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ABSTRACT: Polymer brushes have witnessed extensive utilization and progress, driven by
their distinct attributes in surface modification, tethered group functionality, and tailored
interactions at the nanoscale, enabling them for various scientific and industrial applications
of coatings, sensors, switchable/responsive materials, nanolithography, and lab-on-a-chips.
Despite the wealth of experimental investigations into polymer brushes, this review
primarily focuses on computational studies of antifouling polymer brushes with a strong
emphasis on achieving a molecular-level understanding and structurally designing
antifouling polymer brushes. Computational exploration covers three realms of thermotical
models, molecular simulations, and machine-learning approaches to elucidate the intricate
relationship between composition, structure, and properties concerning polymer brushes in
the context of nanotribology, surface hydration, and packing conformation. Upon
acknowledging the challenges currently faced, we extend our perspectives toward future
research directions by delineating potential avenues and unexplored territories. Our
overarching objective is to advance our foundational comprehension and practical utilization of polymer brushes for antifouling
applications, leveraging the synergy between computational methods and materials design to drive innovation in this crucial field.

1. INTRODUCTION

Polymer brushes, also known as tethered bottlebrushes,
represent a distinctive class of macromolecular structures
characterized by a high dense grafting of polymer chains.1−4

These chains are securely anchored onto diverse substrates,
including inorganic and organic materials, metals, semi-
conductors, and biological substances. The anchorage of
polymers to modify substrates can be accomplished through
two primary processes: physisorption via noncovalent bond
linkages and chemisorption via covalent bond linkages.
Di(erent physisorption methods (e.g., spin-coating, layer-by-
layer assembly, solvent casting, and plasma deposition) and
chemical anchorage techniques (e.g., grafting-to method,
grafting-from method)5−8 have been developed to cater a
wide range of substrate shapes, including one-dimensional
linear backbones, two-dimensional planar surfaces, and three-
dimensional spherical or cylindrical matrices. The anchored
polymer brushes enable the empowerment of a host substrate
with a new spectrum of desirable properties, including
enhanced thermal, mechanical, chemical, responsive, adhesive,
and biocompatible characteristics.9 These enhancements of
surface functionality and property are achieved through
meticulous modification of both polymer chains themselves,
encompassing alteration in the chemical structure, hydro-
phobicity, charge distribution, and molecular weight, as well as

the manipulation of surface properties, including surface-
grafting density, thickness, roughness, patterning, and chain
conformation. Additionally, the e0cacy of polymer brushes is
also a(ected by the methods employed for their synthesis and
application. In essence, polymer brushes serve as a versatile
toolbox in terms of surface modification, materials engineering,
and tailored interactions for a wide range of scientific and
industrial applications,10 including membrane separation,11

antifouling and antibacterial coatings,12−16 (bio)sensors,17 and
cell culture and tissue regeneration.18,19

From a historical perspective, before the 1980s, early
investigations into polymer brushes primarily centered on
their fundamental physicochemical surface properties, such as
wetting, friction, adhesion, corrosion resistance, and mechan-
ical/thermal stabilization. Later, the emergence of advanced
polymerization techniques, including ring opening metathesis
polymerization (ROMP),20 nitroxide-mediated polymerization
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(NMP),21 atom transfer radical polymerization (ATRP),22

single-electron-transfer living radical polymerization (SET-
LRP),23 and reversible addition−fragmentation chain transfer
(RAFT) polymerization,24 o(er precise control over the
chemical compositions and surface properties of tethered
polymer chains, so polymer brushes have evolved into
nanoscale soft building blocks. Consequently, research e(orts
have redirected their focus toward uncovering novel
functionalities for polymer brushes,25−27 including bioelec-
tronics,28,29 smart/responsive surfaces,30−32 electrolytes and
batteries,33−36 (bio)catalysis,37,38 and polymer-inorganic nano-
particles.39−41

Despite significant progress in polymer brushes through
experiments, most of the findings have yielded only quasi-
macroscopic properties and functionality. Molecular-level
information, including uncertainties about the exact polymer
chain conformation, bound solvents, and ions, remains
unknown explicitly. The number of SCI-index papers on
polymer brush studies between 2013 and 2023 reveals a stark
contrast between computational and experimental research in
this field (Figure 1). Theoretical modeling and molecular

simulations have emerged as e(ective and indispensable tools
for characterizing polymeric brush systems and gaining insight
into the fundamental principles of molecular structures,
(thermo)dynamics, and interactions that govern polymer
brush properties. Pioneering theoretical research on polymer
brushes, initiated by Alexander42 and de Gennes,43 closely
paralleled experimental investigations. Single-chain mean-field
theory (SCMFT) and its associated models (worm-like chain
model, self-consistent field model) have been developed to
elucidate the grafting density and conformation of polymer
brushes.44−46 SCMFT allows for the use of a simplified
parameter, ∑ = σπRg

2, to e(ectively describe and di(erentiate
tethered polymer chains across three principal regimes: (1) the
mushroom regime, characterized by highly flexible polymer
chains (∑ < 1), (2) the crossover regime (∑ ≈ 1), and (3)
the brush regime, marked by highly stretched polymer chains
(∑ ≫ 1). This model not only elucidates the mushroom-to-
brush transition from a single grafted chain to a polymer brush
but also accounts for the influence of the solvent on grafting
density in relation to this transition. However, recent
experimental advancements in polymer brushes have intro-
duced diverse polymerization techniques, notably grafting-to

methods versus grafting-from methods, and more complex
polymer architectures, such as multiblock polymers, branched
polymers, and gradient polymers, particularly in stimuli-
responsive systems. These new classes of polymer brushes
pose challenges for SCMFT when characterizing tethered
polymers using a single ∑ parameter, especially when
obtaining or measuring the radius of gyration (Rg) of a
tethered chain under specific experimental conditions can be
di0cult.

These polymer theoretical models, coupled with the
majority of experimental techniques, can furnish only restricted
atom-level insights into the conformational dynamics of
brushes and their interactions with the environment. Molecular
simulations, including molecular dynamics (MD), Monte
Carlo (MC), dissipative particle dynamics (DPD), and
Brownian dynamics (BD), have been conducted to study
structural and thermodynamic properties of polymer brushes at
coarse-grained47−55 and atomic resolutions.56−58 Di(erent
simulation approaches o(er unique advantages in capturing
various aspects of polymer brushes. Coarse-grained (CG)
simulations excel in studying large polymer brush systems with
long relaxation times associated with polymer dynamics.
However, they may not accurately represent chemically specific
interactions, such as hydrogen bonding. All-atomic MD
simulations provide atomic-level details of equilibrium
structures, dynamics, and interactions of polymer chains at
lower free energy states but are limited by spatial and temporal
constraints, typically in the nanometer and nanosecond
range.59 Monte Carlo (MC) simulations are particularly useful
for studying chain growth processes akin to radical polymer-
ization. However, they are often employed within implicit
solvent models. More importantly, these simulations can serve
as invaluable sources for establishing the composition−
structure−property relationship of polymer brushes, which,
in turn, can be used as critical inputs for machine-learning
models. These data are essential for predicting and optimizing
the structures and properties of new polymer brushes in an a
priori fashion, greatly enhancing the design process. While
modern computational modeling and simulations have greatly
expanded our understanding of the fundamentals of polymer
brushes, it is important to note that the specific selection of
modeling parameters and methods can introduce variations in
results or even discrepancies in the obtained data.
Furthermore, investigating long-time and large-length-scale
phenomena in polymer brushes and their associated systems
still remains a challenging task due to limitations in accurate
force fields.60

