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Electrochemical biosensors have been applied in a broad range of clinical applications for pathogen biomarker detection and

DOI: 10.1039/x0xx00000x

medical applications and diagnosis due to the sensitivity of electrochemical methods and the bioselectivity of the

components. The complexity of clinical conditions with various biofoulants (proteins, cells, polysaccharides and lipids)

severely influences the reliability and stability of sensors for direct detection or immersion under changing conditions.

Therefore, designing an antifouling sensing platform that can effectively reduce undesired binding to maintain biosensor

performance in optimized analysis is necessary. For this purpose, the fundamental mechanisms of fouling materials and

commonly used biocompatible antifouling components have been discussed, and the relevant effective modification

strategies are introduced in this review. Recent advances in these strategies are demonstrated in examples with analysis of

essential modification methods for reliable sensing in non-specific binding solutions or complex biofluids. The challenges

and future perspectives of modification strategies for current clinical application are also discussed in this review.

1. Introduction

Biosensors have been the most active field in analytical
chemistry for years and have drawn great attention due to their
potential to be rapid diagnostic tools for various clinical
applications. detection methods
developed, including surface plasmon resonance (SPR)?, silicon
nanowire field-effect transistor (SINWD-FET)%?#, quartz crystal
microbalance (QCM)> and electrochemical methods®. The
electrochemical method is a surface detection technique that
provides several advantages for biosensing detection, including

Numerous have been

easy processing, low cost and accuracy. It can also achieve a low
detection limit and only requires a small reaction volume during
measurements’. These features provide an advantage for
disease determination in clinical applications that require high
sensitivity and low sample volume in the analysis process. An
electrochemical sensing system contains recognition elements
that are immobilized on transducers (electrode) and selectively
bind to target analytes, generating an electrical signal that
depends on the concentration of the analyte in clinical complex
solutions (blood, urine and pleural effusion). Such electrical
signals often encounter serious fouling issues when biofoulant
molecules attach to the electrode surface through nonspecific
binding, causing the background signal to increase and
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negatively affecting the sensitivity and reproducibility of the
sensors. This fouling phenomenon significantly disturbs the
reliability and performance of electrochemical sensors,
especially in complex environments.

Biofouling is involved in a broad range of mechanisms that
mostly depend on the type of fouling agent, including the matrix
of clinical samples (i.e., proteins, cells, lipids, polysaccharides),
other analytes and side products of electrochemical reactions?®
10, These undesirable molecules tend to attach to the platform
surface through several interactions, such as hydrophobic,
electrostatic and intermolecular forces, resulting in a dense
layer that passively forms on the electrode and blocks
recognition elements and electrodes. The selectivity and
binding affinity of biological recognition elements are strongly
influenced by the fouling layer, resulting in poor signal-to-noise
ratio and high background signal. This fouling layer not only
inhibits physical contact of the analyte with the electrode but
also directly impedes electron transfer through electrochemical
responses. In recent years, the requirement of detecting
analytes in real samples has driven the study of antifouling
performance in biosensors. For example, the concentration of
protein in human blood ranges from 60 to 80 g/L!. To maintain
reliable analysis results in the presence of numerous
interference factors in clinical use or other complex particle
conditions, antifouling treatment of the electrode is necessary
for the sensing platform. Construction of an antifouling
biosensor can strongly improve sensitivity, selectivity,
reproducibility and reliability in electrochemical devices.
Therefore, the development of a high sensitivity system with an
antifouling ability is critical for electrochemical biosensors in
expanding further reliable clinical detection.

Recently, a valid strategy for alleviating fouling issues is
integrating antifouling materials on an electrode surface to
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effectively minimize nonspecific attachment. These antifouling
materials must be biocompatible, naturally inert and able to
survive in a complex environment, such as sweat, urea,
wastewater, tissue fluid and blood. Cooperating with the
electrode surface, antifouling reagents include a broad range of
materials, most of which attempt to improve the antifouling
resistance of the electrodes2-14, According to different types of
materials, proper modification strategies are incorporated into
an analysis platform either by changing the chemical properties
or creating a physical topological structure>-17, Both antifouling
materials and interactions between the sensing platform and
modification layer are crucial for antifouling efficiency. Because
generally used antifouling materials have been explained in
several excellent reviews, we will only briefly mention some of
the most commonly used materials and mainly focus on related
fouling mechanisms and recent developments in modification
strategies for electrochemical biosensors.

