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Abstract

Purpose The limited availability of autologous ves-
sels for vascular bypass surgeries is a major roadblock
to treating severe cardiovascular diseases. Based
on this clinical priority, our group has developed a
novel engineered vascular graft by rolling human
amniotic membranes into multilayered extracellular
matrixes (ECM). When treated with silica nanoparti-
cles (SiNP), these rolled scaffolds showed a signifi-
cant improvement in their structural and mechanical
properties, matching those from gold standard autolo-
gous grafts. However, it remained to be determined
how cells respond to SiNP-treated materials. As a
first step toward understanding the biocompatibility
of SiNP-dosed biomaterials, we aimed to assess how
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endothelial cells and blood components interact with
SiNP-treated ECM scaffolds.

Methods To test this, we used established in vitro
assays to study SiNP and SiNP-treated scaffolds’ cyto
and hemocompatibility.

Results Our results showed that SiNP effects on
cells were concentration-dependent with no adverse
effects observed up to 10 pg/ml of SiNP, with higher
concentrations inducing cytotoxic and hemolytic
responses. The SiNP also enhanced the scaffold’s
hydrophobicity state, a feature known to inhibit
platelet and immune cell adhesion. Accordingly,
SiNP-treated scaffolds were also shown to support
endothelial cell growth while preventing platelet and
leukocyte adhesion.

Conclusion Our findings suggest that the addition
of SiNP to human amniotic membrane extracellular
matrixes improves the cyto- and hemocompatibility
of rolled scaffolds and highlights this strategy as a
robust mechanism to stabilize layered collagen scaf-
folds for vascular tissue regeneration.

Keywords Cardiovascular disease - Coronary
artery disease - Vascular graft - Amniotic membrane -
Adhesive - Biocompatibility

Introduction

Coronary heart disease is the most common type of
cardiovascular disease. In the United States, 600,000
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new cases arise each year, with costs exceeding 5.5
billion dollars (Russell et al. 1998; Cheryl et al. 2012,
2020; Heron 2021; Virani et al. 2021). Although less
invasive interventions are advancing, the highest sur-
vival advantage is achieved with heart bypass graft-
ing, particularly in patients with ventricular dysfunc-
tion (Caines et al. 2004). Small diameter (<6 mm)
vascular reconstructions are considerably more chal-
lenging than larger vessels, due to low flow and high
resistance that amplify poor host tissue/graft inter-
actions. Autologous arteries are considered the gold
standard for small-diameter replacement vessels,
with patency rates of ~90% at five years (Pashneh-
Tala et al. 2016; Mallis et al. 2020). Unfortunately,
in approximately 30% of vascular reconstructions,
the patient’s own vessels are unavailable for use,
requiring either a synthetic conduit or a non-oper-
ative approach to restore blood flow (Carrabba and
Madeddu 2018). Issues with the peripheral vascu-
lature have similar complications (Tukiainen et al.
2006; Ambler and Twine 2018).

More traditional synthetic alternatives such as
modified Dacron or expanded polytetrafluoroeth-
ylene are limited to peripheral uses due to their low
patency rates (Tiwari et al. 2002; Bota et al. 2010;
Mréwezynski et al. 2014; Ambler and Twine 2018).
These relatively inert materials remain problematic
due to their inability to interact successfully with the
recipient tissues, resulting in a complex set of adverse
biological reactions, driven by poor biocompatibility
and miss-matched mechanical properties (Schmidt
and Bowlin 1999; Pashneh-Tala et al. 2016; Zhuang
et al. 2021). Approaches to improve the current situ-
ation include the development of novel materials,
including synthetic surfaces, biological grafts, and
tissue-engineered vessels (L’heureux et al. 1998;
Langer 2000; Dardik et al. 2002; Ozawa et al. 2002;
Boura et al. 2003).