While there are several comprehensive reviews covering the
experimental aspects of polymer brush synthesis, character-
ization, functionality, and applications, this review centers on
the essential computational facets of polymer brushes
throughout theoretical models, molecular simulations, and
machine-learning approaches. In particular, we aim to
understand the fundamental behavior of polymer chains with
respect to their intrinsic chemical compositions and external
surface packing properties at the molecular levels. Further-
more, the usage of machine-learning models will aid and enable
the design of new polymer brushes. Taken together, the task of
designing innovative polymer brushes that o(er multifunction-
ality and precise control over surface properties continues to
present significant challenges. This underscores the imperative
for ongoing and collaborative e(orts, combining comprehen-

Figure 1. Number of SCI-index papers on polymer brush studies
between 2013 and 2023, resulting from a search using keywords of
“polymer brush” with or without “computation”, “simulation”,
“modeling”, and “in silico” in the topics of papers from the Web of
Science database.
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sive simulations with experimental tests, for designing
increasingly complex polymer brush systems.

2. STRUCTURAL CHARACTERIZATION OF POLYMER
BRUSHES BY THEORETICAL MODELS

In the early pioneering computational studies of polymer
brushes, polymer brushes are often described by the simple
Alexander42 or de Gennes43,61 models in di(erent solvent
conditions, where the solvent is traditionally modeled by
excluded-volume-type repulsive interactions between the
individual monomeric units that form the polymer chains.
Specifically, in a good solvent, a delicate equilibrium exists
between repulsive and attractive forces among polymer chains,
while in a poor solvent attractive forces tend to dominate. This
intricate interplay between repulsion and attraction, stemming
from both the enthalpic (interaction) and entropic (elastic)
energy contributions of the polymer chains, has profound
implications for the structure and dynamics of polymer
brushes. As the grafting density increases, the spacing between
the grafted polymer chains on the substrate becomes notably
smaller than the average size of the free chains. So, steric
hindrance and/or electrostatic repulsion forces compel the
polymer chains to stretch themselves in the direction
perpendicular to the surface. This leads to the adoption of
brush-like conformations driven by minimizing intermolecular
free energy throughout the entirety of the polymer brushes.
This transition in conformation induced by grafting density
signifies a shift from the “mushroom” regime, characterized by
loosely packed and separated chains, to the “brush” regime,
where the chains are densely packed and extend outward from
the surface. Meanwhile, environmental factors, including pH,
ionic strength, temperature, solvent, and salt types, exert a
significant influence on the regulation of polymer brush
conformational behavior. It is widely acknowledged, for
instance, that charged polyelectrolyte brushes exhibit remark-
able sensitivity, displaying intricate conformational shifts in
reaction to fluctuations in ionic and solvent conditions.
Interactions among ions, solvents, and polymers can either
screen or induce interchain interactions, thereby triggering
either the collapse or expansion of polymer chains within the
brush.
In theory, the scaling and self-consistent-field (SCF)

models42,43,61 were initially introduced to elucidate the
variations in thickness and density of polymer brushes across
di(erent regimes, considering factors such as grafting density,
the degree of polymerization, and solvent quality. The
excluded volume interactions among polymer chains, a key
element in both the scaling method and self-consistent-field
approaches, provide a reasonable description of the polymer
brush thickness and density profile in good solvent conditions,
in reasonable agreement with the computational predictions
derived from both on- and o(-lattice models. Regarding the
grafting density e(ect, grafting density is defined as σ = Np2/A,
p represents the characteristic segment length of the polymer,
N is the number of monomers in the chains, and A denotes the
substrate area. There are three density regimes being identified
for grafting polymer chains in good solvent (Figure 2): (1) at σ

< 0.004, the brush exhibits characteristics of the mushroom
regime; (2) In the range of 0.01 < σ < 0.05, the brush adheres
to the scaling behavior as predicted by SCF theory, resulting in
parabolic monomer density profiles; and (3) at σ > 0.05, the
brush behavior diverges from the predictions of the SCF
theory, leading to the flattening and stretching out of density

profile.62 In quantitative terms, these models have revealed a
scaling relationship between the height (h) of a brush under
conditions of a good solvent and its grafted chain length (N)
and surface coverage density (σ), as expressed by h ∼ Nσ

1/3. In
particular, these models predict a typical monomer density
profile characterized by a parabolic dependence at low grafting
density63 and a step function at higher grafting densities.42 In
these regimes, the conformation of the polymer chains is
influenced by factors such as the grafting density, chain length,
and interaction between monomers. In both the mushroom
and brush regimes, polymer entanglement is generally less
likely. In the mushroom regime, polymer chains are less
densely packed and are separated by large distances; thus, the
chains do not experience significant overlap or entanglement.
In the brush regime, polymer chains extend away from the
surface due to strong steric repulsive forces between chains.
This steric repulsion tends to repel chains from each other and
keeps them from retaining a more ordered and extended
configuration, which helps to reduce the likelihood of
interpenetration or entanglement between adjacent chains.
However, under conditions where the grafting density is high
or the chains are long, there might be some degree of overlap
or entanglement. This situation could be more prevalent in the
crossover regime, where there is a transition from a brush to a
denser, more entangled state.

However, there exist some di(erences in the density
distribution of individual monomers and free chain ends of
grafted polymers in the direction perpendicular to the grafting
plane when comparing scaling approaches,42 Flory-type
approaches,43 and SCF approaches.45 Both scaling and Flory-
type approaches utilize a step function to depict the monomer
density distribution. This function linearly decreases to zero as
one moves from the substrate (h = 0) to the top of the brush.
In contrast, SCF theory exhibits a parabolic dependence of
monomer density on the distance from the grafting surface,
which diminishes at the brush height.63 Regarding the free
ends of grafted polymers, the scaling approaches predict that
these free chain ends are exclusively situated at the forefront of
the brush layer. Conversely, the SCF theory posits that the free
ends of grafted polymers exhibit a nonzero probability
distribution throughout the brush, which starts with a linear
increase, followed by a faster decay after reaching a maximum
at h/√2, ultimately reaching a zero value at h. Unlike scaling-
based theories, single-chain mean-field theory (SCMF)
explicitly considers intramolecular and surface interactions
between polymers and proteins, while it models intermolecular
interactions by using a mean-field approximation. This
approach allows for the inclusion of detailed conformational

