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Abstract: Poly(2-methoxyethyl acrylate) (PMEA) is a US FDA-approved biocompatible polymer,
although there is insufficient work on human umbilical vein endothelial cells (HUVECs) and platelet
interaction analysis on PMEA-analogous polymers. In this study, we extensively investigated
HUVEC-polymer and platelet-polymer interaction behavior by measuring the adhesion strength
using single-cell force spectroscopy. Furthermore, the hydration layer of the polymer interface was
observed using frequency-modulation atomic force microscopy. We found that endothelial cells can
attach and spread on the PMEA surface with strong adhesion strength compared to other analogous
polymers. We found that the hydration layers on the PMEA-analogous polymers were closely related
to their weak platelet adhesion behavior. Based on our results, it can be concluded that PMEA is
a promising candidate for the construction of artificial small-diameter blood vessels owing to the
presence of IW and a hydration layer on the interface.
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1. Introduction

In the modern era, owing to the unique properties of biocompatible polymers, they
have been widely used in organ transplantation, tissue engineering scaffolds, development
of medical devices, drug delivery systems, and biomedical healthcare sensors [1,2]. These
biomaterials can be used in different ways, sometimes as a coating material or as an entire
system made of the material itself to maintain the physiological and mechanical properties.
Once biomaterials come in contact with the components of the living body, such as cells
or proteins, they collaborate in distinctive ways. In particular, cells interact with the
biomaterial interface through the extracellular matrix, which controls cell functions such
as viability, growth rate, mobility, and protein secretion [3,4]. Therefore, cell adhesion
study is one of the major concerns for biomaterials to become a perfect candidate for
in vivo application in the human body. Consequently, cell adhesion capacity controls cell

morphology, such as cell survival, proliferation, migration, and differentiation [5-7]. In
contrast, platelet adhesion, as well as blood component adherence to the biopolymeric
substrate, is also a vital phenomenon to become surface blood compatible [8].
Cardiovascular diseases (CVDs) are a threat to human health. Approximately 17.9 mil-
lion people died of CVDs in 2019, which is 32% of the world’s total deaths, and this number
is expected to increase to 23.6 million by 2030 [9]. In CVDs, blood vessels are mostly blocked
or narrowed by atherosclerosis or thrombosis. Atherogenesis is initiated by endothelial
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dysfunction, and its movement leads to vessel damage and blocking, which causes throm-
bosis of the arterial wall as well as injury and dysfunction of tissues and organs [10,11].
Consequently, researchers are focusing on effective ways to reduce the causes of CVDs
as well as the appropriate treatments of insured vessels, particularly for small-diameter
blood vessels.

As an effective treatment, vascular graft transplantation with synthetic vascular grafts
is an alternative option to replace injured vessels along with angioplasty, atherectomy,
and stent insertion [12]. Currently, the available commercial artificial blood vessels are
mostly made of polyethylene terephthalate (PET), polytetrafluoroethylene (PTFE), and
dacron, which are used in large-diameter vessel transplants [13]. However, small-diameter
vascular grafts are still under evaluation owing to thrombus formation inside the tube after
implantation [14,15]. This implies that the interfaces of these synthetic polymers do not
meet the requirements for transplantable grade or biocompatibility. Thus, the interfacial
properties must be changed according to the compatibility state. Hence, an alternative
method for changing the properties of the biopolymer interface is surface modification.
Various surface modification techniques have been used to functionalize the interface of
substrates for cell attachment, growth, migration, rapid endothelization, and long-term
anticoagulation [9,16,17]. Polymer coating is an effective approach for functionalizing
biomaterial surfaces. It is well established that functionalization with poly(ethylene glycol)
and zwitterionic polymers, including poly(2-methacryloyloxyethyl phosphorylcholine)
(PMPC), suppresses biofilm formation, immune responses to the biomaterial surfaces, and
the adhesion of platelets [18-20]. Therefore, polymers with antifouling and antithrombo-
genic properties and strong endothelial cell attachment ability are desirable for scientists to
obtain artificial small-diameter blood vessels (ASDBV).

Poly(2-methoxyethyl acrylate) (PMEA) is a FDA-approved biocompatible polymer
that is used as an antithrombogenic coating polymer in several sophisticated medical
devices such as artificial hearts and lungs, stents, catheters, and dialyzers [8,21]. A remark-
able characteristic of PMEA is its unique interaction with water molecules, which play
a dominant role in the biological environment and are detected using differential scan-
ning calorimetry (DSC) [22], infrared spectroscopy [23], nuclear magnetic resonance [24],
and several other approaches. Using DSC measurements, Tanaka et al. classified water
molecules interacting with PMEA into three types: free water (FW), freezing-bound water
(intermediate water; IW), and non-freezing water (NFW) [25]. IW plays an important
role in surface biocompatibility. In a previous study, it was found that PMEA can reduce
protein adsorption and platelet adhesion by suppressing the conformational change of
fibrinogen [8,26]. Recently, it has been reported that non-blood cells can attach to the coated
surface of PMEA and its analogues through integrin-dependent and integrin-independent
mechanisms [27]. We also observed that integrin-independent cell attachment occurred
on the PMEA-coated surface. Therefore, it is possible to find a suitable polymer that can
be used to develop an implant biomaterial, such as an artificial blood vessel, if we can
investigate human umbilical vein endothelial cells (HUVECs) and human platelet adhesion
behavior (survival, proliferation, migration, differentiation, and interaction strength) on
the surface of PMEA analogues.

