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1t is known that the use of medical devices having polymer surfaces exposed to blood flow often leads
to thrombogenesis. The mechanism of thrombus formation depends, in part, on the hydrophobic/hydrophilic
nature and adhesive properties of the surface, on which spontaneously initiated fibrillogenesis can occur in
the absence of thrombin. In this work, the connection between the “Berg limit” and the ability of polymer
surfaces to aggregate fibrinogen into fiber structures was investigated using two unique systems. Polystyrene
(PS), a well-characterized, stable polymer, was first tested because of its ability to readily impart hydrophilici-
ty using UV-ozone without additional additives. However, in order to explore a biodegradable polymer with
greater physiological relevance, the focus was switched to polyvinyl alcohol (PVA). To improve the mechani-
cal properties and increase the hydrophilicity of PVA, a chemical approach was used with the addition of the
clay functionalized with resorcinol diphenyl phosphate (RDP). Observations for the two different systems
indicated that fibrinogen absorption undergoes a transition through the Berg limits, regardless of a physi-
cal or chemical approach, and that there was a significant reduction in surface fibrillogenesis with contact
angles below this threshold. Finally, HUVEC cell adhesion to the surface of PVA-RDP with no negative effect
on proliferation and endothelialization capability was demonstrated. A guideline is proposed for designing
non-thrombogenic materials by rendering the surface hydrophilic. This phenomenon could be applied to en-
gineering polymers more applicable to biomedical purposes.

Keywords: fibrinogen absorption, fiber formations, polymer surfaces, Berg limit, thrombogenicity,
HUVEC cells.

T he blood clotting process is crucial for pre-
venting excessive bleeding by forming stable
clots through the action of platelets and co-
agulation factors [1]. In the case of injury, a signa-
ling cascade is initiated, and the final steps occur
when thrombin is released. This cleaves the fibrino-
peptides of the main protein in blood, fibrinogen
(Fg), releasing the aC chains, which in turn initiates
fibrillogenesis [2]. While in the presence of flowing
blood, this process is often incomplete and results in
the formation of small soluble aggregates, classified
as protofibrils coated with fibrinogen and other blood
proteins, which allows them to circulate. These com-
plexes are also known as soluble fibrin and form a
stable component in the bloodstream. When fibrino-
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gen is isolated, there is a significant component
of soluble fibrin, which has been shown to be the
primary contributor to fibrillogenesis initiated on
surfaces [3, 4]. Hence, surface fiber formation oc-
curs with the adsorption of fibrinogen, allowing the
incorporation of soluble fibrin, which leads to the
growth of large surface fibers (Fig. 1, A). Such fibers
have been shown to provide functional domains for
platelet adhesion, activation, and agglomeration
[5-7].

The study of surface interactions with blood
proteins—particularly fibrinogen—has gained signifi-
cant importance [8, 9]. The development of medi-
cal devices featuring polymeric surfaces exposed to
blood flow is often known to result in thrombosis as
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well, without the presence of thrombin. While mul-
tiple factors have been proposed, it has been recently
shown that interaction of the device surface with fi-
brinogen can result in misfolding of the molecules,
and formation of surface-initiated clots if the surface
possesses hydrophobic attributes [5, 10, 11]. A crucial
parameter to consider when dealing with biomac-
romolecules surface adhesion studies is the “Berg
limit” [12]. The “Berg limit” is a range of contact an-
gles, 50-70 degrees, that is defined as the threshold at
which surfaces transition to exhibit notable adhesive
properties in aqueous environments. Surfaces with
contact angles below this threshold generally repel
biomolecules, while those above show significantly
enhanced attraction and adhesion. The attraction or
repulsion of biomolecules also positions a surface to
support or reject cell adhesion, which is particularly
important for materials requiring endothelialization
for proper integration. One such material showing
promise for applications in artificial blood vessels is
polyvinyl alcohol (PVA), whose mechanical proper-
ties are similar to those of vascular tissue. Hence,
this polymer can be sutured directly onto existing
vasculature and has similar values of the burst pres-
sure. However, the hydrophilic nature of PVA makes
it challenging to support cell adhesion, which in turn
would prevent further endothelialization [13-15].

