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This study investigates the relationship between fibrinogen adsorption on polyelectrolyte multilayer (PEM) films
and their surface properties. The films were constructed using weak polyelectrolytes, poly(acrylic acid) (PAA),
and poly(allylamine hydrochloride) (PAH), with polyethyleneimine (PEI) as a precursor layer. Different depo-

‘s/\iertfi:ﬂclgar . sition conditions, such as pH levels (3.5 and 7.0) and the type of outermost layer (PAA or PAH), were used to
Coatings & create films with tunable hydrophilicity and surface charge. The thickness of these films was measured using

ellipsometry, and surface wettability was assessed via the contact angle method. Fibrinogen adsorption was
quantified using quartz crystal microbalance with dissipation monitoring (QCM-D) and enzyme immunoassay
(EIA) method, focusing on its D-domain exposure concerning surface thrombogenicity. Results indicated that
PEM films are generally hydrophilic. Among them, PAH, the outermost layer, is the least hydrophilic and,
therefore, has the lowest surface energy. Film thickness varied with the pH of the solutions, creating a mecha-
nism to control layer parameters. Fibrinogen adsorption was more pronounced on less hydrophilic surfaces,
which were thinner, viscoelastic, more hydrated, and preferentially positively charged. These findings suggest
that by controlling surface properties, one can enhance hemocompatibility by influencing fibrinogen adsorption
and subsequent platelet adhesion and activation.

Fibrinogen adsorption

1. Introduction

Polyelectrolyte multilayer (PEMs) thin films, constructed with layer-
by-layer (LbL) technology applying alternating layers of two poly-
electrolytes, are known for their exceptional stability controlled by the
increase of entropy due to the release of small counterions [1,2]. The
surface properties of PEMs, including surface chemistry and biocom-
patibility, can be finely tuned by adjusting parameters such as the choice
of polyelectrolytes, the number of assembled layers, and the deposition
conditions like pH [1,2]. The stability and versatility of PEMs make
them reliable as coatings of implantable biomedical devices [2]. The
selection of polyelectrolyte pairs and process parameters during PEM
fabrication influences their physicochemical properties and enables
precise control over protein adsorption on PEM-coated biomaterials.

The interaction between medical implants and biological tissues is a

* Corresponding author.

key problem of the contemporary biomedical sciences [3]. Thrombus
formation on artificial surfaces poses a significant challenge for
blood-interacting materials. When a biomaterial contacts blood, the first
event is the formation of a layer of adsorbed plasma proteins on the
surface, which then mediates biological responses to these biomaterials.
In surface-induced thrombosis, FNG plays a prominent role in facili-
tating thrombosis development by mediating platelet adhesion and ag-
gregation to biomaterials [4,5]. The adsorbed FNG can bind to platelets
through cell membrane receptors, including GPIIb/IIla (integrin alIbp3),
and GPIb. This binding induces platelet adhesion and aggregation [6].
Therefore, studying protein adsorption processes before applying the
biomaterials is essential to developing better hemocompatible devices.

Several studies have suggested that platelet adhesion and activation
might be particularly affected by the conformation of FNG upon
adsorption [7-11]. The influence of materials surface properties on FNG
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adsorption and conformation has been widely studied [12-15], and it
was accepted that the conformational changes are surface-dependent
[16,17]. Distorted conformations may impede function and expose
hidden epitopes that can cause unintended effects on biological func-
tions [18]. Furthermore, adsorption-induced rearrangements and
crowding effects may enhance protein-protein interactions and aggre-
gation. The latter issue has been extensively studied, particularly
regarding protein misfolding and platelet aggregation [19]. Conse-
quently, molecular-level descriptions of protein adsorption would
significantly enhance our understanding of the phenomenon and are
crucial for effectively regulating protein—surface interactions [20].

Surface wettability is one of the factors discussed in terms of its ef-
fects on FNG adsorption. For instance, researchers observed intensifued
structural deformation of FNG as the hydrophobicity of the material
surface increases [6]. Quantitative analysis of the different domains
showed that the overall molecular lengths and widths of the individual D
and E domains increased. At the same time, their heights decreased as
the material surface became more hydrophobic [17]. The higher affinity
and more significant protein adsorption onto more hydrophobic surfaces
is probably due to their protein’s larger size and its ability to form suf-
ficient contacts after adjusting its orientation. [21,22]. FNG was found
to adsorb more rapidly to hydrophilic surfaces and lose an ordered
secondary structure over a much longer timescale than to hydrophobic
surfaces [17]. Surface free energy, charge, microroughness, and degree
of hydroxylation are other crucial surface parameters that affect protein
adsorption and cell behavior on biomaterial surfaces [12]. The complex
nature of protein adsorption explains why a complete and comprehen-
sive explanation is still missing.