HUVECs have been acknowledged as a useful model for research on the human
endothelium [28]. HUVECsS are an excellent model for the study of vascular endothelial
properties and the main biological pathways involved in endothelial function, although this
model does not represent all endothelial cell types found in an organism [29]. In contrast,
the endothelium acts as a barrier between the blood and organs, and at the same time, is
responsible for the transfer of nutrients, hormones, and white blood cells, as well as anti-
inflammatory responses [30]. Moreover, blood pressure, flow, and coagulation are regulated
by this organ [31]. In addition, HUVECs are also effective in studying hemodynamic
interactions between the endothelium layer and atherosclerotic plaque formation because
they allow exposure of endothelial cells (ECs) to shear stress controlling flow conditions,
and therefore, represent blood flow conditions as in vivo [32]. Furthermore, ECs play a role
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in angiogenesis and platelet binding to substrates and endothelial monolayers under flow
conditions [33].

To develop a transplantable ASDBV (<6 mm), the construction materials should have
the following properties: (1) biocompatibility to prevent an immune reaction against
the artificial vessel, (2) cytophilic properties that enable endothelial and smooth muscle
cells to migrate, and (3) properties that prevent thrombus formation [34]. To meet these
requirements, it is important to investigate HUVECs integration into the construction
polymer. In a previous study, Sato et al. reported the compatibility of PMEA with the
adhesion and proliferation of endothelial and smooth muscle cells [34]. Hoshiba et al.
investigated the adhesion of the cancer cell line HT-1080, a fibrosarcoma cell line, on
PMEA analogues, with single-cell force microscopy [27]. HUVECs are the key cells in
native blood vessels and have an important influence on the development of artificial
blood vessels as the same confluent layer over the synthetic surface. However, there
is no significant study on the interaction between the polymer surface and HUVECs
by force measurement. In contrast, a recently published report described the design of
a biocompatible elastomer using a PMEA-silica composite to obtain a tough and tube-
like structure of ASDBV compared to the native vessel [35-37]. They reported that the
mechanical properties of the PMEA-silica composites are comparable to those of native
blood vessels and that the antithrombotic properties do not change with a slight increase in
silica adhesion, although there is no evidence of endothelial cell adhesion ability.

In this study, the surface interaction of HUVECs on PMEA and its analogues was
quantitatively investigated by force measurement for the development of ASDBVs. We
also compared platelet adhesion behavior and time profiles of initial cell attachment.
Furthermore, we observed the hydration states of the polymer interfaces using frequency-
modulation atomic force microscopy (FM-AFM). Finally, we related the results of single-cell
force spectroscopy (SCFS) and FM-AFM to characterize HUVECs attachment and platelet
adhesion mechanisms on PMEA-analogous surfaces.

2. Materials and Methods
2.1. Chemicals and Materials

Polyethylene terephthalate (PET) was purchased from Mitsubishi Plastic Inc. (Tokyo,
Japan). Poly(2-methoxyethyl acrylate) (PMEA, Mn = 26.9 kg/mol, Mw/Mn = 2.73), poly(3-
methoxypropyl acrylate) (PMC3A, Mn = 20.8 kg/mol, Mw/Mn = 3.83), and poly(n-butyl
acrylate) (PBA, Mn = 62.8 kg/mol, Mw/Mn = 1.41) were synthesized according to a previ-
ous report [38]. Poly(n-butyl methacryleyy-co-2-methacryloyloxyethyl phosphorylcholines)
(PMPC, Mw = 600 kg/mol) was donated by the NOF Corporation, Japan. Tissue culture
polystyrene (TCPS) was purchased from IWAKI, Shizuoka, Japan. Fibronectin was ob-
tained from Wako Pure Chemical Industries (Osaka, Japan). Human whole blood for the
platelet adhesion test was purchased from Tennessee Blood Services (Memphis, TN, USA)
and collected in a vacuum blood collection tube (Venoject II, Terumo Co., Tokyo, Japan)
containing 3.2% sodium citrate as an anticoagulant. Human whole blood was collected
within a week of blood collection. Blocking reagent was purchased from Nacalai Tesque
(Kyoto, Japan). All other reagents and solvents were obtained from Kanto Chemical Co.
(Tokyo, Japan).

2.2. Fabrication of Polymer-Coated Substrates

PET was used as a substrate for coating. One side of the PET sheet (thickness = 120 um)
was indicated as the coating side. Prior to coating, the PET sheet was cut into a circle with
a diameter of 14 mm. Each PET substrate was dipped in toluene 2-3 times and then dried
in air. PMEA, PMC3A, and PBA were dissolved in Toluene (0.5 w/v%) to make a polymer
solution. PMPC was dissolved in methanol at the same concentration. PMEA analogue
polymer solutions (26.2 uL./cm?) were spin-coated on the PET substrates using a Mikasa
Spin Coater MS-A100 (Mikasa Co., Ltd, Tokyo, Japan) at a constant rate of 3000 rpm for
40 s, ramped down for 4 s, and thereafter dried for at least 24 h in a vacuum dryer at
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25 °C. The stability of prepared films was confirmed by the contact angle measurement
after immersion in water.

2.3. Contact Angle (CA)

CA represents the wettability of studied polymers. CA measurements were performed
using Milli-Q water. The CA values of PMEA-analogous surfaces were calculated using two
methods: (1) sessile drop of water and (2) air bubble in water at 25 °C using a DropMaster
DMo-501SA (Kyowa Interface Science Co., Tokyo, Japan). In the sessile drop method, a
2 uL water droplet was placed on the polymer surface for 60 s, and the CAs were measured
using photographic images. The droplet method was executed by placing 2 uL of water
droplets on the five positions of each substrate. We conducted the measurement three
times with three different substrates. So, the total number of images was 15 for the droplet
method. In the captive bubble method, PMEA-analogous substrates were immersed in
Milli-Q water for 24 h. Thereafter, 2 uL of air bubbles were injected beneath the substrate
surfaces located in water, and the CAs were measured using photographic images. Finally,
the CA at 30 s was counted as the CA of the substrate.