Figure 2. Tethered polymer chains across three principal regimes,
including a mushroom regime, characterized by highly flexible
polymer chains (σ<0.004), a crossover regime (0.01 < σ < 0.05),
and a brush regime, marked by highly stretched polymer chains (σ >
0.05). σ (grafting density) = Np2/A, p represents the characteristic
segment length of the polymer, N is the number of monomers in the
chains, and A denotes the substrate area.
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and chemical information on the molecules by accurately
representing the single-chain conformations. A number of
SCMF studies have successfully predicted the protein
adsorption amount on the grafted PEO-based brushes with
varied PEO chain lengths and surface chain density.64−66 They
discovered that PEO attached to a hydrophobic surface
decreased protein adsorption by obstructing protein adsorp-
tion sites. According to the SCMF model, although surface
density played a significant role in preventing protein
adsorption, chain length had a relatively minor impact on
protein adsorption. As a result, the SCMF model is e(ective in
explaining experimental outcomes involving short PEO chains
(n < 20).
These theoretical models, primarily employed in the realms

of continuum scaling fields and self-consistent fields, have
provided initial and significant insights into the conformational
dynamics of polymer brushes in relation to grafting density,
chemical composition, and external factors (e.g., pH and salt
types). However, all of these models come with several
inherent limitations. First, while scaling-based continuum
models and SCF models can e(ectively describe the
conformations and concentration profiles for most practical
systems containing neutral chains with N < 20 (N monomers
per chain) at any given grafting density (σ), they often
encounter di0culties in understanding the conformation of
long chains (N ≥ 100) and polyelectrolyte chains. Second,
polymer brushes are constructed using structureless chains,
and this construction assumes that the coverage density is high
enough to ensure that the size of the thermal blobs is larger
than the distance between grafting points. This assumption
may not hold true for the practical use of polymer brushes with
lower surface densities. Third, these models employ an implicit
representation of solvents (such as water, alcohol, and others),
which provides a simplified depiction of the complex
interactions among polymer chains, solvents, and salts across
a range of environmental conditions. Solvent quality as an
important factor is at best approximated through a Flory−
Huggins-type enthalpic term. Additionally, excluded volume
interactions are primarily designed to describe polymer
interactions in good solvents. These inherent limitations
contribute to unresolved disparities that persist between the
results from these theories and experimental observations,
particularly regarding the dynamic behavior of polymer
brushes in poor solvent conditions.

3. MOLECULAR SIMULATIONS OF POLYMER
BRUSHES

To clarify from a molecular simulation perspective, while both
polymer brushes and self-assembled monolayers (SAMs)
involve molecules attached to a substrate, the distinction
between polymer brushes and SAMs lies in the nature of their
molecular arrangement.67−71 Polymer brushes exhibit a more
extended and multilayered structure compared with the
compact, single-layer formation of SAMs. Polymer brushes
involve extended polymer chains often arranged in multiple
layers, providing greater flexibility. In contrast, SAMs consist of
a single layer of molecules spontaneously organized on a
substrate. SAMs form a closely packed, well-ordered
monolayer composed of smaller molecules with fewer
repeating units. The coverage of SAMs is uniform, lacking
the extended protrusions seen in polymer brushes. Below, the
discussion exclusively focuses on molecular simulations of
polymer brushes (Table 1).

3.1. Conformational Properties of Polymer Brushes.
Generally speaking, the evolution of molecular simulations for
polymer brushes, taking into account the computational
resource requirements and the necessity for force field
development, can be traced from the historical use of bead−
spring models for polymer chains in implicit solvent to coarse-
grained (CG) models that represent both polymer chains and
solvents, to CG models focusing solely on polymer chains in an
explicit solvent, and ultimately to all-atom models for both
polymer chains and solvents.60,72 Therefore, molecular
simulations with atomistic or coarse-grained models can o(er
a complementary perspective on the behavior and structure−
property relationships of polymer brushes by manipulating the
number of segments and molecular architectures of the grafted
polymer chains, the coverage densities of modified surfaces,
and the interactions of monomers with surface, temperature,
and solvent quality, in comparison to the theoretical models
mentioned above.

In the early investigations of grafted polymer brushes, Monte
Carlo (MC) simulations, utilizing both the bond-fluctuation
lattice model73 and the o(-lattice model,74 revealed the
dynamic behavior of polymer chains within a brush regime
(Figure 3a1). Specifically, the end groups of polymer chains
did not exhibit strictly linear-like stretching-out conformations
perpendicular to the surface. Instead, the chains displayed large
fluctuations resembling random walks, although such structural
fluctuations in polymer chains decreased as both chain length
and grafting density increased. On the other hand, as
temperatures decreased, the solvent quality shifted from
good to poor, causing the polymer chains to stretch less and
the brush thickness to collapse. In pursuit of a more realistic
modeling approach for polymer brushes that incorporates
explicit solvent e(ects, coarse-grained (CG) models were
developed by employing a bead−spring representation for
polymer chains and a single-point model for solvent. By
varying the interaction parameter (ε) in the Lennard−Jones
potential function, it becomes possible to finely adjust the
pairwise interactions between polymer−polymer, polymer−
solvent, and solvent−solvent, spanning from repulsive forces to
attractive ones. This also allows us to examine four distinct
scenarios that describe the conformations of polymer chains
under varying solvent conditions and grafting densities. At
either low grafting densities or in a bad solvent, bead brushes
develop considerable lateral inhomogeneity, primarily due to
dimple formation47 (Figure 3a2), consistent with the results
from the on- and o(-lattice polymer brushes.73,74 Conversely,
at high grafting densities in a good solvent, bead-like polymer
chains underwent a pronounced stretching from the grafting
surface, forming a characteristic brush structure. However, in
the case of a dense brush in a poor solvent, the top layer of
polymer chains exhibited an almost random orientation. This
particular scenario has also been observed in experimental
studies of grafted polymers in a poor solvent.75,76 Furthermore,
the sti(ness of polymer chains also exerts a notable influence
on the dynamic properties, especially in the case of polymer
chains with nonlinear topological structures, such as branched
or ring structures, when subjected to compression50,77 (Figure
3a3). MD simulations conducted on compressed polymer
brushes containing rings have revealed that sti( polymer chains
with shorter persistence lengths tend to be penetrated by linear
free chains. This penetration occurs due to a combination of
conformational entropy penalties and a lower monomer
density within the brushes. However, when the persistence
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length (i.e., sti(ness) is held constant, compression on both
ring-containing polymer brushes and linear polymer brushes
did not lead to significant di(erences in terms of changes in
brush height and bending energies within the polymer brushes.
This suggests that the topological structures are less sensitive
to brush structures and the penetration of free polymer chains
into the brushes when the sti(ness remains consistent.