In this study, we investigate the impact of the surface properties of
ultra-thin PEM films (PAA/PAH) on the adsorption of human FNG. By
altering the pH during film assembly and the outermost layer, we
created surfaces with varying hydrophilicity and surface charge, influ-
encing FNG adsorption and its D-domain conformation/orientation
upon adsorption. Understanding the dynamics of FNG adsorption and
the exposure of its functional domains is essential for comprehending
and potentially manipulating the thrombus formation process on the
PEM-coated biomaterial surface.

2. Materials and methods
2.1. Layer-by-layer deposition of PEMs

The PEM films were assembled with the layer-by-layer (LbL) dip
coating technique consisting of consecutive and repeated deposition of
the polyanion poly(acrylic acid), PAA (Sigma Aldrich, Mw ~100 kDa),
and the polycation poly(allylamine hydrochloride), PAH (Thermo Sci-
entificc Mw 120-200 kDa), following the protocol described in [23].
Branched poly(ethyleneimine), PEI (Sigma Aldrich, Mw ~750 kDa) was
used as a precursor layer to provide better adhesion of the coating to the
substrate [24]. The working concentration of the polyelectrolytes was 2
mg/mL. 0.5 M NaCl (Carl Roth GmbH, Germany) was added to the PAA
and PAH solutions. Salts affect the electrostatic interactions between the
layers, leading to structural integrity and stability changes [25].

The use of PEI as a precursor layer has raised concerns over the years
due to its potential cytotoxicity. Studies have demonstrated that PEI can
exert adverse effects on cells, with toxicity largely influenced by factors
such as molecular weight, concentration, exposure duration, and cell
type involved [26,27]. These studies, however, primarily involved the
direct application of PEI as a single or terminating layer in direct contact
with cells. In contrast, our study utilizes PEI solely as an initial
anchoring layer to facilitate the controlled and uniform deposition of
PEMs, a widely established strategy in surface modification and bio-
materials engineering [28,29]. Importantly, the PEI layer is immediately
covered by several bilayers of oppositely charged polyelectrolytes,
effectively isolating it from direct contact with cells and biological
fluids. Previous research has shown that the addition of even a few
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polyelectrolyte bilayers is sufficient to neutralize the cytotoxicity of PEI
by shielding its interaction with the biological environment [30]. In our
own extensive in vitro studies, we have demonstrated that PEM coatings
anchored with PEI do not exhibit cytotoxic effects on a variety of cell
types, including fibroblasts, osteoblasts, and human umbilical vein
endothelial cells (HUVECs) [31]. Moreover, we observed enhanced
cytocompatibility on otherwise cytotoxic substrates—such as
magnesium-based stents—following PEM functionalization anchored
with PEI, further supporting the biocompatibility of this approach [31].
A total of four PEM films were assembled. (PAA/PAH)s films (with
PAH as the outermost layer) and (PAA/PAH)s 5 films (with PAA as the
outermost layer) were assembled from PAA and PAH solutions with pH
of either 3.5 or 7.0. The films are labeled PAA 7.0, PAH 7.0, PAA 3.5, and
PAH 3.5, with the abbreviations indicating the pH of the polyelectrolyte
solutions and the identity of the outermost layer. The PEM films were
applied to different substrates by the requirements of the methods used
for subsequent testing and characterization - sterile polystyrene 96 well
plates (Corning Inc., New York, USA) for indirect enzyme immunoassay
(EIA), glass slides for the contact angle measurements, silicon (100) (Si)-
wafers (10 x 10 mm, CrysTec GmbH, Berlin, Germany) for the ellips-
ometry and quartz crystal gold (Au) chips (3 T Analytik, Germany) for
the Quartz crystal measurement with dissipation monitoring (QCM-D).
The cleaning procedure for the substrates involved two or three
sequential steps performed in an ultrasonic bath at room temperature.
Glass slides were cleaned in Mucasol® (Schiilke & Mayr GmbH, Ger-
many), acetone, and isopropanol, with each step lasting 2 minutes. Si-
wafers underwent cleaning in acetone and isopropanol. The use of
different substrate materials in this study necessitated the application of
PEM coatings consisting of 5.5 or 6.0 bilayers (including the initial PEI
anchoring layer). This choice was based on previous studies indicating
that complete and uniform surface coverage is typically achieved after
4-6 deposition cycles [32,33]. Beyond this threshold, the influence of
the substrate’s surface chemistry and charge diminishes significantly,
and the subsequent multilayer buildup becomes governed primarily by
the properties of the polyelectrolytes themselves rather than the un-
derlying material. This ensures consistent film thickness, morphology,
and physicochemical properties across all substrates, thereby enabling
reliable comparison of surface-dependent biological interactions.