Our group developed a novel engineered vascu-
lar graft derived from the human amniotic extra-
cellular matrix that can be customized to achieve
matched wall thickness and any given internal diam-
eter (Amensag and McFetridge 2012, 2014). When
implanted in a rabbit model of vascular bypass, these
rolled, tubular scaffolds showed adequate mechanical
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integrity, postoperative immunologic tolerance lasting
at least four weeks, and evidence of cellular remod-
eling resembling the native vascular architecture
(Amensag et al. 2017). Howeyver, the layers of these
rolled scaffolds had a propensity to unravel upon
hydration and during the surgical procedure where
the graft required physical manipulation to suture in
place. As such, these acellular grafts required overly
delicate handling to prevent unraveling prior to clo-
sure. To solve this issue, we tested the potential for
silica nanoparticles (SiNP) as a binding agent to
adhere and reinforce the layers of these extracellular
scaffolds (Goldberg et al. 2023—accompanying arti-
cle in this Journal). Our Results showed that SiNP
enhanced the self-adhesion between distinct layers
and within individual layers of the rolled scaffolds,
effectively improving the scaffold’s tensile strength
and handling properties (Goldberg et al. 2023). Our
studies indicated that SiNP can be used as an effec-
tive adhesive for ex-vivo derived tissue scaffolds,
with promising potential for tissue engineering and
regenerative medicine applications requiring a bio-
compatible adhesive.

Although silica has been recognized as essentially
nontoxic and safe by the FDA (Zhang et al. 2012;
Gongalves 2018), most medical applications of SiNP
are still under study (Janjua et al. 2021). Therefore,
the biocompatibility of SiNP-treated scaffolds where
the SiNP are at the blood interface requires further
assessment to ensure their clinical applicability as
vascular grafts. The aim of this study was to assess
how endothelial cells and blood components inter-
act with the multilayered SiNP-treated scaffolds, as a
first step toward the investigation of SiNP materials’
broader biocompatibility.

Materials and methods

HUVEG:s isolation and culture

Placental tissues were obtained from the Labor &
Delivery department at UF Health Shands Hospi-

tal at the University of Florida (Gainesville, FL,
IRB Approval #64-2010). Human umbilical vein
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endothelial cells (HUVECs) were isolated from
umbilical cords using collagenase perfusion as
described by Jaffe et al. (1973). Prior to reach-
ing confluence, cells were passaged using Accutase
with 0.5 mM EDTA (Innovative Cell Technologies).
Experiments used mixed cell populations collected
from at least three donor cords. Media was replaced
every two to three days with VascuLife basal medium
supplemented with VEGF (LifeLine Cell Technolo-
gies) and 100 U/ml penicillin/streptomycin. HUVECs
were used experimentally between passages P2 and
P4.

Cytocompatibility of silica nanoparticles

Commercially available colloidal silica nanoparticles
(Ludox TM-50, Sigma) were used in a range of dilu-
tions as previously described (Goldberg et al. 2023).
For the qualitative assessment of cell viability, we
used a Live/Dead cell viability assay according to the
manufacturer’s protocol (Invitrogen). Briefly, 50,000
HUVECs (P4) were seeded into each well of 24-well
plates. After cells reached a confluent monolayer, the
culture medium was replaced with freshly prepared
0.5 ml nanoparticle dispersions diluted in the cul-
ture medium (0.1 pg/ml, 1 pg/ml, 10 pg/ml, 100 pg/
ml, and 1000 pg/ml). Cells without exposure to nan-
oparticles (0 pg/ml) served as a control. Cells were
incubated for 24 h at 37 °C in a 5% CO, incubator.
Then, the media containing nanoparticles was aspi-
rated from the wells and the cells were gently washed
with PBS and stained with Calcein AM (green; liv-
ing cells), ethidium homodimer-1 (red; dead cells),
and DAPI (blue; cell nuclei). All conditions were per-
formed in triplicate.

