa, and Ca** were added to the well and
incubated at 37 °C for 10 min to start the assay. After the 10
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Figure 3. Platelet deposition under static conditions on electrospun scaffolds (A) gelatin, (B) PVA, (C) 1 Gel:1 PVA coaxial, and (D) 3 Gel:1 PVA
coaxial. Platelet deposition per HPF (high-powered field 3000X magnification, approximately 8400 um?®) for each of the electrospun scaffolds is
depicted (E). Scale bar is 20 ym. Asterisk (*) indicates significance with p < 0.001.

min incubation, a chromogenic substrate (Chromozyme-TH)
for thrombin is added, which allows the amount of acetylated
thrombin to be quantified in a plate reader at 405 nm for 7 min.
The slope of the absorbance over the 7 min reading is referred
to as platelet activation state (PAS). The PAS values are
normalized with the PAS value obtained for fully activated
platelets. Therefore, the normalized PAS value represents the
fraction of acetylated thrombin formed from fully activated
platelets. The platelet activation rate (PAR) is the slope of the
individual PAS values at each time point throughout the
modified prothrombinase assay (0, 1, 2, and 3 h), which
indicates the overall rate of change of platelet activation.
Therefore, the PAR indicates how rapidly the platelets are
becoming activated when in the presence of the electrospun
scaffolds. Overall, the PAR is used for comparison of platelet
activation between the scaffolds.

The PAS of the platelets on the scaffolds (gelatin, PVA, 1
Gel:1 PVA coaxial, and 3 Gel:1 PVA coaxial), as well as the
tissue culture plate (TCP) are calculated and presented in
Figure 4A. The platelet activation rate (PAR) is calculated from
the PAS values for each scaffold and the TCP over the 3 h of
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Figure 4. (A) Platelet activation state (PAS) and (B) platelet
activation rate (PAR) of platelets incubated under static conditions on
the scaffolds (gelatin, PVA, 1 Gel:1 PVA coaxial, and 3 Gel:1 PVA
coaxial) and the tissue culture plate (TCP). Platelet activation
correlates with mechanical stiffness of underlying substrate: stiffer
substrate providing higher platelet activation. Asterisk (*) indicates
significance with p < 0.06.

8306

incubation, and we utilized this value for comparison between
substrates. When the platelets were incubated on the scaffold or
TCP surfaces, the platelet activation rate was highest for the
TCP when compared with the gelatin scaffolds (p = 0.004),
PVA scaffolds (p = 0.002), 1 Gel:1 PVA coaxial scaffolds (p =
0.06), and 3 Gel:1 PVA coaxial scaffolds (p = 0.03) (Figure
4B). The coaxial scaffolds (1 Gel:1 PVA and 3 Gel:1 PVA) had
similar PAR (p = 0.52). The 1 Gel:1 PVA coaxial scaffold had
higher PAR when compared to gelatin (p = 0.045) and PVA (p
= 0.03); however, results were less significant when comparing
the 3 Gel:1 PVA coaxial scaffolds with gelatin (p = 0.12) or
PVA (p = 0.08).

The coaxial electrospun scaffolds are fabricated with PVA in
the core and gelatin surrounding the PVA core. Therefore,
gelatin, a product of collagen hydrolysis, comes into direct
contact with the external environment, in this case, the
platelets. Collagen, a triple helix protein, strongly promotes
the adhesion and activation of human platelets.>> For example,
human platelets and collagen fibrils in suspension showed a
pseudo-first-order kinetics adhesion profile reaching 60%
adhesion at 60 min of incubation.*® Platelets can bind directly
to collagen via integrin a2f1 and glycoprotein VI as well as
indirectly to collagen through von Willebrand factor. Platelet
interaction and binding with collagen is dependent on the
platelet receptor recognizing the protein sequence. Taking this
into consideration, gelatin, a single stranded polypeptide
derived from collagen, has the protein sequences needed for
platelet binding; however, the single stranded structure is not
recognized by these same platelet receptors as it is for collagen.
Despite this, there are additional protein sequences (RGD) that
are exposed in gelatin’s single stranded structure that do not
contribute when in the triple helix structure of collagen that
may bind to platelet sites such as a3fl, aSf1, aVp33, and
potentially allbf3.%” Additionally, a study by Milleret et. al
showed that fibers less than 1 ym in diameter had low platelet
adhesion and coagulation.51 Therefore, the different mechanism
of platelet interaction present in the gelatin compared to
collagen, as well as the nanosized fibers may account for the low
PAR observed in this modified prothrombinase assay.