In contrast to the bead−spring model for polymer brushes,
which loses chemical specificity, an enhanced MARTINI
coarse-grained (CG) model was developed to represent real
polystyrene brushes immersed in benzene, a good solvent,
within a high grafting density regime48 (Figure 3b1). While all
polystyrene brushes fell within the high-density regime, only
the brush with the highest density displayed the characteristic
fully stretched-out conformation, with its chain ends moving
away from the grafting surface. In the case of other high
grafting densities, some brush chains exhibited di(erent tilt
angles and experienced deep penetration of the chain ends into
the brush. This indicates that achieving fully stretched
configurations, even under a high grafting density, is a
relatively rare event. Instead, the titled polymer chains
represent the most energetically favorable stretched config-
urations in metastable states, transiting from a semicollapsed
state to a fully extended one. In another set of coarse-grained
molecular dynamics simulations involving PEO or PEG
brushes grafted onto a hydrophobic surface78 (Figure 3b2),
as the distance between neighboring PEG chains decreased
(corresponding to an increase in grafting density), the
simulations accurately replicated a structural transition from
a mushroom regime to a brush regime. This transition was
evidenced by the reduction in the e(ective lengths of PEG
brushes, which closely aligned with the predictions of
Alexander−de Gennes theory. However, extending the
applicability of PEG brushes from hydrophobic surfaces to
PEG brushes grafted on lipid bilayers (PEGylated bilayers)
necessitates the further development of force fields. Regarding
the solvent e(ect, CG MD simulations conducted on mixed
polymer brushes composed of polystyrene−poly(ethylene
oxide) (PS−PEO) have revealed that PS predominantly
determines the thickness of these PS−PEO mixed polymer
brushes across various solvents and grafting densities.51 From
the perspective of algorithm development, a hybrid approach
combining Monte Carlo simulation and a dynamic lattice
liquid (DLL) model has been devised to replicate the growth
of coarse-grained (CG) polymer brushes from a flat surface,
akin to atom transfer radical polymerization (ATRP)79 (Figure
3b3). By the adjustment of the reaction probability and
grafting density, this algorithm allows for the regulation of
polymerization rates, resulting in the formation of both dense
and moderately dense brushes with degrees of polymerization
ranging from 45 to 150.

Although CG simulations provide accelerated dynamic
responses in polymer brushes and other materials by reducing
the degrees of freedom in the studied systems, it is essential to
note that CG models also reduce fluctuating and frictional
forces linked to configurational entropy, which is inevitably lost
to some extent when compared to atomistic models.53 All-
atom, explicit-water molecular dynamics (MD) simulations of
poly(ethylene oxide) (PEO) brushes have been conducted to
investigate their response to molecular weight and coverage
density56,80 (Figure 3c1,c2). At low surface coverages, PEO
chains adopt curly three-dimensional mushrooml-ike con-
formations, consistent with a scaling analysis, which predicts
PEO chains with a scaling exponent smaller than 3/4, as
derived for a free two-dimensional coil in a good solvent. At
high surface coverages, PEO chains form well-defined,
extended brush-like structures. This transition is primarily
driven by strong dispersion interactions between the PEO
chains. The brush-like conformation arises from a combination
of factors: the loss of entropy due to reduced degrees of

Figure 3. Typical simulation models and molecular simulations
showcasing the conformational changes of polymer brushes at lattice/
bead−spring, coarse-grained, and atomic resolutions in the presence
of an explicit or implicit solvent. (a1) MC simulations of generic
polymer brushes at di(erent grafting densities using the bond-
fluctuation lattice model and implicit solvent. Reproduced with
permission from ref 73. Copyright [1991] [American Institute of
Physics] (a2) MD simulations of generic polymer brushes using the
bead−spring model in an explicit point-like solvent. Reproduced with
permission from ref 47. Copyright [2007] [American Institute of
Physics] (a3) MD simulations of ring polymer brushes with di(erent
topological chain structures using bead−spring model and implicit
solvent. Adapted with permission from ref 77. Copyright [2016]
[Chinese Physical Society and IOP Publishing Ltd.]. (b1) MD
simulations of MARTINI coarse-grained polystyrene brushes in an
explicit bead-like benzene solvent. Reproduced with permission from
ref 48. Copyright [2012] [American Chemical Society]. (b2) MD
simulations of MARTINI coarse-grained poly(ethylene glycol)
brushes in an implicit water solvent. Reproduced with permission
from ref 78. Copyright [2009] [American Chemical Society]. (b3)
MC simulations of the growth of coarse-grained polymer brushes
from flat surfaces. Reproduced with permission from ref 79. Copyright
[2017] [Elsevier Ltd.]. Atomic MD simulations of (c1) neutral
poly(ethylene oxide) brushes on a siloxane surface in explicit TIP3P
water. Reproduced with permission from ref 56. Copyright [2011]
[American Chemical Society]. (c2) neutral poly(ethylene oxide)
brushes on a graphite surface in explicit TIP4P water. Adapted with
permission from ref 80. Copyright [2011] [American Chemical
Society]. (c3) charged poly(2-(methacryloyloxy)ethyl trimethylam-
monium chloride) brushes on silicon in SPC water in response to
changes in pH, solvent, and salt types Reproduced with permission
from ref 84. Copyright [2019] [American Chemical Society]. (c4)
charged diblock copolymer brushes consisting of dimethylmethyla-
crylamide (DMMAA) and methacrylic acid (MAA) on a hydroxylated
silicon (100) surface in SPC/E water and di(erent ions. Reproduced
with permission from ref 58. Copyright [2013] [The Royal Society of
Chemistry].
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freedom in the stretched chains, spatial confinement, and the
gain of negative enthalpy resulting from the reduction in
excluded volume interactions between chains. Furthermore,
these atomistic simulations yielded PEO brush thicknesses of
2.2 and 5.9 nm for 12 and 45 EO monomers, respectively.
These results are in excellent quantitative agreement with
experimental measurements of 2.8 ± 0.1 and 7.5 ± 0.3 nm for
the same monomers,81 as well as with the range of 3.957−
4.835 nm obtained from coarse-grained MD simulations of
PEO brushes with 40 EO monomers.82

In contrast to neutral polymer brushes, polyelectrolyte
brushes display a more intricate and adaptive behavior,
primarily driven by their inherent charge and remarkable
sensitivity to ionic environments.83 When subjected to ionic
surroundings, such as the presence of salts or pH variations,
polyelectrolyte brushes can undergo substantial transforma-
tions in terms of their conformation, swelling, and height.
Notably, these changes arise from electrostatic interactions
between the charged polymer chains and the ions in the
solution, leading to either repulsion or attraction forces that
profoundly a(ect the brush volume. For instance, polyelec-
trolyte brushes can exhibit significant swelling or deswelling
behavior, a phenomenon attributed to the interplay of
electrostatic interactions with ions in the solution. In low
ionic strength environments, these brushes tend to stretch out
due to reduced ionic screening e(ects, assuming elongated
conformations. Conversely, in high ionic strength solutions,
the brushes tend to collapse, driven by increased ionic
screening, and adopt more compact conformations. One
crucial departure from neutral brushes in good solvents,
which exhibit a height proportional to the chain length (N)
and the grafting density (σ) following the Alexander−de
Gennes relation of h ∼ N·σ1/3, is that the height of
polyelectrolyte brushes remains independent of the grafting
density (σ) but depends on the salt concentration in the
surrounding medium. This distinction arises because the
charge density of polyelectrolyte brushes, influenced by the
ionic environment, has a more dominant e(ect on their height
than does the grafting density.
Poly(dimethyl aminoethyl methacrylate) (PDMAEMA) and