In this manuscript, we explore the conditions of
the surface which lead to the misfolding of fibrino-
gen molecules. We show that using contact angle go-
niometry we can establish a functional definition of
the degree of hydrophobicity where surface fibrillo-
genesis is spontaneously initiated in the absence of
thrombin. Two approaches to producing surfaces
of varying degrees of hydrophobicity are explored,;
ultraviolet (UV)-ozone irradiation of the host poly-
mers, which exposes multiple functional groups
[16, 17], and inclusion of clay nanoparticles func-
tionalized with resorcinol bis (diphenyl phosphate)
(RDP), which can change hydrophobicity without
modification of the host polymer matrix with a non-
toxic chemical addition [18-20]. Furthermore, the
insertion of devices in the bloodstream assumes
eventual endothelialization and incorporation into
the vascular system. Hence, the impact of surface
hydrophobicity modifications on endothelial cell ad-
hesion and proliferation was also explored with the
goal of providing guidelines for the design of ma-
terials featuring properties conducive to both non-
thrombogenicity and cytocompatibility.

Materials and Methods

Surface preparation. Silicon wafers, cut into
squares of length and width each 1 cm, were used
as the underlying substrate for spun cast thin films
of approximately 350 nm in thickness. The poly-
styrene (PS) (Mw = 311,100) was dissolved using a
toluene solvent to create a polymer solution with a
concentration of 15 mg/ml. The PVA (Mw = 85,000-
124,000) was dissolved using a deionized (DI) water
solvent with a concentration of 20 mg/ml. These so-
lutions were then used to coat onto cleaned silicon
wafers. Wafers were washed in piranha solution to
etch and create oxide layers for more uniform thin
films. Clay functionalized with RDP (RDP-clay)
was prepared by manually mixing 40g of Cloisite
Na* clay and 10 g of RDP for 3 min then placing
in a Thinky Mixer ARE-250 at 2000 RPMs for 10
min. Samples were ground three times in a mortar
to create finer particles and then annealed over-
night at 60°C to remove moisture. For incorporation
of RDP-clay into the spun cast polymer matrices,
various concentrations of RDP-clay were annealed
at 160°C overnight, then added into the dissolved
PVA solutions, mixed at 80-90°C for 2 h, and soni-
cated in a heat bath for 30 min prior to spin casting.
The settings used for spin casting thin films were
2500 rotations per minute (RPMs), accelerated at
1000 RPMs/sec, for 30 sec each. Once coated, PS
and PVA/RDP-clay films were annealed at 180°C
and 160°C respectively, for approximately 24 h for
sterilization, relaxation of polymer chains, and re-
moval of remaining chemicals from the surface. For
PS films treated with UV ozone, a PSD Pro Series
Digital UV-Ozone System from Novascan was used
for varying durations post-annealing.

Fibrinogen deposition. Fibrinogen, depleted of
plasminogen, von Willebrand factor, and fibronec-
tin and purified from human plasma were obtained
from Enzyme Research (South Bend, IN USA). The
fibrinogen was dissolved in Dulbecco’s Phosphate
Buffered Saline (PBS) to prepare a concentration
of 4 mg/ml to be utilized for fibrinogen plating and
imaging of individual fibrin fibers. Films were incu-
bated by covering the surface with drops of approxi-
mately 300 pl of fibrinogen solution for exactly 1 h
to cover the surface, diluted and washed with PBS,
washed three times with DI water to remove any salt
from the sample, and then air-dried for imaging.

Analysis of adsorbed fibrinogen. To obtain the
high-resolution images of fibrin fibers on the surface,
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Atomic Force Microscopy (AFM) was performed
using a Dimension 3000 in contact mode (height and
deflection) at a scan rate of 1 Hz. Scanning images
were obtained by utilization of a non-conductive
silicon nitride probe from Veeco (NP), with a nomi-
nal tip radius of 0.4-0.7 um and a spring constant of
0.12 N/m. Fiber analysis was done using Nanoscope
software from Digital Instruments. Optical images
for surface fiber quantification were taken using an
Olympus BH-2 microscope.

Surface characterization. Surface images were
obtained through AFM microscopy in contact mode
(height and friction). Surface roughness measure-
ments were obtained using a Keyence laser micro-
scope, analyzing the topographical variations of
the surface at scan sizes of 500 pum and calculating
differences in height to be the average roughness.
Contact angle measurements were calculated as an
average by obtaining three different points on each
sample surface using an optical contact angle me-
ter from KSV Instruments. Thickness of the surface
was obtained through ellipsometry. FTIR spectra
were recorded using a Nicolet iS-50 spectrometer
with a resolution of 4 cm-1 by collecting 40 scans for
a single spectrum at room temperature at the range
of 600-4000 cm™. The spectra were treated using
Origin software.

