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Abstract: Confluent monolayers of human umbilical vein endothelial cells (HUVECs) on a
poly(2-methoxyethyl acrylate) (PMEA) antithrombogenic surface play a major role in mimicking
the inner surface of native blood vessels. In this study, we extensively investigated the behavior
of cell-polymer and cell—cell interactions by measuring adhesion strength using single-cell force
spectroscopy. In addition, the attachment and migration of HUVECs on PMEA-analogous substrates
were detected, and the migration rate was estimated. Moreover, the bilateral migration of HUVECs

‘c‘r';eiicgt?sr between two adjacent surfaces was observed. Furthermore, the outer surface of HUVEC was exam-
Citation: Haque, M.A.; Murakami, ined using frequency-modulation atomic force microscopy (FM-AFM). Hydration was found to be
D.; Anada, T;; Tanaka, M. an indication of a healthy glycocalyx layer. The results were compared with the hydration states of
Poly(2-Methoxyethyl Acrylate) individual PMEA-analogous polymers to understand the adhesion mechanism between the cells
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and substrates in the interface region. HUVECs could attach and spread on the PMEA surface with
stronger adhesion strength than self-adhesion strength, and migration occurred over the surface of
analogue polymers. We confirmed that platelets could not adhere to HUVEC monolayers cultured on
the PMEA surface. FM-AFM images revealed a hydration layer on the HUVEC surfaces, indicating

Monolayer Formation. Coatings 2022, ] ] )
the presence of components of the glycocalyx layer in the presence of intermediate water. Our

12,869. https://doi.org/10.3390/
coatings12060869 findings show that PMEA can mimic original blood vessels through an antithrombogenic HUVEC

monolayer and is thus suitable for the construction of artificial small-diameter blood vessels.
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1. Introduction

According to the World Health Organization (WHO), due to the rapid increase in

cardiovascular diseases (CVDs) and the associated number of deaths, the 17.9 million deaths
= from CVDs in 2019 is estimated to increase to 23.6 million by 2030 [1,2]. Approximately
Copyright: © 2022 by the authors. 329, of total deaths worldwide are caused by the diverse categories of CVDs, such as
Licensee MDPL, Basel, Switzerland. - coronary heart disease (CHD) and peripheral artery disease (PAD). Currently, researchers
are focusing on obtaining the most suitable treatments for CVDs. To date, angioplasty,
atherectomy, stent insertion, and bypass of the injured vessels are the most well-known
treatments [3]. Bypass of injured vessels is an effective treatment, and autologous saphenous
vessels are generally selected. However, there is a risk of secondary trauma. Therefore,
synthetic artificial vascular grafts can be suitable alternatives to autologous saphenous

iations.
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vessels. To date, polyethylene terephthalate (PET) and expanded polytetrafluoroethylene
(ePTFE) have been used as synthetic grafts for large-diameter vessels. However, these grafts
show poor patency for small-diameter blood vessels due to thrombus formation inside
them [4]. PET and ePTFE are unable to promote endothelialization and induce thrombosis
and inflammation due to platelet and neutrophil activation [5]. Therefore, vascular graft
diameter smaller than 6 mm presents a high risk of thrombus formation. In addition,
protein adsorption boosts the platelet adhesion in surface induced clotting [6].

Many methods have been implemented to improve the surface of synthetic grafts
through surface modification, new polymer development, and cell-substrate interaction
investigation using mechanobiology assessments. Various surface modification techniques
have been used to functionalize the substrate interface for cell attachment, growth, mi-
gration, rapid endothelization, and long-term anticoagulation [7-9]. Polymer coating
is an effective approach to functionalize biomaterial surfaces. Functionalization with
poly(ethylene glycol) and zwitterionic polymers, including poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC), suppresses biofilm formation, immune responses to biomate-
rial surfaces, and adhesion of platelets [10-16]. Moreover, several approaches have been
introduced to obtain smart or responsive surfaces. Temperature-responsive grafted polymer
brushes based on LCST open opportunities for the fabrication of responsive surfaces [17].
On the other hand, stimuli-responsive macromolecules have significantly impacted new
developments in polymeric coatings where the surface shows responsiveness to bacte-
rial attacks, ice or fog formation, anti-fouling properties, autonomous self-cleaning and
self-healing, or drug delivery systems [18].

A stable, confluent endothelium lining may act as a completely antithrombogenic
surface. However, such an endothelial cell (EC) layer does not form spontaneously at
the surface of a vascular implant in humans in vivo. Subsequently, one researcher has
proposed pre-seeding ECs or progenitor cells prior to implantation in order to increase the
patency of synthetic vascular grafts [19,20]. However, poor cell adhesion ability under flow
condition indicates low compatibility [21]. Consequently, polymers with antifouling and
antithrombogenic properties with strong endothelial cell attachment abilities are desirable
for researchers to develop artificial small-diameter blood vessels (ASDBVs) that can mimic
native blood vessels.

