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Biosensors have become integrated into our lives. Current technology requires
biosensors not only to have high sensitivity but also to have high specificity for
one target, while repelling all other molecules and materials in the biological
medium. These goals are met by surfaces that combine a biorecognition
element and a high-quality antifouling layer. In this review, we largely focus on
polymer brushes that are grafted from the surface, as these are known to exhibit
excellent antifouling properties. We also discuss how to functionalize these
with biorecognition elements. Based on the current research on antifouling
brushes, we recommend using poly(2-hydroxypropylmethacrylamide)
(HPMAA) and/or poly(carboxybetainemethacrylamide) (CBMAA) brushes,
with a thickness between 20-30 nm. Furthermore, we note the importance

of high polymer chain densities in such brushes and highlight that a

proper comparison requires, among others, similar pre-treatments.

These antifouling brushes are biospecific after receptors are integrated

with efficient coupling strategies. Here the opportunities and limitations of
frequently used approaches of antifouling polymer brushes within biosensors
are highlighted. Also, with the resulting combination of high specificity and
low (bio-)chemical noise levels, we envision an increase in the incorporation
of novel polymer brushes for the development of stable biospecific sensors.

1. Introduction

Biosensors have become inseparable from our lives. The biosen-
sor market size, estimated at 28.9 billion USD in 2023, is pro-
jected to reach 53.6 billion USD by 2031."2] This market growth
is caused by the increasing prevalence of chronic and lifestyle-
related diseases and a growing elderly population worldwide, 2
leading to a growing interest in personalized medicine and health

monitoring, which is driving near-
patient and point-of-care testing. There-
fore, point-of-care testing currently
has the largest share in the global
market, followed by laboratory-based
applications, security, biodefense, and
the food industry.'?l Examples of
areas where sensors are applied in-
clude glucose monitoring for diabetes
patients,3*] sensing of water quality for
environmental reasons,’! testing for
COVID-19 and other infections,!®! and
measurement of drug residues in food.!”]
These applications have in common that
they benefit from sensing devices that
use biological recognition for diagnostic
or therapeutic purposes.’®! Such a sens-
ing device usually consists of a molecular
recognition element (MRE) and a trans-
ducer that translates the MRE’s response
to an optical or electric signal that can be
analyzed.®®] Transducers fall into three
main categories based on their underly-
ing mechanisms: optical detection, piezo
vibrations, or electrochemical processes.
Optical sensors use electromagnetic
waves to detect biomarkers. Colormakers can translate the signal
straightforwardly in point-of-care testing, for example, in preg-
nancy tests or COVID-19 test kits. Other types of optical biosen-
sors include: optical fibers, ring resonators, interferometers, op-
tical waveguides, photonic crystals, fluorescence/luminescence,
and surface plasmons.['>!?] Surface plasmons are widely used
with a broad range of research sensing applications.l'%!*] For
example, plasmons released by metal substrates, such as gold,
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can induce Raman scattering in analytes near the surface. This
surface-enhanced Raman scattering (SERS) affects the detection
range and has been used to detect attomolar concentrations of an-
alytes such as miRNA.['*16] Furthermore, even single-molecule
detection is nowadays possible with these optical techniques.!'”!
Besides SERS, Surface Plasma Resonance (SPR) is commonly
used to detect biomarkers binding to surfaces.['#191 SPR traces
the changes in the refractive index of light when biomarkers bind
to a surface.2*2!] This technique has detected analytes diluted to
10 aM and has detection limits down to 0.3 pg mm~2.122] Due to
their high sensitivities, both SERS, SPR, and even a combination
of these techniques, are currently used for sensing.[2324]

Quartz crystal microbalances (QCM), which rely on piezo vi-
bration, use a quartz crystal's resonance frequency to detect
biomarker adsorption. Sensitivities of 10 and 5 MHz crystals can
theoretically reach a detection limit of 44 and 177 pg mm~2 for
a detectable change of one Hz, respectively. Even though the
mass detection limit of these crystals is restrained by noise, QCM
remains a well-integrated and sensitive research technique in
laboratories.[?>2] Furthermore, in recent years QCM has been
developed to sense thrombin,[’! food pathogens,!?®) and SARS-
CoV-2.11 For the latter, the sensor reached a limit of detection
(LOD) at 1.3-10* PFU-mL1.(6)

Electrochemical biosensors utilize current changes in an elec-
trolyte solution to track the binding of target biomolecules to
a sensor. For example, redox-active biomolecules (e.g., tyrosine
or tryptophan) can selectively be absorbed into molecularly im-
printed films.[??] In this case, a Faradaic current is measured
within the redox window during cyclic voltammetry, chronoam-
perometry, or electrochemical impedance spectroscopy.!! The
current density during cyclic voltammetry is directly proportional
to the analyte concentration in the solution.??! However, since
most biomolecules are not redox-active within the limits of most
biosensors, an external redox reaction needs to facilitate the de-
tection of the analyte. In these cases, the concentration of the
analyte is indirectly measured from the current of the redox
active species. This Faradaic reaction gets gradually prevented
from occurring when the targeted biomolecules bind to the elec-
trode and therefore the current density will correlate inversely
with the analyte concentration.?®3% A third method to sense
biomolecules uses enzymes that produces redox-active species.
These enzymes selectively attach to biomarkers that are immo-
bilized on the surface. After rinsing off excess enzymes, the en-
zymatically generated redox-active molecules, result in Faradiac
currents which correlate with the biomaker concentration.!3233!
Hydrogen peroxide is a common redox active species, which
can be formed from a probe functionalized with lactate oxi-
dase or horseradish peroxidase.>*3’] However, it’s important
to note that hydrogen peroxide is not always favorable due to
its instability which can affect reliability. Many other redox-
active species have been used such as NADP*/NADPH, 3]
methylene blue,!***!l and ferrocene.[***] Other common electric
biosensors are electric field transistors(**l and impedance-based
sensors.[®%] These electrochemical detection methods exhibit
high sensitivities, with femtograms per milliliter range detection
limits.['¢]

While modern transducers offer extreme sensitivities, they en-
counter new challenges when applied to complex biological mix-
tures (such as blood, saliva, urine, and lymph).*”*8] Nonspe-
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cific interactions in these matrices lead to increased noise lev-
els, loss of selectivity, drift, and challenges in regeneration and
reuse.*2] In addition to hampering the selectivity, the durabil-
ity also decreases when molecules irreversibly bind to the sensing
area.[?! Specifically, cells, microorganisms, and proteins readily
adsorb onto surfaces, forming biofilms.I>3] Therefore, the devel-
opment of accurate and reliable biosensors depends on the pre-
vention of fouling on biosensors when exposed to complex ma-
trices or in vivo testing.[*>?]

(Bio)fouling is the non-specific adsorption of biomolecules and
organisms. This adsorption is primary caused by interaction be-
tween amino acids and the surface. These interactions consist
of hydrogen bonds, ionic bonds, in some cases covalent bonds,
and besides these bonds, hydrophobic- and hydrophilic interac-
tions with a surface.’**] The complex structure of biomolecules
allows multiple adsorption-related processes to occur that influ-
ence the adsorption rate simultaneously. For example, adsorbed
biomolecules are replaced by others that have higher affinity for
the substrate, which is called the Vroman effect.’*>’! Further-
more, surface crowding can induce protein rearrangements in
the adsorbed layer, changing the number of binding sites and
the affinity between the surface and the foulant during the ad-
sorption process.>®!