2.2. Static water contact angle and surface free energy

A contact angle goniometer (Dataphysics GmbH, Filderstadt, Ger-
many) was utilized to quantify the static water contact angles (CA) of
multilayer films, as described in [34]. The sessile drop method was
employed by dispensing 4 pL of deionized ultrapure water onto the
surface. The droplet’s shape was analyzed using the Young-Laplace
equation. Measurements were taken at three random locations on each
of three samples per condition, resulting in a total of nine measurements
to determine the average contact angle and standard deviation.

The surface free energy (SFE) of each PEM was analyzed by
measuring the static contact angles with deionized ultrapure water
(Sartorius, Germany, purity of 0.055 uS/cm c at 20.0 °C), glycerin
(99.5 %, Carl Roth, Germany), and n-hexadecane (99 %, Carl Roth,
Germany). The Owens, Wendt, Rabel and Kaelble approach was used to
determine the SFE [35]. This method assumes that the SFE (y) comprises
a dispersive component (yq) and a polar component (y,). The surface
tension values of the test liquids at 20 °C were obtained from published
data (Table 1).

2.3. Ellipsometry

PEM films’ thickness and refractive index were determined using a
high-performance spectroscopic ellipsometer Sentech SE800 (Sentech
Instruments GmbH, Berlin, Germany). It operates within the spectral
range of 280 nm to 850 nm and utilizes an angle of incidence of 70
degrees. A four-layer model was employed to evaluate the optical
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Table 1
Surface tension (SFT) with its polar and dispersive parts for deionized water,
glycerol, and n-hexadecane:.

liquids surface tension (SFT)
SFT total polar part dispersive part
(mN/m) (mN/m) (mN/m)
deionized water, Strom et. 72.8 51.0 21.8
al (33)
glycerol, Strom et. al (33) 63.4 26.4 37.0
n-hexadecane, Jasper et. 27.5 0 27.5
al (34)

properties of thin films layered on the substrates. This model considers
the following layers: ambient medium (air, water, or phosphate buffered
saline (PBS), pH 7.4), the PEM film whose properties are measured, and
the substrate on which the thin film was deposited (consisting of bulk
silicon and a silicon dioxide surface layer). A Sentech se800 liquid cell
was used to determine the hydrated thickness as described previously.
The samples were analyzed in three different spots, and each sample was
prepared in triplicate.

2.4. Adsorption of Methylene blue and Alizarin red

The surface charges of PEMs were characterized by quantifying
electrostatic interactions between the PEM-coated surfaces and charged
dye molecules. Methylene blue (MB), a monocationic dye, has been
previously utilized to determine the number of surface anionic charges
[36]. In this study, we introduce alizarin red (AR), a monoanionic dye,
as a novel method for estimating the number of surface cationic charges.
The PEM-coated substrates were incubated in 1 mM MB solution or
1 mM AR solution for 6 minutes, followed by five washing steps, each
lasting 1 minute. The number of adsorbed MB and AR molecules was
determined by absorbance measurements using a Lambda Bio+ UV-Vis
Spectrometer (PerkinElemer, MA, USA). MB absorbance was measured
at 660 nm, while AR absorbance was measured at 260 nm. The quan-
tities of surface-exposed positive and negative charges were determined,
and from these, the total net surface charge was calculated.