In this regard, poly(2-methoxyethyl acrylate) (PMEA), an antithrombogenic synthetic
polymer, is a suitable alternative to ePTFE and PET because of its intermediate water
(IW, loosely bound water) content, which is a measure of biocompatibility and blood
compatibility [22,23]. It was found that IW is present in natural biocompatible polymers,
such as DNA (and RNA), heparin, and chondroitin sulfate [24]. PMEA is a US Food
and Drug Administration (FDA)-approved biocompatible polymer used in artificial lungs,
catheters, and stents as an antithrombogenic coating material. PMEA is water insoluble
and hydrophobic in nature. It makes thin film coatings on substrates, such as PET or
other surfaces where coating needs to be performed. When the biomaterials contact with
the body fluids, the primary interaction happens on the biomaterial-fluid interface in
hydrated state. First, proteins are adsorbed and then denatured on the hydrated material
surface. Cell adherent protein adsorption depends on the wettability, polymer rich and
poor regions, as well as the microphase separation of a homopolymer at an interface. The
amount and degree of denaturation of adsorbed proteins affect subsequent cell behavior,
including cell adhesion, migration, proliferation, and differentiation. The modification in
the chemical structure of PMEA shows distinct morphological and interaction behavior with
the blood component [25,26]. A polymer with similar chemical and structural properties to
PMEA is named PMEA analogous polymer. Our recent investigation reveals that PMEA
analogous polymers suppress platelet adhesion, and the degree of suppression depends on
the amount of IW present in each polymer [22,26]. In particular, a polymer with high IW
content (e.g., PMPC, IW = 11.11% w) suppresses platelets more effectively than a polymer
with low IW content [27]. However, PMPC does not allow the attachment of cells, proteins,
or any other blood components on its surface.
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A monolayer of ECs can effectively protect surfaces from the adhesion of blood
components (platelets, white blood cells, red blood cells, and proteins), thus suppressing
platelet coagulation and thrombus formation [28]. Alternatively, PMEA, a blood-compatible
polymer, does not activate leukocytes, erythrocytes, or platelets, in vitro [22]. Furthermore,
because PMEA and analogous polymers promote the attachment of non-blood cells, they
are believed to facilitate endothelization [29]. Therefore, endothelization over the polymer
surface may play a major role in surface antithrombogenic properties.

In recent years, the human umbilical vein endothelial cells (HUVEC) model has been
used in cardiovascular and clinical research as compared to animal models. In vitro HUVEC
models have been convenient to study platelet adhesion to the endothelium, endothelial
dysfunctions, the potential effect of atherosclerosis in initial stages and atherosclerosis
progression [30,31]. On the other hand, EC activation, migration, and proliferation are
responsible for the formation and organization of tubular structures to form new blood
vessels through the angiogenesis process [32,33]. Finally, HUVEC as a model to study the
endothelium has greatly facilitated the study of cardiovascular disease. In contrast, the
glycocalyx is a combination of hydrated sugar-rich molecules (heparin sulfate, chondroitin
sulfate, and hyaluronic acid) coating the surface of ECs lining the inside of blood vessels.
Our previous study showed that promoting the glycocalyx of HUVECs with transforming
growth factor-B1(TGF-31) decreased platelet adhesion, while degrading the glycocalyx
with heparinase I increased platelet adhesion. These results suggested that the glycocalyx of
cultured HUVECs modulates platelet compatibility, and the amount of glycocalyx secreted
by HUVECs depends on the chemical structure and cross-linker concentration of the
scaffolds [34]. Matrix stiffness is also known to affect the expression of the glycocalyx in
cultured ECs [35].

In the present study, we aim to find the best polymer from PMEA analogous polymers
that can be used to construct an artificial small diameter vascular graft as a coating material.
For this purpose, the polymer should fulfil the basic needs, such as antithrombogenic
surface, good HUVECs attachment, growth, proliferation, migration, monolayer formation,
and strong adhesion strength to the surface. We used HUVECs to measure cell-cell and
cell-substrate interactions using single-cell force spectroscopy (SCFS). We found a possible
mechanism of HUVECs monolayer formation over a biocompatible polymer surface by
comparing the strength of cell-cell and cell-substrate interactions. We then evaluated the
migration behavior of HUVECs on the PMEA polymer analogs. In addition, the bilateral
migration of HUVECs between two adjacent polymer surfaces was observed, indicating
migration of HUVECs from native blood vessels to artificial implants in vitro. Furthermore,
a platelet adhesion test was performed on HUVECs monolayers cultured on PMEA and
PET. Finally, the upper surface of a single HUVEC was investigated using frequency-
modulation atomic force microscopy (FM-AFM) to determine the hydration states of the
HUVEC surface to verify the expression of the glycocalyx layer as well as IW states.