2. Surface antifouling mechanism

The attachment of foulants can be minimized by changing a
surface-modified electrode with hydrophilic and zwitterionic
molecules. For clinical applications, these antifouling coatings
are designed to be biologically “inert”; i.e., they do not cause
an immune response and/or chemical reaction and do not
eliminate fouling proteins or cells directly. With great
biocompatibility, these anti-fouling materials inhibit foulants
from attachment via mechanisms including hydrophilic
interactions, steric repulsion, electrostatic repulsion and low
surface energy (Fig. 1).

2.1 Hydration Layer

In electrochemical biosensors, most electrodes, such as gold,
ITO and other carbon-based electrodes, tend to have
hydrophobic surfaces that cause hydrophobic foulants to
adhere to the electrode!8-21, Hydrophobic interactions between
foulants and electrodes are quite stable in aqueous
environments. Two hydrophobic materials favorably adhere
together, pushing the hydrophilic molecules in the surrounding
out, resulting in a reduction in the entropy of the system. Under
the generally mild conditions for biomedical application, such
entropy-driven hydrophobic interactions are irreversible. While
solving fouling issues, studies attempt to avoid hydrophobic
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Fig. 1 Illustration of antifouling properties on an electrode surface in a real sample.

2| J. Name., 2012, 00, 1-3

interactions and instead reconstruct a hydrophilig, electrogde
surface that can effectively minimize theP4dhé@siom GFFOIRNES
Unlike hydrophobic surface conditions in which water pushes
foulants onto the surface, water competes with the foulants and
binds to the hydrophilic surface, strongly displacing foulants
through dehydration mechanisms?223, In this case, hydrophilic
components, such as polyethylene glycol (PEG) /OEG, are
incorporated on the electrode surface. Each PEG (poly(ethylene
oxide))/OEG (oligo(ethylene glycol)) backbone can strongly bind
water molecules, connecting each chain through the ether
oxygen and forming a tight hydration layer that physically blocks
out foulant adsorption?24-26,

2.2 Steric Repulsion

Almost all water-soluble polymers have the ability to resist
protein, but the best materials can achieve both a hydration
layer and steric repulsion characteristics. For long chain
polymers, steric repulsion is involved in antifouling resistance
due to the flexibility of the chain?7.28. When foulants approach
the sensing platform, grafting polymers configurationally
compress through volume change, and this dehydration process
is an unfavorable change in free energy. Due to the entropy
effect, polymers tend to expand and repel foulants. Such steric
force prevents foulants from reaching the electrode surface. For
polymers, both repulsion forces and hydrophilic features are
important for antifouling properties in polymer strategies.

2.3 Electrostatic Repulsion

Similar to PEG/OEG-based materials, molecules containing
cationic or anionic moieties also have the ability to form
hydration layers through ionic solvation interactions with water.
This dipole arrangement of water is more effective for water
bonding than hydrogen bonding in the case of PEG/OEG
material. However, a large amount of ion charges accumulated
on the electrode surface attracts macromolecules with opposite
charges, causing serious foulant adsorption. To avoid charge
aggregation and impart protein resistance to the substrate, a
neutralized molecule carrying a 1:1 positively and negatively
charged residue is a method to overcome electrostatic
attraction since all proteins contain both charged residues.
Zwitterionic materials contain separate anions and cations that
can be corporately synthesized or naturally formed, such as
phosphocholine (PC), sulfobetaine (SB) and carboxybetaine
(CB). While the composition ratio might be varied, the overall
charge is neutral. In this case, both negatively and positively
proteins can be resisted by a brush film forming a denser and
thicker hydration layer than PEG/OEG materials. Studies have
demonstrated the antifouling performance of zwitterionic
materials over traditional PEG/OEG-based materials. A study by
Wu et al. demonstrated that PEG indeed exhibits weak
interactions with adsorption proteins, while the interaction
between poly(sulfobetaine methacrylate) (pSBMA) and protein
was undiscovered?®. Other studies also revealed differences in
the hydration strength ability of electrostatic interactions and
hydrogen bonding in PEG/OEG polymers and zwitterionic
materials?8:30,31,

