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ABSTRACT: Protein adsorption on material surfaces plays a key
role in the biocompatibility of medical devices. Therefore,
understanding the complex interplay of physicochemical factors
driving this kind of biofouling is paramount for advancing
biomaterial design. In this study, we investigated the interaction
of the most prominent plasma proteins with polyvinyl chloride
(PVC) as one of the ubiquitous materials in medical devices.
Through molecular docking, we identified human serum albumin
(HSA) as a plasma protein with the highest affinity for adsorption
onto the PVC surface with the binding energy of −25.9 kJ mol−1.
Subsequently, utilizing triplicate molecular dynamics (MD)
simulations (0.5 μs each), we quantitatively analyzed the
interactions between HSA and PVC, probing potential structural
changes in the protein upon adsorption. Our findings revealed that water-mediated hydrogen bonds and van der Waals forces are key
contributors in stabilizing HSA onto the surface of PVC without significant alteration to its secondary and tertiary structures. The
observed distribution of water molecules further highlights the importance of the hydration layer in facilitating and modulating
protein−polymer interactions. We further evaluated the thermodynamic properties governing the adsorption process by calculating
the potential of mean force (PMF) along the direction normal to the surface. The computed Gibbs free energy of adsorption at 300
K (−507.4 kJ/mol) indicated a thermodynamically favored and spontaneous process. Moreover, our investigations across different
temperatures (290 to 310 K) consistently showed an enthalpy-driven adsorption process.

1. INTRODUCTION
The interface between biological systems and synthetic
materials has long been a topic of critical importance in
various fields of science and medicine. When it comes to
medical devices implanted in the human body, the interaction
between blood and foreign surfaces initiates a complex process
known as plasma protein adsorption, which significantly
influences subsequent blood-material interactions.1,2 This
phenomenon, also known as biofouling, involves the
spontaneous adsorption of proteins and other biomolecules
on surfaces.3 Biofouling facilitates the accumulation and
adhesion of various cell types4 and emerges as a critical factor
affecting biocompatibility. Such interactions may lead to
complications like infections and device malfunctions,
attributed to the formation of bacterial biofilms on the
adhered protein layer.5 The trifecta of protein adsorption,
biofilm formation, and ensuing complications poses a
significant challenge in the biomedical industry, incurring
substantial economic costs, amounting to billions of US dollars
annually in the United States alone.6

A comprehensive understanding of the interface between
human plasma and polymers is crucial for advancing
biomaterial science. Transitioning from a paradigm where
predictable performance is rare to one where it is the standard
necessitates refined processing and selection criteria for
materials in final clinical products.7 This shift in focus, from
bulk to interfacial properties as pivotal determinants in medical
device outcomes, has spurred diversified research efforts.
Researchers are delving into the intricacies of physicochemical
and cell-mediated processes at artificial surfaces, aiming to
establish fundamental guidelines for optimizing perform-
ance.8−10
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Developing more targeted recommendations and efficient
anti/nonbiofouling strategies, along with creating surfaces or
textiles with improved resistance to biofouling, becomes
achievable with a deeper understanding of the physicochemical
aspects of interactions between biomolecules (especially
proteins) and materials. Plasma protein adsorption emerges
as a key indicator for enhancing blood compatibility, driving
multifaceted studies investigating surface properties such as
coverage, conformation, orientation, kinetics, exchange,
desorption, and intermolecular interactions across a range of
materials.11,12

Polyvinyl chloride (PVC), one of the most prevalent
polymers in medical devices and a leading thermoplastic
material, is expected to surpass a global production volume of
60 million metric tons by 2025.13,14 The commendable
properties of PVC, such as its low manufacturing cost,
lightweight nature, and recyclability, make it indispensable
across diverse sectors, particularly in medical devices.15,16

Nevertheless, a comprehensive understanding of the inter-
actions between PVC and blood components remains elusive.
Prominent plasma proteins, selected based on their

physiological significance, presence in blood, and potential to
interact with foreign surfaces, include: (i) Human Serum
Albumin (HSA), constituting 60% of plasma proteins with a
molecular weight of 66.5 kDa. HSA plays a pivotal role in
maintaining osmotic pressure and transporting substances such
as hormones, fatty acids, and drugs, highlighting its relevance.
Notably, HSA exhibits a robust adsorption capacity on various
surfaces, including synthetic materials like PVC.17,18 (ii)
Fibrinogen (FB), a protein of 340 kDa central to blood
clotting, is of interest due to its affinity for adsorption onto
PVC surfaces.19,20 (iii) Human Transferrin (HTR), an 80 kDa
glycosylated protein integral to iron homeostasis. Besides its
role in iron regulation, HTR’s potential bacteriostatic effects
may influence biofilm-forming microorganisms,21,22 and (iv)
C3b Protein, a component of the complement system pivotal
in immune response, particularly opsonization, marking
pathogens for immune cell destruction.23−25