2.5. Quartz crystal microbalance with dissipation monitoring (QCM-D)

The formation of multilayers, along with the quantity and kinetics of
FNG adsorption, was monitored in situ by QCM-D (qCell T, 3T Analytik,
Tuttlingen, Germany). This method provides detailed information on the
adsorbed mass, encompassing the films’ viscoelastic characteristics.
PEM assembly on the Au quartz crystal was carried out following the
same LbL protocol described above. Following film construction, the
system was equilibrated in PBS. Subsequently, a 1-hour FNG adsorption
step was performed using a 0.5 mg/mL FNG solution in PBS, followed by
three 2-minute rinses with PBS. The mass of adsorbed FNG was calcu-
lated by measuring the frequency change of the QCM and applying the
Sauerbrey equation [37] for rigid films, where AD is below 5 % of the
scaled frequency change [38] (in this study, films built at pH 3.5), and
Kanazawa [39] equations for the films built at pH 7.0 with viscoelastic
properties. Kanazawa’s [39] equations consider liquid properties (den-
sity and dynamic viscosity) and layer characteristics (density, thickness,
and complex shear modulus) as detailed in [40].

2.6. Indirect enzyme immunoassay (EIA)

As previously described, FNG adsorption on various surfaces was
examined using a modified enzyme immunoassay [9]. Unmodified and
PEM-modified surfaces were incubated for 1 hour at 37 °C with either
100 % fresh human citrate plasma from healthy volunteers (University
Hospital for Neurology and Psychiatry "Sveti Naum", Sofia) or a 10
ug/mL FNG (Sigma Aldrich, Germany, Product No.: F4883) solution
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dissolved in PBS. The monoclonal mouse anti-human FNG antibody
(Clone 85D4 Sigma, F 9902), which recognizes a conformational sen-
sitive epitope of the gamma chain (302- 303), was employed to identify
the accessibility of the D-domain, a potential ligand for platelet binding.
The assay included a blocking step with 1 % BSA before the primary
antibody and washing steps with PBS. After incubating with
peroxidase-conjugated anti-mouse IgG (whole molecule) (1:40 000,
A9044, Sigma Aldrich, Germany) for 30 minutes, the reaction was
developed using 3,3',5,5-Tetramethylbenzidine tablets (T3405, Sigma
Aldrich, Germany) in 0.05 M phosphate citrate buffer (pH 5.01) with
0.03 % hydrogen peroxide for 10 minutes. The reaction was stopped by
adding 200 uL of 1 M H,SO4, and the optical density (OD) was measured
at 450 nm using a plate reader Infinite F200 PRO (Tecan Trading GmbH,
Mannedorf, Switzerland). Each experiment was conducted at least three
times in triplicate.

2.7. Statistical analysis

Data analysis was performed using Graph Pad Prism 5 and Microsoft
Excel. Statistical significance was assessed using ANOVA with Tukey’s
post-hoc test. Results are presented as mean + standard deviation (St.
Dev.), with p < 0.05 considered statistically significant. Significance
levels are denoted as * p < 0.05, * * p < 0.01, and * ** p < 0.001.

3. Results and discussion
3.1. Building and physicochemical characterization of PEM coatings

The real-time monitoring of the growth and viscoelastic properties of
PAA/PAH multilayers during their LbL assembly was investigated by
analyzing frequency (Af) and damping (AD) changes of the QCM-D
crystals. Analysis of the changes in resonance frequency and damping
was assessed to account for the viscoelasticity of these films.