poly(2-(methacryloyloxy)ethyl trimethylammonium chloride)
(PMETAC) brushes, representing respective weak and strong
polyelectrolytes, were modeled and simulated to di(erentiate
the swelling/collapsing behaviors in response to changes in
pH, solvent, and salt types using MD simulations with
GROMOS-derived force field84 (Figure 3c3). Notably,
PDMAEMA brushes, classified as weak polyelectrolytes,
exhibited the characteristic swelling at low pH but collapsed
to near-dry states at higher pH levels. Compared to the weak
PDMAEMA brushes, which do not exhibit strong salt- and
solvent-responsive behavior, the strong polyelectrolyte PME-
TAC brushes displayed greater sensitivity to both solvents and
salt types. PMETAC brushes underwent large conformational
changes, transiting from a swelling and stretching state in water
(considered a good solvent) to a collapsed state in cyclohexane
(considered a poor solvent). Additionally, they exhibited an
increase in swelling in kosmotropic salts of NaCl and Na2SO4

while experiencing a decrease in swelling when exposed to
chaotropic NaClO4. The swelling behavior of polyelectrolyte
brushes can be attributed to their pronounced swelling in
aqueous solutions, primarily driven by hydration and electro-
static repulsion between polymer chains. Conversely, the

collapsing behavior in apolar solvents is primarily a
consequence of the ionic screening e(ect.

Additionally, atomic MD simulations were employed to
investigate the salt-responsive mechanical and structural
properties of diblock polyelectrolyte brushes composed of
dimethylmethylacrylamide (DMMAA) and methacrylic acid
(MAA)58 (Figure 3c4). The introduction of smaller cations
such as Li+ and Na+ resulted in the formation of rigid and
uniformly packed PDMMAA-b-PMAA brushes characterized
by a distinct and well-defined brush/water interface. On the
other hand, the presence of larger ions such as K+, Rb+, and
Cs+ induced a significant approximately 5-fold increase in the
compressibility of the diblock brushes, leading to a parabolic
brush/water interface. These di(erences in structure were
attributed to variations in the strength of the salt bridge
network formed between the cationic species and the
carboxylic groups within the di(erent MAA blocks. These
structural distinctions are closely related to the mechanical
properties exhibited by these polyelectrolyte systems. Addi-
tional MD simulations were conducted to explore the
conformational changes of pH-responsive charged polypep-
tides tethered to poly(ethylene glycol) (PEG) brushes. These
simulations aimed to investigate how di(erent charged
sequences, compositions, and lengths, including lysine (K),
glutamic acid (E), and histidine (H) residues, impact the
conformational behavior of these brushes.85 The presence of
both E and K, with K located at the exposed end and E at the
tethered end of the peptide, along with an e(ectively “neutral
spacer” in the form of an EK block within the large block of H
residues, can induce folding in the unprotonated state due to
favorable electrostatic interactions between K+ and the PEG
brush. A high grafting density of long (20mer) PEG chains
adjacent to short (5mer) PEG chains, in proximity to the
(10mer) PEG-tethered peptide, resulted in a decrease in the
pH-responsive shielding and exposure of the oligopeptide in
most sequences due to the dense packing of long PEG chains,
which intensified interactions with the positively charged
regions within the peptide sequence.
3.2. Nanotribology Properties of Polymer Brushes. In

addition to the extensively studied properties associated with
the conformational changes of polymer brushes, the nano-
tribological characteristics of these brushes represent another
crucial aspect that has garnered significant attention through
numerous molecular simulations.49,86,87 Numerous simulations
have been conducted to investigate sheared polymer brushes,
employing various modeling approaches such as bead−spring
models,87−90 coarse-grained (CG) models,86 and all-atom
models,91,92 as well as di(erent solvent treatments, including
the implicit DPD thermostat, the self-consistent solution of the
Brinkman equation, or the explicit inclusion of solvent
molecules in various thermodynamic ensembles. These
computational studies have revealed a consistent trend: a
strong frictional response in poor solvent conditions, likely due
to monomer−monomer attractions, but a considerably weaker
shear force in good solvents. In the case of polymer brushes in
good solvents, which is the most common scenario, high shear
rates lead to a significant reduction in friction. This reduction
is closely associated with a corresponding decrease in the
thickness of the polymer brush and a decrease in the
interpenetration of chains between the brushes, i.e., the extent
to which the opposing brushes overlap. As a result, the
stretching chains due to the sliding velocity ultimately diminish
the interactions between the opposing brushes in the region of
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reduced overlap. Of particular significance, in a good solvent
there always exists an atomic-level thin solvent layer within the
interfacial region between the brushes. This layer further
contributes to enhanced lubrication between the brushes.
While steady-shear simulations of polymer brushes generally

exhibit qualitative agreement with experimental observations, it
is essential to recognize that the tribological responses of
polymer brushes can significantly di(er for polymers with long
chains and high grafting densities. In molecular simulations,
polymer chains are typically quite short, often consisting of
only N = 20−50 monomers. These short chains do not
experience entanglement under shear or compression forces.
Consequently, extending the correlation between friction and
shear rates to polymer brushes with longer chains and higher
grafting densities presents challenges. In cases of long-chain
grafting polymer brushes, their shear behavior is likely linked to
a mechanism involving sliding-induced chain “stretching and
disentanglement” (Figure 4a). In the case of long-chain

polymer brushes, a stick−slip motion can manifest as a result
of entropic forces, leading to enhanced dissipation. This occurs
because the interdigitation of the brushes strives to disentangle
the polymer chains and return the system to equilibrium before
relaxing the grafted chains.91 On the other hand, if the polymer
relaxation time is significantly longer than the entanglement
time scale, brush systems would be considerably distant from
thermal equilibrium, which could result in large fluctuations in
friction or even mechanical instability of the brush systems.92

In contrast, short chains may be more appropriately associated
with a “stretching and inclination” mechanism (Figure 4b). In
such cases, scaling theory emerges as a more appropriate
choice, particularly when dealing with short chains, semidilute
brushes. MD simulations of strongly compressed, non-

entangled polymer brushes revealed that an increase in chain
length and grafting density led to a larger frictional force per
chain. This behavior manifests as a linear relationship between
friction and a wide range of compressions and shear rates.86

3.3. Hydration Properties of Polymer Brushes. It is
generally accepted that surface hydration, along with steric
repulsion, has been proposed as the key nonfouling mechanism
of polymer brushes and other coating materials.93−95 Over
decades of research, compelling evidence from both exper-
imental and theoretical studies has consistently demonstrated
that interfacial water near polymer-grafted surfaces exhibits
distinct characteristics. This interfacial water layer extends to
tens of nanometers from the surface and exhibits significant
distinctions, not only in terms of its structure, dynamics, and
binding a0nity when compared to the behavior of bulk water
but also in terms of the altered surface properties, including
wettability, adhesion, friction, and biocompatibility. A robust
hydration layer formed at the polymer/water interface serves as
both a physical and energetic barrier, e(ectively preventing
foulant adsorption onto the polymer-grafted surfaces. The
expulsion of water molecules from the interfacial region
between polymers and foulants requires strong surface
interactions with foulants to compensate for the loss of solvent
entropy during foulant adsorption. However, the formation of
a tightly bound hydration layer at the polymer interface can be
achieved by di(erent mechanisms. Hydrophilic polymers
achieve surface hydration through hydrogen bonding inter-
actions (Figure 5a), while zwitterionic polymers achieve
hydration via ionic solvation (Figure 5b). The strength of
surface hydration primarily depends on the physicochemical
properties of the materials themselves, including their chemical
structure, hydrophobicity, charge distribution, and molecular
weight, as well as their surface packing characteristics, such as
packing density, film thickness, roughness, and chain
conformation.