Fouling is energetically least favorable at hydrophilic surfaces
in aqueous solutions because of the energy barrier resulting from
the competition with surface-bound water.>*®l These desired
solvating properties of surfaces are enhanced by net-neutral po-
lar groups that are hydrogen bond acceptors.*”] Furthermore,
steric repulsion also plays a role in influencing the antifouling
properties of a surface.[®!] However, biosensors typically lack the
required properties to prevent fouling, as the surfaces consist
of hydrophobic materials (e.g., graphene, modified metals, or
polymers).[°? Fouling of sensors can be prevented by protecting
the surface with hydrophilic polymers. In particular, covalently
immobilizing polar polymers with one end to a functionalized
surface enhances anti-fouling properties and sensor durability
(Figure 1).[63-6]

These antifouling polymer brushes on the transducers allow
for creating a more durable and selective sensor. By using op-
timal covalent attachment strategies,[®*%] the sensor not only
gains long-term stability but also specific recognition for one sin-
gle target from a large group of candidates (Figure 1C).*! Poly-
mer brushes can be divided into classes based on the chemical
composition of their backbone. These classes include polysac-
charides, poly(ethylene glycol) (PEG), polyacrylates, and polyacry-
lamides. The latter two are hydrophilic due to side chains con-
taining zwitterionic, polar, or PEG moieties.|®”] Polymer brushes
have demonstrated wide-ranging applications—not only as an-
tifouling coatings and advanced adhesive materials,[®! but also
as antiviral surfaces!®! and antibacterial coatings.”’!l They
have been used in photosensitive systems for stimuli-responsive
applications,”?! and in biointerfaces that support or regulate cell
interactions.l”>’#] In addition, polymer brushes have been em-
ployed to create lubricating surfaces with low friction and en-
hanced wear resistance.l”>””] More recently, they have even been
explored for scent-distinguishing applications using chemically
different polymer brush arrays.l”8]

Furthermore, attaching recognition units such as specifi-
cally binding peptides (such as Arginylglycylaspartic acid (RGD)

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85UB0| 7 SUOWILLIOD 8ANEID 3|ceol[dde au Ag pausenob afe sajo1e VO ‘88N JO Se|n Joj AkeiqiT auljuo A3|1M UO (SUONIPUOD-pUR-SWIBIW0Y A8 1M ATeig Ul UO//SANY) SUORIPUOD Pue swis | 8U1 89S *[SZ0z/.0/62] Uo Ariqiauljuo A8|IM SeaLIol|qid yoresssy pue AsieAlun usbuiueBe/ Aq 556001202 IWPe/Z00T OT/I0p/iod A8 m Akelqpuljuo-peoueApe//sdny woly pepeo|umoqd ‘0 ‘0SEL96T2


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

5

B .
Bioreceptor

»r

Surface

Undesired biomaterial

Analyte

Antifouling Polymer
Figure 1. A) A surface with biorecognition elements (purple) is blocked
by a complex mixture of fouled biomaterials (red), which hampers binding
to the analytes of interest (green). B) With an antifouling polymer brush,
the fouling of a wide variety of biomaterials on the surface can be strongly
decreased. C) This increases the availability of biorecognition moieties and
also reduces the (bio-)chemical noise, allowing the biorecognition element
to exclusively bind to the analyte, which thereby can be detected by the
transducer.

and antimicrobial peptides (AMPs)),[”°] antibodies or derivatives
thereof (llama antibodies,’®! immunoglobulins, etc.) to these an-
tifouling polymer brushes ensure specific binding to a particular
biomarker. This biospecific binding of targets depends, among
others, on antibody orientation for which it is important that the
paratope regions are directed outward. This is achieved by cova-
lent binding (Section 3) or non-covalent binding strategies (such
as immobilization by streptavidin).[”*7181-83] The resulting com-
bination of antifouling polymer brushes and these biospecific
recognition units result in biosensors with optimal sensing con-
ditions.

2. Antifouling Polymer Brushes

Antifouling polymer brushes offer a promising solution to the
fouling problem by providing a surface that resists the adsorp-
tion of unwanted biological materials. These polymeric films are
chains of polymers covalently attached to a substrate, forming a
dense, brush-like layer. The design of these brushes allows them
to create a hydration barrier at the sensor surface, reducing non-
specific interactions and preventing biofouling. This feature is
particularly valuable for biosensors, where the accuracy and sen-
sitivity of detection depend on the specificity of interactions be-
tween the sensor and the target analyte. Table 1 shows antifouling
polymer brushes with the reported specific amount of fouling in
mass per surface area. We specifically focused on research from
2019 to 2024, in which brushes were grafted from the surface.
Polymer brushes are synthesized either by growing the poly-
mer from initiators that are attached on the surface (i.e., “grafting-
from”), or by covalently attaching polymers to the surface (i.e.,
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“grafting-to”), or by a combination of the two (i.e., “grafling-
through”).18+%] Limited success for antifouling layers has been
obtained by grafting polymers to a surface, because “grafting-
to” is prone to create lower grafting density polymer brush
layers.[888] These relatively low-density brushes may not ef-
fectively shield the surface from adsorbing biomolecules.!868]
One successful approach for “grafting-to” antifouling brushes
has been obtained by attaching two ends of a polymer to a
surface, creating a polymer loop.[**?!] Higher densities are ob-
tained for these polymer loops, compared to linear chains that
are grafted to the surface.®”! A second successful strategy grafts
polymers to the surface with side chains that contain new ini-
tiator moieties.[#93%4 By growing a bottle-brush polymers from
these layers, a high-density layer is obtained with antifouling
properties.>] A third method obtained thick grafted-to poly-
mer brushes on polydopamine by optimization of solvation
conditions. 879

With grafting-from, polymers are grown conventionally by ei-
ther radical polymerization or ring-opening synthesis, as shown
in Table 1. Free radical polymerization from a surface-bound
radical initiator typically terminates before the desired thickness
of >20 nm is obtained; therefore, reversible-deactivation radi-
cal polymerization (RDRP) techniques, with which such thick-
nesses are routinely feasible, have become the de facto standards
in this field. RDRP controls polymer brush growth by adding a
chain transfer agent (CTA) to reach an equilibrium between ac-
tive and dormant chains. The two most common mechanisms
for RDRP to grow polymer brushes with are atom transfer radi-
cal polymerization (ATRP) and reversible addition-fragmentation
chain transfer (RAFT).[”%] ATRP uses a transition metal, typi-
cally Cu(I), to abstract an organic halide (typically Cl or Br) from
a dormant polymer chain and form a metal-halogen complex
(Figure 2).°>1%1 The resulting active organic radical proceeds
with the polymerization until the metal redox reaction reverses
or the polymerization is terminated. This equilibrium reaction
ensures a controlled living polymerization, with typical polydis-
persities (M,,/M,) <1.5.] ATRP is not oxygen tolerant, as Cu(I)
readily oxidizes to Cu(II), which limits its application for scal-
ing up.l'%-192] However, new developments show how reduc-
tive species, such as ascorbic acid or glucose oxidase, can regen-
erate activators by electron transfer (ARGET).!'177] Particular,
ARGET-ATRP has become a method that allows non-experts to
easily graft polymer brushes.[196.198.109] Besides ATRP, which uses
Cu(I), single-electron transfer living radical polymerization (SET-
LRP) utilizes the decomposition of Cu(I) into Cu(0) and Cu(II).
In these polymerizations, the highly reactive Cu(0) exclusively ac-
tivates the polymerization.11]

Ring-opening polymerizations involve cyclic monomers, such
as lactones, opening while attaching to a polymer on the surface.
This equilibrium reaction is typically driven by the release of ring
strain, which facilitates the formation of linear polymer chains.
Degrafting of these polymers is often feasible, because of the het-
erogenous atoms in the backbone of the polymer.[11-113]

In contrast to ATRP, RAFT uses no (heavy) metal catalysts,
but organic ones which deactivate active chains by covalent
binding of the CTA.''"*!] Upon binding, the CTA can frag-
ment and activate a second radical. Typically, the CTA contains
a thiocarbonylthio group with a “Z-group” (see Figure 2) that
is chosen to stabilize the intermediates to different degrees by
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Table 1. Antifouling polymer brushes, initiated from surfaces, combined from recent studies.