Cell culture and proliferation. Thin films (sized
1x1 cm) containing 10% PVA and 0, 1, 3, 5, and 10%
RDP clay were prepared as substrates for cell prolif-
eration studies as described in the previous sections
(N=5). Thin films were considered sterile after they
were annealed overnight at 160°C, and the films were
placed into the wells of a sterile 24-well tissue cul-
ture plate (Sarstedt, Nimbrecht, Germany). Human
umbilical vascular endothelial cells expressing green
fluorescent protein (HUVEC-EGFP) were cultured
in endothelial growth medium 2 (EGM 2) (Lonza
Bioscience, Basel, Switzerland) with media ex-
changes every other day until 80% confluency. Cells
were harvested and plated at a density of 3000 cells/
cm? into each well of a 24-well plate. Cell prolifera-
tion was quantified through Alamar blue assays on
days 1, 3, and 5. Before each Alamar blue assay, the
wafers were placed into a new 24-well plate so that
only the cells on the thin film would be measured.
An Alamar blue assay was conducted by forming
Alamar blue media which consisted of 90% EGM
2 and 10% Alamar blue (ThermoFisher Scientific,
Waltham, MA, USA). Each well received 0.5 ml
Alamar blue media and the cells were cultured for
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4 h in an incubator (37°C, 5% CO,). Afterward,
100 pl of Alamar blue media was drawn from each
well and placed into the wells of a 96-well plate. A
microplate reader was used to measure the absorban-
ce. The Alamar blue media was then aspirated from
each well and replaced with 0.5 ml of EGM 2. Statis-
tical analysis was performed using a one-way analy-
sis of variance (ANOVA) test was performed on all
cell-work analysis to determine differences in cell
growth (P < 0.05). Mean and standard deviation are
represented in all other work.

Results and Discussion

Determining the critical contact angle for
surface-induced polymerization. The initial in-
vestigation aimed at testing and determining the
surface properties of PS thin films by analyzing
several aspects of the polymer with no changes to
its chemistry. The goal was to obtain a thin, hydro-
phobic surface that could be altered through UV-
ozone exposure to reduce the water contact angle
then study the transition from a thrombogenic to a
non-thrombogenic surface, which would require a
reduction beyond the Berg limits to be reached and
some critical angle to be determined that halts pro-
tein adsorption. Once elucidated using the model
polymer PS, this phenomenon could be applied to
engineering polymers more applicable to biomedical
purposes.

Data from Fig. 1 represents the specific proper-
ties obtained for the PS surfaces following UV-
ozone treatment and fibrinogen incubation, which
aimed to increase its hydrophilicity and alter the
surface-interaction of fibrinogen. At a water contact
angle of about 82°, unaltered control PS surfaces
resulted in fibrinogen readily adsorbed to the sur-
face and polymerization into fibrin fibers, which
is illustrated in Fig. 2. This means that PS induces
surface-initiated thrombogenicity and its hydro-
phobic properties are sufficient to cause conforma-
tional changes of the adsorbed fibrinogen molecules,
thereby exposing their aC regions and leading to po-
lymerization. To attempt to eliminate this property,
PS surfaces were exposed to UV-ozone irradiation
to reduce contact angle and increase hydrophilic-
ity, which should lead to less adsorption and less
distortion of fibrinogen and, furthermore, reduced
fiber generation. Initial studies tested the effect of
UV-ozone duration on PS contact angle measure-
ments and is represented in Fig. 1, B, which shows
that contact angles decrease linearly as a function
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Fig. 1. Surface fiber formation summary diagram (A). Contact angle and fiber coverage studies on PS as a
function of the ozone treatment time (B). Images highlighting maximum contact angle (C) 80°, critical angle
(D) 40°, and minimum (E) 15°. Optical images of coverage with (F) control, (G) 1 min 30s, and (H) 2 min 30s

treatment

of UV-ozone time. From 1 min to 2 min, there was
a gradual decrease from about 72° to 35°. The past
2 min treatment led to decreases down to roughly
13°, which was produced at the maximum exposure
time of 2 min and 30 sec. This further increased the
hydrophilicity of the PS surface significantly. Next,
the effectiveness of this increase in wettability of PS
on the adsorption of fibrinogen and its tendency to
misfold and generate fibers was further investigated.
Fibrinogen adsorption and consequential fiber for-
mations on controlled and altered PS surfaces fol-
lowing overnight incubation of 4 mg/ml fibrinogen
solutions were analyzed in a variety of ways. The