Cellular metabolic activity was assessed using the
Alamar Blue assay (AB; Invitrogen, USA) per manu-
facturer’s instructions. The percent reduction of resa-
zurin to resorufin was used as an indicator of cellu-
lar metabolic activity. HUVECS plated as described
above were washed with PBS and incubated with

% hemolysis = 100 X

10% Alamar Blue in media for four hours at 37°C
to quantify relative metabolic activity. Supernatants
were collected and fluorescence was read at excitation
530 nm, and emission 590 nm by a Synergy 2 multi-
detection microplate reader (BioTek Instruments,
Inc., Winooski, Vermont, USA). Percent reduction
data were normalized to the control (0 pg/ml SiNP)
and presented as percent cell viability.

Blood collection and processing

Human venous blood was collected from healthy
adult volunteers who had given their IRB-approved
informed consent (IRB #642010). Blood (50 ml) was
collected in tubes containing 10 U of heparin per ml
using a 21-gauge needle and carefully handled before
use to avoid activation of platelets and lysis of red
blood cells. All participants acknowledged they had
not taken medication that alters platelet function in
the ten days before blood collection.

Hemolysis test

The hemolysis test was performed as described pre-
viously (Zhao et al. 2011). Whole blood was centri-
fuged to separate the red blood cells from the buffy
coat and plasma (800 g for 10 min). Red blood cells
were diluted in the ratio of 1:20 in PBS to create a
hematocrit of approximately 5%. Then, 200 pL of
the red blood cell solution were incubated with
800 pL of freshly prepared SiNP dispersions diluted
in PBS (0.1 pg/ml, 1 pg/ml, 10 pg/ml, 100 pg/ml,
and 1000 pg/ml). Samples prepared with 800 pL of
water and PBS served as positive and negative con-
trols, respectively. Samples were incubated at room
temperature under gentle agitation for two hours and
subsequently centrifuged at 200Xg for 5 min. Rup-
tured RBCs stained the supernatant red by the release
of hemoglobin. The absorbance of the supernatant
at 541 nm was used to quantify the percent of lysed
RBC:s using the following formula:

(absorbance of the sample—negative control sample)

(positive control absorbance—negative control absorbance)
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Preparation of silica nanoparticle treated-scaffolds

Layered rolled scaffolds derived from human amni-
otic membranes were prepared with SiNP in a range
of concentrations or pH-matched phosphate buffer
saline (PBS) as previously described (Amensag and
McFetridge 2014; Meddahi-Pellé et al. 2014). Briefly,
amniotic membranes were obtained from the Labor
and Delivery Department at UF Health Shands Hos-
pital at the University of Florida (Gainesville, FL,
IRB Approval #64-2010), decellularized, and cut
into 6 cm X 10 cm rectangular sheets for rolling. Flat,
rectangular sections of the amnion were coated with
either SiNP dispersions or pH-matched phosphate
buffer saline (PBS). Amnion sections were laid flat on
a sterile surface with any folds removed to maintain
uniformly flat surface. The total volume of SiNP (or
controls) was calculated based on the surface area of
the scaffold whereby a uniform film would cover the
entire surface (5 pl/cm?). The sheet was then tightly
rolled for ten revolutions around a 3.2 mm diameter
mandrel. Rolled scaffolds were frozen at -86 °C for
12 h, then lyophilized within a Millrock Bench-Top
Freeze-Drier (Millrock Technology, Kingston, NIJ)
and freeze-dried between 4 and 8 mT for 24 h.

Water contact angle

Scaffolds’ wettability, or hydrophobicity, was deter-
mined by the sessile droplet method (Arasteh et al.
2016) The contact angle of distilled water droplets
placed on scaffolds prepared with 0 pg/mm?, 8.75 pg/
mm?, 17.5 pg/mm?, 35 pg/mm?, and 70 pg/mm? SiNP
was determined as follows. Briefly, 10-layered scaf-
folds were opened along the longitudinal axis using
a scalpel and fixed to a base with the luminal sur-
face facing up. Drops of distilled H,O (25 pL) were
pipetted onto the luminal surface of the scaffold and
immediately photographed using a Nikon D200 (Mel-
ville, NY). The angle at the interface of the droplet
and scaffold surface was quantified using NIH ImageJ
software (Bethesda, MD).