The data revealed that at pH 3.5, there is a steep exponential increase
in —Af with each deposited layer, indicating progressive and substantial
film growth. This suggests that the multilayers formed at low pH are
thicker and incorporate more material (and likely water) (Fig. 1). At pH
7.0, the frequency shifts are much slower and less pronounced, implying
thinner layers or reduced material deposition per cycle. The minor
damping shifts at pH 3.5 are smaller compared to those at pH 7.0,
indicating that the films assembled at low pH are more rigid and contain
a more significant amount of adsorbed polyelectrolyte mass compared to
the films assembled at pH 7.0. Our data are in line with previous studies
demonstrating that changing pH during self-assembly of these two weak
polyelectrolytes affects the growth regime which is linear at pH close to
7.0 and exponential at lower and higher pH [41]. The switch of the
growth regime is attributed to the pH-dependent change in charge
density and conformation of the weak PAH and PAA polyelectrolytes
[42]. At pH 3.5, PAA exhibits reduced ionization, while PAH is fully
charged. The charge mismatch results in a structure with more loops and
tails that can accumulate thicker layers. In contrast, at pH 7.0, both PAA
and PAH are fully charged, leading to thinner and more interpenetrated
layers with flat chains within the multilayer structure. Our findings
agree with Shiratori and Rubner [42], who demonstrated that the degree
of interpenetration of the multilayers is less at pH 3.5 than at pH 7.0. The
data were collected by contact angle measurements and methylene blue
staining, indicating some free binding sites and incomplete interpene-
tration due to the partially charged state of PAA [42]. All four PAA/PAH
multilayers studied here were strongly hydrophilic, with contact angles
ranging from 11° to 33° (Fig. 2A, Fig. 3A). The assembly pH and
outermost layer composition influenced the PEMs’ wettability, with
PAA-terminated films being more hydrophilic than PAH-terminated
ones, consistent with previous studies [42]. The film assembled at pH
7.0 with PAH as the outermost layer was the least hydrophilic, while the
film constructed at pH 3.5 with PAA as the final layer was the most
hydrophilic. The most pronounced hydrophilicity of the PAA 3.5 film
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Fig. 1. (A) Frequency change, Af, and (B) damping change, AD, during the LbL deposition of PAA/PAH films at pH 3.5 (squares) and pH 7.0 (circles). Even numbers
correspond to PAA deposition, while odd numbers correspond to PAH deposition. Each point was measured in triplicate.
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significant (P > 0.05), * P < 0.05, * * P < 0.01, * ** P < 0.001. Three independent experiments were conducted, and each sample was measured in triplicate.

can be attributed to the carboxylic groups in PAA, which readily form
hydrogen bonds with water [43]. The number of these groups on the
surface increases as the pH of the PAA solution decreases [42].

The surface free energies of the PAA/PAH films constructed under
varying conditions ranged from 52 to 65 mN/m. Statistically significant
difference was observed between PAA 3.5 and PAH 7.0, representing the
most and least hydrophilic films, respectively (Fig. 2B). The SFE data
align well with those for the contact angle measurements, as theoretical
predictions (Young’s Equation) suggest that SFE increases with
decreasing contact angle [44].

The thickness of PEM films (Fig. 3) is another property significantly
influenced by multiple factors during the self-assembly process, espe-
cially in the case of weak polyelectrolytes. Key determinants include the
polyelectrolyte’s water absorption capacity, the stability of charges be-
tween polyelectrolyte pairs, and the attraction between the poly-
electrolytes themselves [45]. The fabrication of multilayer thin films
from weak polyelectrolytes is particularly sensitive to pH variations,
leading to significant changes in thickness and enabling the regulation of
both bulk and surface composition [42]. Dry thickness measurements
revealed significant variations among PAA/PAH films assembled under
different pH conditions (Fig. 3, white columns). In acidic pH, thicker
films (58-66 nm) with higher refractive index (n ~ 1.6) were formed,
while in neutral pH, the films tended to be thinner (10-12 nm) and had
lower refractive index (n =~ 1.4-1.5) (Fig. 3, white columns). These re-
sults correspond very well with the QCM-D data for film growth (Fig. 1).
The increased mass and thickness can be attributed to the charge density
mismatch between PAA and PAH at pH 3.5. PAA exhibits reduced
ionization with more coiled conformations, while PAH is fully ionized.

At pH 7.0, both polyelectrolytes are fully charged and form flat chains
with thin, more interpenetrated multilayer structures. These results
aligned well with the findings of Shiratori and Rubner [42]. The slightly
increased film thickness in the current study may be attributed to the
higher molecular weights of the polyelectrolytes used and the inclusion
of a first single layer of PEI. After dry measurements, the samples were
rehydrated to simulate the physiological conditions upon the implan-
tation of the coated biomaterials. The increase in thickness due to film
rehydration depends on the assembly pH, regardless of whether the
hydration was performed using water or PBS (Fig. 3). This suggests that
the structural differences among the PEMs established during the as-
sembly process remain under hydrated biological conditions.