initial characterization is shown in Fig. 1 where opti-
cal images were collected and full surface quantifi-
cation was performed representing the total surface
coverage of distinctly formed fibers, excluding small
agglomerations of protein, and directly correlating
them to water contact angle measurements. As ex-
pected, when contact angles decrease, so too does
the quantity of surface fiber formations. This can be
attributed to the increase in hydrophilicity of the sur-
face, as explained previously. As shown in the graph,
from 80° and a fiber surface coverage of around 35%
for the control there is a steady linear decrease to
about 20% coverage at 72° and 15% coverage at
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53°. Furthermore, and most notably, an exponential
relationship existed between surface contact angle
and fiber coverage when it reached a certain point,
which was around 40° to 45°. Here, a steep decline
in surface fibers was observed down to a coverage
of just 3.85%. This quality remained consistent as
the contact angle decreased well below 40° where
surface coverage varied at around 1 to 3%. Fig. 1, C,
D, and E represent images of contact angle measure-
ments taken on PS at 80°, 40°, and 15°, respectively,
which allows for a clear visualization of how wet-
tability is altered from the treatment of UV-o0zone.
Wettability of a surface has a direct correlation to
protein interactions, especially when water readily
forms layers and reduces intermolecular hydrogen
bonding [20]. Data from Fig. 1, F, G, and H repre-
sent images taken from the optical collection used
to quantify the surface coverage and help visually
depict the differece between high and low contact
angles using a large scale. Fig. 1, F captures a con-
trol sample that received no UV-ozone irradiation
with a contact angle of about 80°. The middle of
the image contains a massive fiber formation that
stretches out of the scope of the image area, which
is 800x600 um2. Furthermore, almost the entire
surface is covered in fibers. This is vastly different
from the image in Fig. 1, G, representing a contact
angle of about 40° after 1.5 min of UV-ozone treat-
ment, where there is a minimal amount of small,
scattered fibers on the surface. Fig. 1, H depicts the
optical image for contact angles under 40° (specifi-
cally 24°) where no significant protein visibility is
present. This finding further illustrates the effects of
the surface Berg limits phenomenon, which suggests
the conclusion that fibers have an exceptionally dif-
ficult time forming on surfaces with a contact angle
below 50° [12] and, hence, it is reasonable to further
suggest that fibrinogen adsorption is lower, or that
the adsorbed fibrinogen is conformationally different
depending on the surface properties. This suggests
that only a specific limit exists regarding surface
wettability to promote the formation of fibers. These
results help establish an aim and direction for de-
signing surface properties in further testing.
Analysis of fiber formations using AFM. To fur-
ther investigate the fiber formations on PS surfaces
as a function of contact angle, we performed AFM
imaging to take a closer look at these fibers in detail
at the microscale. Data from Fig. 2 represents indi-
vidual fibers from AFM scans with areas of 50 and
10 um?, respectively. Deflection images for highly
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detailed structure and height images for the charac-
teristics of fibers were obtained. The accompanying
maximum height of fiber polymers formed is tabu-
lated in Fig. 2, 1. Examining the control PS surface
(Fig. 2, A, B), a network of coarse, fully formed
fiber structures throughout the whole scope of the
image was observed. These fibers reached a maxi-
mum height of 195 nm, which was quite significant
compared to all other samples. This shows that fibers
dynamically formed on the control surface, without
disruption due to surface properties. However,
significant decreases in fiber polymerization and,
thereby, maximum fiber height were observed on all
UV-o0zone irradiated PS samples. Although the fiber
polymers were not fully deterred, 1-min irradiation
(Fig. 2, C, D) produced decreased structure and a
less dynamic network with maximum height signifi-
cantly reduced to about 105 nm. After 1.5-minute
irradiation (Fig. 2, E, F), similar conclusions were
observed with even further deductions, now with a
maximum height of about 72 nm and far less visible
structure and skinny fibers. Finally, after 2-minute
irradiation (Fig. 2, G, H) almost no fiber structure at
all exists. Significantly smaller, thinner fibers with
a maximum height of roughly 43 nm are observed.

Designing a non-thrombogenic PVA material.
Now, that an initial insight into the requirements for
surface fibrillogenesis and its connection to Berg
limit phenomena was obtained, the next step aimed
to exemplify this understanding by utilizing a more
appropriate biomaterial application in PVA. Howe-
ver, at a water contact angle of about 50°, PVA is
directly on the lower limit of the Berg threshold for
protein adsorption. Therefore, to increase effective-
ness, the water contact angle should aim to be below
this critical angle. To eliminate this property and
increase hydrophilicity, PVA surface chemistry was
altered through the inclusion of various percentages
of RDP-clay into the polymer to create nanocom-
posite materials. RDP-clay is a substance previously
shown to affect surface roughness, which also alters
protein adsorption and potentially cell adherence ca-
pabilities [21].