Current experimental methods to counteract biofouling in
PVC-based medical devices either pose risks or demonstrate
limited efficacy.26−28 Hence, advancing strategies to mitigate
bio/nonbiofouling requires a fundamental grasp of the
physicochemical dynamics between plasma proteins and
PVC. Conventional experimental techniques, such as X-ray
photoelectron spectroscopy (XPS) or electron microscopy,
provide valuable insights but are limited in accurately
simulating real-world conditions.29 These methods operate in
vacuum conditions, deviating from the actual environment
where protein-biomaterial interactions occur.30 Therefore,
there is a pressing need to complement experimental
approaches with computational techniques such as molecular
modeling and simulations.31 Computational methods offer
precise predictions at the molecular level, filling in gaps in our
understanding of macromolecular properties observed exper-
imentally.32 Atomistic molecular dynamics (MD) simulations,
leveraging recent advancements in computing power, enable
the scrutiny of systems over time scales ranging from
subnanoseconds to microseconds.33 Previous studies have
highlighted the utility of MD simulations in investigating
protein adsorption on various biomaterials.34−40 Investigating
protein adsorption onto a polymeric material’s surface through
molecular methods proves challenging due to the large system
size, heterogeneous surface, and structural flexibility of the

adsorbate, necessitating extended simulation times to achieve
system relaxation. Conversely, the computation of adsorption
free energy presents a more formidable challenge due to the
multitude of degrees of freedom requiring sampling. Recent
work in our research group addressed the calculation of
adsorption free energy for the insulin-PVC complex,41 laying
the groundwork for extending this approach to the demanding
calculation of adsorption free energy for plasma protein
adsorption onto PVC surfaces.
Therefore, the objective of this study is to investigate the

fundamental physicochemical aspects of interactions between
plasma proteins and PVC, one of the most commonly used
polymers in medical devices. The aim is to identify the factors
that render PVC-based medical devices prone to plasma
proteins. This study employs diverse computational techniques
to probe this process.
Beginning with a molecular docking experiment to ensure

appropriate initial protein orientation�an essential factor
influencing adhesion energy and protein−polymer interac-
tions.42 This experiment not only scores plasma proteins based
on their affinity for PVC surface adsorption but also serves as a
cost-effective means to ascertain protein orientation on PVC
surfaces.43,44 Subsequent parallel molecular dynamics (MD)
simulations of proteins in water and protein adsorption onto
PVC surfaces allow for an in-depth exploration of protein
structure and behavior during the adsorption process.
It is anticipated that the insights gleaned from this

comprehensive study, which delves into the adsorption of
plasma proteins onto PVC-based medical devices, encompass-
ing the intricate calculation of adsorption free energy and
examining changes in protein structure and hydration proper-
ties relative to bulk water conditions, will illuminate the path
toward designing and developing a new generation of
biomedical materials with heightened biocompatibility and
anti/nonbiofouling properties.

2. COMPUTATIONAL PROCEDURES
2.1. Molecular Docking. In this study, molecular docking

was employed to investigate the binding interactions between a
PVC chain and major human serum proteins, namely HSA, FB,
C3b, and HTR. The aim was to determine the most favorable
binding sites and orientations on the PVC surface. Polymeric
surfaces cannot be used in docking studies, however several
research groups have shown that using a model chain of the
polymer of interest is suitable and can be representative of the
polymer surface.45−47 Hence, one PVC chain was modeled as a
ligand using GaussView48 and Gaussian1649 software, applying
the PM6 semiempirical method. The 35-mer PVC chain served
as the ligand model, while crystallographic structures of HSA
(PDB code: 1AO6), FB (PDB code: 3GHG), C3b (PDB code:
5FO8), and HTR (PDB code: 3 V83) were selected as model
templates.
Prior to docking, protein structures were processed by