Platelets are able to react to the mechanical properties of the
underlying substrate. Thus, platelet adhesion, spreading, and
subsequent activation is greater on the stiffer substrates than
the softer materials.*’” Previous studies have determined the
mechanical properties of the gelatin scaffolds, PVA scaffolds,
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Figure S. Deposition of platelets preactivated (A—D) mechanically (HSD) or (E—H) chemically (ADP) on defined surfaces: gelatin scaffolds (A, E),
PVA scaffolds (B, F), 1 Gel:1 PVA coaxial scaffolds (C, G), and 3 Gel:1 PVA coaxial scaffolds (D, H). Platelet deposition is determined per high-
powered field (HPF) (3000X magnification, approximately 8,400 um?). Deposition is compared with platelets that were not preactivated through
mechanical (hemodynamic shearing device, HSD) or chemical (adenosine diphosphate, ADP) means (I). Scale bar equals 20 ym.

and the coaxial scaffolds (1 Gel:1 PVA and 3 Gel:1 PVA).>"*
The coaxial scaffolds have the highest Young’s modulus (3
Gel:1 PVA, 221 + 28.4 MPa and 1 Gel:1 PVA, 168.6 + 36.5
MPa)>”*® and subsequently the highest PAR. In comparison to
the coaxial scaffolds, gelatin has the lowest Young’s modulus
(21.52 + 4.15 MPa)*”*® and the lowest PAR. The gelatin and
coaxial scaffolds (1 Gel:1 PVA coaxial and 3 Gel:1 PVA coaxial)
all have gelatin external that comes into direct contact with the
platelets. Therefore, when comparing these three scaffolds (i.e.,
gelatin, 1 Gel:1 PVA coaxial and 3 Gel:1 PVA coaxial), the
mechanical stiffness of the fibers predominates in platelet
activation with the stiffer substrate having the highest activation
rather than the biochemical signals of gelatin.

Gelatin has the lowest Young’s modulus (21.52 + 4.15 MPa)
and a similar PAR to PVA (p = 0.30). PVA has a Young’s
modulus of 100.5 + 23.5 MPa; however, the PAR was low
compared to the coaxial scaffolds and TCP. Although PVA has
a high surface roughness and moderate stiffness compared to
the gelatin and coaxial scaffolds, the PAR was low. In previous
studies, we have shown that NIH 3T3 fibroblasts seeded on the
PVA scaffolds had a round morphology with minimal
attachment sites compared to the gelatin or coaxial scaffolds
(1 Gel:1 PVA coaxial and 3 Gel:1 PVA coaxial scaffolds) that
have gelatin in the shell of each nanofiber.>” This study showed
that PVA fibers do not promote the fibroblast growth and
proliferation that was seen on the gelatin and coaxial scaffolds.
We hypothesized that this was due to the lack of cellular
attachment sites that the gelatin and gelatin coated fibers (1
Gel:1 PVA coaxial and 3 Gel:1 PVA coaxial) have in
abundance.>” A similar response was seen with the platelets
having low deposition and activation on the PVA scaffolds in
comparison to the gelatin and coaxial scaffolds. Overall, the
PVA scaffolds do not promote cell growth and migration,®” as
well as minimize platelet activation compared to gelatin
scaffolds or the coaxial scaffolds. The modified prothrombinase
assay measuring platelet activation shows that the mechanical
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stiffness of the underlying substrate is a dominating factor in
comparison to surface roughness and biochemical signals.

3.6. Platelet Deposition of Chemically or Mechanically
Activated Platelets. Next, we determined platelet deposition
on the nanofiber surface that was preactivated through different
mechanisms (i.e,, mechanical or chemical activation). We first
evaluated deposition of platelets that were mechanically
activated prior to incubating on the scaffolds (Figure SA—D).
The platelets were mechanically activated using a hemodynamic
shear device (HSD) that exposes the platelets to dynamic shear
stresses similar to the mechanical forces experienced in vivo.*
Additionally, the HSD provides uniform and repeatable stress
to the platelet samples.*>® In this study, the 3 Gel:1 PVA
coaxial scaffold had the highest mechanically activated platelet
deposition when compared to the gelatin scaffolds, PVA
scaffolds, and 1 Gel:1 PVA coaxial scaffold (p < 0.03) (Figure
SI). This high platelet deposition correlated with the stiffness of
the underlying substrate as discussed previously with the 3
Gel:1 PVA coaxial scaffold having the highest stiffness®” and
subsequent highest platelet deposition.