2.4. Cell Culture

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

2.5. Cell Attachment and Proliferation Assay

Cell attachment and proliferation assays were performed using a 24-well plate (IWAKI,
Tokyo, Japan). Initially, the 24-well plate was coated with PMPC (0.5 w/v%) and stored for
drying. The precoated polymer substrates were thereafter fixed in the 24-well plate using
glue on the back side of each substrate. The substrates were then cured under ultraviolet
(UV) light for 30 min. Phosphate-buffered saline (PBS) was then added to the well and
stored in the incubator for 1 h at 37 °C. Afterwards, PBS was removed, and culture media
were added and incubated under the same conditions for another 1 h 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 1d, 3d, 5d, and 7 d. The
culture media were changed every two days for 3d, 5 d, and 7 d. After cell cultivation, at
specific time intervals, the cells were counted using a microplate analyzer from the standard
curve prepared by the colorimetric WST-8 assay (Dojindo Laboratories, Kumamoto, Japan).

2.6. Immunocytochemical Analysis

Before starting the experiment, the prepared substrates were preconditioned, as in
the cell attachment and proliferation assays. HUVECs (5 x 10° cells/cm?) were thereafter
seeded on each polymer-coated substrate (¢ = 14 mm) and incubated for 1, 24, and 72 h.
After culturing for specific times, the cells were fixed using preheated (37 °C) 4% (w/v)
paraformaldehyde (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) and stored
outside for 10 min. Thereafter, 1% (v/v) Triton X-100 (Fujifilm Wako Pure Chemicals Co.,
Ltd., Osaka, Japan) in PBS (—) was added to increase plasma membrane permeability. After
washing, the sections were blocked for 30 min. The substrates were thereafter treated 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, and subsequently treated
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with Alexa Fluor 568-conjugated anti-mouse IgG (H + L) antibody(1:1000 dilution), Alexa
Fluor 488-conjugated phalloidin (1:1000 diluted), DAPI (4,6-diamidino-2-phenylindole
(1:1000 diluted)) (all from Thermo Fisher Scientific, Waltham, MA, USA), and all diluted in
10% blocking solution in PBS, treated for 1 h at room temperature. After performing these
steps, stained cells were fixed on glass slides. Fluorescence images were captured using a
confocal laser scanning microscope (CLSM) (FV-3000; Olympus, Tokyo, Japan).

2.7. HUVECs—Polymer Interaction by SCFS

The PMEA-analogous substrates were exposed under UV for 30 min and thereafter
incubated with PBS for 1 h at 37 °C. Subsequently, an EGM-2 medium was added to
the substrate and freshly detached cells (passage: 5-6) were injected. In contrast, the
tipless cantilever TL-CONT (spring constant k = 0.2 N/m, NANOSENSORS) was coated
by fibronectin with human fibronectin solution (1 mg/mL) for 20 min at room temperature.
A single HUVEC was captured with a tipless cantilever for 10 min of holding time (set
point: 2 nN) (Figure S1 in Supplementary Materials). The Z-length for a cell was 100 pm
of the vertical displacement range of the AFM. We have found that the HUVEC cells are
around 20 um in size. A cell detached at about 70-90 um. The force curves between the
cell and the substrate were recorded using an atomic force microscope AFM (CellHesion,
Bruker, Billerica, MA, USA) equipped with a cell-attached tipless cantilever (set point: 2 nN,
approach rate: 5.0 pm/s, holding time: 120 s, retraction time: 15 um/s) (Figure S3). A
single cell was used to measure 1-3 interactions to avoid the effect of damage of cell on
measurement. The measurements were conducted at more than 10 different points. The
set point for measuring the cell adhesion strength was determined from the relationship
between the set points and the cell adhesion strength of HUVECs attached to the PMEA-
coated PET substrate [39]. In brief, we selected contact time 120 s and set point 2 nN
after investigating different contact times (60, 120, 240, and 300 s) at different set points
0.5, 1, 2, 3, and 5 nN). Linear relationships between contact time and adhesion force
and set point and adhesion force were found. As we know, HUVECs are very slow with
doubling time (24-36 h). So, we fixed contact time 120 s because initial contact would
not happen earlier due to slow doubling time. In contrast, we realized that at fixed set
point 2 nN and 120 s contact time, HUVECs showed considerable adhesion force. The
adhesion force was defined as the maximum force for the detachment of the cell from
the substrate, corresponding to the force at the minimum 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 [40].

2.8. Human Platelet Adhesion Test

The antithrombotic properties of the hybrids were evaluated using the human platelet
adhesion test. Human platelet adhesion tests were performed according to our previously
reported procedure [41]. In brief, human whole blood was centrifuged at 400x g for 5 min
to collect platelet-rich plasma (PRP). The residue was also centrifuged at 2500 x g for 10 min
to collect platelet-poor plasma (PPP). Plasma solution containing platelets was prepared
by adjusting the seeding density to 4 x 107 cells/cm? by mixing PRP and PPP obtained
from fresh human whole blood. The plasma solution (200uL) was placed on each polymer
substrate cut into 8 X 8 mm squares, and the substrates were incubated at 37 °C for 1 h.
After 1 h of incubation, each substrate was rinsed with PBS (—), and then the platelets
adhered to the substrates were fixed by immersing in 1% glutaraldehyde in PBS(—) for 2 h
at 37 °C. Finally, each substrate was rinsed with PBS(—) and pure water and then dried.
The number of adhered platelets was counted by scanning electron microscopy (SEM).