Characterization of RDP-clay. RDP-clay was
characterized using FTIR analysis (Fig. 3, A). The
spectrum of the RDP polymer corresponds with
previously obtained data [20]. Phosphorus—oxygen
double bond stretching (P=0) at ~1300 cm™ and the
phosphorus—oxygen single bond stretching (P—O)
at ~940 cm! are visible alongside the sharp carbon
oxide (C=0) peak at 1588 cm™. The unmodified
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Fig. 2. Fiber images on PS surfaces obtained using AFM scans post-incubation of 4 mg/ml fibrinogen solution.
Deflection images of 50 and 10 um? shown for UV-ozone exposure durations (A, B) Control, (C, D) 1 min, (E,
F) 1 min 30 s, and (G, H) 2 min with white (10 um) and red (2 um) magnification bars. Color ranges for z-scale
of images are 0-200 nm. (1) Max fiber height analysis as a function of UV-ozone treatment measured using a
sectional analysis tool on AFM scans. Bars separated by color for varying surface hydrophilicity
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clay exhibits typical characteristic absorption bands
at ~1000, 3417, and 3627 cm™', which correspond
to Si—O and O—H stretching regions, respectively
[22]. Once RDP was incorporated into the clay some
changes were marked. First, the peak at 1635 cm,
corresponding to (H—O—H) bending vibrations of
free water, was gone following the heating [23].
Furthermore, the Si—O stretching band envelope is
impacted by the presence of the RDP, acting as an
intercalant as it undergoes self-assembly in the clay
galleries, narrowing the Si—O stretching bond with
visible shoulder at the 1000-1100 cm™ region [24].

One further point of surface analysis that was
researched aimed at describing the true water con-
tact angle of RDP-clay as this would help charac-
terize what occurs at the microscale, and even na-
noscale, when fibrinogen meets the clay particles on
the materials surface. To accomplish this, RDP-clay
aqueous solution was deposited onto a silicon wafer
until it fully covered the 1 cm? area. Water contact
angle measurements were conducted, and the hy-
pothesis that the RDP-clay was hydrophilic was veri-
fied. Time-scale images of full wetting of the 100%
RDP-clay surface were recorded (Fig. 3, B, C). Fur-
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Fig. 3. Profile of RDP-clay compared to just RDP and pure sodium clay captured using FTIR to show the
chemical bonds and functional groups present in individual RDP-clay particles. Images represent 100%
RDP-clay surfaces tested with water contact angle image analysis using an optical contact angle meter before
(B) and after (C) applying 5 ul of water
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ther studies aimed to understand how proteins and
cells may interact differently on these altered PVA
surfaces.