removing water molecules and determining missing side chains
and the protonation state of histidine residues using the
WHATIF web interface.50 Gasteiger charges were assigned to
the macromolecule for the docking procedure using AutoDock
Vina.51,52 The analysis of ligand-protein interactions, along
with the determination of intermolecular energies, provided
insights into the binding preferences between PVC and the
selected proteins. A 2D diagram illustrating amino acids
involved in these interactions was generated using Ligplot+
V.2.2.8.53
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2.2. MD Simulations. We established a molecular system
with a protein in a water box, positioned atop a PVC slab
previously prepared. The PVC slab, measuring 10 × 10 × 5
nm3, comprised 171 PVC chains, resulting in a PVC density of
approximately 1.24 g cm−3, closely matching the reported
experimental value of 1.40 g cm−3 for amorphous PVC.54 The
PVC chains were parametrized using the CHARMM36 force
field, known for its success in modeling PVC samples.55

For the amorphous PVC slab, equilibrated PVC chains
underwent a heating−cooling procedure (300 K-1000 K-300
K) at a rate of 50 K ns−1. The starting conformation of the MD
simulation was based on docking results. The PVC slab was
positioned at the bottom of the simulation box, with the
protein positioned approximately 0.5 nm above the PVC slab.
A 5 nm vacuum layer was added on top to prevent interactions
with the periodic boundary image of PVC, resulting in a final
system size of 10 × 10 × 19 nm3. As a reference, another
system containing only the protein in a water box without the
PVC slab was prepared in a cubic box measuring 11.4 × 11.4 ×
11.4 nm3.
Both systems were neutralized with Na+ and Cl− ions to

achieve a concentration of 150 mM, with approximately 40,000
water molecules surrounding the protein. The composition of
the two simulation systems is illustrated in Figure S1 of the
Supporting Information.
All MD simulations were performed using the GROMACS

2021.6 simulation package.56−59 The CHARMM36 force field,
validated for protein−polymer interactions,39 was employed. A
time step of 1.0 fs was used, employing XYZ periodic boundary
conditions. The systems underwent energy minimization using
the Conjugate Gradient (CG) method, with convergence
criteria set at 1 × 10−6 kJ mol−1 for energy difference and 1 ×
10−6 kJ mol−1 nm−1 for RMS force. Subsequently, a 0.5 μs
NVT production run was conducted at 300 K, using a Nose-
Hoover thermostat with a damping constant of 0.2 ps.
Lennard-Jones and Coulomb interactions had a cutoff of 1.0

nm, and the particle mesh-Ewald (PME) method and LINCS
algorithm handled long-range electrostatics and constraints,
respectively. The MD simulation of protein-PVC system was
performed in triplicates (0.5 μs each), all results are
represented as the average values of these triplicate MD
simulations. Visualization and analyses were performed using
VMD software V.1.9.360 and GROMACS 2021.6.
2.3. Potential of Mean Force (PMF) Calculations. To

quantify the adsorption energy of the protein on the PVC
surface, we performed PMF calculations. The last configuration
of the MD simulation, at equilibrium, served as the starting
point for steered MD (SMD) simulations, during which we
applied a force along the z dimension of the simulation box. A
spring constant of 4000 kJ mol−1 nm−2 and a pull rate of 0.01
nm ps−1 were chosen for the 1 ns pulling simulation.
Configurations for umbrella sampling (US) were generated

with a spacing window of 0.08 and a total distance of 7 nm
between the center of mass of the protein and the PVC slab.
This resulted in 89 configurations along the protein-PVC
reaction coordinate (the z dimension). Each umbrella sampling
window underwent a 1 ns equilibration and a subsequent 5 ns
NVT production run with a 4000 kJ mol−1 nm−2 umbrella
potential. The Gibbs free energy profile along the reaction path
was constructed using the Weighted Histogram Analysis
Method (WHAM), integrated into GROMACS as the
WHAM module.61

To explore the temperature dependence of the adsorption
process, we repeated PMF calculations at 290 and 310 K, too.
The last MD configuration underwent a 10 ns equilibration (at
the new temperature) before PMF calculations with the
previously mentioned parameters. To analyze the thermody-
namic properties, we employed the Gibbs−Helmholtz
equations62 (eqs 1 and 2). Plotting ΔrGo against temperature
allowed us to determine the change in enthalpy (ΔrHo) and
entropy (ΔrSo) upon adsorption as