Cytocompatibility of SiNP scaffolds
Ten-layered scaffolds treated with 8.75 pg/mm?
SiNP were opened longitudinally and then cut into 1

cmX 1 cm sections. The dose used was defined based
on optimal responses obtained in our mechanical
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characterization studies as described in the accom-
panying article in this Journal (Goldberg et al. 2023).
Scaffolds were placed in 24-well plates, hydrated in
PBS, and seeded on the luminal side with HUVECs
(50,000 cells/well). After allowing cells to adhere
overnight, seeded constructs were transferred into
fresh wells (such that the cells adhered to the well
plate would not interfere with the results of the sub-
sequent study). Cells were cultured for 14 days, with
media replaced every two to three days. The meta-
bolic activity was assayed using Alamar Blue as
described above on days 1, 2, 5, 7, and 14. Results
are shown as the percent change in metabolic activity
normalized to day 1 activity.

Dynamic evaluation of platelet-material interaction

For the dynamic evaluation of platelet-material inter-
actions, whole blood was fluorescently labeled using
acridine orange (20 pg/ml, 10 min incubation, Inv-
itrogen). A syringe pump perfused a steady, laminar
flow of blood over the scaffolds for 5 min in a cus-
tom-designed tissue-based parallel plate flow cham-
ber that accommodates tissue surfaces and real-time
visualization in a fluorescent microscope through a
transparent viewing window to study scaffold-cell
interactions (Uzarski et al. 2014). The flow rate was
1 ml/min to achieve shear stress of 10 dyn/cm?. Sam-
ples were visualized on Zeiss Axiolmager M2 upright
fluorescence microscope with a Zeiss AxioCam Hrm
Rev 3 digital camera operated by AxioVision soft-
ware version 4.8. Images were taken from 15 loca-
tions along the length of the scaffold at 15-s intervals,
for a total of five minutes. NIH Imagel software was
used to quantify the number of platelet aggregations
(defined as a grouping of three or more platelets, and
assumed to be caused by activated platelets), and
percent coverage (by utilizing thresholding in NIH
Imagel software).

Leukocyte attachment assay

HL-60 cells (a human promyelocytic leukemia cell
line) transfected with a lentiviral vector expressing
green fluorescent protein (GFP), generously donated
by Dr. Christopher Cogle at the University of Florida,
were induced to differentiate towards neutrophil-
like phenotypes by adding 1.3% dimethyl sulfox-
ide (DMSO) to the culture medium for three days.
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Scaffolds were cut longitudinally (8 cmXx 1 cm) and
mounted into a custom-modified parallel plate flow
chamber with the luminal surface facing up. Differ-
entiated HL-60 cells (20,000 cells/cm?) were incu-
bated on the scaffolds for five hours at 37 °C and then
imaged at 15 locations along the scaffold. Then, the
chambers were perfused with PBS for five minutes at
a constant rate of 1 ml/min to achieve a shear stress
of 10 dyn/cmz. After five minutes, the scaffold was
again imaged at 15 locations. Neutrophil attachment
was quantified from the images using ImageJ soft-
ware (NIH).

Statistical analysis

Experiments were run in no less than three replicates.
Results are reported as mean+standard deviation.
One-way ANOVA was used to determine differ-
ences between scaffolds treated with different con-
centrations of nanoparticles. When ANOVA detected
significance, Tukey post-hoc analysis was used to
determine significant differences between each tested
condition. Student t-test was used when only one con-
dition was evaluated against a control. Statistical sig-
nificance was set at P <0.05.