Polymer brush Method Dry thickness [nm] Fouling [pg mm~2] Refs.

Homopolymers (non-charged)

HEMA ATRP 12 <100(BP) [132]
O
O/\/OH
25 1070(BP) [133]
HEA ATRP 19 <100(BP) [132]
O
MEA ATRP 1 ~200(BP) [132]
0]
\)J\O/\/O\
HPMA ATRP 30 <0.3(Fbg, 1gG, Lyz, HSA) 410(BP) [22]
O
O
OH
HPMAA ATRP 17 <0.3(Fbg, 1gG, Lyz, HSA, BP) [22]
O
N
H  0OH
30 <1(8P) [74]
48 ~100(BP) [134]
SET-LRP 30 <LOD(Lyz, HSA) 10(BP) [135]
50 <LOD(Lyz, HSA) 30(BP) [136]
RAFT 14 ~30(HSA, Fbg, BP) [89]
PET-RAFT 37 10(HS) [118]
HOEGA ATRP 1 1096 (BSA) [105]

o}
OMc;H

4 3304(BP) [105]
6 232(BSA) [105]
13 ~0(BSA) ~50(Fibronectin) [137]
~100(FBS)
ATRP-GOX 6 166(BSA) [105]
6 2358(BP) [105]
9 _215(BSA) [105]
MeOEGA PET-RAFT 39 37.9(Lyz) [138]
O
n
(Continued)
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Polymer brush Method Dry thickness [nm] Fouling [pg mm~2] Refs.
70 60.9(Lyz) [138]
99 44.2(Lyz) [138]
MeOEGMA ATRP n <100(BP) [132]
@)
°h
o™~
n
25 44(BP) [139]
30 <0.3(Fbg, 1gG, Lyz, HSA) 230(BP) [22]
PET-RAFT 27 126(HS) [118]
MSEA PET-RAFT 23 1440(Lyz) [138]
@) O
1
70 326(Lyz) [138]
98 34.7(Lyz) [138]
NMEP ATRP 20 120(BSA) 630(Fbg) ~1300(Serum) [140]
O
@)
IPOX RDRP 15 <LOD(BSA, Fbg, FBS), ~200(BP) [147]
/\N)
O
NVP UV- LRP 9 318(BSA) 2431(Fbg) 1184(Lyz) [142]
X N
DLA SET-LRP 30 120(HSA) 20(Lyz) 960(BP) [135]
i |
O
140 <LOD(HSA) 20(Lyz) 50(BP) [135]
Oligo (2-methyl-2-oxaoline) methacrylate ATRP 12 ~50(BSA) ~75 (Fibronectin) [137]
0] ~500(FBS)
N
O n
Oligo(2-ethyl-2-oxaoline) methacrylate ATRP 12 ~200(BSA), ~150(Fibronectin), [137]
e} ~800(FBS)
O JJ\/
N
9) n
(Continued)
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Table 1. (Continued)

Polymer brush Method Dry thickness [nm] Fouling [pg mm~2] Refs.
21 ~50(BSA), ~0(Fibronectin), [137]
~75(FBS)
Para-OEGAB cae 20 250(BSA) [143]
2
. (@)
0\4
A0~
H
Meta-OEGAB cGe 20 <LOD(BSA) [143]
H o
N
Jo ™ 0
3
EtPPn ROP 25 20(HSA) 170(HS) 100(Fbg) [112]
EtPPn
O_ o
[P
O
Homopolymers (zwitterionic)
CBAA ATRP 12 <1(BP) [74]
@) @)
N _
H / \
18 <0.3(Fbg, 1gG, Lyz, HSA, BP) [22]
20 9(BP) [144]
39 ~50(BP) [134]
N/A 500(BP) [145]
ARGET-ATRP 25 24(Serum) [109]
CBMAA ATRP 13 <1(BP) (74]
H / \
14-21 ~300(BP) [146]
39 ~100(BP) [134]
PET-RAFT 36 14(HS) [118]
SBMA ATRP 105 ~1100(BSA) [147]
O
O/\/\ N +\/\/S L
/ N\ O
SBMAA ATRP 17 ~700(BP) [134]
)
N NG
H /\ a O
(Continued)
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Polymer brush Method Dry thickness [nm] Fouling [pg mm~2] Refs.
MPAO SI-ATRP N/A 619.5(BSA) [148]
@)
N~ >N -
H IO
NICPS ROMP N/A 156.3(BSA) [149]
O
1 —
sS-0
N
O
N
@) N=/
; S)Lo/\/
Co-polymers
Poly(HPMAA)-block-poly (CBMAA) PET-RAFT 40 40(HS) [118]
Poly(HPMAA-co-CBMAA) PET-RAFT 53 53(HS) [118]
ATRP 31-36 <1(8P) [74]
N/A ~100(BP) [145]
SET-LRP 30-40 230(HSA) [150]
44 117(BP) [151]
Poly (HPMAA)-block-poly (HPMAA-co-C12+1) SET-LRP 50 20(Lyz) <LOD(HAS) 40(BP) [136]
Poly (HPMAA-co-CBMAA-co-SBMAA) ATRP 50 109(BP) [152]
Poly(OEGMA)-block-poly(3-azidoHPMA) ATRP 34 ~500(BP) ~250(Luria-Bertani [153]
medium)
Poly(HOEGMA-co-Sodium 4-vinyl-benzenesulfonate) RDRP N/A ~1050(Fbg) [154]
Poly (HEMA)-grafi-poly (NVP) UV- LRP 10 34(BSA) 637(Fbg) 541(Lyz) [142]
Po|y(SBMA)-b/ock-po|y(MAA)2) ATRP 172 800(BSA) [147]

“~" indicates an estimation of the fouling from a graph. Used abbreviations: Atom transfer radical polymerization (ATRP), Single-electron transfer-living radical polymerization
(SET-LRP), Reversible addition fragmentation chain transfer (RAFT), Photoinduced electron transfer reversible addition fragmentation chain transfer (PET-RAFT), Atom
transfer radical polymerization with glucose oxidase (ATRP-GOx), Activators regenerated by electron transfer (ARGET), Reversible-deactivation radical polymerization (RDRP),

Ultraviolet initiated living radical polymerization (UV-LRP), Chain-growth condensation
(ROP), Limit of detection (LOD), Blood plasma (BP), Fibrinogen (Fbg), Immunoglo

(CGCQ), Ring opening metathesis polymerization (ROMP), Ring opening polymerization
bulin G (1gG), Lysozyme (Lyz), Human serum albumin (HSA), Human Serum (HS),

Bovine serum albumin (BSA), Fetal bovine serum (FBS). Monomers are also abbreviated: Acrylate (A), Methacrylate (MA), Acrylamide (AA), Methacrylamide (MAA). R N-(3-
methacrylamidopropyl)-N,N-dimethyldodecan-1-aminiumiodide; 2 Poly(Methacrylic acid.