Figure 1. 2D and 3D molecular docking maps showing molecular interactions between PVC chain with HSA protein. Hydrophobic interactions are
shown by red arcs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05044
ACS Omega 2024, 9, 38054−38065

38056

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05044/suppl_file/ao4c05044_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05044?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05044?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05044?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05044?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


( )
T

H
T

G
T r

P

o

2

r
oi

k

jjjjjjjjjj

y

{

zzzzzzzzzz
=

(1)

G
T

Sr
o

P
r

oi
k
jjjj

y
{
zzzz =

(2)

3. RESULTS AND DISCUSSION
3.1. Docking Structure Evaluation. Triplicate docking

calculations were conducted for each protein, considering 20
models (poses) of the protein-PVC complex in each
calculation. Based on the top-ranked poses obtained from
the docking calculations, we identified the amino acids to
which the PVC chain preferentially binds and the types of
interactions taking place. Figure 1 presents the 2D image and

Figure 2. Representative snapshots of the HSA-PVC MD simulation. (a) starting frame; (b) 60 ps: the first contact; (c) 3 ns: interactions of key
residues (Gln170, Ala171, Ala172, Asp173, and Lys175) with PVC chains; (d) 150 ns: bending of HSA onto PVC surface; (e) 300 ns: key residues
are still in contact with PVC surface while HSA is continuously bending; and (f) 500 ns: different types of amino acid residues interacting with
PVC chains (aliphatic, aromatic, polar uncharged, acidic and basic amino acid residues are represented by blue, red, orange, yellow, and green
licorice, respectively).
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3D image showing molecular interactions between the PVC
chain and HSA protein. Similar representations for FB, C3b,
and HTR proteins are shown in Figure S2. The results revealed
that hydrophobic interactions play a dominant role in the
stability of PVC-protein complexes, aligning with previous
results from protein adsorption studies on other inert
polymeric materials such as Polystyrene.39

The molecular docking results indicate a strong interaction
between the PVC chain and HSA protein, with an average
binding energy of −25.9 ± 1.2 kJ mol−1. The other three
proteins, HTR, C3b, and FB, also exhibit interactions with the
PVC chain, with average binding energies of −20.5 ± 1.05,
−19.7 ± 0.98, and −14.2 ± 0.55 kJ mol−1, respectively. This
behavior mirrors findings in the interaction of HSA, FB, and
HTR with polyacrylonitrile hemodialysis clinical membranes,
which have binding energies of −29.7, −23.4, and −25.9 kJ
mol−1, respectively.20

The observation that HSA demonstrates the highest
interaction energy among the studied proteins, coupled with
its status as the most abundant protein in human plasma
(constituting around 60% of the total plasma protein content),
underscores its relevance for studying interactions with
materials that come into contact with blood. Moreover, HSA
is one of the most extensively studied proteins due to its
critical physiological functions and therapeutic potential,
providing insights into both biocompatibility and toxicity.63

HSA is known for its ability to bind reversibly or covalently to
a wide range of endogenous and exogenous compounds.
Unlike other plasma proteins, HSA can bind to a diverse array
of ligands and materials with high affinity.64

HSA’s interaction with numerous polymers, plastics, and
microplastics has been extensively investigated.65−68 This
substantial body of research facilitates comparative analysis
and provides a contextual framework for our study. The
complex binding behavior of HSA is of significant scientific
interest. Investigating its interactions with PVC using
molecular simulations can enhance our understanding of the
molecular mechanisms underlying these interactions, which is
crucial for applications in biocompatibility and material
science.
3.2. MD Simulations. 3.2.1. Adsorption Mechanism. The

HSA-PVC simulation was performed in triplicates (0.5 μs
each) to achieve reliable data for analysis. Figure S3 shows the
alignment of the protein structure at the end of the three
simulations which indicates the consistency of the results. One
of the trajectories was chosen to be studied for the
investigation of the adsorption mechanism of HSA onto the
PVC surface. The trajectory analysis of the HSA-PVC
simulation reveals a dynamic process of adsorption charac-
terized by an initial bending of the HSA protein to maximize
surface contact with the PVC substrate. This bending behavior
is consistent with the adaptation of the protein structure to
achieve optimal interactions with the PVC surface.
As it is shown in Figure 2a, the simulation commenced with

the protein in a perpendicular orientation to the PVC layer,
reflecting the configuration with the highest docking score
from prior docking calculations. With acknowledging that a 2D
PVC surface may induce different conformational changes and
interaction strengths in HSA, the docking results offer a
valuable starting point indicative of potential binding hotspots.
Additionally, the long MD simulations (triplicate 0.5 μs
trajectories) allowed the protein to relax and adopt
conformations driven by the interaction potential with the