Properties of PVA/RDP-clay substrates. The
following investigation aimed at characterizing the
surface properties of PVA thin films by analyzing
several aspects of the polymer with no changes to
its chemistry, or pure PVA, and comparing this to
PVA/RDP-clay films following particle inclusion.
This was accomplished by incorporating RDP-clay
percentages of 0.1, 0.5, 1, 2, 3, 5, 7, and 10 into the
PVA material. Following film preparation, AFM
imaging was captured to visualize the bulk proper-
ties and frictional components. Fig. 4, A represents
pure PVA, a noticeably flat, featureless surface. In-
clusions of RDP-clay were depicted using 2% and
10% (Fig. 4, B, C), where exfoliated particles and
significant increases in surface features can be
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visualized at 50 um2. Accompanying these features
was a drastic increase in frictional forces from the
surface, as can be seen from the wavy lines. Such
surface properties could be attributed to a change
in surface roughness, and data tabulated in Fig. 4, E
suggests that the increased concentrations of RDP-
clay create enhanced roughness of the surface. Ave-
rage roughness was negligible on control PVA but
increased steadily as a linear function of RDP-clay
concentration. The concentration of 2% RDP-clay
was the median point at around 100 nm and 10% was
the largest surface roughness reaching over 200 nm,
further highlighting the images of the surface. PVA/
RDP-clay surfaces were further characterized by
measuring their respective water contact angles in
Fig. 4, D. It was noted that increasing amounts of
RDP-clay were accompanied by significantly de-
creased contact angles and furthermore, increased
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Fig. 4. Images of PVA/RDP surfaces using AFM scans. Friction images of 50 um? are shown for RDP-clay
inclusions (A) Control, (B) 2%, and (C) 10% with white (10 um) magnification bars. Color ranges for z-scale
of images are 0-190 nm. PVA/RDP-clay thin film surfaces were studied by (D) water contact angle analysis
and (E) surface roughness quantification. Bar graphs represent mean + SEM
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hydrophilicity. Concentrations of 0-1% slightly re-
duced the contact angle of PVVA with measurements
of around 45-50°. Further increasing the concentra-
tion to 3-5% led to more significant drops to around
30°. Finally, a minimum range of 25-27° with 7%
and 10% RDP-clay. These concentrations brought
the contact angle of PVA well below the Berg limit
threshold, thereby satisfying the aim and indicating
that roughness is a defining factor for the PVA-based
materials and allows subsequent classification of the
samples. It can also be clearly seen that increasing
roughness has an inverse effect on the contact angle
and, therefore, on hydrophobicity of the surface.
Influence of surface properties on fiber forma-
tion. The next set of experiments aimed to test the
PVA/RDP-clay materials’ ability to adsorb fibrino-
gen and reduce surface-initiated fibrillogenesis as a
function of increased roughness and hydrophilicity.
To accomplish this, the PVVA surfaces were incubated
in 4 mg/ml fibrinogen solutions. The analysis, and
similarly for all other samples, was done by using
AFM imaging at scan sizes of 50 and 10 um?, re-
spectively. Deflection images for highly detailed
structure and height images for the characteristics
of fibers were captured and shown in Fig. 5. Evalua-
tion of fiber size was conducted in Fig. 5, K, which
provides an analysis of maximum fiber height with
respect to RDP-clay percentages. The fiber forma-
tions were initially analyzed on the control PVA
surface with the lowest hydrophilicity, which can
be seen in Fig. 5, A, B. As expected, coarse, fully
formed fibers were present on the surface of the
polymer and created an elaborate network of out-
wardly growing, stemming fibers with a maximum
height of 153.88 nm. This shows that fibers easily
and dynamically polymerize on the surface of the
pure PVA sample and that a contact angle of 50.8°
is sufficient for fibers to form elaborately on the sur-
face of our polymer, consistent with the Berg lim-
its and our prior studies on PS surfaces. Following
the pure PVA control analysis, RDP-clay inclusion
was studied. Low percentages of RDP-clay at 0.1
and 0.5% did not significantly deter the growth or
structure of the fibrin fibers on these hydrophobic
surfaces as the contact angles were very similar to
that of the control (images not shown). However, it
was noted that there was a reduced maximum height.
Fig. 5, C, D features the initial significant change
in fiber formations with the inclusion of 1% RDP-
clay, where the fiber networks all but disappeared
and maximum fiber height decreased to 70.9 nm. It
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was noted that some halt in the growth of the fibers
occured, but the fibers remained of significant size at
this concentration.

The next surfaces analyzed featured increased
RDP-clay concentrations past 1%. Starting with
2% concentration, there was a 40% decrease in the
contact angle to around 30° and, furthermore, the
initial significant decrease in fiber growth was ob-
served (Fig. 5, E, F). There was no visible network
of fiber formation growth like with pure PVA and
smaller fibers with maximum heights reducing to
about 52 nm. It was also noted that concentrations
3-5% showed similar results (images not shown).
The small fibers clearly showed that polymeriza-
tion on the surface was limited, which suggests that
2-5% RDP-clay concentration acts in accordance
with the Berg limits. Next, the additions of 7% and
10% RDP-clay in the PVA material were researched,
aiming at describing what occurs when the contact
angle is at its lowest point of approximately 26°
where the greatest hydrophilicity was displayed.
No visible fiber formations were present with these
surface properties. At 7% (Fig. 5, G, H), protein ag-
gregates in the surrounding area appeared to have
produced decreased polymerization and were spread
out around the visibly immature fiber that did not
form or grow enough to produce a coarse fiber struc-
ture. This could be attributed to the fact that hydro-
philic surfaces do not distort fibrinogen molecules
as readily and, therefore, a monolayer incapable of
producing fiber formation is present. Looking at the
10% surface (Fig. 5, 1, J), it could be clearly seen that
there were no fiber formations whatsoever. There
was fibrin deposition with no structural growth or
polymerization like with 7%, but much more ef-
fectively here. This effectively shows that there is a
scattered matte of protein present between the clay
particles with no decisive fiber structure.