The study revealed significant differences between dry and any hy-
drated state of PEMs. In contrast, variations among different hydrated
conditions were less pronounced (Fig. 3). The aqueous environment
(water or buffer) complexly influences film thickness, with observed
statistically higher film thickness with PBS hydration (Fig. 3). The hy-
dration levels of PEMs (Fig. 4) were assessed based on the refractive
indices of the dry and hydrated PEM films after incubation in water and
PBS as specified in [38]. The formula provides a simple approximation
of the water content within the films: nPEM = 1.3340 x o+ (1 - o)
x 1.56, where nPEM is the refractive index of the hydrated PEM, 1.3340
represents the refractive index of a 0.15 M NacCl solution, 1.56 is the
refractive index of a pure polymer film, and a is the fraction of water in
the film [46]. By measuring the refractive index of our PEM films in both
dry and hydrated states, we calculated the fraction of water («) present
in the hydrated films. The data revealed that the thin PEMs assembled at
pH 7.0 exhibited higher hydration levels (47 % and 85 %, for PAH and
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Statistical significance is indicated as * ** - P < 0.001. Three independent ex-
periments were conducted, and each sample was measured in triplicate.

PAA respectively) compared to those at pH 3.5 (33 % and 44 %, for PAH
and PAA respectively) (Fig. 4). This finding corresponds well to the
QCM-D outcome that PAA/PAH films assembled at neutral pH are more
rigid than those assembled at acidic pH (Fig. 1).

Our results reveal that the pH of the assembly has a more significant
impact on hydration levels than the outermost layers (PAA or PAH). The
observed differences in hydration can be attributed to variations in
polyelectrolyte conformation, charge density, and interlayer in-
teractions under different assembly conditions.

The surface charge densities of four distinct PAA/PAH multilayer

films were evaluated by quantifying the adsorption of methylene blue
and acid red dyes. MB, a cationic dye, was used to assess negative
charges. In contrast, AR, an anionic dye, was employed to measure
positive charges (Fig. 5A). This approach enabled the determination of
net charge densities by summing the positive and negative charges for
each sample (Fig. 5B). In the PAH 7.0 and PAH 3.5 films, the surface
predominantly exhibited positive charges originating from the primary
amino groups of the last deposited PAH chains. Only a minor presence of
negatively charged carboxyl groups from PAA chains was detected.
Consequently, the net charge of these films was positive, with PAH 7.0
being strongly positive and PAH 3.5 only weakly positive. Conversely,
the PAA 7.0 and PAA 3.5 films displayed both amino and carboxyl
groups on their surfaces, indicating the presence of segments from both
PAA and PAH chains. Despite this, the net charges of these films were
opposite in sign: negative for PAA 3.5 and unexpectedly positive for PAA
7.0. This finding aligns with previous studies indicating that at pH levels
near 6.5, both PAA and PAH chains are fully charged and deposit on the
surface in a fully stretched conformation, forming very thin and highly
interpenetrated multilayers [22].

3.2. FNG adsorption

Studying the adsorption of FNG on polymeric surfaces is crucial for
assessing their blood compatibility. FNG is considered the primary
protein factor in blood coagulation, as it generates a fibrous network
known as a fibrin clot during the final phase of the coagulation process
[47]. FNG is cleaved upon thrombin activation, releasing fibrinopep-
tides and exposing the D-domains. These D-domains then interact with
platelets by integrin allbp3 and participate in their adhesion and
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aggregation [9].

Consequently, QCM and EIA measurements of FNG adsorption were
employed to assess the degree of FNG adsorption to PEMs and the
accessibility of the D-domain in the FNG molecule upon adsorption.

3.2.1. Total amount of adsorbed FNG estimated by QCM-D

QCM-D was employed to estimate the total amount of FNG adsorbed
on various PEM-coated surfaces and investigate its adsorption kinetics.
The measurements revealed that the adsorption of FNG is significantly
influenced by both the composition of the outermost polyelectrolyte
layer and the pH during the assembly process (Fig. 6A). PAH films
assembled at pH 7.0 exhibit the highest FNG adsorption (more than
three times) compared to the other films. The enhanced adsorption is
driven by strong electrostatic interactions between the PAH 7.0 layer
and FNG molecules. FNG has an isoelectric point (pI) of approximately
5.8, rendering it negatively charged under physiological conditions (pH
7.4) [48]. This negative charge facilitates interactions with surfaces
bearing positive charges such as PAH 7.0 film which exhibits a high
positive surface net charge due to the protonation of amine groups in the
PAH chains, confirmed through adsorption studies using dyes such as
methylene blue and alizarin red (Fig. 5B). In contrast, PAA 3.5 coating
possesses a negative surface charge, attributed to the deprotonation of
carboxyl groups in the PAA chains. This negative charge repels the
negatively charged FNG molecules, resulting in minimal adsorption onto
the PAA 3.5 surfaces. The decreased adsorption of FNG on PAH 3.5 and
PAA 7.0 can be explained by their weakly positive charge. These find-
ings underscore the pivotal role of surface charge in dictating protein
adsorption behaviors. In addition, the QCM-D measurements revealed a
distinct manner in FNG adsorption profiles. In support of this the
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analysis of frequency changes (Af) indicated significantly higher FNG
mass adsorbed on PAH 7.0 film (Fig. 6B). For instance, at the above
PEM, FNG initially adsorbed rapidly, followed by a gradual equilibrium
shift (Fig. 6B). In contrast, the rest of the multilayers showed slower FNG
adsorption.

