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ABSTRACT: Antifouling materials and coatings have broad fundamental and
practical applications. Strong hydration at polymer surfaces has been proven to
be responsible for their antifouling property, but molecular details of interfacial
water behaviors and their functional roles in protein resistance remain elusive.
Here, we computationally studied the packing structure, surface hydration, and
protein resistance of four poly(N-hydroxyalkyl acrylamide) (PAMs) brushes
with different carbon spacer lengths (CSLs) using a combination of molecular
mechanics (MM), Monte Carlo (MC), and molecular dynamics (MD)
simulations. The packing structure of different PAM brushes were first
determined and served as a structural basis for further exploring the CSL-
dependent dynamics and structure of water molecules on PAM brushes and
their surface resistance ability to lysozyme protein. Upon determining an
optimal packing structure of PAMs by MM and optimal protein orientation on
PAMs by MC, MD simulations further revealed that poly(N-hydroxymethyl
acrylamide) (pHMAA), poly(N-(2-hydroxyethyl)acrylamide) (pHEAA), and poly(N-(3-hydroxypropyl)acrylamide) (pHPAA)
brushes with shorter CSLs = 1—3 possessed a much stronger binding ability to more water molecules than a poly(N-(S-
hydroxypentyl)acrylamide) (pHPenAA) brush with CSL = S. Consequently, CSL-induced strong surface hydration on pHMAA,
pHEAA, and pHPAA brushes led to high surface resistance to lysozyme adsorption, in sharp contrast to lysozyme adsorption on the
pHPenAA brush. Computational studies confirmed the experimental results of surface wettability and protein adsorption from
surface plasmon resonance, contact angle, and sum frequency generation vibrational spectroscopy, highlighting that small structural
variation of CSLs can greatly impact surface hydration and antifouling characteristics of antifouling surfaces, which may provide
structural-based design guidelines for new and effective antifouling materials and surfaces.
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B INTRODUCTION

foulant and the surfaces.””™*” Hydrophilic and zwitterionic
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Biofouling is a long-standing, global problem today,' which
arises from the nonspecific interactions between artificial
surfaces and foulants (e.g, proteins, cells, and bacteria) and
significantly impedes a wide variety of applications, including
marine coatings/hulls, biosensors, water pipes, filtration
membrane, and biomedical engineering (e.$., sutures, surgical
products, and wound healing dressings).””"" Significant efforts
and progress have been made to develop many antifouling
materials and surfaces, including hydrophilic polymers [e.g.,
poly(ethylene glycol) (PEG),'”" poly(acrylamide),"* poly-
(saccharides)," polypeptoids,'® and poly(hydroxyethyl meth-
acrylate),'” zwitterionic polymers [e.g, poly(sulfobetaine
methacrylate),'®™** poly(carboxybetaine methacrylate),”***
poly(carboxybetaine acrylamide),”**” and poly(3-(l—(4—ving'1-
benzyl)-1H-imidazol-3-ium-3-yl)propane-1-sulfonate)***’],
and self-assembling monolayers (SAMs) terminated with
different functional groups (e.g, OEG,***' —COOH,** and
—PC*>**). All of antifouling materials/surfaces, despite
different chemical structures and chemistry, share a similar
strong binding ability to water molecules, creating a tightly
bound water layer to reduce the interactions between the
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materials/coatings generate strong surface hydration via
hydrogen bonding and ionic solvation, respectively. Under
the optimal conditions, the above-mentioned antifouling
surfaces can achieve superior fouling performance even in
complex media, as evidenced by low-protein adsorption (0.3—
5 ng/ cm? in the blood plasma and serum media), cell adhesion,
and bacterial attachment.

In parallel to massive experimental studies of antifouling
materials in terms of their materials synthesis and character-
ization, surface coating strategies, in vitro and in vivo tests at
macroscopic length and timescales, molecular simulations have
been used to investigate the structural, dynamical, and
interfacial properties of antifouling materials at a molecular
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Figure 1. Schematic illustration of the modeling process of PAM brushes in the absence and presence of lysozyme.