Results

Cytotoxicity and hemolysis induced by silica
nanoparticles are concentration-dependent

In order to gain insight into the cytocompatibility of
SiNP, we first exposed HUVECs cultured in 24-well
culture plates to a range of SiNP concentrations
(Fig. 1). Cell viability and metabolic activity were
unaffected at concentrations up to 10 pg/ml. However,
at higher concentrations, cytotoxicity was observed
(P<0.05). At 100 pg/ml, approximately 50% of the
cells were viable, and at 1000 pg/ml, no viable cells
were detected.

To evaluate hemocompatibility, we incubated red
blood cells with nanoparticle solutions to test if SINP
induced hemolysis. Disruption of erythrocyte mem-
branes results in hemoglobin release into solution, so
that nanoparticle-induced blood cell damage can be
evaluated by quantifying free hemoglobin. No detect-
able red blood cell lysis was seen in samples with
concentrations up to 10 pg/ml (Fig. 2). Hemolysis

was observable starting at 100 pg/ml (1.7% hemoly-
sis, not significantly different than controls) and
markedly increased at 1000 pg/ml (63% hemolysis,
P <0.05). Taken together, these findings suggest that
SiNPs are nontoxic to erythrocytes in concentrations
up to 10 pg/ml.

Silica nanoparticle-enhanced scaffolds are
hydrophobic

Using in vitro analysis we aimed to evaluate the
applicability of the SiNP treated 10-layered scaf-
folds as vascular grafts by assessing the surface
hydrophobicity, known to influence platelet/bioma-
terial adhesion (Jaffer and Weitz 2019; Wu et al.
2021). The contact angle of water droplets placed
on scaffolds was assessed over a range of SiNP con-
centrations from 0 pg/mm? (control), 8.75 pg/mm?,
17.5 pg/mm?, 35 pg/mm?, to 70 pg/mm? (Fig. 3).
Results show untreated scaffolds were hydrophilic
(contact angle < 90°), with a mean contact angle of
74°+10°, whereas all scaffolds treated with SiNP
were progressively more hydrophobic as the con-
centration of SiNP increased (P<0.001). These
findings indicate that the addition of SiNP to extra-
cellular matrix scaffolds improves their hemocom-
patibility properties by decreasing the surface free
energy.

To verify the cytocompatibility of the ten-layered
SiNP-treated scaffolds, samples were prepared with
8.75 pg/mm? either with or without (controls) SiNP,
then cut into 1 cm? sections (Fig. 4a) and cultured
with HUVECs for 14 days. From day 5 of culture
and onwards, HUVECs showed increased meta-
bolic activity on SiNP-treated scaffolds in compari-
son to day 1, and when compared to cells seeded in
untreated scaffolds (Fig. 4b). This result demonstrates
that the presence of SiNP in extracellular-matrix scaf-
folds may improve the environment for cell growth.

Silica nanoparticles inhibit platelet and leukocyte
adhesion

The evaluation of platelet aggregation over time
revealed that SiNP-treated scaffolds inhibit plate-
let aggregation in comparison to untreated scaf-
folds (P <0.05) for at least 3 min (Fig. 5a, b). In this
period, treated scaffolds also showed smaller and
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Fig. 2 Hemolysis induced
by silica nanoparticles. a
Representative photographs
of hemolysis over a range
of SiNP concentrations.
The hemoglobin is released
into the supernatant when
red blood cell membrane
integrity is compromised.
Negative (PBS) and positive
(water) controls are shown
on the left. b Percent of
hemolysis was determined
by the absorbance of the
supernatant at 541 nm.

*P <0.05 by one-way
ANOVA
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Fig. 3 Hydrophobicity of SiNP-enhanced scaffolds. A water
droplet was placed on top of scaffolds prepared with increas-
ing nanoparticle concentrations. The surface contact angle was
measured as shown in insert (i). Average contact angle and
representative photographs of water droplets of each condition
are shown. ***P <0.001 by one-way ANOVA Silica nanoparti-
cles-enhanced scaffolds support cell growth

1 10 100 1000
SiNP Concentration (ug/mL)

fewer aggregates than controls (Fig. 5c), indicating
an initial lower activation state. However, both treated
and untreated scaffolds reached similar values for
percentage coverage and aggregate size after 4 and
5 min. Nevertheless, the total percentage of platelet
coverage in all scaffolds was below 3.5% by the end
of the 5 min.