The effectiveness of this increase on the ad-
sorption of fibrinogen and its tendency to convert
into fibrin-like conformations and polymerize due
to surface interactions was clearly significantly al-
tered from the incorporation of RDP-clay, which can
most likely be attributed to the change in wettability
as fibrinogen has a different interaction with hydro-
philic surfaces. Previous studies suggest that fibrino-
gen adsorbs on a different region, namely the hydro-
philic aC domains, due to electrostatic attraction or
hydrogen bonding, and remains in its folded state on
the surface [5, 8]. These results help illustrate that
a hydrophilic surface should halt fibrin fiber forma-
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tion, and it’s further shown that this can be achieved
through altering the surface properties or surface
chemistry of a polymer that previously produced
exceptional fibers if the contact angle is reduced ap-
propriately below the Berg limit. Fiber formations
were present with concentrations of 2-5% regard-
less of increased surface hydrophilicity but featur-
ing a significant reduction in the size and structure
of the resultant fibers as the RDP-clay percentage
increased. Concentrations past 5% featured fully
disrupted polymerization, which means an absence
in the binding regions required for platelet adhesion.
This suggests that these surfaces are not conducive
to thrombus formation [25].

Cell adherence and proliferation on PVA/RDP-
clay substrates. The next step following our testing
of fibrinogen adsorption and fiber formation was to
evaluate whether cells adhere and survive on our
altered surfaces to ensure cytocompatibility with
its changes in surface chemistry. Cell proliferation
on PVA substrates containing RDP clay was deter-
mined by plating HUVEC-EGFP on PVA thin films
containing 0, 1, 3, 5, and 10% RDP clay. Fig. 6, A
shows the cell doubling time on each type of sub-
strate. The control, 0% RDP clay, was a PVA thin
film containing no clay and had a doubling time of
62.9 hours. A one-way ANOVA test was conducted
on the data set finding a P-value of 0.0521, which
was above the 0.05 significance level, indicating that

Max fiber height on PVA/RDP-clay

0% 01% 05% 1% 2% 3% 5%
RDP amount (wt %)

Fig. 5. Fiber images on PVA/RDP-clay surfaces obtained using AFM scans post-incubation of 4 mg/ml fibrin-
ogen solution. Deflection images of 50 and 10 um? shown _for RDP-clay inclusions (A, B) Control, (C, D) 1%,
(E, F) 2%, (G, H) 7%, and (1, J) 10% with white (10 um) and red (2 um) magnification bars. Color ranges for
z-scale of images are 0-150 nm. (K) Max fiber height analysis as a function of RDP-clay wt % measured using
a sectional analysis tool on AFM scans. Bars separated by color for varying surface hydrophilicity
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Fig. 6. (A) HUVEC EGFP doubling time on PVA substrates containing 0, 1, 3, 5, and 10% (w/w) RDP clay
represented with a mean and standard deviation (N > 5). A one-way ANOVA test was conducted finding
P = 0.0521, which does not meet the threshold of significance (o = 0.05) to say there is any difference in
doubling time with RDP-clay concentration. Representative fluorescent images (B and C) of fixed and DAPI

stained HUVEC-EGFP were taken on day 5

none of the samples had a doubling time statisti-
cally different from each other. In other words, the
inclusion of RDP clay did not change the doubling
time compared to the control. Fig. 6, B and Fig. 6,
C show fluorescent images of the cells on day 5 af-
ter fixation and DAPI staining. The cells display a
spread-out morphology with visible cell-to-cell con-
nections on each type of substrate showing that there
is good cell adhesion to the surface. Results from
cell studies indicate that there is no significant dif-
ference in HUVEC doubling time with the inclusion
of RDP-clay into the PVA surface. This suggests that
the surfaces are not cytotoxic and, hence, may pro-
mote endothelialization. Moreover, this further sug-
gests that PVA/RDP-clay material could be defined
as a hon-thrombogenic, cytocompatible surface and
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could be applicable in the development of novel bio-
materials.