level. Early molecular simulations mainly focused on the
interfacial water behaviors on short SAMs with different end-
groups,”***! partially because of the simplicity of simulation
systems, the accessibility of experimental data, and less
computational cost.’>*>* It was found that in contrast to
CHj;-terminated SAMs, PEG-, PC-, and OH-terminated SAMs
can form strong interactions with interfacial water,*!#374
suggesting the importance of surface hydration responsible for
antifouling behavior. To expand the surface hydration
hypothesis to long-chain polymer-grafted surfaces, subsequent
computational simulations were applied to much more
complex polymer-grafted surfaces in the absence and presence
of a foulant or a protein. Different from SAM surfaces formed
by short and rigid chains with little or neglectable conforma-
tional changes, polymer-grafted surfaces formed by long chain
polymers usually undergo large conformational changes, which
are affected by grafting density, chain length, and end-group
hydrophobicity of grafting polymers. A number of molecular
dynamics (MD) simulations have examined the degree of
conformational transitions for grafting polymers as a function
of grafting density, chain length, and end-group hydrophobicity
without a foulant, as well as a structure—property relationship
between the structural characteristics of grafting polymers and
the dynamics of the hydration layer at polymer—water
interfaces.”’ ° It was reported that antifouling efficacy of
polymer-grafted surfaces increases with a longer chain length,
higher grafting density, or helical-like structure, indicating that
interfacial hydration by controlling the structure of grafted
polymer chains is a key contribution to antifouling efficacy.
Furthermore, more advanced steered MD (SMD) simulations
were proposed and developed to study the adsorption of a
foulant or protein on different polymer-grafted surfaces. Liu et
al.>" studied molecular structure and water diffusion at PVDF-
g-DMAPS membranes using both conventional MD and SMD
simulations. They observed the existence of the hydration layer
at the water—membrane interface, where the enhanced HB
strength and electrostatic repulsion dominate the antifouling
capability. Leng and co-workers”>*” investigated the surface
hydration and antifouling behavior of PEG- and poly-
(sulfobetaine)-grafted membranes when a alginate foulant
approached both membranes using SMD simulations, which
revealed strong repulsive forces between the foulant and both
membranes because of the compression of this hydration layer,
regardless of surface chemistry and grafting density, confirming
good antifouling properties.
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All of the above-mentioned simulations of antifouling
materials with and without foulants highlight the importance
of surface hydration for antifouling properties of materials and
surfaces. However, these simulation models were setup to
mimic polymer-grafted brush on a gold chip using typical
sulfur—gold (S—Au) bonds, and they did not consider the
optimal lattice structure of polymer chains. Instead these
models often assume the conventional \/ 3 X \/ 3R30° lattice
structure of the polymer chain with a chain—chain separation
distance of 4.95 A. Our previous computational work'” on the
structure of PC-terminated and OEG-terminated SAMs has
demonstrated that different from a \/ 3 X \/ 3R30° lattice
structure of OEG-SAM, PC-SAMs adopts a \/7 X \/7Rl9O
lattice structure because of the size and polarity of head groups.

Herein, we employed molecular simulations with explicit
water to computationally study the packing lattice structure,
surface hydration, and protein interaction of poly(N-hydrox-
yalkyl acrylamides) (PAMs) brushes with different carbon
spacer lengths (CSLs), that is, poly(N-hydroxymethyl
acrylamide) (pHMAA) (CSL = 1), poly(N-(2-hydroxyethyl)-
acrylamide) (pHEAA) (CSL = 2), poly(N-(3-hydroxypropyl)-
acrylamide) (pHPAA) (CSL 3), and poly(N-(s-
hydroxypentyl)acrylamide) (pHPenAA) (CSL = S). N-
Hydroxymethyl acrylamide (HMAA), N-(2-hydroxyethyl)-
acrylamide (HEAA), N-(3-hydroxypropyl)acrylamide
(HPAA), and N-(S-hydroxypentyl)acrylamide (HPenAA)
monomers contained one, two, three, and five methylene
groups between hydroxyl and amide groups, while the other
groups in polymer backbones were the same as each other. We
first systematically explored and determined optimal lattice
structures of different PAMs on the Au(111) substrate at the
lowest-energy state from a large energy landscape. Because of
the presence of the relatively large head groups (e.g., secondary
amide, hydroxymethyl, hydroxyethyl, hydroxypropyl, and
hydroxypentyl groups) of PAMs, all PAMs accommodated
the much larger lattice structures than a conventional \/ 3 X