Then, platelets were chemically activated using adenosine
diphosphate (ADP), a known platelet activator.*>*' ADP
activates platelets through a GTP-binding proteins or G
proteins. This ADP—platelet interaction causes a platelet
shape change and a decline in cAMP (cyclic adenosine
monophosphate) formation, leading to platelet activation.
Therefore, ADP is an important chemical factor at locations
of vascular injury for the propagation of platelet activation.>” In
this study, the deposition of chemically activated platelets
deposited per high-powered field (HPF) on each scaffold was
calculated (Figure SE—H). Similar to the mechanically activated
platelets, the 3 Gel:1 PVA coaxial scaffolds had the highest
chemically activated platelet deposition when compared with
the gelatin scaffolds, PVA scaffolds, and 1 Gel:1 PVA coaxial
scaffolds (p < 0.03) (Figure SI). This high platelet deposition
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Figure 6. Platelet deposition on surfaces preseeded with smooth muscle cells (SMC) (A—D) or human umbilical vein endothelial cells (HUVEC)
(E—H) on gelatin scaffolds (A, E), PVA scaffolds (B, F), 1 Gel:1 PVA coaxial scaffolds (C, G), and 3 Gel:1 PVA coaxial scaffolds (D, H). Platelet
deposition is determined per high-powered field (3000X) and compared to scaffolds that were not preseeded with SMC or HUVEC (I). Scale bar

equals 20 ym.

correlated with the high stiffness of the 3 Gel:1 PVA coaxial
scaffolds.””

In this study, the preactivated platelets (both chemical and
mechanical preactivation) had lower deposition on the scaffolds
(gelatin, 1 Gel:1 PVA coaxial, and 3 Gel:1 PVA coaxial) than
platelets that had no preactivation (Figure SI). Platelets
preactivated either mechanically or chemically undergo
numerous changes, including physical shape change, expo-
sure/activation of surface receptors, as well as secretion of
chemical agonists.** Exposure and activation surface receptors
plays a role in platelet aggregation.’” These preactivated
platelets via chemical or mechanical means had less deposition
on the scaffold surface (gelatin, 1 Gel:1 PVA coaxial, and 3
Gel:1 PVA coaxial) than the platelets that were not preactivated
prior to incubation. We postulated that the preactivation
through chemical or mechanical means is causing platelet
aggregation of the platelets in solution over the incubation
period leading to less platelet deposition on the fiber surface for
a given/fixed concentration of platelets.

3.7. Platelet Deposition on Electrospun Scaffolds
Preseeded with SMC or HUVEC. Once the scaffold is
placed in the body, vascular relevant cells (such as endothelial
cells and smooth muscle cells) will begin migrating and
proliferating on the fibers. Therefore, we sought to determine
platelet deposition on the nanofiber surfaces when they are
covered with a monolayer of smooth muscle cells or endothelial
cells. First, electrospun scaffolds were preseeded with smooth
muscle cells (SMC) for 72 h to ensure a confluent monolayer
of cells on the scaffold surface. Once the confluent monolayer
of SMC was attained, platelets were incubated for 4 h on the
scaffold surfaces prior to fixation and determination of platelet
deposition (Figure 6A—D). The PVA had similar platelet
deposition as the gelatin scaffold (p = 0.38) and 1 Gel:1 PVA
coaxial scaffold (p = 0.16), as well as significantly more platelets
than the 3 Gel:1 PVA coaxial scaffold (p = 0.02). Gelatin
scaffolds had similar platelet deposition to the 1 Gel:1 PVA
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coaxial scaffold (p = 0.22) and 3 Gel:1 PVA coaxial scaffold (p
= 0.39).