n-delocalization.*®! For grafting-from polymer brushes this thio-
carbonylthio moiety is preferably attached to the surface with
its sulfur, to ensure that only ~50% of the polymers will be
formed in solution and 50% of the polymers will reside on the
surface.l'’6117] Conventional RAFT is, like conventional ATRP,
not oxygen tolerant, which limits applications.!'*"'] However,
photoinduced electron transfer-RAFT (PET-RAFT), which uses
eosin Y as a photocatalyst, is oxygen tolerant in combination with
triethanolamine.[0973114118-124] Both ATRP and RAFT require the
initiator to be attached to the surface for a “grafting-from” poly-
mer brush. ATRP is initiated by a halogen as initiator, which
is often a tertiary bromine which stabilizes the formed carbon
radical. Typical initiators are a-bromoisobutyryl bromide (BiB)
derivates, that are anchored to surfaces such as metals, graphene,
and silica.l®4125126] RAFT requires thiocarbonylthio derivates to
be attached to anchors on a surface, which is readily performed
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by active ester coupling.['**118127] For gold, alkane thiol-based an-

chors are commonly used because high-density monolayers are
obtained by self-assembly.[?866128] Hydroxyl-terminated surfaces,
such as silica, commonly use anchors that hydrolyze on the sur-
face, such as (3-Aminopropyl)triethoxysilane (APTES).[%6127] Fur-
thermore, polydopamine surfaces have been readily functional-
ized with BiB initiators, via esterification of hydroxyl and amine
groups.[87129130] Finally, a reversible, supramolecular attachment
that may work on a wide variety of surfaces has recently been
demonstrated using cyclodextrin-adamantane-based host-guest
chemistry.131] The monomers that were recently used to form
antifouling brushes on these layers are listed below in Table 1.
The following paragraphs describe the design parameters
which affect antifouling properties of polymer brush surfaces.
Table 1 already indicates a wide range of monomers and resulting
fouling levels, which find their origin in chemical structure, the
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Figure 2. Reaction mechanisms of ATRP, RAFT, and ROP during the propagation of the brushes. X represents a halogen, like Br or Cl, Mt is a transition
metal, L, is a ligand, X" is a nucleophile such as oxygen, phosphor, or nitrogen.

conformation of chains, and external conditions. Figure 3 pro-
vides a full overview of these parameters, with indicated section
numbers referring to the location of discussion.

2.1. Monomers

Nowadays, a wide variety of monomers are available to pre-
vent the irreversible binding of proteins, plasma, and other
biomolecules from complex matrices. The most commonly used
polymer brushes are acrylates and acrylamides with a wide variety
of polar non-charged groups (e.g., HP(MA)A, HE(MA)A, MSEA,
and ethylene glycol derivatives) or with zwitterionic moieties,
(e.g., SB(MA)A, and carboxy betaines). Slight differences in the

Figure 3. Overview of the chapters in Section 2, which discuss the param-
eters that influence the antifouling properties of polymer brush surfaces.
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fouling behavior of these sidechains, particularly when exposed
to complex media, can significantly impact the suitability of a par-
ticular polymer brush for use in sensing applications. These sub-
tle variations ultimately determine which polymer brush is most
effective in a given context, because these values contribute to the
lower detection limits of sensor biomarkers. Generally, we noted
that HPMAA is often chosen as a monomer, and in copolymers
often combined with zwitterions like CBMAA. This is not sur-
prising, since extremely low fouling (<0.3 pg mm~2), below the
detection limits of SPR (let alone QCM), has been reported for
HPMAA.[22'74'135’136]

2.1.1. Monomer Selection Based on Hydration Layer

The reason why certain monomers outperform others, is based
on several properties, such as hydrophilicity, length of side chain,
and cohesive interaction between different polymers. The latter
two strongly influence steric hindrance. Early research already
showed that fouling increases with more apolar carbons in the
side chain, for example, poly(2-hydroxyethyl methacrylate) has
less fouling in serum and blood plasma compared to poly(3-
hydroxypropyl methacrylate).[515¢] More recently, Andel et al.
showed that for zwitterionic sulfobetaines the amount of carbons
between the charged amine and sulfur matter for fouling. Specif-
ically, they measured with fluorescence 3 times less fouling in
serum on side chains with 2 carbons between the charges, com-
pared to a distance of 3 carbons.[™®”) Similar results were found
with SPR for carboxy betaines, which show excellent low foul-
ing of serum on monomers with 1 and 2 carbons between the
charged groups, though more than 10 times more fouling for 3
carbons.['8] Sarker et al. explained this effect by a decrease in
dipole moment for less charge separation in zwitterionic materi-
als, which in turn improves hydrogen bonding with water.[>°]

2.1.2. Monomer Selection Based on Novelty

Currently, new monomers are still being developed. Singh
et al. synthesized polyoxazolines and showed how to graft new
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polymers from these moieties.'*!] This poly(2-isopropenyl-2-
oxazoline) itself showed no detectable fouling of BSA, FBS,
and Fbg on SPR. Pérez et al. researched biodegradable and
biobased polymer brushes with phosphorester backbones by
ROP.2l Their research found that poly(2-ethyl-2-oxo-1,3,2-
dioxaphospholane) prevented fouling of HSA (20 pg mm™),
diluted serum (170 pg mm~2), and Fbg (100 pg mm~2). And
in 2019, a new class of antifouling trimethyl N-oxide derived
zwitterionic polymers was published by Li et al.l}®"] These new
monomers with new properties increase the applications of
brushes in biosensors.

2.2. Density and Steric Hinderance

Hydration is a critical factor influencing antifouling perfor-
mance, as water molecules create a structured hydration layer
that resists protein adhesion.['!] The length of polymer chains
grafted onto a surface influences their ability to form an effec-
tive steric barrier against fouling. Longer polymer chains pro-
vide greater configurational entropy and steric hindrance, reduc-
ing the probability of biomolecule adsorption.[**?] Brush density
refers to the number of polymer chains per unit area on a surface.
High brush densities enhance steric repulsion and hydration.
While film hydration, chain length, and polymer brush density
each contribute to antifouling efficacy, their interplay is complex
and context-dependent. Hydration provides a crucial repulsive
force, but it must be complemented by optimal polymer chain
length and density to maximize steric effects.

Several studies from the last few years suggest that steric hin-
drance affects fouling. Steric hindrance originates from the struc-
ture and density of the brush.['®*] Wang et al. compared foul-
ing of linear polymer brushes with bottle-brushes of poly(N-
vinylpyrrolidone).[**?] Bottle brushes reduced the amount of foul-
ing compared to linear brushes for BSA (89% fouling reduction),
Fbg (74% reduction), and Lyz (54% reduction). The brushes had
similar thicknesses and similar densities of initiator at the sur-
face, causing in the bulk a higher density of polymer for the
bottlebrush. These density differences are key to increase steric
hinderance and limit fouling.1¥132! Yoshikawa et al. researched
this effect on functionalized silica nanoparticles.[32] They syn-
thesized brushes with different densities by functionalization of
the surface with ATRP initiator and a non-reactive group in dif-
ferent ratios. The resulting lowered polymer densities caused an
increase in human plasma fouling for all brushes (poly(PEGMA),
poly(MEA), poly(HEMA), and poly(HEA)).

2.3. Chain Flexibility

Besides density, the flexibility of the polymer (side)chains was
found to be important to improve fouling resistance. For exam-
ple, Reese et al. found differences in fouling on meta and para-
substituted aromatic polyamides with oligoethylene glycol side
chains.'"®] Meta-substituted arylamides showed no BSA fouling
with QCM, whereas para-substituted arylamides had an average
BSA fouling of 250 pg mm~2. Compared to their para analogs,
AFM force-distance curves also showed strong repulsive forces
for meta-substituted polymers. These differences were explained
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by the formation of densely packed OEG chains, which can form
in the more flexible meta-substituted polymer chains.