3R30° lattice structure. Based on optimal lattice structures of
PAMs, CSL-induced surface hydration and protein interaction
of PAMs were further explored and compared to reveal their
brush structure—surface hydration—protein resistance relation-
ship. Collective simulation data from radius distribution
functions (RDFs), coordination number, self-diffusion, and
mean residence time of interfacial water molecules revealed
that pHMAA, pHEAA, and pHPAA (CSL = 1, 2, and 3)
induced a stronger and more stable interaction with
surrounding water molecules than pHPenAA (CSL = §),

https://dx.doi.org/10.1021/acs.langmuir.0c00165
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Table 1. Geometric Parameters of 28 Unit Cells for a Single PAM Chain

lattice name a (A) b (A) 7 (deg) area (A%) lattice name a (A) b (A) 7 (deg) area (A?)
4a 5.768 4.995 90 28.8 9b 8.652 7.630 79.1 64.8
4b 5.768 5.768 60 28.8 10a 9.990 10.398 43.9 72.0
S 7.630 4.995 70.9 36.0 10b 10.398 7.630 65.2 72.0
6a 8.652 4.995 90 43.2 10c 7.630 9.990 70.9 72.0
6b 9.990 4.995 60 43.2 10d 14.420 4.995 920 72.0
6¢ 8.652 5.768 60 43.2 10e 14.420 5.768 60 72.0
6d 5.768 7.630 79.1 43.2 10f 15.260 4.995 70.9 72.0
7 7.630 7.630 60 50.4 1la 12.570 7.630 55.8 79.3
8a 11.536 4.995 90 57.6 11b 7.630 10.398 20 79.3
8b 11.536 5.768 60 57.6 12a 11.360 8.652 61.6 86.4
8¢ 10398 5.768 73.9 57.6 12b 8.652 10.398 73.9 86.4
8d 9.990 7.630 49.1 57.6 12¢ 14.980 7.630 482 86.4
8e 9.990 5.768 90 576 12d 11.360 7.630 85.6 86.4
9a 8.652 8.652 60 64.8 12¢ 8.652 9.990 90 86.4
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Figure 2. Schematic of unit cells to accommodate a single PAM chain. All of unit cells are defined by their lattice structural parameters of g, b, 7, as
shown in this figure and listed in Table 1. Each unit cell is denoted by an integer and a letter, where an integer represents the number of Au atoms
per unit cell and a letter represents each distinct unit cell with the same number of Au atoms.

lysozyme adsorption, three pHMAA, pHEAA, and pHPAA
brushes exhibited a stronger surface resistance to lysozyme
adsorption in a decreasing order of pHEAA > pHMAA >

leading to stronger surface hydration. Finally, MD simulation
studies of the adsorption process of lysozyme on the four PAM
brushes showed that in contrast to the pHPenAA-induced
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pHPAA. Our simulation results are consistent with our
experimental results of the four PAM brushes, including
surface wettability from contact angle and protein adsorption
from surface plasmon resonance (SPR)." This work provides
the better fundamental knowledge on a structure—property
relationship among packing structure, surface hydration, and
antifouling property of polymer brushes at a molecular level,
which hopefully helps to design more effective antifouling
materials and surfaces.

B MATERIALS AND METHODS

Model Construction of PAM Brushes. In this work, we
constructed four PAM brush models (pHMAA, pHEAA, pHPAA,
and pHPenAA) in the presence of an explicit TIP3P water model to
study surface hydration of PAM brushes. Force-field parameters of
HMAA, HEAA, HPAA, and HPenAA monomers were created using
the ParaChem tool®* (https://cgenff.paramchem.org/), compatible
with the CHARMM force field. Lysozyme (LYZ, PDB ID: 7LYZ)*®
was used as a model protein to study its interaction with the four
PAM brushes. The CHARMM?27 parameter set with the CMAP
correction®® was applied to model the lysozyme, water (TIP3P
model), and ions.

Figure 1 shows the modeling process of PAM brushes in the
absence and presence of lysozyme. Briefly, a single PAM chain was
first created by connecting five repeated AM monomers of HMAA,
HEAA, HPAA, and HPenAA to an initiator on gold and then energy
minimized, where HMAA, HEAA, HPAA, and HPenAA monomers
contained one, two, three, and five methylene spacer groups between
the hydroxyl group and amide group, respectively (Figure 1a). An
optimal single PAM chain was then built on each distinct unit cell that
was periodically duplicated in a 6 X 6 array to construct a PAM brush
with a specific PAM chain and unit cell. Use of a combination of four
PAM chains (HMAA;, HEAA;, HPAA,, and HPenAA;), 12 chain
orientation (from 0 to 360° in an increment of 30°), and 28 unit cells
(Table 1 and Figure 2) enables to construct different PAM brushes
with different packing structures. The geometric parameters (a, b, 7,
and area) of different unit cells are listed in Table 1, where a and b are
the two vector lengths of different unit cells, ¥ is an angle between a
and b, and area is a surface area of unit cell. Therefore, for a given
PAM chain, we created a 6 X 6 array of PAM chains to model the
packing structure of a PAM brush by using 28 unit cells to describe
different lattice structures and by rotating PAM chains from 0 to 360°
by every 30° to describe different chain orientations. The optimal
packing structure of PAM brushes was determined at the lowest-
energy state by comparing all packing energies of different PAM
brushes (Figure 1b). After optimal packing structure of the four
optimal pHMAA, pHEAA, pHPAA, and pHPenAA brushes were
obtained, the much larger polymer brushes (Figure 1c) were built
using a 15 X 9 array (135 PAM chains) and solvated by TIP3P-
modeled water molecules to better study their surface hydration in the
absence of lysozyme (Figure 1d) and to study the protein resistance
ability in the presence of lysozymes (Figure le).