This journal is © The Royal Society of Chemistry 20xx
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2.4 Surface Topography

Surface topography has been used to affect foulant adsorption
on sensing platforms. It provides a certain degree of influence
on the fouling level, protein conformation and binding affinity,
especially on the nanoscale, i.e., in the same scale range as
protein size32. Engineering the surface topography is another
way to influence biomolecular fouling in exceedingly broad
strategies33-36, Without changing bulk properties and altering
surface chemistry, the topography changes the behavior of
surface wetting, resulting in control of protein adsorption.
According to the Wenzel and Cassie-Baxter equation3?,
increasing facial roughness makes a hydrophilic surface more
hydrophilic and a hydrophobic surface more hydrophobic when
there is entrapment of air in the surface structure. Such
topology restricts the contact of proteins and cells, limiting
foulant attachment.

Analyst

3. Moaodification strategies for antifouling. rticc oniine
DOI: 10.1039/C9AN0O2017A
electrodes

There are two strategies for improving the antifouling resistance
of an electrode, by altering the surface morphology (physical)
and immobilizing additive component (chemical) on the
electrode. A suitable method is determined by the physical and
chemical properties of both the electrode and antifouling
reagent and has been developed for years. In the following
paragraph, we will briefly discuss the physical and chemical
mechanisms and methods that lower the adsorption of foulant
molecules.

3.1 Physical strategies

3.1.1 Physical Adsorption Physical methods of antifouling
usually do not change chemical properties and instead steadily

Table 1 Comparison of various antifouling strategies of for electrochemical sensors and biosensors

I Detection
Modification Method Component Result Ref
Method
Physical
Linear range 0.1 pM - 0.01 puM, with a detection limit of 0.01 pM of
Physical GCE/ PDA/GSSG oV gerip K _ P [40]
EGF; GSSG as blocking agent
. Carbon electrode/ pH-sensitive coating (pH>6 and pH<5) H202 sensor
Physical oY S . [42]
methacrylate polymer 100% recovery sensitivity in blood and saliva for 2 h
Vertical
' Fluorinated VG/NRs 2 to 15 mM of H,0, with a detection limit of
Surface topology graphene/nanorods cv . e [44]
0.32 mM and high stability in 1% serum
(VG/NRs)
High recovery rate (95.1% and 97.3%) for AA and UA detection in
Surface topology Nanoporous Au DPV [50]
10% FBS
Chemical
PEG spacer dynamic range of 0.1-100 nM and LOD of 90-800 pM for
targeting trypsin. PEG-6 has the minimized nonspecific response in
SAM Au/Cys-PEG/peptide SWv geting tryp P P [56]
100 nM BSA.
. For MCH blocking, zwitterionic peptide for BRAC1 detection
SAM Au/peptide/MCH EIS e [57]
prevents antifouling in 10% FBS.
Au/ thiolated Good antifouling resistance for PSA detection in 100 uM serum
SAM ) EIS ) [61]
SB/thiolated apatamer (variance< 1%).
Polymer brush Amperometri GOx trapped in PSBEDOT retained 90% signal in human blood
Pt/PSBEDOT/GOx [68]
(graft-to) c response plasma.
Polymer brush GCE/PEDOT/PEG/AuN X . .
EIS Detection of AFP in 10% human serum; 99.91% signal recovery [69]
(graft-to) Ps
CA125 antigen showed a range from 0.0001U/mL to 1kU/mL with a
Polymer brush GCE/PANI-PThi/phytic & . & e / ] /
. SWV LOD of 0.00125 U/mL with great antifouling resistance in human [70]
(graft-to) acid
serum.
Polymer brush GCE/PANI/PEG DPV BRAC1 DNA detection in 1-5% serum was unaffected. 92.17% signal (71]
(graft-to) nanofibers remained in 100% serum.
Polymer brush Amperometri L R . . .
Pt/PANI/GOx/SBMA 94% sensitivity remained after incubation for 15 days in 100% FBS. [73]
(graft-from) c response
Polymer brush - . P . .
Au/aniline-SB cv Resists nonspecific binding through rapid surface construction [78]