PVC surface. The approximation from a single PVC chain to a
2D PVC surface is based on the hypothesis that the interaction
energy trends observed with a monomer can be extended to a
surface. This hypothesis is supported by the literature45−47 and
provides a practical approach given the current computational
resources.
In this configuration, the initial contact between HSA and

PVC, occurring within the first 60 ps, was facilitated by the
involvement of the Lys564 amino acid residue (Figure 2b).
The proximity of Lys564 (2.79 Å) indicated a robust
hydrophobic interaction, underscoring the significance of
such interactions in initiating the adsorption process. Never-
theless, this interaction was transient as the protein
dynamically adjusted its configuration to enhance contact
with the PVC surface.
A critical phase in the adsorption process unfolded around 3

ns into the simulation, marked by the discernible bending of
HSA over the PVC surface. Notably, specific amino acid
residues emerged as key players in stabilizing the protein near
the PVC surface during its movement, with Gln170, Ala171,
Ala172, Asp173, and Lys175 identified as pivotal residues
(Figure 2c). These residues displayed recurrent interactions
with various PVC chains, signifying their importance in
mediating and stabilizing the adsorption of HSA onto the
PVC surface (Figure 2d,e).
Further characterization of the interactions revealed a

diversity of amino acid types involved, including aliphatic,
aromatic, polar uncharged, acidic, and basic amino acids. This
diversity underscores the complex nature of the HSA-PVC
interaction, with different amino acid residues contributing to
the stability of the adsorbed state. Figure 2f provides a visual
representation of the equilibrium phase, illustrating the
distribution and nature of amino acid residues in contact
with the PVC surface.
The system achieved equilibrium after approximately 350 ns

of the simulation time, persisting until the conclusion of the
trajectory. The observed equilibrium indicates a stabilized state
of HSA adsorption onto PVC, reinforcing the reliability and
validity of the simulation results.
To enhance the accuracy of our simulation descriptions, we

conducted a comprehensive density profile analysis along the
z-axis direction for all components within the systems. Figure
S4 illustrates a uniform distribution of water molecules around
the protein in the reference simulation, indicating a well-
equilibrated environment.
In contrast, Figure 3 portrays the density profile of the HSA-

PVC system. This system exhibits a stratified composition with

Figure 3. Density profile of the components of the HSA-PVC system
at equilibrium.
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distinct regions along the z-axis. At the bottom, there is a PVC
slab, forming the substrate. Above it, an interface layer
emerges, comprising the protein and some water molecules.
This interfacial region extends over about 15 Å. From this
distance, the water molecules recover their bulk properties.
The remaining protein and water molecules occupy the
uppermost region. This observation signifies a multilayered
arrangement, emphasizing the distinct spatial organization of
the protein and water within the HSA-PVC system.
Comparative analysis of the density profiles between the

reference and HSA-PVC systems reveals the strategic position-
ing of the protein within the latter. The proximity of the
protein to the PVC surface is evident, confirming the reliability
of the simulation setup in mimicking the adsorption scenario.
Moreover, the observed distribution of water molecules further
highlights the importance of the hydration layer in facilitating
and modulating protein−polymer interactions.
In our quest to unravel the intricacies of HSA adsorption

onto PVC, we commenced by scrutinizing the interactions
between HSA and water molecules. Figure 4a illustrates that
the introduction of the PVC surface led to a reduction in the
total number of hydrogen bonds formed between HSA and
water. This reduction indicates a dynamic shift in the protein’s
interaction preferences in the presence of the PVC substrate.
To gain a more comprehensive understanding of the

evolving interactions, we turned our attention to the total
number of contacts established between HSA and the PVC
surface by considering that the surface is in contact with one
amino acid if they have at least one pair of atoms separated by
a distance not larger than 3.5 Å.39,40 Figure 4b unveils the
increase in contacts between HSA and PVC with time.