Model Construction of a Protein on PAM Brushes. To study
protein resistance behavior of four PAM brushes, a model protein of
the lysozyme was placed on four PAM brushes in the presence of
implicit or explicit water molecules and ions by using two-stage
simulations to overcome the timescale limit of molecular simulations,
where Monte Carlo (MC) simulations were first used to determine
the optimal orientation of lysozymes on PAM brushes in the presence
of implicit water molecules, and then MD simulations were performed
for the adsorption or desorption process of lysozymes with optimal
orientation on PAM brushes in the presence of explicit water
molecules. Specifically, MC simulations were performed to determine
optimal orientations of a lysozyme on PAM brushes. Based on the
optimal packing structure of PAM brushes, a lysozyme was initially
and randomly placed at different separation distances of 3—10 A from
the optimal PAM brushes. During 1 million step MC simulations, at a
given separation distance between lysozyme and PAM brush, the
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center mass of the lysozyme was fixed while still allowing to freely
rotate to find its optimal orientation at the lowest energy state at this
separation distance. Following the same protocol, when the lysozyme
was moved to different positions with its mass center being fixed, a
series of optimal orientations of the lysozyme on PAM brushes were
obtained and compared at different separation distances, among
which the lowest-energy orientation of the lysozyme was identified
and then used for subsequent MD simulations of the lysozyme
adsorption process. The details of MD simulations of lysozymes on
PAM brushes were described below.

MD Simulation Protocol. For each PAM brush model with or
without a lysozyme, two energy minimizations were performed to
remove bad contacts and relax the systems prior to MD simulations.
First, S000-step conjugate gradient minimization was performed
under the position constrains on PAM chains and a lysozyme to relax
water molecules; then, additional 5000-step minimization was
conducted to relax all atoms only with sulfur atoms being fixed.
After energy minimization, a short 0.5 ns MD simulation with a small
time-step of 1 fs was performed to relax water molecules and ions with
the fixed atoms of PAM chains and lysozyme, followed by additional
0.5 ns MD simulations with fixed sulfur atoms at a 1 fs time step.

For the equilibrium and production MD runs, all-atom MD
simulations were conducted to simulate pure PAM brushes (pHMAA,
pHEAA, pHPAA, and pHPenAA) and PAM-lysozyme systems
(pHMAA-LYZ, pHEAA—LYZ, pHPAA—LYZ, and pHPenAA—LYZ)
under the NVT ensemble (constant number of atoms, volume, and
temperature) using the NAMD 2.12 program with the CHARMM
force field>® The Langevin thermostat method with a damping
coefficient of 1 ps™" was used to control the temperature at 298 K. All
covalent bonds involving hydrogen bonds were constrained using the
RATTLE method, so that 2 fs was used to integrate the Newton
motion equations using the velocity Verlet algorithm. Short-range van
der Waals (vdW) interactions were calculated by the switching
functions with a twin-range cutoff at 12 and 14 A, while long-range
electrostatic interactions were calculated by the particle mesh Ewald
with a grad space of 0.5 A. MD trajectories of each system were
collected every 2 ps for the later analysis.

B RESULTS AND DISCUSSION

Optimal Packing Structures of PAM Brushes. Packing
structure of PAM brushes, as defined by chain packing density
and chain orientation, is critical for accurately describing their
structural-dependent surface hydration and protein resistance
capacity.57 For any given PAM chain, we constructed 6 X 6
unit cells containing a total of 36 PAM chains to model the
packing structure of the PAM brush by using different unit
cells (Figure 2) to describe different packing densities and by
rotating PAM brush chains from 0 to 360° by every 30° to
describe different chain orientations. The unit cell is defined by
different Au atoms (solid cycles) and its lattice parameters (a,
b, and y area in Table 1). Unit cells that have the same Au
atoms (e.g,, the same surface area) may have different lattice
structures (e.g, different shapes). The surface areas of the unit
cells containing 4—12 Au atoms correspond to 28.8, 36.0, 43.2,
50.4, 57.6, 64.8, 72.0, 79.3, and 86.4 A?, respectively. Thus, for
a given PAM brush, a total of 336 packing structures were
generated, and the optimal packing structure of PAM brushes
were determined by the lowest packing energies in an implicit
solvent by the molecular mechanics (MM) calculation.