2.9. Platelet—Polymer Substrate Interaction by SCFS

Prior to this experiment, PMEA-analogous substrates were exposed under UV for
30 min and thereafter incubated with PBS for 1 h at 37 °C. The supplied fresh blood was
centrifuged at 400x g for 5 min to obtain platelet-rich plasma (PRP), and the remaining
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blood was centrifuged at 2500 g for 10 min to obtain platelet-poor plasma (PPP). PPP was
thereafter added to the substrate, and freshly collected platelets (PRP-10 pL) were injected
into the PPP. Meanwhile, the tipless cantilever TL-CONT (spring constant k = 0.2 N/m,
NANOSENSORS) was treated with human fibronectin solution (1 mg/mL) for 10 min. A
single platelet was captured with a tipless cantilever for holding time of 5 min (set point:
2 nN) (Figure S2). The Z-lengths for platelets were 50 um to ensure a complete separation
of cells. The average size of the platelets was 1.5-3 um and they detached at about 7-10 um.
The force curves between the platelets and the substrates were recorded using an AFM
(CellHesion, JPK) equipped with a platelet-attached tipless cantilever (set point: 2 nN,
approach rate: 1.0 um/s, holding time: 10 s, retraction time: 5 um/s) (Figure S4). The
measurements were conducted at more than 5 different points.

2.10. FM-AFM of Single HUVEC Surface

FM-AFM was performed using a SPM-8100FM (Shimadzu Co., Kyoto, Japan) in water
at 23 °C. A PPP-NCHAuD cantilever (typical spring constant, k = 42 N/m, NanoWorld
AG) was used. The resonance frequency in water was approximately 140 kHz, and the
z-direction scan was performed with a force limit of 2 V, which corresponded to a frequency
shift of ca. 400 Hz. The amplitude of the cantilever oscillation was maintained constant at
approximately 2 nm.

2.11. Statistical Analyses

Data are expressed as mean =+ standard deviation (SD) of at least three independent
trials. The significance of the differences between the means of the individual groups was
assessed by one-way analysis of variance followed by the Tukey—Kramer multiple compari-
son test using Origin Pro ver. 2019b (Northampton, MA, USA). Statistical significance was
set at p < 0.05. Curve fitting was performed using the Origin Pro ver. 2019b (Northampton,
MA, USA).

3. Results and Discussion
3.1. Physicochemical Properties of PMEA-Analogue-Coated Surface

Figure 1 shows the chemical structures of the polymers investigated. Previously, it
was clearly demonstrated that PMEA-analogous polymers (PMEA, PMC3A, and PBA) con-
tained three different types of water: FW, IW, and NFW [41-44]. Based on this analysis, the
physicochemical properties, including molecular weight (Mn), glass transition temperature
(Tg), amounts of FW, IW, NFW, and equilibrium water content (EWC), are summarized in
(Table 1). The amounts of each water content (FW, IW, NFW, and EWC) and T, changed in
the following order: PBA < PMC3A < PMEA and PMEA > PMC3A > PBA, respectively.
It was also reported that the hydrophilicity of the side chain of a polymer was linked to
hydrated water and cell attachment behavior [45]. In contrast, the surface morphologies
of PMEA-analogue-coated PET substrates were investigated using transmission electron
microscope (TEM) and AFM previously. TEM observations indicated that the thickness of
the spin-coated film was approximately 70-80 nm [46], and AFM topographic analysis iden-
tified the microphase-separated structure as polymer- and water-rich domains of specific
coated substrates [47] in which the water-rich domain worked to reduce the adsorption of
fibrinogen on PMEA. In addition, because of the strong effect of the physicochemical prop-
erties of the biopolymer interface, the surface type was confirmed by CA measurements
in dry and hydrated states. The CA of each coated substrate was measured using both
sessile drop and captive air bubble methods (Table 2). The results were recorded for 60 s
and presented herein at exactly 30 s. In the sessile drop measurements, the CA decreased
in the following sequence: PMPC > PBA > PET > PMC3A > PMEA, whereas results from
captive air bubbles exhibited different trends as PMPC > PMEA > PMC3A > PBA > PET at
30 s and 24 h of soaking. These results revealed that proper coating of each polymer on the
PET substrate and hydration caused a structural change in the coated surface for specific
coated substrates. No significant changes were observed for the PET substrates.
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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 methacrylateyy-co-2-methacryloyloxyethyl phosphorylcholines) (PMPC).
Table 1. Characterization of PMEA-analogous polymers.
My Tg Dry ? Tg Wet 2 Iw b NFwW b FW ¢ EwWCH
Polymers ———— My/M;,
(kg/mol) °O) O (wt%) (wt%) (wt%) (wt%)
PBA 62.8 1.41 —47 —48 0.31 0.45 0.54 1.3
PMEA 26.9 2.73 —35 —51 3.7 2.5 25 8.7
PMC3A 20.8 3.83 —48 —58 2.8 3.1 1.7 7.6
PMPC - - - - 11.11 33.33 - -

2 Measured by DSC performed at a rate of 5 °C/min, © intermediate water (IW) and non-freezing water (NFW)
measured by DSC analysis, © free water (FW), and d equilibrium water content (EWC).

Table 2. CAs on the polymer surface *.

CA [deg]
Polymers Sessile Water Drops  Captive Air Bubble

(30 s) (30 s) 24h
PET 73.3 (£0.9) 125.5 (£2.2) 125.4 (£0.5)
PBA 83.8 (£1.9) 126.7 (£2.8) 125.0 (£1.7)
PMEA 44.3 (£2.1) 134.0 (£0.9) 132.9 (£1.8)
PMC3A 52.1 (£0.5) 126.9 (£1.0) 127.8 (£0.7)
PMPC 108.9 (£0.5) 152.4 (£2.9) 150.0 (£3.8)

* 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).