The substantial decrease in hydrogen bonds with water
coincides with a corresponding rise in contacts with the PVC
surface. This observation aligns with the notion that the
availability of the PVC surface influenced the interaction
preferences of HSA, leading to a shift from water-mediated
interactions to direct interactions with the polymer. These
findings underscore the dynamic nature of the adsorption
process, shedding light on the interplay between HSA, water,
and the PVC surface.
A further breakdown of the number of contacts made by

individual amino acid types was performed to elucidate the
specific residues responsible for the interactions. Figure 5
provides an insightful comparison, showcasing the number of
residues in contact with the PVC surface for each amino acid
type against the available surface residues not interacting with
PVC. The total number of surface residues of HSA was
computed using the Swiss-PdbViewer software V.4.169 with a
10% cutoff value, meaning that a residue is considered a surface
residue if at least 10% of this residue is surface-accessible.
The results depicted in Figure 5 underscore the diverse

nature of interactions between HSA and PVC, spanning across
various types of amino acid groups. This diversity is expected
given the substantial size of HSA (comprising 578 amino acid
residues, of which 362 residues are surface-accessible), the
heterogeneous nature of residues, and the chemical character-
istics of PVC.
To offer a more granular perspective on these interactions,

Table 1 presents the percentage of each amino acid group and
their respective adsorption on the PVC surface. This detailed
breakdown highlights the differential contribution of amino
acid types to the overall adsorption phenomenon and the

Figure 4. (a) Total number of hydrogen bonds between HSA and water as a function of time; (b) Total number of HSA protein residues in contact
with PVC surface as a function of time.

Figure 5. Number of HSA amino acids (three-letter code) adsorbed (in contact with PVC surface) and not absorbed (surface residues not in
contact with PVC surface) at equilibrium.
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significance of the presence of hydrophobic AAs on the protein
surface.
In summary, the analysis reveals that HSA utilizes a

spectrum of diverse interactions with the PVC surface, notably
hydrophobic interactions with hydrophobic AAs; leading to
the establishment of a highly stable equilibrium state. This
finding raises concerns about the potential high affinity of HSA
for adsorption, which could have implications for biofouling
processes. The ability of HSA to form varied interactions
proves its versatility in mediating interactions with surfaces, a
factor that warrants careful consideration in applications
involving biomaterial interfaces.
To gain a more quantitative understanding of HSA-PVC

interactions, we conducted analyses of the contact area and the
Lennard-Jones (LJ) interaction energy profiles.
The contact area was derived using the calculation of the

solvent-accessible surface area (SASA) for the protein (HSA)
alone, the polymer (PVC) alone, and the HSA-PVC
complex:70

contact area
1
2

(SASA SASA

SASA )

HSA PVC

HSA PVC complex

= × +

(3)

As illustrated in Figure 6, the contact area between HSA and
the PVC surface exhibited an interesting temporal evolution.

Initially, it showed a positive value within the first nano-
seconds, surpassing the assigned 5 Å gap distance in our
system. This phase corresponds to the initial interaction
between HSA and PVC, indicating the overcoming of the
initial gap distance. Subsequently, a notable gradual increase in
the contact area was observed for approximately 350 ns. The
system reached an equilibrium stage around the time 350 ns
and remained stable until the end of the simulation.

The LJ interaction energy profile, generated using
GROMACS, provided additional insights into the dynamic
nature of HSA-PVC interactions. As depicted in Figure 6, the
LJ energy trend paralleled the calculations of the contact area.
At the onset of the simulation, a rapid decrease in LJ energy
was observed, reaching approximately −500 kJ mol−1.
Subsequently, the LJ energy gradually decreased indicating
the evolving and strengthening interactions. Finally, during the
equilibrium phase, the LJ energy values continued to decrease,
reaching approximately −2200 kJ mol−1, suggesting a stable
and energetically favorable state of HSA adsorption onto the
PVC surface.
This congruence between the contact area and LJ energy

trends reinforces the reliability of our quantitative analyses and
provides a comprehensive perspective on the evolving HSA-
PVC interactions.
3.2.2. Adsorption Thermodynamics: PMF Calculations. To

delve into the adsorption behavior and binding strength of
HSA onto the PVC surface, we conducted PMF calculations.
These calculations, though extensive and time-consuming, are
essential for unraveling the driving forces involved in the
adsorption of HSA. The final MD simulation configuration was
selected as the initial configuration for meaningful insights.
The resulting PMF profiles at different temperatures, as
depicted in Figure 7a, indicate the thermodynamically
favorable process of HSA adsorption onto PVC. The well-
defined curves with significantly negative values (Figure 7a)
highlight that the adsorption process is thermodynamically
favored.
Notably, the minimum values of the free energy of