To further evaluate SiNP hemocompatibil-
ity, HL-60 cells differentiated into neutrophils
were seeded on scaffolds for five hours and per-
fused with saline for five minutes at 10 dyn/cm?
to test leukocyte adhesion (Fig. 6). Initial leuko-
cyte attachment to the SiNP-treated and control
scaffolds (5 h after seeding) were not statisti-
cally different. However, after 5 min of perfusion
with a shear stress of 10 dyn/cm2, 33% of cells
detached from the SiNP-treated scaffolds, signifi-
cantly more than in control scaffolds, where cells
attached remained similar to values pre-perfusion.
These findings suggest that leukocytes adhere
weakly to SiNP-treated scaffolds.
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Fig. 4 Cytotoxicity of
SiNP-enhanced scaffolds.
a 10-layered rolled scaf-
folds treated with 8.75 pg/
mm? SiNP and untreated
controls were sectioned as
shown and cultured with
HUVEC for 14 days. b
Cellular metabolic activity
was tested at different time
points. The percentage

of metabolic activity was B

determined in relation 50 1
to day 1 of culture. Cells Goiitiol
cultured on SiNP-enhanced ongo
scaffolds presented overall 40 - e SiNP+
higher metabolic activity
than untreated controls. -
*P <0.05 by T-test (Con- 2 30 -
trol X SiNP in each time >
point) S
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Discussion

With a significant clinical need for vascular bypass
grafting materials with improved patency rates, a
novel vascular graft comprised of prepared human
amniotic membrane treated with SiNP to create
a robust multiple layered vascular graft has been
developed. An advantage of this approach over cur-
rently clinically available grafts is that the scaffold
can be readily modified to alter the materials diam-
eter, thickness, and length to suit a variety of vascular
reconstruction needs. As a critical component of this
development, the compatibility of the composite bio-
material (ECM-SiNP), is required. While silica is rec-
ognized as essentially nontoxic and safe by the FDA,
and has its use approved for multiple applications in
the food industry, dentistry, orthopedics, ophthalmol-
ogy, and dermatology (Zhang et al. 2012; Gongalves
2018), the biocompatibility of silica nanoparticles at
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the blood/surface interface of vascular grafts remains
unknown. Herein, we aimed to assess endothelial and
blood cell components’ responses to the composite
material.

In this study, the potential toxicity of SiNP on
endothelial cells was evaluated with two approaches:
(1) direct exposure of cultured HUVECs to an array
of SiNP concentrations dispersed in the culture
media, and (2) indirect exposure of cultured HUVEC
on SiNP-treated rolled extracellular matrix scaffolds.
Direct exposure showed that SiNP are not cytotoxic in
concentrations up to 10 pg/ml. Furthermore, cultur-
ing HUVEC on scaffolds prepared with 8.75 pg/mm?
SiNP demonstrated no apparent toxicity to the cells,
and cell growth was supported for at least 14 days.
As the rolled amniotic extracellular matrix is com-
posed of tightly packed fibers with subcellular sized
pores, seeded HUVEC remain on the luminal sur-
face of the material while SiNP are largely retained
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Fig. 5 Dynamic Evaluation A
of Platelet-Material Interac-
tion. Whole blood was
stained with acridine orange
and flowed through the scaf-
fold at 10 dyn/cm?. Platelet
attachment and aggregation
were evaluated for 5 min. A
Representative photographs
of blood cells adhered to
control and SiNP-treated
scaffolds (8.75 pg/mm?). B
Dynamic quantification of
platelet surface coverage. C 61
Index of aggregate size was
determined by the percent-
age of surface coverage
normalized by the number
of aggregations. *P <0.05
by T-test (Control x SiNP
in each time point)