Atomistic molecular dynamics (MD) simulations were
performed on PEO brushes to explore the variations in surface
hydration with changing grafting density.57 Increasing the
grafting density led to several notable changes in PEO chains
being extended farther away from the surface, a loss of
hydration, and a step-like density profile with the brush height
aligning with the expected σ

1/3 scaling. Additionally, the
mobility of PEO-bound water and PEO tails decreased
significantly as the grafting density increased, indicating that
strong surface hydration in a dense PEO brush plays a pivotal
role in resisting the adsorption of foulants onto the PEO-
grafted surfaces. Likewise, steered MD (SMD) simulations
involving alginate foulants approaching PEG-grafted mem-
branes showcased the emergence of robust repulsive forces
between the foulant and the membranes. These forces
stemmed from the compression of the hydration layer and
were observed consistently across various surface chemistries
and grafting densities, a0rming the e(ective antifouling
properties of the system.96 Furthermore, MD and SMD
simulations of PVDF-g-DMAPS brushes in the presence of
explicit water revealed the existence of the hydration layer at
the water/membrane interface. This hydration layer exhibited
heightened hydrogen bonding (HB) strength and electrostatic
repulsion, which played a dominant role in imparting
antifouling properties to the system.97

The relationship between the grafting density and surface
hydration in polymer brushes is rather intricate. Several studies
employing protein adsorption assays have demonstrated that a

Figure 4. Typical simulation models and molecular simulations
showcasing the two shear mechanisms between polymer brushes. (a)
The stretching−disentanglement mechanism for long polymer chains.
Reproduced with permission from ref 88. Copyright [2001]
[American Chemical Society] and (b) stretching−inclination
mechanisms for short polymer chains Reproduced with permission
from ref 86. Copyright [2010] [American Chemical Society], both
occurring between two opposing polymer brushes in good solvent
under di(erent shear rates.
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relatively high grafting density is typically necessary to
e(ectively inhibit protein adsorption. However, an excessively
high grafting density may not always be the optimal choice for
protein adsorption inhibition. It is only at an optimal high
grafting density that polymer brushes exhibit remarkable
resistance to protein adsorption from di(erent biological
media (including undiluted blood plasma and serum and
whole blood), ultimately resulting in nearly undetectable
protein adsorption. To unravel this seemingly counterintuitive
antifouling behavior, MD simulations have revealed that at the
optimal grafting density, water molecules can still penetrate
and remain within the brush region by forming a robust
hydrogen-bonded network with polymer chains. This is
supported by the prolonged residence time of hydrogen-
bonded water molecules, which serves as an indicator of
enhanced surface hydration that contributes to the improved
antifouling properties of the polymer brushes. Conversely, at
extremely high grafting densities, polymer volume fraction
increases and dispersion interactions between polymer chains
take precedence, which causes not only the stretching of
polymer chains but also the expulsion of water molecules from
inside brushes to the surrounding environment. Such
dehydration of polymer chains further enhances dispersion
interactions, making the chains even more rigid. As a result,
highly dehydrated, stretched, and less flexible chains
compromise surface hydration due to the reduction of
interfacial energetics concomitant with the replacement of
water molecules at the surface by adsorbed solutes. This
alteration in surface hydration ultimately impacts the
antifouling properties of polymer brushes.57

Steered MD simulations with umbrella sampling have
reported that zwitterionic sulfobetaine brushes exhibit distinct
antifouling mechanisms depending on their grafting density.98

At higher grafting densities, sulfobetaine brushes adopt a more
organized structure capable of retaining a tightly bound
hydration water layer at the interface. This water layer acts
as both a physical and energetic barrier, e(ectively preventing
foulant adsorption. In contrast, lower grafting density brushes
exhibit randomly oriented structures, resulting in steric
repulsion, which is the primary mechanism responsible for

surface resistance to foulants. This di(erence in structure and
behavior highlights the grafting-density-dependent nature of
the antifouling properties of polymer brushes. Moreover,
carboxybetaine brushes exhibited a stronger association with
small ions of Li+ and Na+, whereas sulfobetaine brushes
showed a higher a0nity for larger ions of K+ and Cs+.99−101

The introduction of these ions at intermediate and low grafting
densities disrupted the association of the zwitterionic branches,
causing the polymers to adopt a randomly oriented and
dispersed branch configuration with considerable swelling.
Similarly, zwitterionic “peptoids” brushes elevated chain
flexibility and increased water density surrounding the chains
at low and intermediate grafting densities, but at high grafting
densities, these e(ects were suppressed due to free volume
e(ects.102 This structural change compromises surface
hydration and brush-like structure, thus leading to a reduction
in their antifouling e0cacy. Therefore, in addition to surface
hydration, other factors contributing to antifouling perform-
ance include high chain mobility, the presence of a large
exclusion volume, and the steric repulsion o(ered by the
polymer brushes. These elements collectively play a role in the
antifouling properties of materials.

It is important to highlight that those molecular simulations
of polymer brushes often lack accurate packing structure
information, especially for widely used antifouling polymers
grafted onto gold substrates. These simulations typically
assume a conventional √3√3R30o lattice structure for
polymer chains with a chain−chain separation distance of
4.95 Å. However, this packing structure oversimplifies the
reality, neglecting variations in chain size, chemistry, and
orientation. To address this issue, molecular mechanics
simulations were carried out for a series of polymer brushes,
including four poly(N-hydroxyalkyl acrylamide) (PAMs)
brushes with di(erent carbon spacer lengths (CSLs = 1, 2, 3,
and 5) and three zwitterionic polymer brushes of poly-
(carboxybetaine methacrylate) (pCBMA), poly(sulfobetaine
methacrylate) (pSBMA), and poly((2-(methacryloyloxy)ethyl)
phosporylcoline) (pMPC). These brushes adopted di(erent
packing structures, each characterized by distinct unit cell
dimensions for pHMAA (a = 8.652 Å, b = 4.995 Å, γ = 90°),