3.2. Cell Attachment and Proliferation Assay

Toward the design of biomaterials, particularly ASDBVs, the abilities of attachment,
sustainability, and proliferation of endothelial cells on the coated substrate are some of
the significant factors. From the anatomy of native blood vessels, it is known that blood
vessels consist of three distinct layers: tunica extema or adventita, tunica media, and tunica
intima, which is the most inner layer [48]. Therefore, the endothelial cells are attached
to this inner part, where blood is directly in contact with these cells and blood flows
over there. Consequently, endothelial cells play a vital role in blood vessel compatibility.
In this regard, we performed cell attachment and proliferation assays of HUVECs and
attached cell morphology to evaluate whether the coated surface was viable, as shown in
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Figure 2a,b. Initially, we seeded HUVECs on the substrate and evaluated the number of
cells attached and proliferated after 1, 3, 5, and 7 days of culture. Thereafter, we observed
that after 24 h of culture time, more than 50% of the seeding density (5 x 10° cells/cm?)
of HUVECs adhered to PMEA, PBA, and PET. It indicates that the number of adhered
cells on these polymers were almost similar to each other. In contrast, PMC3A showed
comparatively lower numbers of HUVECs adhered on its surfaces, which was 42% of its
seeding density. In contrast, PMPC and TCPS exhibited very low and high (127%) cell
attachments, respectively, of negative and positive controls. As the culture time increased,
on days 3 to 5 HUVECs proliferated gradually on PMEA, PBA, and PET. However, almost
all cells had died on PMPC owing to lack of adherence, and the number of cells increased
on TCPS, similar to the trend observed in previous studies. However, HUVECs numbers
were increased more than two- and three-fold on PMEA, PMC3A, and PET, respectively,
whereas PBA exhibited low amplification. The number of HUVECs on the substrates at
day 7 decreased in the following order: TCPS > PET > PMEA > PMC3A > PBA > PMPC.
However, the differences among PMEA, PMC3A, and PBA were not significant, even on
day 7. Therefore, we performed further investigations using SCFS as a more quantitative
and short-time investigation.
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Figure 2. (a) CLSM images of PMEA-analogue-coated substrates. Blue: cell nuclei; green: vinculin;
red: actin fibers. White bar indicates 50 pm. (b) Numbers of adhered HUVECs on PMEA-analogue-
coated substrates at 1, 3, 5, and 7 d. The data represent the mean + SD (n = 3), ** p < 0.05 compared
with TCPS and * p < 0.05 compared with PET.



Surfaces 2022, 5

373

3.3. Measurement of Cell-Substrate Interaction Behavior by SCFS

One of the vital features before the construction of ASDBYV is to obtain knowledge
of the degree of adhesion strength of cell-substrate interactions at the interface of the
synthetic polymers. When the blood flows inside the blood vessel, particularly over the
layer of endothelial cells, it creates a certain shear force that can wash out the cells from the
substrate surface if the adhesion strength is not sufficiently strong. Moreover, different cells
have different interaction behaviors for specific surfaces, which may be strong or weak.
In addition, cell types and surface characteristics are responsible for this phenomenon.
Furthermore, surface modification with the investigation of substrate surface morphology
such as roughness, hydrophilicity, hydrophobicity, and bound water content influences
the cell adhesion strength [39]. Protein adsorption on the substrates also regulates the
cell adhesion ability [49]. There is another possibility of tuning cell adhesion by chemical
functionalization as in the case of neural cells where adhesion/repulsion has been controlled
after suitable functionalization of metal electrodes [50]. Thus, quantitative investigation
and comparison are required for the fabrication of an appropriate ASDBV. In this study,
we evaluated the interaction strength between the cell membrane and PMEA-analogous
substrates using SCFS. The SCFS measurement, which uses a single cell as a probe for the
AFM cantilever, provides insights into the magnitude of the initial interaction force of a
single cell in contact with the substrates [40]. In brief, AFM observation is considered as
a multipurpose technique including imaging and detection of tiny interaction forces in a
few pN levels between two surfaces. The SCFS mode of AFM technique may detect the
interaction between single living cells and substrate or single cell, one is on the substrate,
and the other one is adhered on the cantilever with the help of cell-adhering protein
coating [51].

An animation is presented in Figure 3a to illustrate how cell-substrate interaction
was measured and Figure 3b presents a force-distance (F-D) curve recorded with the
CellHesion AFM technique. In brief, the cantilever was coated with fibronectin, and a
single cell was captured and approached the measured substrate. Here, an interaction
occurred between these two surfaces. After a while, the cantilever was retracted, and
the data were represented as the force—distance curve (Figure 3b). The SCFS results are
shown in Figure 4. We found that HUVECs adhered to PMEA more strongly than to other
analogues. The adhesion strength and energy were similar to those of TCPS and PET. In
contrast, PBA exhibited a low adhesion strength and energy for HUVECs adhesion. The
adhesion on PMC3A was lower, but larger than that on PMPC.