Control

SiNP*
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Platelet coverage (%)
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between each layer of the rolled scaffold (Supplemen-
tal Fig. 1). This organization presumably protects the
cells by avoiding excessive direct contact with SiNP.
The use of natural extracellular matrixes as a
platform for tissue engineering is advantageous as
they are biodegradable without toxic breakdown
products. However, when SiNP-treated scaffolds are
degraded, SiNP may ultimately be released into the
bloodstream. Herein we show that SiNP do not cause
hemolysis when in direct contact with blood in con-
centrations up to 10 pg/ml, with minimum hemoly-
sis induced even at 100 pg/ml. As progressive scaf-
fold remodeling occurs in the host, SiNP release is
expected to be gradual rather than abrupt, so these
tested doses are likely significantly higher than those
that would be experienced in vivo. Although the
in vitro system has limited translation to the complex,
in vivo environment, these findings suggests that
SiNP-treated scaffolds are not overtly toxic for red
blood cells or other peripheral blood cells.
Small-diameter bypass vessels are especially prone
to failure by occlusive thrombus formation (Wang
et al. 2007). Whereas the native vasculature has
inherent anti-thrombotic mechanisms such as a con-
fluent endothelial cell layer, damages to the endothe-
lium, including those surgically induced, trigger a

Time (seconds)

01 2 3 45
Time (minutes)

coagulation cascade that leads to exposure of the
subendothelial extracellular matrix and consequent
platelet binding and activation (Chen and Loépez
2005). Activated platelets release factors that bind
and activate more platelets resulting in aggregation
and potential clot formation (Menter et al. 2017). This
naturally occurring hemostatic response to vascu-
lar injury is kept in balance by factors secreted from
quiescent endothelial cells (Chen and Lépez 2005;
Coller and Shattil 2008). In this sense, an adequate
vascular graft surface must induce minimal platelet
adhesion and activation in order to minimize throm-
botic events (Jaffer et al. 2015).

It has been shown that surface hydrophobicity
plays an important role in the hemocompatibility
of materials as it influences protein adsorption and
thus thrombogenicity (Shabalovskaya et al. 2013).
Herein, we found that the addition of SiINP modifies
the scaffold’s surface properties from hydrophilic
to hydrophobic in a concentration-dependent man-
ner. To detail these interactions we used a modified
parallel plate flow chamber (Uzarski et al. 2014)
to evaluate the dynamics of platelet-material inter-
action. As shear stress is known to influence both
platelet adhesion and the coagulative response,
(Furukawa et al. 2010) our approach using a unique
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A Initial adhesion (0 min) After flow (5 min)

Control
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* = SiNP+
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Time (min)

Fig. 6 Leukocyte attachment. Leukocytes were cultured
on untreated scaffolds (controls) or SiNP-treated scaffolds
(8.75 pg/mm?) for 5 h and then exposed to a constant saline
flow (10 dyn/cm? for 5 min). Adhered leukocytes were quanti-
fied at time zero (initiation of flow) and at the final time point
(5 min). A Representative photomicrographs of GFP +leuko-
cytes (green) adhered to scaffolds. B Quantification of leuko-
cytes attached to the scaffold surface. *P <0.05 by T-test

flow chamber allows for the assessment of cell-
material interactions in real-time under shear condi-
tions, in contrast to previous studies that used static
methods for measuring clotting time (Casa et al.
2015). By perfusing whole blood over the scaffolds,
we found a significant decrease in platelet adhe-
sion and aggregation (a marker of platelet activa-
tion) in SiNP-treated scaffolds. Plasma proteins,
such as albumin and fibrinogen, mediate platelet
adsorption to surfaces and participate in thrombus
formation (Tsai et al. 2002). Considering that albu-
min and fibrinogen have small negative charges at
physiological pH, they are expected to induce mini-
mal adsorption to silica surfaces (Fukuzaki et al.
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1996). This may explain, in part, how SiNP inhibit
platelet aggregation. Of note, both SiNP-treated and
non-treated control scaffolds showed similar plate-
let aggregation (less than 3.5% of coverage) after
5 min, and comparable to our previous findings
in decellularized human umbilical vein scaffolds
(Uzarski et al. 2014). Our results also support those
previously reported by Amensag et al. with amnion
graft patency seen in a rabbit model (Amensag et al.
2017) as well as by Kakavand et al. where amniotic
membrane surfaces displayed minimal platelet acti-
vation and no hemolysis (Kakavand et al. 2017).