2. Materials and Methods
2.1. Chemicals and Materials

Hydrophilized PET sheet (thickness = 120 pm) was purchased from Mitsubishi Plastic Inc.
(Tokyo, Japan). PMEA (My, = 26.9 kg/mol, My, /My, = 2.73), poly(3-methoxypropyl acrylate)
(PMC3A, M, =20.8 kg/mol, My, /My = 3.83), and poly(n-butyl acrylate) (PBA, M, = 62.8 kg/mol,
M., /My = 1.41) were synthesized as previously reported [26]. Poly(n-butyl mathacrylate-
co-2-methacryloyloxyethyl phosphorylcholine) (BMA 70 mol%, MPC 30 mol%) (PMPC,
Mw = 600 kg/mol) was a gift from the NOF Corporation, Tokyo, Japan. Tissue culture
polystyrene (TCPS) was purchased from IWATA, Japan. The chemical structures of the
polymers used in the present study are shown in Figure 1. Fibronectin was purchased from
Wako Pure Chemical Industries (Osaka, Japan). The platelet adhesion test was performed
using human whole blood, which was purchased from Tennessee Blood Services (Memphis,
TN, USA). Human whole blood was collected from healthy donors and stored in a vacuum
blood collection tube (Venoject II; Terumo Co., Tokyo, Japan) containing 3.2% sodium
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(A)

(D)

citrate as an anticoagulant. Blood was used within a week after collection. Blocking reagent
was purchased from Nacalai Tesque (Kyoto, Japan). All other reagents and solvents were
obtained from Kanto Chemical Co. (Tokyo, Japan).
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Figure 1. Chemical structure of (A) polyethylene terephthalate (PET); (B) poly(n-butyl acrylate)
(PBA); (C) poly(2-methoxyethyl acrylate) (PMEA); (D) poly(3-methoxypropyl acrylate) (PMC3A),
and (E) poly(n-butyl mathacrylate-co-2-methacryloyloxyethyl phosphorylcholine) (BMA 70 mol%,
MPC 30 mol%) (PMPC).

2.2. Fabrication of Polymer-Coated Substrates

PET was used as a substrate for the polymer coating. Initially, the PET sheet was cut
into a circular shape with a diameter of 14 mm using a hand press cutter and cleaned by
washing with toluene. PMEA, PMC3A, and PBA were dissolved in toluene (0.5% w/v) to
obtain the polymer solution. PMPC was dissolved in methanol at the same concentration.
The PMEA analogous polymer solutions of 40 uL were charged on the PET substrates
for spin-coating using a Spin Coater (Mikasa MS-A100) at a constant speed of 3000 rpm
for 40 s, ramped down for 4 s, and then dried for at least for 24 h in a vacuum dryer at
25 °C. Bare PET was used as the positive control and TCPS was used as the cell culture
dish. The morphologies of the polymer-coated surfaces were observed by atomic force
microscopy (AFM) and the thickness was estimated at around 100 nm using transmission
electron microscopy [25,36]. The surface roughness of all polymer coatings was almost the
same within 10-20 nm. However, AFM observation showed that the interfacial structures
of the PMEA and PMC3A were highly ordered, homogeneous, and compactly dispersed
in nanometer scale, although the low blood-compatible polymer PBA interface had an
irregular structure [25].

2.3. Contact Angle

Contact angle measurements were conducted using milli Q water. Two methods
(sessile drop and air bubble) were used to measure the contact angle values of PMEA
analogous surfaces at 25 °C using a DropMaster DMo-501SA (Kyowa Interface Science Co.,
Tokyo, Japan (shown in Table 1). Following the sessile drop method, 2 uL of water droplet
was dropped on the polymer surface for 60 s, and the contact angles were calculated from
the photograph. In the captive bubble method, PMEA analogous substrates were immersed
in Milli-Q water for 24 h. Then, a 2 uL air bubble was injected beneath the substrate surfaces
located in water, and the contact angles were also measured using photographic images.
Finally, the contact angle at 30 s was counted as the contact angle of that substrate.
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Table 1. Contact angle and water content of studied polymers.
Contact Angle * [deg]
Polymers Sessile Water Drops Captive Air Bubble 14%Y
(30 s) (30°s) 24h (wt.%)
PET 73.3 (£0.9) 125.5 (£2.2) 125.4 (£0.5) 0
PBA 83.8 (£1.9) 126.7 (£2.8) 125.0 (£1.7) 0.31
PMEA 44.3 (£2.1) 134.0 (£0.9) 132.9 (£1.8) 3.7
PMC3A 52.1 (£0.5) 126.9 (£1.0) 127.8 (£0.7) 2.8
PMPC 108.9 (£0.5) 152.4 (£2.9) 150.0 (£3.8) 11.11