Figure 3 shows the packing energies of the four different
pHMAA, pHEAA, pHPAA, and pHPenAA brushes as a
function of 28 unit cells with optimal chain orientation being
already identified from 12 orientations for the same unit cell.
For all PAM brushes, there always existed an optimal unit cell
to better accommodate PAM chains driven by the most
favorable chain—chain interactions, that is, very small unit cells

https://dx.doi.org/10.1021/acs.langmuir.0c00165
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Figure 3. Searching for the optimal packing structure (rosy solid
circles) of four PAM brushes. Packing energies of (a) pHMAA, (b)
pHEAA, (c) pHPAA, and (d) pHPenAA brushes with an optimal
chain orientation as a function of unit cells. In each unit cell, PAM
chain orientation is also considered by varying from 0 to 360° with an
increase of 30°.

(4a, 4b) led to the overpacking of PAM brushes because of
unfavorable steric repulsion of the sidechains of PAM brushes
as evidenced by much less favorable packing energies, while
too large unit cells cause the loosely packed chains to twist and
disorder, resulting in the reduction in vdW interactions
between PAM chains. Specifically, pHMAA and pHEAA
brushes with the smaller CSLs = 1, 2 reached their lowest-
packing energy structure of 6a with a chain orientation of 300°
and 6a with a chain orientation of 90°, respectively. Differently,
because both pHPAA and pHPenAA contained the longer
sidechains, they favored to adopt the larger unit cells of 8e (0°)
and 8a (210°) for stretching out sidechains at the lowest-
packing energy state, respectively. Taken together, for the four
PAM brushes at an optimal lattice structure, the chain—chain
spacing/unit cell area was 43.2 A* for pHMAA, 43.2 A* for
pHEAA, §7.6 A> for pHPAA, and 57.6 A’ for pHPenAA,
respectively, in which polymer chains not only are flexible, but
also align parallel to each other.

Water Structure and Dynamics on PAM Brushes. It is
well known that the antifouling property of surfaces strongly
depend on their surface hydration capacity. In this work, upon
the optimal packing structures of the four PAM brushes were
determined, we solvated the PAM brushes and conducted all-
atom explicit-water MD simulations to study the structure and
dynamics of the interfacial water layer on different PAM
brushes. To illustrate the interfacial water structure, Figure 4a
shows RDFs of water molecules on the four different PAM
brushes. First of all, all RDFs of pHMAA, pHEAA, pHPAA,
and pHPenAA brushes exhibited two obvious hydration peaks
at almost the same locations of 2.85 and 4.7 A, respectively,
where the first hydration peak was much more pronounced
than the second one. The RDF intensity of the first hydration
peak was 2.47, 3.07, 2.79, and 2.97 for pHMAA, pHEAA,
pHPAA, and pHPenAA, respectively. The higher water peak
indicates the more water molecules around polymer brushes.
In addition, the four polymer brushes had the higher intensity
of the first water peak than the corresponding monomers in
our previous work,”® indicating that a well-packed polymer
brush are more favorable to attract the surrounding water
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Figure 4. Structure and dynamics of water molecules on the four
PAM brushes. (a) RDFs, (b) coordination number (N,), (c) SDC,
and (d) mean residence time of water molecules on pHMAA,
pHEAA, pHPAA, and pHPenAA brushes.

molecules than randomly distributed monomers in bulk.
Beyond the first solvation shell, the second hydration layers
of all brushes were much weaker, but still higher than a water
bulk density of 1.0, indicating that both hydration layers
interact with polymer brushes. Furthermore, the overall water
intensities of pHEAA were higher than those of the other three
brushes, suggesting that pHEAA brush attracts more water
molecules than the other brushes. To further analyze RDF
profiles, the coordination number (N,,) of water molecules
around pHMAA, pHEAA, pHPAA, and pHPenAA brushes was
counted by integrating the first hydration shell of RDFs from
Figure 4a. It can be seen in Figure 4b that N,, on pHMAA,
pHEAA, pHPAA, and pHPenAA was 2.62, 2.84, 2.56, and
2.67, respectively. The difference in N, is another indicator
that more water molecules are favorable to stay around
pHMAA and pHEAA chains with the shorter CSLs = 1, 2 than
pHPAA with the longer CSLs = 3.