2.4. Methacryl or Acryl

In acrylic-based brushes, the properties of the backbone can be
altered by a methyl group, which is obtained from methacrylates
or methacrylamides. Methacrylic polymers with short sidechains
are known to have higher glass transition temperatures than
acrylic ones, however, predicting the flexibility of these chains re-
mains complex.'* Studies do indicate that less fouling is often
obtained from methylacrylics.[*%-167] A difference of 20 pg mm™2
of serum and plasma fouling has been measured in favor of
HEMA over HEA polymer brushes.['®) Furthermore, Koschitzki
et al. measured with fluorescence an improved fouling resis-
tance of CBMA compared to CBA in a copolymer.['”] These find-
ings are counterintuitive from a pure hydration layer perspec-
tive since methacrylates are known to have less hydration than
acrylates.['%] However, the complex interplay between hydration
layer and other physical properties of the brush favors in this
case methylacrylates, for their high glass transition temperature
which is typically above room temperature. The glass-like behav-
ior causes the polymers to conform less to the biomolecules and
therefore, possible interactions between matrix and surface re-
main limited.!1]

2.5. Acrylate or Acrylamide

Acrylamides tend to have superior antifouling behavior com-
pared to their acrylates.['®! When comparing SBMA and SB-
MAA, or HEA and HEAA, the acrylamides outperform the acry-
lates in fouling resistance.['”] Zhao et al. measured the equilib-
rium water content in hydrogels of these polymers and showed
that acrylamides enhance surface hydration at all tested crosslink
densities.'%] A possible explanation might be that amides form
a stronger surface hydration because they act both as hydrogen-
bond donors and acceptors toward water.[1¢]

2.6. Thickness

Studies from Table 1 use different thicknesses of antifouling lay-
ers. An extensive correlation between fouling and thickness of
poly(HEMA) and poly(HPMA) was performed by Zhao et al. for
Fbg, BSA, Lyz, serum, and plasma.[**] They showed that these
layers become anti-fouling around 20-30 nm, comparable with
thicknesses often used in literature (see Table 1).[112137:138.155] e
attribute this to two factors: First, with such thicknesses any sub-
strate surface-specific features are fully overruled by the charac-
teristics of the polymer brush. Secondly, with a high enough sur-
face density of the initiator, the resulting density of the attached
polymer chains is high enough to nearly completely “overgrow”
small surface defects, due to either nm-sized substrate defects
or some inhomogeneity in the initiator density. This effect, of
course, continues to improve surfaces if the polymer brush gets
even thicker. However, with thicknesses of more than 30 nm the
antifouling layer often does not improve, and in some cases, even
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slightly worsens.['7%171] For example, Zhoa et al. found that for
brushes of poly(3-hydroxypropyl methacrylate) minimum, Fbg
fouling was reached ~29 nm (<3 pg mm™2), however, at 35 nm
and 39 nm brush thicknesses the fouling increased to 53 and 56
pg mm~? respectively.'’%! We hypothesize that this fouling in-
crease at thicker brushes is linked to several factors, such as an
increase in the molecular weight of polymer chains, a decrease
in density in the upper part of the brush due to chain termina-
tion, and, consequently, a higher polymer dispersity. Previously,
a thin poly(HPMA) brush with a thickness of 13.5 nm was re-
ported to have a molecular weight of 49000 g-fmol~! and a graft-
ing density of 0.18 chains per nm?,®! and a poly(MeOEGMA)
brush with a thickness of 10 nm had a molecular weight of
~100 000 g mol~! with a grafting density of 0.07 chains per
nm?.[12!] Therefore, polymer brushes with thicknesses exceed-
ing 30 nm are expected to exhibit significantly higher molecu-
lar weights. The longer chains may increase the tension at the
anchor points and, therefore, cause degrafting.[*®! To the degree
that this is an issue, it can be improved with better anchoring
chemistries, such as introducing poly(GMA) macroinitiators.!"!]
Moreover, as the polymerization process continues to achieve
greater thicknesses, a reduction in polymerization control be-
comes inevitable, leading to chain termination. This, in turn, re-
duces the polymer density in the upper part of the brush and in-
creases the polydispersity, which may also contribute to antifoul-
ing properties. Thus we see a typical optimum brush thickness
reached when the “overgrowing effect” has been more or less
completely obtained, but the detrimental heterogeneity and in-
creased tension are still limited. Therefore, we recommend using
brushes with 20-30 nm dry thicknesses for optimal sensitivity in
sensing techniques and antifouling studies.

2.7. External Conditions

The fouling of polymer brushes in different environments can
vary, though often not significantly. For example, Vi§ova et al.
showed that fouling depends on the preconditioning of the layer
and the ions in the buffer.['** Their research compared the foul-
ing of undiluted blood plasma with and without drying steps on
CBAA, CBMAA, SBMAA, and HPMAA polymer brushes. For
all four polymer brushes, the fouling decreased after rehydra-
tion, in some cases by more than 50%. It was supposed that
higher levels of hydration, which occur upon rewetting the poly-
mer brush, create an improved water shell over the surface.!'>>172]
In addition to drying, the interaction of ions with the brush and
proteins changes the hydration layer and structure by salting
in (kosmotropic) or salting out (chaotropic), which influences
fouling.!"**173) These changes in fouling can impact the fouling
of complex mixtures in particular. Blood plasma varies in compo-
sition and ion concentration, and therefore, fouling tests depend
on the plasma donor.[*#1331391 Riedlova et al, studied the fouling
of 50 donors on MeOEGMA brushes and noted fouling ranging
from 1.2-2290 pg mm~? depending on the donor.['3]

The recent research on polymer brushes hasled to a deeper un-
derstanding of how brush properties affect fouling. Overall, the
“grafted-from” polymer brushes based on CBMAA and HPMAA
monomers and their synthesized copolymers showed the most
effective antifouling against numerous biological fluids. The op-

Adv. Mater. Interfaces 2025, 2400955 2400955 (10 of 21)

www.advmatinterfaces.de

timal thickness of the polymer brush to show effective antifoul-
ing is recommended to be in the range 20 to 30 nm. Furthermore,
high densities and rehydration of the brush lead to improved an-
tifouling properties.

3. Biofunctionalization of Antifouling Polymer
Brushes

Combining antifouling polymer brushes with biorecognition or
biointeractive elements, like an aptamer, peptide, or antibody,
can create biospecific surfaces.[*”! It is crucial to preserve the
antifouling properties of polymer brushes during this process,
as the biospecific surfaces should have only specific interactions
with a particular analyte. The immobilization of a biointerac-
tive element on the polymer brush can be conducted using dif-
ferent chemistries:["#17] nucleophilic exchange,['7*'77] thiol-ene
and thiol-yne additions,['”%] alkyne-azide cycloadditions,[17%-182]
thiol-maleimide additions,!'83] Diels—Alder reactions,!*®*) and ac-
tive ester couplings (Figure 4).1'85-18] We further anticipate that
future research will incorporate biomolecules into brushes using
a wider range of click chemistry strategies, such as sulfur(VI) flu-
oride exchange (SuFEx).[187-189]

Nucleophilic substitution reactions are widely employed
for the post-polymerization biofunctionalization of polymer
brushes,['] leveraging the reactivity of typical monomers
like dimethylaminoethyl methacrylate (DMAEMA), 2-
(diethylamino)ethyl methacrylate (DEAEMA), and glycidyl
methacrylate (GMA).I'”7] These reactions allow the introduc-
tion of functional groups, such as quaternary amines,!**") and
azides.['”®l For example, poly(GMA) can be functionalized with
various nucleophiles, like amines,[*1°! thiols, and azides,!17°!
enabling diverse applications like enzymel*! and DNA[!
immobilization.