Conclusion. This study investigates two dis-
tinct systems to determine the connections to the
Berg limit regarding fibrinogen adsorption and pro-
tein aggregation on exposed material surfaces. In
both systems, fiber formation is significantly reduced
or prevented when the water contact angle is de-
creased below the critical angle threshold of 50-70°.
This suggests that adsorption of fibrinogen can be
substantially hindered by altering surface chemistry
and, moreover, the absence of conformational
changes of adsorbed fibrinogen results in decreased
self-assembly. Hence, Berg limit phenomena remain
consistent regardless of whether physical or chemi-
cal alterations are used. Furthermore, increasing
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surface hydrophilicity does not appear to negative-
ly affect endothelialization capability. The results
convincingly outline a step-by-step procedure, using
two different alteration techniques, to counteract
surface-induced fibrillogenesis without disrupting
endothelialization, an understanding that may help
to mitigate thrombotic failure of medical devices.
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Binomo, 1o BHKOpPHUCTaHHS MEIMYHUX 3a-
co0iB, SIKi MarOTh MOJIMEpHI MOBEPXHI, IO KOH-
TaKTYIOTh 3 KPOBOTOKOM, YacTO MPH3BOAHTH [0
TPOMOOYTBOpeHHsI. MexaHi3M TpOMOOYTBOPECHHS
3aJIeKHUTh, 30KpeMa, Bij riapohoOHoT/TiapodinbHOT
MPUPOJU Ta AATE3UBHUX BIACTHBOCTEH MOBEPXHI,
Ha AKid 3a BiJICYTHOCTI TpOoMOiHYy MOXe BiJOyBa-
THCSl CIIOHTAHHO IHIiMifoBaHuW (iOpusioreHes. Y
i poOOTI OYyJIO TOCIIIIKEHO 3B’130K MiXK «MEKEHO
Bepray» Ta 31aTHICTIO TOJIIMEPHUX TIOBEPXOHb IIPO-
JNyKyBaTH arperanito (GiOpHHOTeHY Yy BOJIOKHHCTI
CTPYKTYpPH 32 JIOTIOMOT'OIO JIBOX YHIKaJIBHUX CHC-
teM. [lomictupon (PS), 1o0pe oxapakTepu3oBaHUM,
cTabinpHMI MoJiMep, OyB CIIOYATKY IMepeBipeHUi
4yepe3 WOro 3/IaTHICTH JIETKO HaJaBaTH TiIpoQiib-
HICTB 3a J0NOMOror Y®-030Hy 0€3 10AaTKOBUX JI0-
0aBok. OiHaK 13 METOK BUBYCHHS 010pPO3KIIaIaHOTO
noJiMepy 3 OLTBIIOK (i310JOTIYHO0 3HAYYIIICTIO,
(hokyc OyB MepeKIIOYCHHH Ha TIOJTIBIHIIOBHI CITUPT
(PVA). [lns mokpalleHHsI MEXaHIYHUX BJIACTHBOC-
Tel 1 miaBuIneHH TigpodiasHocTi PVA, Bukopuc-

TAHO XIMIUHMH MIAXIJ 13 JA0JAaBaHHSAM [JIMHH, SKY
¢dyskuionanizyBanu audeHingocparom pezopiu-
Hy (RDP). lociaxeHHs ABOX Pi3HUX CUCTEM IOKa-
3aJ1H, 110 aJIcopOIList piOPUHOTEHY 3a3HAE TIEPEXOY
Mmexi bepra, Hezane:xxHo Bif (i3UYHOrO 4K XiMiu-
HOT'0 TIJXONY, 1 1[0 CHOCTePIraeThCsl 3HAYHE 3HU-
JKCHHS TTOBEPXHEBOI TPOMOOTEHHOCTI CIPUYMHEHOT
TPOMOOIIMTAMU 3 KOHTAKTHHUMH KYyTaMH HIKYE
1bOro mopory. [IpoieMOHCTPOBaHO a/IIre3ik0 KIITHH
HUVEC no nosepxui PVA-RDP 6e3 Heraruaoro
BIUIMBY Ha Mpotiepalito Ta 34aTHICTh A0 €HI0Te-
mizamii. TakuM 4MHOM, 3aIPONIOHOBAHO MPHHITUI
CTBOPCHHSI HETPOMOOTCHHHMX MarepiaiiB HUISTXOM
Ha/IaHHS TOBEPXHi rigpodinbHocTi. LM edextom
MOKHA CKOPHUCTATHCS ISl CTBOPEHHS IMOJIMEDPIB,
OUIBII MPUJIATHUX JIJIs1 OIOMEIUYHUX II1JICH.

KnmouoBi cmaoBa: amcopbuis ¢idpuHO-
reHy, YTBOPEHHS BOJIOKOH, IOJIIMEpHI MOBEPXHI,
Mexa bepra, TpomborenHicts, kiaituan HUVEC.
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