(Electrodeposition)

This journal is © The Royal Society of Chemistry 20xx
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cover a material with a layer of blocking components that
reduce direct contact between foulants and electrodes.
Adsorption is a facile method that generally modifies electrodes
with inactive proteins via intermolecular forces, mainly through
polar interactions, hydrogen bonding, ionic bonds and van der
Waals forces. BSA is the most commonly used blocking reagent
in biosensors but has several flaws, including a nonuniform layer
and a potential steric hindering effect on small
molecules3839 Lin et al. demonstrated a small inactive peptide,
oxidized glutathione (GSSG), as a blocking reagent, which can
significantly lower the linear calibration range and detection
limit, especially for targeting small molecules*. In this
immunosensor, a layer of polydopamine (PDA) is deposited on a
GCE, which interacts with epidermal growth factor (EGF),
atarget analyte. The remaining sites of the PDA film are covered
with GSSG or BSA and subsequently detected with anitibody-
AgNPs via CV and EIS. The GSSG blocking strategy responds to
the detection range from 0.1 pM to 0.01 uM, with a detection
limit of 0.01 pM, which is much more sensitive thanthe BSA
blocking method. Such physical adsorption ensures that the
recognition elements bind to the analytes specifically under real
sample demonstration. However, the immobilized mechanism
reacts through weak intramolecular interactions that can easily
be reversed by conditional changes through environmental
variance, resulting in an influence on the strength of the
interactions (pH value, temperature, ionic strength and solvent
polarity)41. Such an adsorption layer may be involved in cross-
reactivity, high variance and changing surface behavior.

3.1.2 Mechanical Coating Another electrode modification
method is physically coating antifouling reagents on electrodes
by directly forming polymer films. The advantages of physical
coating (spin-coating, dip coating and spray coating) are that it
can quickly fabricate uniform films with controllable film
thicknesses. Additionally, the easy coating process is conducive
to mass manufacturing with time savings and low cost.
However, the physical adsorption of antifouling material on an
electrode is relatively unstable because the coating might
physically degrade during application under complex
conditions. Montiel et al. utilized such features to develop a pH-
responsive electrochemical sensor array that controlled delayed
detection approaches by coating a film of pH-sensitive
methacrylate polymer42. These commercial polymers, Eudragit®
L100 and Eudragit®EPO, will dissolve under certain pH value
conditions, pH>6 and pH<5, respectively. After coating the
protective polymers, electrochemical sensors were sheltered
from the complex biofluid with a certain time sequence
depending on the coating density and thickness. When exposed
to a specific pH environment during controlled delay times,
fresh electrodes are available for electrochemical detection
without fouling interference. They demonstrate an impressive
approach for antifouling resistance by coating a glucose oxidase
(GOx)-Prussian blue graphite electrode for targeting glucose in
biofluid. After incubating 2 hours in saliva or blood, the coated
sensor presented the best sensitivity (100%) over the uncoated
electrode, reaching only 29.6% and 34.6% sensitivity.

4| J. Name., 2012, 00, 1-3

3.1.3 Superhydrophobic Engineering the surface morphelagy.is
another way to reduce electrode foulingipl:éR¢8&aARN BHOEd
strategies without changing the chemical properties of an
electrode. There are two main strategies that are devoted to
antifouling resistance. One is the lotus effect, creating a
superhydrophobic surface that causes water to pick up
contaminants, preventing any biomolecular attachment and
contributing to the self-cleaning effect*3. In the other way,
construction of a surface morphology that has a special
structure prevents protein and cell attachment. For example,
when the structure is smaller than the size of the foulant,
foulant binding can be reduced by decreasing the effective
contact area. In the following paragraph, we will discuss two
different antifouling mechanisms.