adsorption were −535 kJ mol−1 at 290 K, −507 kJ mol−1 at
300 K, and −459 kJ mol−1 at 310 K, highlighting the presence
of robust interactions between HSA and the PVC surface.
These values align with findings from other studies, which
report high Gibbs free energy values for protein adsorption on
polymer surfaces. For example, the free energy values for the
adsorption of cardiotoxin (CTX) protein on mixed self-
assembled monolayer (SAM) surfaces can reach up to −300 kJ
mol−1.71

To dissect the components of the Gibbs free energy profile,
we examined the variation of free energy against temperature
(Figure 7b). The derived values indicate that the adsorption
process of HSA onto the PVC surface is spontaneous, and
primarily driven by enthalpy (ΔrHo = −1647 kJ mol−1). The
negative entropy change (TΔrSo = −1140 kJ mol−1) clearly
establishes the loss of degrees of freedom of HSA upon
adsorption. In addition, the strong LJ interactions between
HSA protein and PVC surface is in line with an adsorption
process governed by the enthalpy.
Further exploration into the enthalpy and entropy changes

along the reaction coordinate revealed consistent trends,
aligning with the negative values of ΔrGo at various
temperatures (Figure S5). This reinforces the enthalpy-driven
and spontaneous nature of the adsorption process.
The signs and values of ΔrHo and ΔrSo were utilized to

identify the key interaction forces driving the adsorption
reactions.72 With both ΔrHo and ΔrSo being negative, we can
infer that van der Waals forces and hydrogen bonds played
predominant roles in the adsorption process. This finding is
consistent with some interactions involving key residues. While
direct hydrogen bonds between HSA and the PVC surface
were not identified, water-mediated hydrogen bonds formed in

Table 1. Percentage of Each Group of Amino Acids of HSA
Adsorbed onto the PVC Surface at Equilibrium

adsorbed
not

adsorbed
surface
residues

percentage
adsorbed

aliphatic 19 ± 2 64 ± 2 83 22.9 ± 2.8
aromatic 8 ± 1 4 ± 1 12 68.9 ± 8.0
polar
uncharged

20 ± 3 75 ± 3 95 21.1 ± 3.4

acidic 13 ± 3 69 ± 3 82 15.3 ± 3.8
basic 11 ± 4 79 ± 4 90 11.8 ± 4.9

Figure 6. Contact area and LJ interaction energy profile for HSA
protein and PVC surface as a function of time.
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the presence of water molecules at the interface layer facilitated
interactions between HSA and PVC chains (Figure S6).
3.2.3. Conformational and Structural Changes of HSA. To

investigate the conformational and potential structural
alterations of HSA during the simulations, we conducted a
series of analyses comparing the HSA-PVC simulation with our
reference simulation.
3.2.3.1. Root-Mean-Square Deviation (RMSD). The RMSD

of the backbone atoms of HSA relative to the crystal structure
was calculated to assess the overall stability of the protein
structure. As depicted in Figure 8a, the RMSD in the HSA-
PVC simulation indicated the stability of the system but with a
slight increase compared to the reference simulation. However,
this difference, not exceeding 3 Å at equilibrium, suggests
necessary minor conformational changes facilitating the
complete adsorption of HSA onto the PVC surface.

3.2.3.2. Radius of Gyration (Rg). The eigenvalues of Rg were
calculated to gauge the compactness and folding state of the
protein. Figure 8b−d indicates that the change in Rg was
primarily driven by alterations in the x-axis component of the
eigenvalues (λ1) starting around 350 ns until the end of the
simulation. This points to a localized change in a specific
region of HSA that interacts with the PVC surface, while the
overall structure remained globally stable.
To corroborate this observation, the total Rg was calculated,

revealing relatively stable values during both simulations
(Figure S7; the mean values of 2.68 ± 0.02 and 2.73 ± 0.03
nm for HSA in the reference simulation and in the HSA-PVC
simulation, respectively.). In addition, the Rg density
distribution is represented in Figure S8; showing a small
shift in the population of Rg values between the HSA-PVC
simulation and the reference simulation. Hence, the minor

Figure 7. (a) PMF profiles calculated at different temperatures as a function of the distance between the center of mass of HSA and the center of
mass of PVC along their reaction coordinate; (b) The variation of Gibbs free energy calculated at different temperatures during the adsorption
process of HSA onto PVC surface as a function of temperature; yielding the equation of the line (y = 3.822x − 1647).