* 2 uL water droplet in air (sessile drop) and 2 pL air bubble in water (Captive bubble). The data represent the
means =+ SD (n =5).

2.4. HUVECs Culture

ECs were solely used for all experiments described in this article. Commercially
available HUVECs (Lonza, Cologne, Germany) were cultured under static cell culture
conditions (37 °C, 5% COz) in polystyrene-based cell culture flasks. Cells were used
for 4-6 passages and cultured in endothelial basal medium (EBM-2) supplemented with
endothelial growth medium (EGM-2) Single Quots® kit and 2% fetal calf serum (FCS;
Lonza). Before starting the experiments, cells were detached using 0.25% trypsin/EDTA
solution (Thermo Fisher Scientific, Rockford, IL, USA) from the culture dish. Then, HUVECs
solution was centrifugated for 3 min at 1200 rpm to isolate HUVECs from the medium.
Initial cell counting was performed using a hemocytometer to adjust the cell density.

2.5. Cell Attachment, Proliferation, and Immunocytochemical Analysis

Cell attachment and proliferation assays were performed using a 24-well plate (IWATA).
The 24-well plate was first coated with PMPC (0.5% w/v) and allowed to dry. The pre-
coated polymer substrates were then fixed onto the 24-well plate using glue on the back
side of each substrate and cured under UV light for 30 min. Phosphate-buffered saline (PBS)
was then added to the wells and incubated for 1 h at 37 °C. Afterwards, culture media were
added and incubated for another hour at 37 °C. HUVECs were seeded on the substrates at
1 x 10* cells/cm? in serum-containing media and allowed to adhere and proliferate on the
surface of the substrates for 1 h, 1 day, or 3 days. After cultivation at these specific time
intervals, the cells were analyzed using Image] software (version 1.53C; National Institutes
of Health, Bethesda, MD, USA).

In addition, before starting the immunocytochemical analysis, the prepared sub-
strates were preconditioned, as in the cell attachment and proliferation assays. HUVECs
were seeded (5 x 103 cells/cm?) on polymer-coated PET substrates and incubated for 1,
24, or 72 h. After culturing for specific times, the cells were fixed using preheated (37 °C)
4% (w/v) paraformaldehyde (Fujifilm Wako Pure Chemical Co., Ltd., Osaka, Japan) and
stored outside for 10 min. Thereafter, 1% (v/v) Triton X-100 (Fujifilm Wako Pure Chemi-
cals Co., Ltd.) in PBS (—) was added to increase plasma membrane permeability. After
washing, the sections were blocked for 30 min. Then, the substrates were stained with
mouse monoclonal anti-human vinculin antibody (VIN-11-5; Sigma-Aldrich, St. Louis,
MO, USA) (1:200) diluted in PBS (—) for 90 min at room temperature (RT), and subse-
quently stained with Alexa Fluor 568-conjugated anti-mouse immunoglobulin G (IgG)
(H + L) antibody (1:1000 dilution), Alexa Fluor 488-conjugated phalloidin (1:1000 di-
luted), and 4,6-diamidino-2-phenylindole (DAPI, 1:1000 dilution) (all from Thermo Fisher
Scientific, Waltham, MA, USA), all diluted in 10% blocking solution in PBS, treated for
1 h at RT. After performing these steps, stained cells were fixed on glass slides. Fluo-
rescence photographs were taken using a confocal laser-scanning microscope (CLSM)
(FV-3000; Olympus, Tokyo, Japan). The HUVEC morphology was quantitatively assessed
using Image].
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2.6. HUVECs Migration Analysis

HUVECSs migration analyses were executed in six-well plates. Initially, one half of the
PET substrate (¢ = 30 mm) was coated with a PMEA-analogous polymer and the other
half was exposed to bare PET. First, HUVECs were cultured on all studied substrates,
placed into six-well plates with a seeding density 1 x 10* cells/cm? and incubated at
37 °C until full confluency. After confluency, the cell monolayer surface was scratched
using a 4 mm wide rubber cell scraper in the PET-polymer interface region and kept in
incubator for migration. Finally, cell migration towards the scratched area was observed
at 0, 24, and 48 h of scratching, and time-lapse images were taken using a phase-contrast
microscope (Figure 2). The migrated area was quantified using Image] software and
denoted as Ay — A¢, where A is the initial area before migration and Ay is the area at the
certain time t (i.e., 0, 24, or 48 h). The migration rate was then plotted against the types of
substrates where migration happened.
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Figure 2. Schematic representation of the HUVECs migration rate measurements and observation of

HUVECs migration through the coated polymer-PET interface.