Thiol-ene chemistry is increasingly applied in biomaterial
biofunctionalization due to its compatibility with physiological
conditions and photoactivation, making it suitable for selec-
tive reactions with peptides and proteins.['7819219] This method
allows alkene-functionalized antifouling polymer brushes to
be coupled with cell-adhesive peptides.['”8 The light-triggered
nature of thiol-ene chemistry also enables precise photopat-
terning designs, such as cell microarrays.['7#1921%] Function-
alization is a fast process, usually taking about five minutes
when using photo-irradiation. Its efficiency depends on the
ratio between the thiol and the photoinitiator.***] Thiol-yne
reactions offer even higher thiol densities by allowing two
thiol molecules to bind per alkyne site, enhancing surface
functionality.[1941%]

The alkyne — azide cycloaddition, a 1,3-dipolar reaction be-
tween alkynes and azides, is widely used to biofunctionalize poly-
mer brushes, forming 1,2,3-triazole adducts.['7981182] Thig re-
action typically requires copper(I) catalysis, although strained
alkynes like cyclo-octyne can react without a catalyst,!17%182]
broadening its applications, especially in biological systems
where metal toxicity is a concern. Copper catalysis increases ef-
ficiency but may pose issues due to toxic byproducts, prompt-
ing alternatives like copper protection or non-catalytic meth-
ods like ligands for copper protection.['%¢17] Moreover, azide-
containing monomers can be polymerized directly, allowing
pre-functionalized polymer brushes, while other approaches
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Figure 4. Different reactions can be utilized to couple biorecognition ele-
ments on the surfaces of polymer brushes. R indicates the biorecognition
element, and . indicates the polymer brush (note that in some cases
the opposite is also possible).

require protecting and later deprotecting active groups for fur-
ther modification.[180-182]

Maleimide-thiol coupling is a selective and efficient strat-
egy for the biofunctionalization of polymer brushes, com-
monly used in bioconjugation.!'831%] In this reaction, maleimide
groups on polymer brushes form stable covalent bonds with
thiol groups, typically from cysteine residues in proteins
or other molecules.['] This reaction occurs rapidly under
mild conditions, often at room temperature and physiolog-
ical conditions, making it a good candidate for biological
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applications.[2%] Maleimide-thiol coupling is favored for its speci-
ficity and ability to target thiols without affecting other functional
groups.[2%1]

The Diels-Alder reaction is a well-established method for
functionalizing polymer brushes, offering a robust way to intro-
duce biospecific molecules!'® or other functional groups onto
polymers.[22] This reaction is particularly valued for its high se-
lectivity and mild reaction conditions.’”) The main drawback of
this approach is that biospecific elements must be modified to
incorporate the diene and dienophile into their structures.[”%181]

Due to its efficiency and versatility, active ester coupling
is a widely used strategy for biofunctionalization of poly-
mer brushes.[118.185186.203.204] Tn this method, polymer brushes
containing active ester groups, such as N-hydroxysuccinimide
(NHS)[118.185.186.203.204] egters or pentafluorophenyl (PFP)12%5! re-
act readily with nucleophiles, allowing for the straightfor-
ward attachment of biomolecules like proteins,?® peptides,
antibodies, 185186205206 or other biospecific molecules under
mild conditions. Their high reactivity ensures fast coupling with
minimal side reactions, making them ideal for creating function-
alized surfaces in applications such as biosensing,!!8518] and tis-
sue engineering.['7*] Additionally, the reaction proceeds in aque-
ous or organic solvents, offering flexibility for different biomolec-
ular systems.2””] Moreover, Lisalovd et al. investigated further
optimizing NHS group deactivation after coupling by applying
glycine to poly(CBMAA)-NHS polymer brushes. This process
restored the brushes’ zwitterionic character, achieving a blood
plasma fouling level of 51 + 26 pg mm~2.["¥] This deactivation
procedure was also applied in diblock structures consisting of
poly(HPMA)-poly(CBMA) for deactivating the second block after
coupling with an anti-fibrinogen monoclonal antibody.24]

The biofunctionalization of polymer brushes can be achieved
through four main approaches, each differing in how, and
where, functional groups are introduced for coupling: chain-
end,[70181206208] gide chain,[1751%) random copolymer,11185.156]
and diblockl118181.182204] copolymer brush (Figure 5).

Chain-end biofunctionalization of polymer brushes offers
several advantages. It allows precise placement of bioactive
molecules at the terminal end of polymer chains, ensuring con-
trolled availability and minimizing steric hindrance from the
polymer brush.[70.181:206208] Thig method can enhance the accessi-
bility and functionality of biomolecules, improving interactions
with target molecules in applications like biosensing.[70181:200.208]
However, chain-end functionalization often requires specific syn-
thetic steps, making it more complex than random or side-
chain functionalization.l’%20%1 Additionally, the density of biospe-
cific groups is lower compared to functionalization along the
entire polymer chain, which may limit the surface’s overall
bioactivity.[70182]

Side-chain biofunctionalization of polymer brushes enables
high-density attachment of biospecific molecules along the
length of the polymer chains, increasing overall bioactivity and
enhancing interactions in applications like biosensing or cell
adhesion.['7812] This approach also offers greater flexibility in
tuning the spatial arrangement of functional groups. However,
side-chain functionalization can lead to steric hindrance, po-
tentially reducing the accessibility and effectiveness of the at-
tached bioreceptor molecules.[2921] Additionally, achieving uni-
form and controlled functionalization along the side chains may
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Figure 5. Various architectures for immobilizing biospecific elements on antifouling polymer brushes to create biospecific coatings.

require more complex chemistries. The increased surface
crowding can also decrease the polymer brush’s antifouling
properties.[2%]

Random copolymer brushes for biofunctionalization offer a
versatile approach by incorporating multiple functional groups
along the polymer backbone.[?”:118184-186] Thig allows for the si-
multaneous introduction of different biospecific molecules, en-
hancing multifunctionality and enabling complex biological in-
teractions. Random copolymerization also simplifies the synthe-
sis process, as biofunctional and non-biofunctional monomers
are co-polymerized in a single step.!?:118185186] However, con-
trolling the precise distribution and density of functional groups
can be challenging, potentially leading to inconsistent bioactivity
and relatively lower biospecific element immobilization.[''®] Ad-
ditionally, the random placement of functional groups may result
in steric hindrance or reduced accessibility, impacting the biosen-
sor performance.[18]

Diblock copolymer brushes for biofunctionalization offer pre-
cise spatial separation of functional groups, with one block
dedicated to bioactivity and the other providing antifouling
properties.[118181182204] Thig allows for the controlled presenta-
tion of biospecific molecules in a well-organized manner, im-
proving their accessibility and functionality, which is particularly
useful in biosensing applications. The distinct block architecture
can also enhance stability and reduce nonspecific protein inter-
actions by limiting bioactivity to one block.!118181.182.204] However,
the synthesis of diblock copolymer brushes is more complex and
often requires advanced polymerization techniques or multistep
methods.[lls,lSl,ISZ]

Current developments in the biofunctionalization of polymer
brushes use a wide variety of chemistries to couple biospecific
biorecognition elements to antifouling polymer brushes. Never-
theless, active esters, particularly in NHS-EDC chemistry, prob-
ably remain the most commonly applied technique to immobi-
lize biorecognition elements.[118185186.203.204] This ig related to the
wide presence of amine groups in almost any biospecific element
and the relative simplicity of this approach. This attractive fea-
ture, however, is also one of the potential drawbacks, as it may
lead to a wide variety of orientations of the biorecognition unit
on the surface, with a concomitant reduction of the sensitivity of
the device (see above for effects of orientation of, e.g., antibod-
ies). Other approaches, such as azide-alkyne click chemistries,
have a higher specificity and often preserve the structure of the
biorecognition element.['>181182] These approaches frequently
require post-polymerization modification of brush and biorecog-
nition elements.['811821 A wide variety of architectures can be
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used for the creation of biospecific surfaces.['’*] The diblock sys-
tem seems to be the most practical and balanced approach for cre-
ating biospecific layers, because of its high immobilization level
of biorecognition elements on the second block and preserved
antifouling properties at the first block.[118:181:182.204]