On the other hand, our observations indicate that FNG adsorption
increases with the increase of the contact angle. This finding corrobo-
rates Vogler’s assertion that protein adsorption intensifies with height-
ened surface hydrophobicity [49] and is in agreement with the work of
Schilp S. et al., who reported that FNG adsorption initiates when the
contact angle surpasses approximately 40° when using oligo (ethylene
glycol)-terminated self-assembled monolayers with varying contact an-
gles [50]. This threshold is notably lower than the commonly referred to
"Berg limit" of 65° [51], suggesting that other surface characteristics can
modulate the onset of protein adsorption. Our study observed that sur-
face wettability and surface charge collectively influence FNG adsorp-
tion. Enhancing the positive surface charge reduces the contact angle
threshold required for FNG adsorption, effectively lowering the “Berg
limit”. This phenomenon can be attributed to electrostatic interactions
between the positively charged surface and the negatively charged re-
gions of the FNG molecule, facilitating adsorption at lower than the
"Berg limit" of 65° contact angles. These insights underscore the
importance of considering both surface wettability and charge in the
design of biomaterials’ surfaces, as they jointly modulate protein
adsorption behaviors.

3.2.2. FNG adsorption estimated by EIA
When FNG adsorbs onto surfaces, it may undergo conformational or
orientational changes that can impact its functionality [52]. These
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Fig. 6. (A) FNG surface density for each PEMs and (B). Normalized frequency shift relative to the initial frequency following FNG adsorption, as obtained by QCM-D.

Data are presented as mean + St.Dev. Statistical significance is indicated as *
measured in triplicate.
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changes could expose or hide specific domains, such as the D-domain.

We performed EIA to detect the exposition of the D-domain of FNG
adsorbed on the different PAA/PAH-coated surfaces from a single FNG
solution or 100 % human citrate plasma (Fig. 7). When FNG is adsorbed
from a single solution, the number of accessible D-domains demon-
strates a similar dependence on the assembling pH and the outermost
layers as the FNG surface density measured by QCM-D (Fig. 6A and
Fig. 7A). The PAH 7.0 film has the highest level of accessible D-domains
(Fig. 7A). However, while the surface density of total FNG on PAH 7.0
film is about 13 times higher than those on the other surfaces (Fig. 6A),
the number of accessible D-domains is only about 2 times higher
(Fig. 7A). This could be due either to unfavorable protein orientation on
the surface or to multilayer adsorption of FNG molecules with only the
top protein layer being accessible. In general, we might suggest that this
difference in protein orientation and conformation upon adsorption
likely affects the accessibility of the D-domains on the surface [10].
Previous studies have also shown that FNG can undergo conformational
changes of its D-domain in response to pH variations and wettability,
particularly rendering the 400-411 region inaccessible on hydrophobic
surfaces [14]. Other techniques, such as atomic force microscopy (AFM)
or laser scanning confocal microscopy (LSCM), could be used in future
cell adhesion studies to further elucidate the manner of FNG adsorption
to the studied surfaces: as single molecule, in aggregates or clusters [53,
54], and its impact on cell adhesion.

Overall, the accessibility of D-domains in FNG adsorbed from human
plasma is lower than when FNG is adsorbed from a single FNG solution
(Fig. 7B). This trend persists across different surface treatments; notably,
PAH-ended surfaces exhibit a significantly higher amount of accessible
FNG D-domains compared to PAA-ended surfaces. Interestingly, pH
variations do not influence this outcome, as both PAH and PAA coatings
at pH 7.0 and 3.5 demonstrate comparable D-domain accessibility. The
reduction observed in accessible D-domains when FNG is adsorbed from
human plasma versus a single solution can be attributed to the Vroman
effect [55]. This phenomenon involves the competitive adsorption of
various plasma proteins, where those with higher mobility initially
occupy the surface and may be partially displaced by proteins with
greater surface affinity, such as FNG. Therefore, this dynamic adsorption
process may induce conformational changes in the FNG molecule,
potentially masking or altering the accessibility of specific domains,
including the D-domains.