2.7. HUVEC-PMEA and HUVEC-HUVEC Interaction Determined by SCFS

Prior to the HUVEC-PMEA interaction measurement, the PMEA-coated substrates
were placed under UV light for 30 min before the PBS was poured and placed in incubator
for 1 h at 37 °C. Subsequently, EGM-2 medium was added to the substrate and freshly
detached cells (five to six passages) were injected into it. In addition, the tipless cantilever
named TL-CONT (spring constant k = 0.2 N/m; Bruker, Billerica, MA, USA) was coated
with fibronectin solution (1 mg/mL) and kept for around 20 min to dry. Then, a single
HUVEC was captured with a tipless cantilever for 10 min with set point: 2 nN. The
force—distance curves between the cells and the substrates were measured using an AFM
(CellHesion JPK; Bruker, Billerica, MA, USA) equipped with a tipless cantilever (set point:
2 nN, approaching rate: 5.0 um/s, holding time: 120 s, retraction rate: 15 um/s). The value
of set point for the measurement of HUVEC adhesion strength was used from our previous
report, where the relationship between the set points and the cell adhesion strength of HeLa
cells were evaluated [37]. In this investigation, the maximum force for cell detachment
from the substrate is denoted as adhesion force, which is indicated at the lowest point of
the retraction curve. Adhesion work was estimated as the amount of work required to
detach the cell from the substrate, corresponding to the area enclosed by the baseline and
retraction curve [38]. The same experimental conditions were used to determine HUVEC-
HUVEC interactions. The only exception was that HUVECs were cultured on both the
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PMEA-coated PET substrate and TCPS. HUVEC adhesion strength was measured on the
attached HUVECs using the same procedure as described earlier in this section.

2.8. Platelet Adhesion Test on Cultured HUVECs Monolayer

The platelet adhesion test was performed under static conditions as previously de-
scribed [22,34,39]. In brief, fresh blood was centrifuged at 400x g for 5 min to obtain
platelet-rich plasma (PRP), and the remaining blood was centrifuged at 2500 g for 10 min
to obtain platelet-poor plasma (PPP). The platelet concentration was determined using a
hemocytometer. Cell density (4 x 107 cells/cm?) was adjusted by mixing PPP and PRP.
Prior to this experiment, HUVECs were cultured on the PMEA-coated and bare PET sub-
strates. Before loading the platelet suspension, the cultured HUVECs layer was washed
with PBS (—). Then, 450 puL of platelet suspension was loaded onto HUVECs proliferated
on the confluent layer and incubated for 1 h at 37 °C. After 1 h of incubation, the weakly
adhered platelets were rinsed three times with PBS. Adhered platelets were then fixed
using 1% glutaraldehyde for 2 h at 37 °C. After this period, samples were rinsed with
PBS, 50% PBS, and Milli-Q water. Finally, the samples were dried at RT for 1-2 days
before being subjected to sputter gold coating for scanning electron microscopy (SEM)
observation. Then, the number of adhered platelets was counted from SEM images using
Image] software (n = 15 of each substrate).

2.9. FM-AFM of Single HUVEC Surface

FM-AFM was conducted using an SPM-8100FM (Shimadzu Co., Kyoto, Japan) in water
at 23 °C. A PPP-NCHAuD cantilever (typical spring constant, k = 42 N/m, NanoWorld AG,
Neuchatel, Switzerland) was used. The resonance frequency in water was approximately
140 kHz, and the scan in the z-direction was performed with a force limit of 2.5 V, which
corresponds to a frequency shift of approximately 500 Hz. The amplitude of the cantilever
oscillation was maintained constant at approximately 2 nm.

2.10. Statistical Analyses

Data from at least three independent trials were used in calculation of mean =+ stan-
dard deviation (SD). Significant differences were assessed using one-way analysis of vari-
ance (ANOVA) (Tukey-Kramer multiple comparison test) with Origin Pro (version 2019b;
OriginLab Co., Northampton, MA, USA). p < 0.05 was set to evaluate statistical significance.