Polymer brushes may play a key role in stabilizing
biomolecules attached to their surfaces. It is well known
that attaching antibodies or aptamers directly to solid surfaces
can lead to partial unfolding or a loss of function, especially when
they adsorb onto bare materials. Hydrophobic or charged surface
patches can denature proteins or aptamers upon contact.[211-212]
Polymer brushes may help mitigate these effects through steric
stabilization: the dense polymer chains act as a physical barrier
between the bioreceptor and the solid substrate while also pro-
viding a solvent-rich cushion. Previous studies have shown that
conjugation with bottlebrush polymers improves the stability
of aptamers,[2!?] as does the use of polymer brush coatings.[?13]
The highly hydrated environment of polymer brushes may
help in maintaining the native conformation of biomolecules
by preventing exposure to dry or denaturing interfaces. This
way, polymer brushes offer a “soft” landing pad, unlike hard
surfaces.?!*l This stabilizing effect may be further supported
by the high performance of thrombin aptamer-based grating
sensors incorporating poly(HPMA)-poly(CBMA) brushes, even
in complex biological fluids such as blood serum.2%]

4. Applications of Biospecific Polymer Brushes in
Biosensors

Biospecific polymer brush coatings have applications in var-
ious Dbiosensing technologies.[627-28210215-217] Their unique
ability to repel non-specific adsorption offers a signifi-
cant advantage in label-free, high-sensitivity research tech-
niques such as SPR (Surface Plasmon Resonance)!?:21>:218]
and QCMD (Quartz Crystal Microbalance with Dissipation
monitoring).[%28] The most commonly used coating in these
systems is a poly[(N-(2-hydroxypropyl)-methacrylamide)-co-
(carboxybetaine methacrylamide)] (poly(HPMAA-co-CBMAA))
random copolymer.[?7:28215-217] The biospecific element in such
systems is typically attached through NHS/EDC active ester
coupling with CBMAA moieties.[627:28.215]

4.1. Optical Biosensors

Combining polymer brushes with aptamer bioreceptors enables
the analysis of medically relevant thrombin concentrations in
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Figure 6. Examples of biosensor technologies a) Schematic of an antifoul-
ing SPR biosensor for direct thrombin detection in 10% human blood.
The gold chip is coated with a polymer brush and thrombin-specific ap-
tamers (HD1 short, HD1, HD22), enabling label-free, selective detection
without sample pre-processing. Reproduced with permission.[?’] Copy-
right 2020, Elsevier. b) A portable QCM biosensor with terpolymer brush
nano-coatings enables rapid (30 min) and accurate detection of E. coli
O157:H7 in real-world food samples. The sensor achieves low LODs (7.5
x 102 CFU mL™" in milk, 3.1 x 10* CFU mL~" in hamburgers, and 2.6
x 10* CFU mL™" in dumplings) with high reusability over 60 sample in-
jections. A custom-built four-channel portable system with an optimized
microfluidic setup facilitates on-site analysis. Reproduced under terms of
the CC-BY license.[?8] Copyright 2024, Elsevier.

10% Dblood using a direct SPR detection format.l”’] Further-
more, poly(HPMAA-co-CBMAA) coatings were applied to biosen-
sors that detect hepatitis B antibodies in clinical saliva.l?!”]
These coatings have found their application in biosensing food
safety, detecting bacterial pathogens, like E. coli, in complex food
Samples.[28'145’216]

Recent developments have led to creation of a compact
thrombin (coagulation factor I1) sensor (Figure 6a).12-21] This
biosensor allows for direct, label-free detection of thrombin
with aptamers in medically relevant concentrations (1-20 nm),
without the need for sample dilution or additional signal
enhancement.”'] Besides coagulation factor II, factor XII was
also detected with an optical SPR sensor on functionalized
poly(HPMAA-co-CBMAA) brushes with a Cl-esterase inhibitor
by the group of Rodriguez-Emmenegger.!">*>!] They noticed
that the inhibitor prevented factor XII, from being activated and
therefore reduced coagulation of biomaterial on the surface even
more.

4.2. Piezo Vibration-Based Biosensors
A sensor based on a triblock of poly(HPMAA-ran-CBMAA-ran-
SBMAA) was applied to rapidly detect SARS-CoV-2 in clinical
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samples.l) Similar terpolymer brushes have shown excellent an-
tifouling properties with QCM in food samples, such as diluted
milk and extractions from cheese and meat (Figure 6b).1%] Be-
cause of these antifouling properties, noise was decreased and
a LOD of 2 CFU/mL was obtained for S. aureus binding to
antibodies.[1>3216]

4.3. Electrochemical Biosensors

Furthermore, a sandwich-type electrochemical immunosensor
was successfully developed for the simultaneous and highly sen-
sitive detection of PSA and AFP tumor markers.[?"] Using a
poly(acrylonitrile-g-glycidyl methacrylate) polymer brush loaded
with Au nanoparticles for signal amplification, it achieved detec-
tion limits as low as 0.1 pg mL~! (PSA) and 0.3 pg/mL (AFP) in
single detection, and 2.2 pgmL~" (PSA) and 1.8 pg mL~! (AFP) in
simultaneous detection. The sensor demonstrated high sensitiv-
ity, selectivity, and potential for clinical monitoring. The polymer
brush coatings also serve as effective siRNA delivery systems, uti-
lizing poly(DAMA-HEMA)-multilayered gold nanoparticles syn-
thesized via surface-initiated ATRP.[?2% The polymeric shells en-
able tunable siRNA loading, influencing cellular uptake and gene
silencing. In a bioreductive environment, disulfide bonds break,
releasing siRNA and significantly suppressing tumor growth in
a murine lung carcinoma model.

It remains uncertain whether an optimal balance can be
achieved by using zwitterionic brushes in electrochemical
biosensors. While zwitterionic monolayers have shown a good
trade-off between antifouling and sensitivity in biological flu-
ids like FBS, increasing the coating thickness to a brush struc-
ture may reduce device sensitivity.?2!l Self-assembled monolay-
ers (SAMs) used as supports for polymer brushes act as dense,
low-permittivity barriers that restrict ion and electroactive probe
transport, behaving like pure capacitors in equivalent circuit
models. Charge transfer through the SAM occurs via electron
tunneling, which decreases exponentially with increasing SAM
thickness.[???]

However, using electrically neutral yet highly polar, thin poly-
mer brushes such as poly(HPMA) or poly(MeOEGMA) in the 5-
15 nm range may offer a suitable compromise between antifoul-
ing performance and electrochemical responsiveness. Those
brushes previously showed good antifouling performance at
rather low thickness.[”*%) It also should be underscored that poly-
mer brushes hold significant promise as highly effective antifoul-
ing coatings in Electrochemical Impedance Spectroscopy (EIS)-
based biosensors, offering the potential to markedly reduce bio-
fouling and improve sensor performance.3!]