Figure 5. Surface hydration mechanisms of neutral hydrophilic and zwitterionic polymer brushes: (a) hydrophilic polymer brushes achieve surface
hydration through hydrogen bondings, while (b) zwitterionic polymer brushes achieve hydration via ionic solvation.
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pHEAA (a = 8.652 Å, b = 4.995 Å, γ = 90°), pHPAA (a =
9.990 Å, b = 5.768 Å, γ = 90°), and pHPenAA (a = 11.536 Å, b
= 4.995 Å, γ = 90°),103 as well as for pCBMA (a = 10.395 Å, b
= 7.630 Å, γ = 65.2°), pSBMA (a = 14.980 Å, b = 7.630 Å, γ =
48.2°), and pMPC (a = 11.360 Å, b = 8.652 Å, γ = 61.6°).104 A
combination of MD and SMD simulation studies further
revealed that pHMAA and pHEAA with shorter CSLs (CSLs =
1−2) exhibited stronger and more stable interactions with
water molecules than pHPAA and pHPenAA with longer CSLs
(CSLs = 3 and 5). This CSL-induced strong surface hydration
on pHMAA, pHEAA, and pHPAA brushes contributed to their
high resistance to lysozyme adsorption, in stark contrast to the
behavior of lysozyme adsorption on pHPenAA brushes.103

Among the zwitterionic brushes, all of which exhibited strong
surface resistance to lysozyme adsorption, the repulsive forces
acting on lysozyme varied in the following order: pCBMA >
pMPC > pSBMA > PEG, consistent with the order of surface
hydration.104 These computational studies highlight how even
subtle structural changes in hydrophilic pendant groups within
the same polymer backbone can significantly enhance
antifouling performance. These studies o(er valuable insights
into structure-based design principles, suggesting that the
strategic combination of hydrophilic or zwitterionic groups
with optimal CSLs represents a promising structural motif for
the development of novel and highly e(ective antifouling
materials, extending beyond conventional ethylene glycol-
based antifouling materials.
In addition to surface hydration, the concept of “steric

repulsion”, which is derived from colloid stability theory, also
plays a vital role in preventing surface fouling, especially in the
case of long-chain polymers.13,105 When foulants approach and
compress long polymer chains, repulsive forces come into play,
preventing foulant adsorption due to the unfavorable decrease
in entropy. In contrast to short-chain polymer brushes or self-
assembled monolayers, where surface hydration is the primary
driver of foulant resistance,67 long-chain polymer brushes rely
on both surface hydration and steric repulsion working
together to achieve the highest level of nonfouling ability. It
should be noted that conventional steric repulsion theory,
based on the polymer brush model, is not applicable to the
adsorption of rigid proteins such as albumin, heparin, or
dextran on hydrophobic surfaces.65 Furthermore, experimental
factors such as enhanced chain mobility and significant
exclusion volume are also contributors to their antifouling
performance.14,93 Theoretical analysis reveals two distinct
modes of protein adsorption on polymer brushes, wherein
proteins are represented as structureless colloidal particles and
polymers are treated as simple flexible chains.46 Primary
adsorption at the surface, characterized by short-range
attractions, plays a significant role in the adsorption of small
proteins and can be mitigated by increasing the grafting
density. Conversely, secondary adsorption, driven by van der
Waals attraction, takes place at the outer periphery of the
brush. On the other hand, there is still a lack of a universal
theory that can explain or predict adsorption isotherms on
polymer brushes for all cases. The most likely sources of this
variation include (i) adsorption processes that are kinetically
controlled, (ii) long-range interactions between the protein
and polymer brushes, and (iii) nonuniform grafting of the
polymers onto the surfaces.

4. MACHINE-LEARNING DESIGN OF POLYMER
BRUSHES

A wide array of polymer brushes, along with their associated
functions and surface-grafting strategies, have been extensively
documented for various fundamental studies and practical
applications. Nevertheless, current experimental designs and
computational simulations of polymer brushes still bear an
empirical essence due to the intricate nature of polymers and
their correlated structures and properties. Recent advance-
ments in data-driven machine-learning approaches have
expanded their scope beyond traditional research domains
from drug discovery, image recognition, disease diagnosis, and
transportation analysis to materials informatics, particularly for
inorganic or solid materials106 (e.g., metals,107,108 ce-
ramics,109,110 zeolites,111,112 metal−organic frameworks,113,114

nanoparticles,115,116 and semiconductors117,118), enabling the
evaluation and prediction of specific properties (electronic/
ionic conductivity,119,120 catalytic activity,121,122 photolumi-
nescence,123,124 thermodynamics,125,126 and mechanical prop-
erties127,128).

However, unlike inorganic or solid materials characterized
by well-defined structures and reliable data sets, the application
of machine learning to soft materials with desired functions
and properties is still in its infancy. Challenges persist in
utilizing machine learning to establish qualitative or
quantitative rules for the rational assessment and design of
functional soft materials, including polymers, elastomers, and
hydrogels. More specifically, when it comes to polymer
brushes, there is a striking lack of machine-learning studies,
not even a mention of experimental validation of computa-
tionally designed polymer brushes. Several significant barriers
contribute to this deficiency. First, there is a notable absence of
publicly available polymer brush data sets, necessitating
researchers to manually compile experimental results from
the literature to establish polymer brush databases. Second, the
intrinsic structural complexity and diversity of polymers,
coupled with their diverse surface properties, exacerbate the
problem of unreliable data compilation. This issue arises
because even identical polymer brushes may yield inconsistent
data due to variations in experimental conditions, chemical/
material purity, and synthesis methodologies across di(erent
laboratories.

Until now, as an initial step, machine-learning approaches
have been applied to self-assembled monolayers (SAMs),
which represent the simplest form of polymer brushes. These
machine-learning approaches have predominantly used the
same data set of SAMs, originating from the Whitesides
group,129 to construct various quantitative structure−activity
relationship (QSAR) models, including descriptor-based linear
(MLREM) and nonlinear (BRANNGP and BRANNLP)
models,130 descriptor-based artificial neural network (ANN)
models,131 and functional group-based ANN models,132 for
quantitatively assessing protein adsorption on both pre-existing
and newly designed SAMs. Recently, an antifouling polymer
brush data set containing 28 polymer brushes with a wide
variety of chemical structures was constructed by carefully
removing any redundant and inconsistent data from existing
literature studies.133 This data set served as the foundation for
the development of two distinct machine-learning method-
ologies: (i) the ANN model with gross-level, property-based
descriptors for repurposing/discovering the existing polymer
brushes with antifouling properties and (ii) the supporting
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vector regression (SVR) model with fragmental-level, group-
based descriptors for designing new antifouling polymer
brushes (Figure 6a). Subsequently, both repurposed and
newly designed polymer brushes were synthesized and applied
as brush coatings, followed by the validation of their
antifouling performance through surface plasma resonance
(SPR) assays. SPR results demonstrated the exceptional
surface resistance of the predicted polymer brushes to protein
adsorption. This was substantiated by the minimal amount of
adsorbed proteins, ranging from 0.0 to 9.0 ng/cm2, which
closely aligned with the model predictions. In 2022, another
machine-learning study aimed to predict the amount of
adsorbed serum protein on polymer brushes using a random
forest (RF) regression algorithm.134 To this end, they began
with the creation of a uniform data set by synthesizing polymer
brushes with varying thicknesses and molecular densities using
five di(erent monomers, followed by the characterization of
both the monomers and the corresponding polymer brushes in
terms of chemical structural parameters (atomic composition
and chemical bonds), theoretical hydrophobicity (M log P),
structural parameters (thickness and density), and the amounts
of serum proteins adsorbed on polymer brushes (Figure 6b).
Among this set of descriptors, the RF algorithm identified
critical parameters influencing protein adsorption amounts in
the following order of importance: M log P > thickness and
density of polymer brushes, the number of C−H bonds, the
net charge of monomer, and the density of polymer brushes >

N-comp, O-comp, C−O, C�O, C−N, MW, N−H, and O−H
> monomer molecular weight, and the number of O−H bonds.