3. Results and Discussion
3.1. HUVECs Cultured on PMEA-Analogous Polymers

The formation of confluent EC monolayers on implanted materials has been identified
as a method to avoid thrombus formation [28,40]. PMEA polymer analogs (PMEA, PMC3A,
and PBA) and PMPC were coated on PET substrates to culture HUVECs and investigate
HUVECs adhesion ability. The physical properties of the studied polymer are shown
in Table 1. HUVECs attachment ability depends on the surface type, morphology, and
biomechanical interaction in the interface. In our previous study, we mentioned the
surface morphology of our polymer studied by AFM observation [25]. Figure 3 shows the
phase-contrast micrographs of the sub-confluent to confluent layer of HUVECs attached
to the PMEA polymers at 120 h. Bare PET and PMPC were used as the positive and
negative controls, respectively. It was found that HUVECs can attach to PMEA polymer
analogs and form a confluent monolayer. This confirms our previous findings that ECs
can attach, proliferate, and form a layer on PMEA-coated surfaces compared with other
analogous polymers. The proliferation of HUVECs on the various substrates decreased
in the following order: TCPS > PET ~ PMEA > PMC3A ~PBA > PMPC. No considerable
number of HUVECs was found on PMPC at 120 h. HUVECs could not survive on PMPC
because of their strong antithrombogenic properties. These results agree with those of our
previous study in which HUVECs and aorta smooth muscle cells (AoSMCs) were cultured
on PET, PMEA, and PMPC [41].



Coatings 2022, 12, 869

8 of 16

Figure 3. Phase-contrast micrographs of the HUVECs cultured for 120 h on PMEA-analogous
polymers and on TCPS, PET, and PMPC as controls (scale bar = 200 um).

The different attachment behaviors of HUVECs on PMEA-analogous polymers de-
pend on the hydration state, surface morphology, and stiffness of each polymer [35,40,42].
Generally, cells adhere to a polymeric surface via cell-binding proteins, such as fibronectin
or fibrinogen, through integrin [43]. HUVECs are more likely to adhere to fibronectin than
fibrinogen through the RGD sequence, which is a universal binding site [44]. It has been
proven that cells can attach to PMEA in an integrin-dependent and -independent manner
through direct interaction between the cell membrane and the polymer interface [45]. In this
study, we found a more confluent HUVECs monolayer on PMEA-coated substrates than on
other analogous polymers. This can be attributed to the selective protein adsorption and
integrin-independent and -dependent adhesion mechanism of PMEA, which is regulated
by the IW content [41].

3.2. Possible Mechanism of HUVECs Monolayer Formation on PMEA (Cell-Cell Interaction)

The initial interactions between individual HUVECs cultured on the PMEA surface
were measured using the SCFS. Figure 4 shows the HUVEC adhesion strength in nN,
measured at three different places of the attached HUVEC on PMEA. We found that the
adhesion strength was highest in the external cellular matrix (ECM) of the attached single
HUVEC, lower on arbitrary positions of the monolayer, and lowest on the top of the cell
where the nucleus is present. Therefore, variation in interaction strength can occur because
of the concentration of adhesion proteins in the serum medium. Previous studies have
shown that cell adhesion on PMEA in serum-free medium is similar to that on serum-
containing medium [45]. In contrast, the adhesion energy differed among the various
interaction locations of the attached HUVEC, which may be due to the dissimilar surface
interaction area and number of focal adhesion points.

In contrast, intercellular adhesion plays a major role in tissue development and home-
ostasis [46]. Sancho et al. measured the cell adhesion forces of HUVECSs on substrates in
well-attached individual cells and monolayers. In the present study, we measured and
compared the initial HUVEC adhesion strength between HUVEC-PMEA and HUVEC-
HUVEC, where the HUVECs were cultured on both TCPS and PMEA surfaces, as shown
in Figure 5. The average HUVEC-HUVEC interaction strength was calculated, as shown in
Figure 4, and results revealed that there is no effect of culture substrates on cell-cell interac-
tion strength. However, the HUVEC-PMEA adhesion strength was much higher than the
cell—cell interaction. Therefore, initially, HUVECs seem to be more involved in attachment
to the substrates than individual cells, even though a few portions of seeded cells were
in a tri-dimensional (3D) aggregated form. After seeding, the cells spread and formed a
two-dimensional (2D) layer. Therefore, the initial cell adhesion strength is a measure of
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monolayer formation. This result shows that the measurement of cell adhesion strength
is vital for the development of endothelial monolayers for the construction of ASDBV. In
addition, ECs forming the inner wall of every blood vessel are constantly exposed to the
mechanical forces generated by blood flow [47]. If the cell-substrate interaction is not
sufficient to resist the force exerted by blood flow, then no cell can be attached or migrate
to form a confluent layer of cells. Therefore, EC responses to these hemodynamic forces
and interaction strength play a critical role in the homeostasis of the circulatory system in
the development of ASDBV.
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Figure 4. Cell-cell interaction strength measured in three positions (ECM, arbitrary point of confluent
layer, top of nucleus) of confluent HUVECs monolayer. The data represent the mean 4 SD (n = 4).
Red arrows represent the typical positions at which the force measurements were done.
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Figure 5. Comparison of HUVEC adhesion strength between cell-PMEA, cell-cell cultured on TCPS,
and cell-cell cultured on PMEA. The data represent the mean + SD (n > 4).