5. Future Challenges and Prospects

The new approaches to synthesizing polymer brushes, such as
SI-ARGET-ATRP,!'% SET-LRP, and PET-RAFT,["'*121] transform
these biospecific coatings from purely lab-based to an applicable
and scalable technology for diagnostics and point-of-care testing
(POCT). Two POCT concepts to mention here are the “D4 as-
say” and the “D4-TFT assay”, which rely on SI-ATRP-prepared
poly(HOEGMA) brushes for antibody and reagent immobiliza-
tion, as described by Chilkoti et al.[?*-224] Nevertheless, chal-
lenges may need to be addressed to integrate polymer brushes
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Figure 7. (top) Monomer structure, SI-ATRP mechanism, and the general structure of the PB films synthesized in this study; (bottom left) Examples
and schematic of standard Schlenk line reactors (reference procedure); (bottom right) General schematic and design of the microfluidic stack reactors

for SI-ATRP. Reproduced with permission.['28] Copyright 2025, Elsevier.

further into lab-based diagnostics and POCT. Such challenges
are (1) full control and repeatability of polymer brush thick-
ness and density on large substrates, (2) robust biofunctional-
ization strategies, and (3) less elaborate and multistep proce-
dures to grow polymer brushes.?”! Lisalova et al. addressed
these challenges by developing a microfluidic stack reactor, a 3D-
printed, scalable system designed to significantly enhance poly-
merization efficiency—over 100-fold—while minimizing chem-
ical consumption.'?] Using this reactor, they successfully syn-
thesized high-quality polymer brushes with excellent antifouling
properties. The results demonstrated that polymer brushes pro-
duced with this method were comparable, if not superior, to those
synthesized through conventional techniques, highlighting the
potential of this approach for efficient, large-scale polymer brush
production (Figure 7).

Reliable large substrate modification with polymer brushes
is essential for the analytical performance in certain biosen-
sor concepts such as in SPR, photonic sensors, and electro-

Adv. Mater. Interfaces 2025, 2400955 2400955 (14 0f21)

chemical sensors. Therefore, precise control over layer thick-
ness and brush density is essential. Initial work on wafer-scale
applications of SI-PET-RAFT has been achieved.[®*?2°] Further-
more, wafer-scale SI-ATRP-grown polymer brushes have been
successfully achieved by using a copper plate as a lid to con-
fine the reaction volume. This versatile approach requires only
a few pL of reagents, is oxygen-tolerant, and applies to var-
ious monomers.[??2%] Furthermore, when using SI-ARGET-
ATRP, a glass cover can replace the copper plate, which was ini-
tially reported for poly(DMAEMA).[??°] More recently, it has also
been used to prepare wafer scale poly 3-sulfopropyl methacry-
late (poly(SPMA)) brushes with ascorbic acid as the reducing
agent.'% Optimizing the reducing agent’s concentration allows
for the formation of a robust and uniform polymer brush at the
full wafer scale.1%*]

While polyethylene glycol (PEG)-based polymer brushes
have been widely used, their long-term stability can be
influenced by factors such as autooxidation upon oxygen
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exposurel®]  However, recent studies by Lisaloval'*l and

Rodriguez-Emmenegger!??] highlight the superior stability of
zwitterionic poly(CBMAA) and poly(HPMA) polymer brushes,
which maintain their integrity over time, especially when stored
in a dry state or in a buffer solution. These emerging poly-
mer brush systems offer promising alternatives for long-lasting
non-fouling surfaces. The grafted-from approach yields high-
density brushes with optimal antifouling conditions. However,
mass transport and charge transfer are limited in dense packed
systems, which currently limits the application of these brushes
in electrochemical biosensors.['*]' A solution for this problem
might be to use lower grafting densities (for example obtained
from grafting-to strategies) and backfill the electrode surface with
self-assembling molecules. Similar systems are currently used
for aptamers(231-233] and peptides!?**! that are grafted to gold elec-
trodes, which are backfilled with mercapto-alkanols.[2*]

The biofunctionalization route has to be stable and highly re-
peatable for scaling toward large substrates. NHS/EDC coupling
chemistry is versatile, attractive, and probably the most com-
monly used routine, as it allows direct protein immobilization
without any protein modification or conjugation.!*$>18] However,
in case of hydrolytic instability, more water-stable amino-reactive
chemistries like epoxy or PFP for covalent coupling onto poly-
mer brush-based biospecific surfaces could be explored.[?3¢] An
alternative route was presented by Chilkoti et al., who developed
an elegant inkjet-printing-based noncovalent immobilization of
antibodies onto SI-ATRP prepared poly(HOEGMA) polymer
brushes, which greatly simplifies fabrication.[?!1223224] [n this re-
search antibodies were directly printed onto the poly(HOEGMA)
layer, i.e., without any activation, and by a consecutive drying step
under reduced pressure, the antibodies become noncovalently
immobilized through entanglement in the poly(HOEGMA)
brush layer. This method has no need for washing or blocking
after immobilization and retains the antibodies’ tertiary structure
and activity. However, on zwitterionic poly(SBMA) this inkjet-
printed noncovalent immobilization route failed due to the high
hydrophilicity of the brush layer.[?*”] Therefore, a workaround
was developed based on poly(2-dimethylaminoethyl) methacry-
late (DMAEMA) brushes.[?”] The hydrophilicity was tuned by
derivatization of DMAEMA with iodoacetic acid into zwitterionic
CBMA,; this facilitated the noncovalent antibody immobilization
and guaranteed excellent matrix-resistant properties.[2”]

“Grafting-from” approaches based on SI-ATRP or SI-PET-
RAFT are multistep chemistry protocols, including surface clean-
ing, initiator immobilization, synthesis of the polymer brush, ex-
tensive washing, activation or reactive group introduction, bio-
functionalization, and washing. Reducing the number of steps
would be desired to facilitate and boost the uptake of these
high-performance surfaces in large-scale diagnostic lab-based
and point-of-care testing applications. Alternatively, in-solution
chemistry approaches may be applied in gas-phase procedures
like initiated chemical vapor deposition (CVD). In iCVD an ini-
tiator molecule is thermally decomposed into free radicals. Af-
ter adsorption onto (a cooled) surface gas phase, the polymeriza-
tion of monomers proceeds. iCVD has developed into a solvent-
free, very clean, versatile, and easily scalable process.[23%23]
However, so far, it is limited to precursor molecules with a
high enough vapor pressure.?**] This limits the direct use of
zwitterionic, high-polarity, or high-molecular-weight precursors.
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Nevertheless, iCVD-based hydrophilic polymer brushes, like
POIY(HEMA),[238'Z41’242] pOly(PVP),[243'244] and Poly(HPMA)[239,245]
have been reported. Limited studies on their antifouling proper-
ties have been reported.[24+246]

Reusing the (sensor) substrates, e.g., after the brush coating
loses its functionality, is a sustainability challenge.'*3] A pos-
sible solution is to completely remove the brush and initiators
and refunctionalize afterward. Yet, this might involve hazardous
chemicals such as HF,[?*’] strong acids,/?*] bases,?*’ or other
chemicals.[?) A milder technique was recently demonstrated:
Several types of polyester-based brushes were degraded under
mild aqueous conditions and regrown repeatedly from the same
initiator film.[111]

The introduction of diblock(118-181.182] and
random!6-27:28185209215.217]  copolymer  architectures for the
biofunctionalization of polymer brushes allows the biofunc-
tionalization unit to be spatially separated from the antifouling
unit. Furthermore, they allow for high immobilization amounts
of biospecific elements on the surface of polymer brushes and
preserve their antifouling properties.[627:28118181,182,185,209.215.217]
Combining this architecture with highly versatile chemistries
allows the immobilization of almost any biospecific element on
the surface of an antifouling polymer brush.[627:28118.185209.217]
Therefore, it opens a path toward applying polymer brush
coatings in biosensors that work in real undiluted biological
liquids.[6:27:28:215-217] We envision the growth of polymer brush-
based biospecific surfaces and their scalable applications in
different fields, from biosensors to tissue engineering.
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