Generally, cells adhere to the polymeric interface through cell-binding proteins. In
serum-containing media, fibronectin, a cell adhesion protein, is responsible for cell adhesion
through integrin, which is known as integrin-dependent cell adhesion [52]. However, it has
been reported that integrin-independent cell adhesion may occur on PMEA through direct
interactions between the cell membrane and the polymer surface [27]. In this case, protein
adsorption on the PMEA surface was inhibited because of the presence of a hydration layer,
where IW portion is the key factor. In our previous study, we observed that cells could
adhere to the PMEA surface without FBS proteins [26,27]. Endothelial cells, such as HU-
VECs, are more likely to adhere to fibronectin than fibrinogen through the RGD sequence,
which is known as a universal binding site [53-55]. In our study, PMEA-analogous poly-
mers exhibited different adherences to HUVECs because of its surface characteristics and
morphology. At hydrated condition, the PMEA-analogous polymers showed microphase
separation and the protein adsorption behavior was different for each phase of each poly-
mer. We are saying that protein adsorption regulates cell adhesion and we tried to find out
how strong the cell adhesion was on each substrate by applying SCFS. From our previous
investigations, more fibronectin adhered on water-rich domains whereas fibronectin and
fibrinogen adsorption were similar on polymer-rich regions [49]. Fibronectin is responsible
for cell adhesion and fibrinogen enhances the platelet adhesion. Furthermore, it is reported
that PMEA contains 3.7% IW, whereas PMC3A and hydrated PBA contain 2.8 wt% and
0.31 wt% IW, respectively. It was also reported that more than 3 wt% IW is required to
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give the surface better hemocompatibility for poly(ethylene glycol), poly(meth)acrylates,
aliphatic carbonyls, and poly(lactic-co-glycolic acid) surfaces [56]. Therefore, owing to the
different IW content, the cell adhesion number varied in our tested polymers.

(a)

AFM Cantilever J@Approach Retraction

ﬂ Maximum
Adhesion

HUVELS :> :> :> Force (nN)

N
N

1 Approach Captured cell 1

o d
1 7= 1

= &
£ 3
5 8
e

S ®
] <
- —_—
x el - o
o e Adhesion energy a
€ 2 o 2 O
2 >
ot / m
@ k!
= / . T
2 . j Retraction a2
= J %
©

Lo / s &
e A{ >
] . X =
> 6 Maximum adhesion strength 5 =

o 20 40 60 80 100

Head Height (Measured and smoothed (1m)

Figure 3. Schematic of (a) cell-substrate interaction measurement. (b) A force—distance (F-D) curve
recorded with the CellHesion AFM technique.
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Figure 4. (a) HUVECs adhesion strength and (b) adhesion energy on various polymer substrates. The
data represent the mean + SD (1 > 10), ** p < 0.05 compared with PMEA and NS = Not Significant.

3.4. Human Platelet Adhesion Test

A platelet adhesion number test was performed under static conditions to evaluate the
non-thrombogenic properties of PMEA-analogous polymers. The morphology and number
of attached platelets were investigated using SEM. The result of the platelet adhesion test
for each polymer-coated PET substrate is shown in Figure 5. Several platelets attached to
the PET surface were also observed. A similar trend was observed for PBA-coated surfaces.
In contrast, PMEA, PMC3A, and PMPC exhibited few platelet adhesions. Moreover, the
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platelets attached to PMEA, PMC3A, and PMPC appeared mostly circular, unbranched,
and distributed far away. The platelet area was also small, at approximately 2-5 um. This
implies that activation levels I to I, regularly I for PMPC and PMEA, were observed. In
contrast, almost all of the attached platelets on PET and PBA exhibited activation levels of
II to I1I. This implies that platelet spreading and proliferation occurred on the surface. The
attached platelet area at approximately 5-10 um had several branches.
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Figure 5. Summary of the human platelet adhesion experiments. Numbers of the adhered platelets
on the coatings of the PMEA, PMC3A, PBA, PMPC, and bare PET. The data represent the means + SD,
n=15,* p <0.01 (vs. PET) and NS = Not Significant.

However, we still do not know how strongly or loosely the platelets adhered to the
surface. As previously mentioned, shear stress affects adherent cells and platelet adhesion
inside native blood vessels.

Furthermore, to investigate the platelet adhesion strength on PMEA-analogous poly-
mers more quantitatively, we also used SCFS for platelets (Figure 6a). Similarly, platelet
adhesion energy was calculated for each substrate. This adhesion energy represents the
area under the retraction curve of the force curves obtained from the SCFS (Figure 6b).
This reveals the total work conducted to detach platelets from their adherent state. A
higher energy indicates a greater spread of platelets and strong adhesion to the substrates.
We found that the adhesion force between platelets and PET had the highest interaction
strength among all the polymers. The second highest level was platelet-PBA. Owing to the
lack of IW in the chemical structures of PET and PBA, platelet adhesion protein adsorption
increased. Therefore, platelets attached and denatured on these surfaces within a short
time, and during retraction of the cantilever, more force was needed to detach the platelets
from the surfaces. PMEA and PMC3A exhibited similar strengths, but lower strength com-
pared to PET and PBA, whereas PMPC exhibited the lowest adhesion force. Moreover, the
platelets were loosely attached to PMPC, PMEA, and PMC3A. These results also confirmed
platelet adhesion on the test polymers under static conditions.

In addition, we have observed the oscillation in approach and retraction curve which
is a little complicated to understand. According to the purpose, the same experimental
condition was followed both for the platelet adhesion test at the static condition and for
measuring the platelet adhesion strength. It can be clarified that the experiment was con-
ducted using platelet-poor plasma (PPP) collected from whole human blood and single
platelets. In PPP, the blood proteins density is still high and may create sublayers which
influence the movement of the cantilever resulting in oscillation happening in the approach
and retraction curve at 10 um above the polymer interface. However, the practical inter-
action of platelet—-polymer and detachment happened within 10 um because of the small
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Figure 6. Comparison of (a) platelet adhesion strength and (b) adhesion energy on different polymer
substrates. The data represent the mean + SD (1 > 5), ** p < 0.05 (vs. PET and NS = Not Significant).