Overall, there was less platelet deposition on the gelatin
scaffolds (80 + 19 platelets) and the coaxial scaffolds (1 Gel:1
PVA coaxial, 75 + 12 platelets; 3 Gel:1 PVA coaxial, 61 + 9
platelets) preseeded with the SMC than on the scaffolds alone
(without any cell preseeding). This was not true for the PVA
scaffolds, which had higher platelet deposition with the
preseeding of SMC than on the scaffold fibers alone (101 +
14 platelets with preseeding vs 34 + 6 platelets on fibers alone).
The PVA nanofibers preseeded with the smooth muscle cells,
which possessed a round morphology with only a few
attachment sites to the underlying nanofibers, had the highest
platelet deposition. In contrast, the smooth muscle cells on the
gelatin and coaxial scaffolds possessed a flattened morphology
with numerous attachment sites, decreasing the platelet
deposition in comparison to scaffolds with no cell preseeding.

Electrospun scaffolds were preseeded with HUVEC for 72 h
to allow the cells to proliferate and form a confluent monolayer.
After the 72 h of incubation, the cells were incubated with
platelets for 4 h and subsequently prepared for SEM imaging
and counting (Figure 6E—H). A similar trend was observed for
the HUVEC preseeding as was seen with the SMC preseeding
(Figure 6I). The PVA had the highest platelet deposition (99 +
11 platelets), whereas the gelatin (62 + 9 platelets), 1 Gel:1
PVA coaxial (62 + 13 platelets), and 3 Gel:1 PVA coaxial (63 +
8 platelets) scaffolds had similar and lower depositions than
platelet deposition on the scaffold fibers alone.

Studies have shown the antithrombogenic properties of the
native endothelium such as the release of nitric oxide (NO) and
prostacyclin to decrease platelet activation and adhesion.’"®*
Therefore, the scaffolds (i.e., gelatin, 1 Gel:1 PVA coaxial, and 3
Gel:1 PVA coaxial) that had a confluent monolayer of
endothelial cells similar to the native vasculature displayed a
decline in platelet deposition compared to the scaffolds with no
endothelial preseeding. Interestingly, scaffolds that were
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Figure 7. Platelet deposition on electrospun scaffolds under shear, 1 dyn/cm? (A—D) and 3 dyn/cm” (E—H). Platelet deposition was calculated on
the following scaffolds per high powered field (3000X): gelatin scaffolds (A, E), PVA scaffolds (B,F), 1 Gel:1 PVA coaxial scaffolds (C, G), 3 Gel:1
PVA coaxial scaffolds (D, H). Platelet deposition on gelatin, PVA, 1 Gel:1 PVA coaxial, or 3 Gel: 1 PVA coaxial scaffolds under shear (1 or 3 dyn/
cm?) is presented in this bar graph per high-powered field (3000x) (I). Scale bar 20 ym.

preseeded with smooth muscle cells also showed a decline in
platelet deposition. After vascular injury, various mitogenic and
chemotactic factors are released from the wound area, as well as
from aggregated platelets that are on the damaged intimal
surface. These factors will initiate the neointimal response.®®
We hypothesized that in the absence of vascular injury, cell
preseeding would reduce platelet deposition for gelatin and
gelatin-coated fibers, as was observed for both endothelial cells
and smooth muscle cells respectively in this experiment.

In contrast, platelet deposition increased on the PVA
scaffolds that were preseeded with endothelial cells or smooth
muscle cells. Endothelial cells, smooth muscle cells, and/or
fibroblasts produce components involved in the hemostatic
response in vivo.”* Previous studies have shown low cell
attachment of 3T3 fibroblasts on the PVA scaffolds.*” With low
cell attachment at the time of platelet deposition, we
hypothesized that the hemostatic balance was no longer
maintained, thereby making these surfaces more thrombogenic
than the PVA fibers alone. Overall, the formation of a confluent
monolayer of SMC or HUVEC decreased platelet deposition
than on the scaffolds alone, suggesting that the nanofibrous
scaffold has proadhesive and antithrombogenic properties for
cells and platelets, respectively.