From a dynamic viewpoint of a water hydration shell around
different PAM brushes, we first evaluated the self-diffusion
coefficients (SDC) of water molecules within the first and the
second hydration shells of the four different PAM brushes
(Figure 4c). SDC of water molecules within the first/second
hydration shells of pHMAA, pHEAA, pHPAA, and pHPenAA
brushes were 1.59/1.57, 1.52/1.55, 1.82/1.83, and 1.94/1.94 X
107 cm?/s, respectively. For any given PAM brush, SDC of
water molecules in the first hydration shell was almost the
same as SDC in the second hydration shell. SDCs of water
molecules on the four PAM brushes were much smaller than
that of bulk water (2.54 X 107> cm?/s), clearly indicating that
the existence of polymer—water interactions slows down water
movement at polymer—water interfaces. Furthermore, SDC of
water molecules showed an increased order of pHEAA <
pHMAA < pHPAA < pHPenAA, again indicating that pHMAA
and pHEAA with the shorter CSLs 1, 2 interact more
favorably with interfacial water molecules than pHPAA, and
pHPenAA with the longer CSLs = 3, 5 in both hydration shells.

Besides SDC, another important dynamic property of water
molecules is the residence time of water molecules in the first
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hydration shell of PAM brushes. A longer lifetime indicates a
more stable polymer—water association. The residence time is
determined by fitting the function of

1 oN,,. FOk®)
Cr(t) =FZ,=W; % with Cp(t) = A exp(—t/z),

where Py; is a binary function, value of 1 (0) indicates that
the jth water stays (leaves) in (from) a layer with a thickness of
R at a time of t. In Figure 4d, Cg(t) curves for pHMAA,
pHEAA, and pHPAA brushes with short CSLs decayed slower
than pHPenAA with long CSL, showing a decreased order of
pHEAA (56.63 ps) > pHMAA (24.58 ps) > pHPAA (23.32
ps) > pHPenAA (2131 ps), consistent with SDC results.
Different SDC and residence times indicate different
interaction strengths between different brush—water contact
pairs, among which more water molecules favor to form the
stronger and more stable association with pHEAA brush than
the other three brushes. Our previous sum frequency
generation (SFG) data'® also showed that pHMAA, pHEAA,
and pHPAA brushes with the CSLs = 1, 2, and 3 exhibited
similar features and peak locations in SFG spectra, while the
pHPenAA brush with CSLs = 5 had a relatively lower SFG
signal intensity in comparison with SFG signal intensities from
the other three PAM brushes, indicating higher hydrophobicity
of pHPenAA leading to its weaker ability to interact with
interfacial water molecules. Further, SFG signal intensities of
the “dry” PAMs brushes exhibited a decreasing order of
pHEAA > pHMAA > pHPAA > pHPenAA, suggesting the
ability of holding water molecules of the four PAM brushes
follows the order of pHEAA > pHMAA > pHPAA >
pHPenAA. Considering that the strength of surface hydration
depends on the quality and quantity of water molecules
interacting with PAM brushes, collective data from RDFs,
coordination number, SDC, and residence time of water
molecules on PAM brushes showed a CSL-dependent surface
hydration behavior, that is, pPHMAA and pHEAA with shorter
CSLs = 1, 2 induce stronger surface hydration than pHPAA
and pHPenAA with longer CSLs = 3, 5.

Surface Resistance of PAM Brushes to a Protein. To
study protein adsorption (resistance) on PAM brushes,
molecular simulations were performed in two steps: we first
applied Metropolis MC simulations to determine the optimal
orientation of a LYZ above the PAM brushes, and then
performed all-atom explicit-water MD simulations to study the
interactions of a protein with different PAM brushes. Upon
two-million steps of MC simulations, a lysozyme adopted a
similar orientation on the four PAM brushes at the
corresponding lowest-energy states, that is, a V-shape region
of the lysozyme was oriented away from the PAM brushes for
all brushes (Figure S).