Among the studied physicochemical characteristics of PAA/PAH
multilayers, wettability, calculated surface free energy, and surface
charge, followed by film thickness and rigidity, play a role in FNG
adsorption. The pH of polyelectrolyte solutions during the formation of
PEMs greatly influenced the latter three physicochemical properties. For
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instance, a lower pH (3.5) produced thicker, more rigid structures, while
a higher pH (7.0) produced softer films. In this respect, the positively
charged, the least hydrophilic, with the least surface energy, softer and
thinner film PAH 7.0 film adsorbed the highest amount of FNG.

The formation and properties of polyelectrolyte multilayers con-
structed from weak polyelectrolytes such as PAA and PAH are highly
sensitive to a variety of experimental conditions. While pH plays a
critical role by modulating the degree of ionization of the poly-
electrolytes and thereby influencing layer thickness, charge density, and
conformation, other factors are also of great importance. These include
polyelectrolyte concentration, addition of electrolytes and their con-
centration, the nature of the rinsing solution (e.g., deionized water vs.
salt solution), and the specific deposition technique employed (such as
dipping, spraying, or spin-coating). Each of these parameters can affect
not only the growth regime (linear vs. exponential) but also the struc-
tural integrity, interlayer diffusion, and surface properties of the final
PEM. Polyelectrolyte solution concentration is a critical parameter in
PEM formation, affecting not only the thickness but also the mechanical
stability, roughness, surface charge, and biological compatibility of the
films. Low concentrations favor linear growth while high concentrations
support exponential build-up due to diffusion of polymers into deeper
layers [56,57]. Low ionic strength typically leads to thin and compact
layers, with limited chain interpenetration and more linear growth.
High ionic strength promotes screening of electrostatic repulsion be-
tween like-charged segments of the polyelectrolyte chains, allowing
them to adopt more coiled or looped conformations. This enhances
interdiffusion of chains between layers, leading to thicker films and
sometimes exponential growth regimes [28,57—59]. While both dip
coating and spray coating are effective for PEM fabrication, they result
in distinct surface properties [60]. Dip coating offers smoother, more
uniform, and predictable surfaces, ideal for detailed surface chemistry
studies. Spray coating, on the other hand, is faster and scalable but may
produce rougher, less uniform surfaces with different charge charac-
teristics, factors that must be considered when tailoring interfaces for
biological applications.

All of this highlights the versatility of the approach employed in this
study, demonstrating that by using a single polyelectrolyte pair and
modulating the process parameters during PEM self-assembly, it is
possible to fine-tune protein adsorption, which is critical for optimizing
the performance of biomaterials after implantation.

4. Conclusion

The study highlights the considerable correlation between the
physicochemical properties of PEMs and FNG adsorption, emphasizing
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Fig. 7. (A) Detection of D-domain in FNG adsorbed from a single solution and (B) from 100 % human citrate plasma. Data are presented as mean =+ St.Dev. Sta-
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how PEMs can influence protein-surface interactions. The study dem-
onstrates that surface wettability, predominantly affected by the
composition of the outermost layer, is essential in controlling FNG
adsorption. The pH of polyelectrolyte solutions greatly affects the
thickness, the rigidity of the films, and the hydration levels, resulting in
thicker, more rigid structures at a lower pH (3.5) and softer films at a
higher pH (7.0); however, it does not have a direct correlation with FNG
adsorption levels. The results indicate that the total FNG adsorption is
most significant on thinner, viscoelastic surfaces, more hydrated, less
hydrophilic, and positively charged, especially on PAH-terminated
PEMs at pH 7.0. At the same time, the accessibility of the D-domain
(especially 400-411 region, responsible for platelet adhesion) is not
expressed at such a high level on the above surfaces due to unfavorable
protein orientation on the surface or to multilayer adsorption of FNG
molecules. Thus, selecting appropriate PEM assembly parameters may
become an attractive strategy for developing surfaces with predictable
protein-surface interactions, leading to blood-contacting devices with
improved biocompatibility and functionality.
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