3.8. Platelet Deposition on Electrospun Scaffolds
under Flow. Areas of low wall shear stress in the coronary
arteries tend to have an increase in plaque accumulation, as well
as an increase in necrotic core. The low wall shear stress results
in a decrease in alignment of the endothelial cells to the flow
axis, as well as an increase in low-density lipoproteins (LDL),
smooth muscle cell proliferation, and macrophage migration.65
Therefore, understanding platelet deposition on the electro-
spun surfaces under flow conditions is vital for vascular
applications. For this experiment, we electrospun the scaffolds
(gelatin, PVA, 1 Gel:1 PVA coaxial, and 3 Gel:1 PVA coaxial)
onto stainless steel chips, cross-linked the scaffolds with
glutaraldehyde vapor, and placed the chips into a parallel
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plate flow chamber.*> A pulsatile pump is used to circulate
platelet-rich plasma (PRP) through the flow loop at either 1
dyn/cm?” (Figure 7A—D) or 3 dyn/cm® (Figure 7E—H). After
the PRP circulates through the flow loop, the scaffolds and
stainless steel chips are removed, fixed, and prepared for SEM
imaging (Figure 7). Platelet counts per high-powered field
(3000x) are calculated as previously described (Figure 71).

In a study conducted by Badimon et al,, a de-endothelialized
vessel wall showed an increase in platelet deposition with an
increase in exposure time and shear.’® Taking only flow rate
into consideration, the increase in shear will activate platelets
mechanically, leading to an increase in platelet deposition.®”
Herein, we also observed the latter published results, where
platelet deposition increased when the shear was increased
from 1 to 3 dyn/cm? for the 3 Gel:1 PVA coaxial scaffolds (p <
0.001) with less significance seen in the 1 Gel:1 PVA coaxial
scaffolds (p < 0.07) and gelatin scaffolds (p < 0.09). We
postulate that the mechanical shear stress not only induced
platelet activation but also mobilized them toward the scaffolds,
such that an increase in platelet deposition was observed with
an increase in shear stress.

Overall, platelet deposition under shear conditions was still
much less than static conditions. For instance, PVA had the
least platelet deposition of all the scaffolds for the static
conditions (Figure 61, bare scaffold), as well as the shear
conditions (Figure 71, 1 or 3 dyn/cm?®). This low platelet
deposition for the static and shear conditions was attributed to
the hydrophilic nature of PVA and poor cellular attachment and
proliferative nature of the PVA scaffolds,*” Tkada et al. showed
that there was less platelet deposition and fibrin formation
using PRP than on nongrafted and acrylic acid-grafted
polyethylene.®® Overall, the platelet deposition was significantly
decreased under shear than in static conditions, suggesting that
the scaffolds perform better under dynamic flow than in a static
environment.
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4. CONCLUSION

In this study, we fabricated coaxial nanofibers composed of
gelatin in the shell and poly(vinyl alcohol) (PVA) in the core of
each fiber and evaluated its hemocompatibility by determining
platelet deposition and activation under varying conditions. We
hypothesized that the coaxial nanofibers with gelatin in the shell
and PVA in the core would be an optimal construct for vascular
applications, displaying minimal platelet deposition and
activation. First, PVA nanofibers had the highest surface
roughness (Ra) in comparison to gelatin and the coaxial
scaffolds (1 Gel:1 PVA coaxial fibers and 3 Gel:1 PVA coaxial
fibers). Despite the highest surface roughness, the PVA
scaffolds had the lowest platelet deposition under static
conditions out of all of the scaffolds (gelatin, PVA, 1 Gel:1
PVA coaxial, and 3 Gel:1 PVA coaxial). Therefore, the
biochemical signals of gelatin dominated surface roughness
for platelet deposition on these electrospun fibers. Next, the
modified-prothrombinase assay was used to determine the rate
of thrombin formation of platelets on the scaffolds. Overall, the
coaxial scaffolds had the highest platelet activation rate of the
electrospun fibers, which was followed by gelatin and PVA
scaffolds. The increase in platelet activation rate correlated with
the increase in stiffness of the underlying fibers. Therefore,
platelet activation of fibers with the same surface chemistry (i.e.,
gelatin external) is dominated by mechanical stiffness of the
underlying substrate. Our experiments show that the following
factors influence platelet deposition and activation on the fibers
in order significance: mechanical stiffness followed by
biochemical signals, and lastly surface roughness. Additionally,
when the scaffolds were preseeded with either SMC or
HUVEC, the platelet deposition decreased significantly on
the gelatin and coaxial scaffolds. In contrast, preseeding with
the SMC or HUVEC increased platelet deposition on the PVA
scaffolds. Overall, the 1 Gel:1 PVA coaxial scaffolds, promoting
cellular viability and growth, as well as minimal platelet
deposition and activation, possess appealing hemocompatibility
for use in vascular applications.
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