Upon the optimal orientations of a lysozyme on different
PAMs were determined, the lysozyme was manually placed at a
separation distance of ~4 A (i.e., between the first and second
hydration shells) above PAM brushes with its optimal
orientation. Considering some time- and length-scale con-
straints from conventional MD simulations, the lysozyme was
initially placed between the first and second hydration shells
from PAM brushes at the pre-adsorbed state, so in this way,
the less energy barrier was imposed on the lysozyme for its
adsorption, and if the lysozyme is still rejected by PAM
brushes, this confirms that the first hydration shell indeed
produces a physical and energetic barrier to resist protein
adsorption. Figure 6 shows the adsorption or desorption
process of a lysozyme on the four PAM brushes during 80 ns
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Figure 5. Optimal orientation of a lysozyme on (a) pHMAA, (b)
pHEAA, (c) pHPAA, and (d) pHPenAA brushes.

MD simulations. Visual inspection of MD trajectories clearly
showed that the lysozyme was desorbed from pHMAA (Figure
6a), pHEAA (Figure 6b), and pHPAA (Figure 6¢c), but
adsorbed on pHPenAA (Figure 6d). Time-dependent
separation distance profiles showed different adsorption/
desorption scenarios at the atomic level details. The lysozyme
quickly flied away from pHMAA and pHEAA brushes in the
first 10 ns, and the desorption of the lysozyme from pHEAA
brush was even more pronounced. For the pHPAA brush, the
lysozyme tended to maintain weak contacts with the pHPAA
brush and floated around at the brush surface, as evidenced by
a short separation distance of 0—10 A within the first 35 ns.
However, after 35 ns, the lysozyme was gradually rotated and
drifted away from the pHPAA brush. Thus, the lysozyme is not
likely to adsorb on pHMAA, pHEAA, and pHPAA brushes.
Different from the above-mentioned three brushes, the
lysozyme was tightly bound to the pHPenAA brush throughout
the entire 80 ns simulation. At the lysozyme—pHPenAA
interface, some polar residues (Thrg and Ser;q), negatively
charged residue (Aspy;), and nonpolar residues (Proo, Gly,y,
and Gly,y,) apparently showed strong interactions with
pHPenAA, as evidenced by their stable and close contacts
(data not shown). This indicates that lysozyme adsorption on
the pHPenAA brush is likely driven by a combination of
hydrophobic interactions, hydrogen bonding, and electrostatic
interactions at the interface, presumably because the increased
hydrophobic property of the pHPenAA brush also reduce the
surface hydration strength.

Statistically, we further analyzed the binding probability (%)
of the lysozyme to the four different PAM brushes by using the
separation distance profiles. We used the lysozyme—brush
separation distance of <6, 6—12, and >12 A to define the
strong, weak, and no binding events of the lysozyme to PAM
brushes. These binding events were counted every 1 ps and
converted into binding probabilities during 80 ns MD
simulations. In Figure 7, strong/weak/no binding probability
(%) of the lysozyme to pHMAA, pHEAA, pHPAA, and
pHPenAA brushes were 1.1%/6.0%/92.9%, 1.5%/1.1%/97.4%,
28.8%/13.1%/58.1%, and 98.5%/1.5%/0.0%, respectively.
Both pHMAA and pHEAA brushes with shorter CSLs = 1, 2
had very high no binding probability of 92.9 and 97.4% to
resist lysozyme adsorption. However, no-binding probability
was significantly reduced to 58.1% for the pHPAA brush,
indicating a weaker antifouling property. In contrast,
pHPenAA had 0.0% of no binding, but 100.0% of strong
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Figure 6. Time-dependent separation distance and final MD snapshots of a lysozyme with respect to (a) pHMAA, (b) pHEAA, (c) pHPAA, and

(d) pHPenAA brushes.
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Figure 7. Binding probability (%) of a lysozyme on (a) pHMAA, (b)
pHEAA, (c) pHPAA, and (d) pHPenAA brushes. Strong, weak, and
no binding are defined in terms of a lysozyme—brush distance of <6,
6—12, and >12 A, respectively.

binding probability to the lysozyme, suggesting its noninert
property.