As pioneering studies, both of these machine-learning
investigations on polymer brushes present a viable workflow.
This process begins with the construction of data sets
containing small but robust polymer brushes and extends to
the development of machine-learning models. These models
are used for both repurposing existing polymer brushes and
designing new ones through an extensive screening of the
spatial, compositional, and interaction spaces of polymers. As
the field of polymer brushes continues to evolve, the
availability of computationally designed and experimentally
validated data holds the promise of further enhancing the
iterative nature of machine learning in material design. With
the advent of an extensive data set encompassing a wide range
of polymers, brush structures, specific functions, and desirable
properties, this iterative process not only accelerates material
design but also enables the exploration of novel and previously
uncharted territories in the polymer brush universe. The
synergistic relationship between data-driven machine learning
and the accumulation of empirical data will undoubtedly
revolutionize the way we conceive, design, and engineer
polymer brushes with unprecedented precision and e0ciency
to meet the demands of various industrial and scientific
applications.

Figure 6. Machine-learning approaches for assessing the protein adsorption ability of existing and new antifouling polymer brushes. (a) Eight
functional groups are identified and used to calculate their fouling index probability (%) in relation to protein adsorption on polymer brushes by a
supporting vector regression (SVR) model. Reproduced with permission from refs 4,133. (b) Five monomers are used to determine the most
relevant descriptors for their contributions to the predicted protein adsorption on polymer brush using a random forest (RF) regression model.
Reproduced with permission from ref 134.
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5. CONCLUSIONS

After years of extensive demonstrations, polymer brushes have
emerged as a widely acknowledged and remarkably versatile
toolbox, which facilitates the introduction of a diverse array of
topological and functional versatility to virtually any substrate,
spanning inorganics, organics, metals, semiconductors, and
polymers. This versatility is achieved through nearly precise
molecular control over surface-grafting density, thickness,
roughness, polymer composition, conformation, and flexibility.
Furthermore, most polymer synthesis methods, such as ATRP,
RAFT, ROMP, and living anionic/cationic polymerization, can
be readily adapted for the production of polymer brushes, thus
enhancing their uses for di(erent purposes. In light of
mounting concerns and an increasing sense of urgency
regarding health, energy, and environmental challenges, there
is a compelling opportunity to integrate polymer brushes with
nanoparticles, porous materials, and biomolecules, which o(er
the potential to unlock new functionalities in emerging fields
and applications beyond their renowned antifouling character-
istics. Considering the inherently nanoscale nature of polymer
brushes, another crucial aspect is the development of
macromanufacturing technologies aimed at upscaling the
production of polymer brushes for some applications (e.g.,
smart devices) where large-area coatings or bulk materials are
needed.
From a computational perspective, given the recent rapid

advancements in data-driven artificial intelligence (AI), it
remains a prudent strategy to explore the development of
innovative data-/model-driven deep-learning algorithms, which
help to expedite the rational design of new polymer brushes or
the repurposing of existing ones. The initial and indispensable
step in developing AI models for polymer brushes is the
meticulous collection of reliable data sets from the literature to
construct benchmark databases, although some advanced AI
models have demonstrated their ability to extract essential
structure−property relationships from relatively small com-
pound data sets. It has proved to be a formidable challenge to
construct a database from heterogeneous data sets obtained
from di(erent laboratories and under di(erent experimental
conditions. To address this challenge, it is essential to
implement robust data quality control measures that
encompass several strategies. One crucial strategy involves
normalizing variables to ensure that data from multiple sources
can be seamlessly compared and e(ectively utilized together.
Furthermore, since these data sets often contain imperfections,
such as missing values, biased outliers, or noisy data, data
cleaning and preprocessing are essential and required. Second,
once the database construction of polymer brushes is
successfully accomplished, further research should be con-
ducted to establish correlations between the chemical and
structural characteristics of the polymer brush and their
specific target functions. These target functions could
encompass critical parameters such as determining protein
adsorption amounts for antifouling polymer brushes, assessing
membrane filtration performance for polymer brushes
designed for membrane separation, evaluating electronic
conductivity for conducting polymer brushes, or gauging
biomolecular binding a0nity for biosensor-based polymer
brushes. The pursuit of such research in this direction is pivotal
for achieving the optimal design of polymer brushes tailored to
niche applications. Furthermore, both successful and un-
successful design attempts can provide invaluable feedback for

refining AI models through iterative data training and
optimization processes. This iterative approach ultimately
paves the way for highly e0cient polymer brush designs. As a
result, an AI-driven design strategy could furnish valuable
structural templates for generating new polymer brush building
blocks, significantly expanding a pool of polymer brushes.

In parallel to AI modeling, molecular simulations, including
quantum mechanics, molecular dynamics, and Monte Carlo
simulations, are still powerful tools to investigate the structure,
dynamics, and interfacial properties of polymer brushes at
atomic or coarse-grained resolution. However, employing
molecular simulations to investigate polymer brushes is a
multifaceted endeavor that involves numerous challenges. First,
developing accurate force fields capable of capturing the
conformational behavior of polymer brushes is an arduous and
time-intensive task, necessitating robust validation against
extensive experimental results. The intricacies of force field
development can be particularly pronounced when dealing
with diverse polymer brush systems. Particularly, transferable
CG force fields across various polymer brush systems remain a
state-of-the-art challenge. This is because di(erent simulation
systems may demand varying CG resolutions, specific potential
energy functions, and even biased sampling techniques to
achieve accurate results. Second, when tackling large polymer
brush systems, choices pertaining to implicit solvent models,
explicit solvent molecules, and polymer coarse-grained models
play a pivotal role in the level of detail regarding solvent−
polymer interactions and polymer−polymer interactions within
simulations. These choices greatly influence the accuracy of the
obtained results. Furthermore, in some systems involving
highly charged or reactive species, quantum mechanical e(ects
might be significant.135 Incorporating these e(ects through
methods such as quantum mechanics/molecular mechanics
(QM/MM) simulations introduces an additional layer of
complexity. Third, current simulations of polymer brushes
typically involve constructing preformed polymer chains to
create specific brush structures on a substrate at their lowest
energy states. However, this approach can lead to the
introduction of structural and packing artifacts. There is a
notable absence of innovative algorithms designed to replicate
the radical polymerization process, particularly grafting-from
methods, which allow for the gradual growth of polymer chains
directly from the substrate at atomic resolution. This omission
is due to the inherent complexity of polymer architectures,
polydispersity, and grafting density, which cannot be accurately
represented by any available force fields. Looking ahead,
advancements in hardware techniques, such as graphic
processing units (GPU)-based simulations, coupled with
sophisticated algorithms like kinetic theory, have the potential
to enable a more comprehensive exploration of the intricate
energy landscape associated with polymer brushes.
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