3.3. HUVECs Migration Analysis

HUVECs migration analysis was performed to evaluate the migration ability of HUVECs
on the different polymeric surfaces. Figure 6 shows the HUVECs migration analysis on
the PMEA, PMC3A, PBA, and PET. The left side of each substrate was coated on the
polymer side, and the right side was always bare PET. The white dotted line in each image
indicates the interface between the PMEA-analogous and bare PET. The migration time
was recorded from 0 to 48 h using a time-lapse microscope. The red dotted line indicates
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OH

24H

48 H

the area occupied by HUVECs before and after migration at the various time intervals. In
Figure 2, we demonstrate the HUVECs migration procedure, in which the layer of HUVECs
was scratched in both the vertical and horizontal directions. After migration, five locations
were selected for each substrate to calculate the migration rate. From Figure 6, we can see
that those cultured monolayers of HUVECs were scratched using a rubber scraper to set
the initial area of cultured HUVECs on PMEA-analogous polymer and PET surfaces. Then,
images were taken every hour for 48 h.

PMC3A PBA PET

Figure 6. HUVECs migration analysis on PMEA, PMC3A, PBA, and PET (scale bar = 500 um). The
white dotted line indicates the interface between PMEA-analogous polymers and bare PET. Migration
was recorded from O to 48 h. The red dotted line indicates the HUVECs occupied area before and
after migration.

3.4. Observation of Cell Migration between Surfaces

In addition, we observed HUVECs migration between the surfaces through the in-
terface. Focusing on the interface (white dotted line) of each polymer, we identified the
migration of HUVECsS from the bare PET side to the PMEA side through the interface. The
migration is marked by a red rectangle in Figure 7, and it increased with time. Furthermore,
we calculated the HUVECS migration rate for all the substrates from the newly covered
area after migration. We found that the migration rates were slightly different, although
the differences were not statistically significant (Figure 8). However, PMEA showed the
highest average migration rate among all samples.

The most vital task of ECs is to protect the vascular system through the formation of an
antithrombogenic monolayer that is periodically renewed to maintain proper endothelial
functions [48,49]. To treat CVDs, after the implementation of cardiovascular devices or
artificial blood vessels, the capacity to migrate ECs toward injured or foreign surfaces
is crucial. Endothelization and migration of HUVECs are influenced by many factors,
including the physical and chemical properties of polymers, surface characteristics, and
adhesion of binding proteins on specific polymeric substrates. In the present study, PMEA
analogs showed similar migration behavior, although PMEA-analogous polymers have
dissimilar wet abilities, surface characteristics, and binding protein adsorption abilities,
as already known from our previous study. These effects did not affect the migration rate
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of HUVECs. In addition, migration from the bare PET to the PMEA side confirmed the
mimetic behavior of native blood vessels.
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Figure 7. Observation of HUVECs migration between the substrate surfaces (scale bar = 500 um).
Time laps imaging confirmed the HUVECs migration from PET to polymers through the interface
of PMEA-PET, PMC3A-PET, and PBA-PET. Migration was recorded from 0 to 48 h. The migration
processes are marked with red rectangles and yellow arrows.
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Figure 8. (a) Migration area (b) migration rate on PMEA-analogous polymers and bare PET. The data
represent the mean & SD (n = 5). p < 0.05 was used to define statistical significance.
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3.5. Platelet Adhesion on HUVECs Monolayer Cultured on Polymers Film

The biocompatibility and antithrombogenic behavior of PMEA-analogous polymers
have already been studied based on different factors, such as contact angle, protein ad-
sorption, surface roughness, polymer chain length, platelet adhesion behavior, and IW
content of each polymer. In the present study, we limited our investigation to only PMEA
and PET because of the results of previous platelet adhesion tests under static conditions.
PMEA showed an antithrombogenic surface compared with PET, where more platelets
were adhered. In contrast, there is no significant study on platelet adhesion on a HUVECs
monolayer that acts as an internal antithrombogenic surface of real blood vessels.