To further investigate SiNP hemocompatibility,
we perfused a neutrophil solution over the scaffolds
to evaluate neutrophil-mediated immune responses.
We found that, at least in the short-term, the presence
of SiNP reduced the adherence of neutrophils to the
scaffolds. As neutrophils have been shown to play an
important role in graft rejection (Cardozo et al. 2004),
this finding indicates a beneficial effect of SiNP on
the scaffold immunoregulatory properties.

In summary, we aimed to assess the responses of
endothelial cells and peripheral blood cells to SiNP-
treated extracellular matrix scaffolds. We showed
that SiNP are well tolerated by endothelial cells
and red blood cells in concentrations up to 10 pg/
ml and the addition of SiNP increases the scaffolds’
hydrophobicity, and decreases platelet aggregation
and leukocyte attachment. Although we have identi-
fied a dose-dependent cytotoxicity and hemotoxic-
ity of unaltered Ludox TMS50 silica nanoparticles,
toxic effects were only seen at substantially higher
concentrations than those optimally defined to glue
ECM scaffolds.

Similar in concept to the earlier work by
L’Heureux et al. using ‘cell sheet’ technology to
create layered structures, the technology described
herein has used thin sheets of ECM derived from the
human amniotic membrane(L’heureux et al. 1998;
Amensag and McFetridge 2014).This approach has
the advantages of being readily available, derived
from human tissues and provide a ‘natural structure’
that includes a basement membrane with the poten-
tial to speed remodeling and aid endothelial cell func-
tion. It can be assembled to almost any vessel size
and wall thickness by rolling the ECM sheets around
a mandrel and rolling until the desired thickness is
achieved. Importantly, and unlike most other bioma-
terials, it does not elicit an adverse immune reaction
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whilst being fully remodelable by the body, this plus
evidence of more than a century of clinical use make
this membrane an ideal choice in the right applica-
tions (Hopkinson et al. 2006; Mamede et al. 2012;
Walgenbach et al. 2012; Allen et al. 2013). While
longer term stability studies in vivo are still required,
this work demonstrates the approach to create a ver-
satile off-the-shelf graft, with promising in vitro and
in vivo performance (Amensag et al 2017).

In conclusion, these investigations have shown
that SiNP are suitable for use as a ‘glue’ to bind lay-
ers of the amniotic extracellular matrix when rolled
into 3D tubes for potential clinical use. The addition
of SiNP in these concentrations is not only safe to
endothelial and red blood cells, but also substantially
improves their broader hemocompatibility proper-
ties. This study adds to our knowledge by providing
a preliminary understanding of the biocompatibility
of SiNP and SiNP-treated ECM-based grafts in the
blood interface and supports its exploration in diverse
vascular engineering applications. Nevertheless, this
work is limited to in vitro analyses, so future animal
studies are necessary to ensure biocompatibility in
complex in vivo systems. The next steps of this work
will use pre-clinical approaches to confirm these find-
ings in animal models.

Supplementary Information

Supplemental Figure 1 Ultrastructure of SiNP-
treated amniotic membrane rolled scaffolds. Scanning
electron microscopy (a,b) and transmission electron
microscopy (c,d) of scaffolds treated with 8.75 pg/
mm?2 SiNP. SiNP remained trapped between the lay-
ers of extracellular matrix (ECM).
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