Figure 8. (a) Root-mean-square deviation (RMSD) of all backbone carbon atoms of HSA protein and (b−d) the eigenvalues of Rg for HSA
protein during the 0.5 μs MD simulations.
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increase observed in the HSA-PVC system corresponds to the
change in the x-axis component of the eigenvalues.
3.2.3.3. Volume and Solvent-Accessible Surface Area

(SASA). Additional analyses on the protein volume and its
solvent-accessible surface area (SASA) showed constant values
throughout the simulations (Figure S9a,b). No significant
differences were observed between the reference simulation
and the HSA-PVC simulation, suggesting that the overall
protein structure remained unaffected by the adsorption
process.
3.2.3.4. Secondary Structure Analysis. The secondary

structure analysis using the DSSP module of GROMACS
demonstrated that the secondary structure features of HSA did
not undergo significant changes upon adsorption onto the
PVC slab (Table 2). The calculated abundance of the α-helical

conformation is consistent with previously reported values.73,74

The obtained values indicate that the adsorption process did
not induce major alterations in the secondary structure of
HSA. Figure S10 represents the alignment of the protein
structure before and after adsorption on PVC surface
confirming no substantial structural change. These findings
are consistent with experimental Circular Dichroism (CD)
results, which indicate that the secondary structure of HSA
remains stable and shows little to no significant change upon
binding to different polymeric materials such as polyoxome-
talates (POMs).75

Collectively, the analyses suggest that the interaction with
the PVC surface induced localized changes in HSA’s
conformation and tertiary structures, facilitating increased
accessibility of amino acid residues at the polymer surface.
However, it is crucial to note that stability in secondary and
tertiary structures does not guarantee the proper functioning of
HSA after adsorption onto PVC. Furthermore, the formation
of an attractive layer for other cells on the HSA molecules may
initiate the biofouling process, a concern particularly relevant
in medical devices employing PVC surfaces extensively.

4. CONCLUSIONS
The biofouling phenomenon plays a pivotal role in defining the
biocompatibility of medical devices, with the adsorption
affinity of plasma proteins on biomaterial surfaces serving as
a critical determinant. In this study, we employed computa-
tional techniques to unravel the molecular-level interactions
governing protein adsorption onto PVC. Through extensive
analyses, we identified HSA as the most relevant plasma
protein for studying its adsorption onto PVC.
MD simulations were conducted for HSA in water (as a

reference simulation) and HSA on the PVC surface. Five key
residues (Gln170, Ala171, Ala172, Asp173, and Lys175) were
pinpointed as crucial for the adsorption mechanism. Various
analyses, including contact calculations, contact area determi-
nation, and interaction energy assessments, provided con-
sistent and comprehensive insights into the interactions
between HSA and the PVC surface.

Thermodynamic aspects of the adsorption process were
evaluated through extensive PMF calculations at different
temperatures. The Gibbs free energy of adsorption indicated
strong interactions between HSA and PVC surface, with values
of −535 kJ mol−1 (290 K), −507 kJ mol−1 (300 K), and −458
kJ mol−1 (310 K). The adsorption process was found to be
spontaneous, thermodynamically favored, and primarily driven
by enthalpy (ΔrHo = −1647 kJ mol−1), with water-mediated
hydrogen bonds and van der Waals forces identified as key
contributors.
Structural analyses demonstrated that the global structure of

HSA remained stable, with localized changes facilitating
increased accessibility of amino acid residues at the polymer
surface. This study offers a comprehensive evaluation of a
crucial process influencing the biocompatibility of medical
devices at the molecular level. The insights gained can inform
the design of PVC surfaces tailored for specific biomolecular
interactions, with broad applications in materials science,
biotechnology, and biomedical engineering.
Potential new investigations would concern the interactions

with other plasma proteins and diverse biomaterials and the
challenging aspect of multimolecular cooperativity between
adsorbed proteins on a single polymeric surface. These
simulations potential will help to improve our understanding
of the biofouling process and of the biocompatibility of
medical devices.
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