Figure 9 shows confocal images from the immunocytochemical analysis of HUVECs
cultured on PMEA and PET. These CLSM images reveal that a similar type of HUVECs
monolayer was formed on PET and PMEA. In addition, the shape of adhered HUVECs
was comparable in both substrates. In our previous study, we found that cell adhesion
depends on the integrin-mediated binding protein adhesion to the specific surface, known
as integrin-dependent adhesion [45]. However, cells can adhere to PMEA through direct
physicochemical contact (integrin-independent contact) and via integrin-dependent adhe-
sion. Furthermore, the HUVEC adhesion strength on PMEA was similar to that on PET. If the
PET-based artificial vascular graft needs to be replaced because of thrombus formation after
implementation, PMEA seems to offer the best alternative due to its proven antithrombo-
genicity. We observed that the number of platelets was much higher on bare PET (Figure 10a)
than bare PMEA (Figure 10e), which agrees with our previous studies [23,41,50]. In contrast,
few adhered platelets were found on the HUVECs monolayer on PET (Figure 10b—d), and
this was lower than in the bare PET. However, no significant number of platelets was found
on the surfaces of HUVECs cultured on PMEA (Figure 10f-h). Therefore, PMEA seems
to keep its antithrombogenic activity before and after HUVECs monolayer formation on
PMEA. A summary of the platelet adhesion test is shown in Figure 10i. This antithrombo-
genic property of HUVECs monolayer on PMEA is essential to the construction of ASDBVs.
Further investigations are still needed regarding blood flow conditions, including in vivo
experiments, for additional confirmation of this antithrombogenic property of PMEA.

Figure 9. CLSM images of HUVECsS cultured on PET and PMEA-coated surface. Blue: Cell nuclei;
green: vinculin; red: actin fiber.

3.6. FM-AFM of HUVECs Surface

To investigate the antithrombogenic activity of the HUVEC monolayer on PMEA from
the hydration state perspective, FM-AFM was performed. Figure 11 shows the results of the
FM-AFM (z—x scan) on the HUVEC-PBS interface. The repulsive layer observed is marked
in blue and white, demonstrating the degree of frequency shift. This repulsive layer may
be attributed to the glycocalyx, which is composed of a hydrated sugar-rich layer. Our
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previous work demonstrated that such a hydrated polymer layer could contribute to the
antithrombogenicity of the surfaces [51]. The repulsive layer on HUVEC was thicker than
10 nm. This is thicker than that observed on the PMEA spin-coated surface (approximately
5 nm) and thinner than that on the PMPC spin-coated surface (approximately 20 nm) on
PET (see Figure S1 in Supplementary Material). Thus, the FM-AFM results corroborated
the high antithrombogenic activity of the HUVEC monolayer on PMEA, as well as the
platelet adhesion test results.
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Figure 10. SEM image of (a) bare PET; (b) HUVEC monolayer on PET (scale bar = 50 pm);
(c,d) HUVEC monolayer on PET (scale bar = 20 um); (e) bare PMEA; (f) HUVEC monolayer on
PMEA (scale bar = 50 pm); and (g) and (h) HUVEC monolayer on PMEA (scale bar = 20 pm). Red
arrows indicate the typical positions of observed cells. (i) Number of adhered platelets counted from
SEM images. The data represent the means + SD, n = 15, ** p < 0.05; NS means not significant deference).

Figure 11. FM-AFM z-scan image on the HUVEC/PBS interface.
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4. Conclusions

In conclusion, the comparison study of HUVEC—substrate and HUVEC-HUVEC
adhesion strength revealed the mechanism of HUVECs monolayer formation on PMEA-
coated substrates. HUVECs attachment, proliferation, and migration indicated the blood
compatibility of PMEA as a coating material. HUVECs migration from bare PET to the
PMEA-coated side is a sign of cell migration from the native blood vessel to the artificial
graft. In addition, the HUVECs monolayers effectively suppressed platelet adhesion.
Finally, the FM-AFM observation of the hydration layer of HUVECs may be attributed to the
presence of the glycocalyx layer. A healthy glycocalyx contributes to the antithrombogenic
property of the PMEA-coated surface. Based on our results, a confluent monolayer of
HUVECs can prevent platelet adsorption. Therefore, the PMEA coating can mimic the
native blood vessel and can be used as a construction material for the development of
ASDBVs for the antithrombogenic and confluent monolayer formation of ECs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings12060869/s1. Figure S1: Images of FM-AFM z—x scan on
(left) PMEA /PBS and (right) PMPC/PBS interface.
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