To determine the mechanism of platelet adhesion behavior, we previously reported
that platelet adhesion is regulated by the amount of blood serum proteins or adhesion
proteins that adhere to the polymer surface [8,38,41]. Fibrinogen and fibronectin are
responsible for platelet adhesion. Fibrinogen is the plasma protein responsible for platelet
adhesion [56], and it has been reported that the y-chain of fibrinogen is related to the
adhesion and activation of platelets, leading to thrombogenesis [56,57]. However, some
synthetic polymers suppress platelet adhesion by suppressing fibrinogen adhesion [57]. The
reason behind this property was attributed to the hydration layer formed at the interface.
This hydration layer acts as a barrier between the serum protein and polymer surface.
When synthetic polymers are exposed to the culture medium, PBS, or water, they adsorb
water molecules at various positions in their chemical structures [8,47,58].

We initially indicated that Tanaka et al. reported that hydrated PMEA and its ana-
logues contain IW. However, not all polymers are associated with these water molecules.
All natural biopolymers were found to comprise IW on their surface, such as heparin, chon-
droitin sulfate, and DNA (RNA). Recently, it has been established that IW is a key factor in
surface biocompatibility [42]. Sato et al. found different amounts of IW in hydrated PMEA
analogues. They also reported that these hydrated PMEA analogues suppressed platelet
adhesion by suppressing protein adsorption and deformation by increasing the amount of
IW. Our platelet—substrate interaction study also demonstrated that the amount of IW might
play a key role in expressing the blood compatibility of polymeric materials. If we order
our polymer as IW content, we observed a similar tendency that platelet adhesion was
suppressed as the IW increased, and the percentages of IW of the test polymers are listed in
Table 1. Because PET and PBA do not contain any IW, serum proteins adhered to the sur-
face. Consequently, the number of platelet adhesions was high. In contrast, PMPC, PMEA,
and PMC3A exhibited low platelet counts on their surfaces. This is because IW exerts a
repulsive effect against protein adsorption. Previously, we reported the spontaneous for-
mation of numerous protrusions of the nanometer scale at the PMEA /phosphate-buffered
saline (PBS) interfaces [47]. This result indicates the microphase separation of the polymer
as polymer- and water-rich domains at the interfacial region [59]. Because of the partial
imbroglio of the polymer chain in the bulk polymer phase, the mobility of the polymer
chain is restricted at the interface, and phase separation occurs on the microscopic scale.
The phase separation of a homopolymer at an interface is unique and makes an essential
contribution to the blood compatibility of PMEA [60,61]. Our previous work also indicated
that plasma protein fibrinogen exhibited adhesive interactions with the PMEA interface in
polymer-rich domains, but repulsive interactions in water-rich domains [60]. In contrast,
fibrinogen adhered to both the polymer- and water-rich domains on PBA, an analogous
polymer of PMEA, exhibiting thrombogenic behavior. We considered that the differences
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100 nm

between PMEA and PBA were caused by differences in polymer density and hydration
structures, particularly in the water-rich domains [57].

3.5. FM-AFM Observation of Coated Polymer Surfaces

FM-AFM is a powerful tool for investigating weak interactions on interfaces using
the frequency shift associated with cantilever oscillation to detect interactions on a probe.
In our previous work [62], we reported FM-AFM observations of polymer-grafted Au
substrates of PMEA, PMC3A, and PBA, and that PMEA and PMC3A exhibited a repulsive
layer (mixed layer of polymer chains and hydration water) in water-rich domains. In
contrast, PBA exhibited no repulsive layers in the water-rich domains. This difference
may reflect the presence of IW on the interfaces. In this work, we performed FM-AFM to
investigate the hydration states of spin-coated polymer films.

Figure 7a—e shows the results of FM-AFM (z—x scan) on each polymer/water interface,
and Figure 7f shows the frequency shift (the intensity of the repulsion) as a function of
distance from the interface obtained from the averaged cross section of the entire x-range.
The repulsive layer is marked in blue and white, demonstrating the degree of frequency
shift. The thickness of the repulsive layer on the PMPC was dramatically high at a thickness
of approximately 20 nm. This thick hydration layer indicates a large amount of hydration
at the PMPC/water interface and could be the reason for the extremely low HUVEC
attachment and platelet adhesion. The thicknesses of the other polymers were relatively
small; however, a clear trend was observed. The repulsive layer thickness decreased in the
order of PMPC > PMEA > PMC3A > PBA~PET. Interestingly, this trend is in accordance
with the amount of hydrated water in the polymers (Table 1) and the trend of platelet
adhesion (Figures 5 and 6). Therefore, we can expect that these repulsive layers on the
spin-coated polymer films may originate from the mixed layer of polymer chains and
hydration water on the interfaces, as well as our previous results obtained in the grafted
polymer systems, and work to suppress platelet adhesion on the interfaces.
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Figure 7. Images of FM-AFM z—x scan on (a) PET, (b) PBA, (c) PMEA, (d) PMC3A, and (e) PMPC.
(f) Frequency shift-distance curves obtained from the averaged cross section of (a-e).
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3.6. Relationship between IW and Cell Adhesion Strength

Here we propose a possible explanation of the results observed in this study. We show
the relationship between IW and cell adhesion strength in Figure 8. The HUVEC adhesion
strength and number of adhered HUVECs and platelets on these substrates seem to be
related to the IW content of each polymer. In this study, we investigated PMEA-analogous
polymers to find the most suitable polymer for use as a construction material for ASDBV
development by the fulfilment of similar desired requirements of a native blood vessel. It
is known that the native blood vessel has three layers: the adventitia or outer layer, which
provides structural support and shape to the vessel; the tunica media, or a middle layer
composed of elastic and muscular tissue that regulates the internal diameter of the vessel;
and the tunic intima or an inner layer consisting of an endothelial lining that provides a
frictionless pathway for blood movement [48]. Therefore, the surface of the artificial blood
vessel should be biocompatible, non-thrombogenic, and have similar biochemical functions
as native vessels.
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Figure 8. Effect of IW content on (a) HUVECs adhesion strength and (b) number of adhered platelets
and HUVECs on PMEA-analogous polymers.