Comparison of different lysozyme—PAM systems reveals
different adsorption/desorption behaviors of the lysozyme on
PAM brushes, strongly depending on lysozyme—PAM
interactions. Here, the nonbonded interaction energy between
the lysozyme and PAM chains was calculated to better
understand the driving forces for the adsorption/desorption of
the lysozyme on PAM brushes. As shown in Figure 8a, because
the lysozyme finally flied away from pHMAA, pHEAA, and
pHPAA brushes, no interaction energies were observed after
35 ns for the three cases. This indicates that the lysozyme
cannot break through the first hydration shell of these PAM
brushes for its adsorption. In contrast, the pHPenAA brush
indeed promoted the surface interaction with the lysozyme,
leading to a strong surface adsorption. The averaged
lysozyme—pHPenAA interaction from the last 40 ns
simulations was —160 kcal/mol. Further energy decomposi-
tions (Figure 8b) showed that electrostatic and vdW
interactions were —104 and —56 kcal/mol, respectively.
While electrostatic interactions were ~2 times larger than
vdW interactions, occupying 65% of total nonbonded
interactions, both interactions provide the collaborative and
attractive forces for lysozyme adsorption.
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Figure 8. Intermolecular interactions between a lysozyme and PAM
brushes. (a) Time-dependent nonbonded interaction energy and (b)
decomposed electrostatic and vdW components between a lysozyme
and the four PAM brushes (pHMAA, pHEAA, pHPAA, and
pHPenAA). Data in (b) are averaged using the last 40 ns MD
simulation data from (a).

In our previous study,'’ while all PAM brushes displayed
hydrophilic character, pHMAA, pHEAA, and pHPAA brushes
exhibited small contact angles of 14—18°, but the pHPenAA
brush had a much larger contact angle of 52°. Surface
wettability data are consistent with our collective simulation
data from RDF, SDC, and residence time, both indicating
different CSL-induced surface hydration strengths. As a result,
further SPR results showed that pHMAA and pHEAA brushes
exhibited almost undetectable protein adsorption (<0.3 ng/
cm?) from undiluted blood plasma and serum, pHPAA brushes
showed a very low protein adsorption of 0.3 ng/cm” from the
blood serum and 0.9 ng/cm’ from the blood plasma, and
pHPenAA brushes had a relatively higher protein adsorption of
0.7 ng/cm” from the blood serum and 2.1 ng/cm’® from the
blood plasma. Taken together, both simulation and exper-
imental results confirm the CSLs-dependent antifouling
efficiency in a decrease order of pHEAA > pHMAA >
pHPAA > pHPenAA. The increase in the number of
methylene groups (i.e., CSL) will increase a hydrophobicity/
hydrophilicity ratio of PAM chains and alter the flexibility of
PAM chains, both of which would lead to different water—
polymer interactions to induce different surface hydration and
antifouling behaviors for different polymer brushes.

B CONCLUSIONS

In this work, we computationally studied the packing structure,
surface hydration, and protein resistance of the four different
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PAM brushes with different CSLs = 1, 2, 3, and S using a
combination of MM, MC, and MD simulations, where MM
was used to determine the optimal packing structure of PAM
brushes, MC for determining the optimal orientation of a
lysozyme on PAM brushes, and MD for determining the
structural, dynamic, and energetic behavior between interfacial
water molecules, a protein, and PAM brushes. First, because of
the presence of the relatively large pendant sidechains in all
PAM brushes, four PAM brushes adopted different packing
structures based on different unit cells for pPHMAA (a = 8.652
A, b=4995 A, y=90°), pHEAA (a=8.652 A, b=4995A,y
= 90°), pHPAA (a = 9.990 A, b = 5.768 A, y = 90°), and
pHPenAA (a = 11.536 A, b = 4995 A, y = 90°). Upon
obtaining optimal packing structures of PAM brushes, the
structural and dynamic properties of water molecules on the
four PAM brushes were analyzed to determine the strength of
surface hydration. Collective simulation data from RDFs,
coordination number, self-diffusion, and residence time of
interfacial water molecules showed that pHMAA and pHEAA
with the shorter CSLs = 1—2 enabled to have a stronger and
more stable interaction with more water molecules than
pHPAA and pHPenAA with the longer CSLs = 3 and 5, thus
creating a stronger surface hydration layer. Finally, the MD
simulation of the adsorption process of a lysozyme on the four
PAM brushes revealed the role of hydration in surface
resistance to protein adsorption. Three pHMAA, pHEAA,
and pHPAA brushes exhibited strong surface resistance to the
lysozyme with a decreased antifouling capacity of pHEAA >
pHMAA > pHPAA, in sharp contrast to a pHPenAA-induced
adsorption of the lysozyme. Simulation results are consistent
with our experimental results from surface wettability of the
four PAM brushes by contact angles, protein adsorption on the
four PAM brushes by SPR, and water binding ability to the
four PAM brushes by SFG. This work provides the incremental
knowledge on the CSL-dependent surface hydration and
protein resistance capacity of different PAM brushes, which
would help to better understand antifouling behaviors and
design more effective antifouling materials and surfaces.
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