First, we explicitly focused on the adhesion behavior of HUVECs on substrates. HU-
VECs attachment tests revealed how the number of attached cells decreased with increasing
the IW, as shown in Figure 8b. From Figure 8b it seems there is a range, between 0 and
5 wt%, that did not influence the number of adhered cells. It would be attributable to the
difference of the adsorption behavior between fibrinogen and fibronectin on the phase-
separated surfaces as abovementioned. Similarly, HUVEC adhesion strength was more
drastically enhanced on PMEA than on PMC3A or PBA (Figure 8a). In addition, rela-
tionships between cell adhesion strength of cells (HUVECs and platelets) attached with
substrates and contact angle measured by sessile drop, contact angle measured by captive
air, hydration layer thickness, and bound water content (IW + NFW) are shown in Figure
S5b in Supplementary Materials. From the above relation, all substrates showed good
correlation with adhesion strength for platelets whereas relations for HUVECs adhesion
strength were different. PMEA did not follow the other analogues in terms of adhesion
strength although it is a good sign for our purpose. We found the reasons that are related to
the phase separation on the PMEA hydrated surface due to IW content and protein adsorp-
tion behavior on those domains [49]. In addition, we compared platelet adhesion on the
polymers. It was clear from both the normal adhesion test and platelet adhesion strength
measurements that PMEA and PMC3A effectively suppressed platelet adhesion, but PBA
did not. These results indicate that PMEA is an excellent candidate as a construction
material for ASDBV development because it possesses both cytophilic and antithrombotic
properties. In contrast, PMC3A suppressed both platelets and HUVEC, but PBA did not
suppress either.



Surfaces 2022, 5

379

Additionally, the hydration state of the hydrated polymer surface was examined using
FM-AFM for the first time. The thickness of the repulsive layer observed for each polymer
agreed well with the trend of platelet adhesion and the amount of water in the polymers.
As it is expected that the repulsive layer contains polymer chains and hydration water,
the presence of the repulsive layer indicates the presence of water molecules interacting
with the polymer chains on the interface, that is, IW. This result is consistent with our
previous results demonstrating that IW suppresses fibrinogen adsorption and platelet
adhesion at material interfaces. In the case of cell attachment, cells generally attach to the
polymeric interface via cell-binding proteins. In serum-containing media, fibronectin, a
cell adhesion protein, is responsible for cell adhesion through integrin, which is known
as integrin-dependent cell adhesion [52]. Our recent work revealed that fibronectin easily
interacts with the surface of biomaterials and causes conformational changes, even on
PMEA. From the AFM observation of Nishida et al., polymer-rich domains show high
hydrophobicity compared to polymer-poor (water-rich) domains [49]. In polymer-rich
domains, fibrinogen adhesion force is similar to fibronectin, although conformational
changes show small differences, with 42% for fibrinogen and 32% for fibronectin. In
contrast, in polymer-poor regions, big differences were observed in both adhesion force
and conformation changes, as fibronectin adhesion force was 0.34 nN, whereas it was
0.12nN for fibrinogen, and 72% conformation change occurred for fibronectin, whereas
24% change occurred for fibrinogen. Therefore, it can be said that cell adhesion and
adhesion strength are regulated by fibronectin adsorption and conformational changes in
polymer-poor domains which are composed of IW. The more fibronectin adsorption on
polymer-poor domains, the more cells will be adhered through the integrin interaction
which increases the focal interaction as well as adhesion strength. Furthermore, it has
been reported that integrin-independent cell adhesion may occur on PMEA through direct
interactions between the cell membrane and polymer surface [27]. This indicates that the
difference in the trend of HUVEC attachment on PMEA, PMC3A, and PBA should be
explained by other factors, not only the hydration layer on the interfaces. According to our
purpose of study, the substrate should be consisting of both properties such as suppression
of platelet adhesion and strong adhesion of endothelial cells. Only PMEA can exhibit
these phenomena.

4. Conclusions

In conclusion, based on the conducted experiments, results, and discussion, the surface
interactions of HUVECs were measured extensively. The IW content of PMEA-analogous
polymers directly and indirectly influences the HUVEC adhesion strength and the number
of adhered HUVECs and platelets on each substrate. It can be said that PMEA achieves
the best outcomes among the analogues, such as low platelet adhesion and adhesion
strength, high HUVECs attachment, proliferation, and high adhesion strength at the initial
time. It can be suggested that PMEA can be used as a construction material to develop
ASDBYV because of its non-thrombogenic behavior and strong adhesion of endothelial
cells. Finally, in this work, we examined the potential of PMEA for use in ASDBV at the
initial stage, based on the interaction between the polymer interface and platelets and
HUVEC. The cell behavior in the next stage, that is, monolayer formation of HUVEC on
PMEA (HUVEC-HUVEC interaction) and the antithrombogenic property of the HUVEC
monolayer (HUVEC—platelet interaction), will be reported in the next series of studies.

Supplementary Materials: The following supporting information can be downloaded from https:
/ /www.mdpi.com/article/10.3390/surfaces5030027/s1. Figure S1: Images of captured HUVEC,
Figure S2: Images of captured platelet on cantilever during force with measurement by SCFS;
Figure S3: Force curve of HUVEC—polymer, Figure S4: Force curve of platelet—polymer interaction,
and Figure S5: Relationship between cell adhesion strength of HUVECs and platelets attached with
substrates and contact angle, hydration layer thickness, and bound water content.
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