A superhydrophobic surface minimizes water droplet
adhesion due to the nanoscopic architecture on the surface,
providing self-cleaning properties. When water drops are on a
superhydrophobic surface, dirt particles can be picked up and
taken away freely. Such a natural lotus effects inspired the
construction of sensing platforms that can be applied in
biomedical and sensing systems. Some studies mimic the
hierarchical micro/nanoscale structure on leaves that creates
low surface energy and roughness, resulting in excellent water-
repelling and self-cleaning properties. Hang et al. reported a
H,0, electrochemical sensor based on a hierarchical vertical
graphene(vG)/nanorod(NR) structure with antifouling and self-
cleaning properties**. The hierarchical structure was fabricated
through plasma-enhanced chemical vapor deposition, atomic
layer deposition and hydrothermal growth building ZnO NRs on
VG. Such a structure showed even greater water resistance and
anti-adhesion after fluorination. After detecting the H,0;
concentration in diluted blood serum (1% v/v), the electrodes
were reused again for testing biocontamination in real samples.
Compared with untreated vG/NRs, fluorinated vG/NRs obtained
almost the same current response as fresh vG/NRs-F, confirming
the antifouling resistance and complex biosample sensing
ability. vG/NRs-F sensors revealed a linear detection range from
2 to 15 mM of H,O, with a detection limit of 0.32 mM.
Additionally, in the detection stability test, the RSD was 2.21%
in PBS buffer and 2.78% in diluted blood for detecting 1 mM
H,O, 5 times. Several studies have also directly fabricated
similar hierarchical nanostructures on gold or other electrodes
for superhydrophobic modification4>46,

3.1.4 Nanoporous structure Recent studies have shown that an
adequate electrode topography can minimize electrode fouling.
Nanoporous electrodes have been revealed to have a greater
antifouling performance than planar electrodes because the
inner porous structure restricts the mass transport speed, and
small molecules are permitted from efficient exchange (Fig. 2A).
Additionally, the resistance efficiency is strongly dependent on
the sizes of the pores and foulant molecules?’. Daggumati et al.
reported nanoporous gold electrodes that enable the detection
of target DNA molecules with a detection range from 10 to 200
nM under complex conditions with BSA and fetal bovine serum
(FBS). The electrode pore size plays an important role in foulant
adsorption and transporté. Additionally, Collinson and his group

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (A) Cyclic voltammetry in planar and nanoporous gold surfaces in a BSA
solution. Reproduced from ref. 49 with permission from American Chemical Society,
copyright 2013. (B) Schematic of direct electrochemical sensing of ascorbic acid and
uric acid. Nanoporous structures provide stable signals under fibrinogen and BSA
conditions. Reproduced from ref. 50 with permission from Elsevier, copyright 2019.

demonstrated nanoporous gold electrodes with great fouling
protection with only slight variance in the current change*°:50,
They also presented an NPG-based electrochemical biosensor
that determined the voltammetric current of ascorbic acid (AA)
and uric acid (UA) under biofouling conditions (Fig. 2B). AA and
UA were simultaneously analyzed with LODs of 63.0 and 9.0 uM,
respectively, by DPV. The average recoveries were also detected
under dilute FBS conditions, and 95.1% and 97.3% were
achieved for AA and UA, respectively.

3.2 Chemical strategies

Chemical strategies for antifouling surface construction are a
relatively stronger immobilization method compared with
physical modification and are most widely used in antifouling
electrochemical
polymers on transducers®152, According to the type of target
analyte, the detecting environment and the type of platform,
chemical modification methods vary and can be strategically

biosensors by incorporating antifouling

applied in one device to optimize the sensing and antifouling
performance. In terms of constructing the structure, there are
two construction methods: self-assembled monolayers (SAMs)
and polymer brushes (Fig. 3).

3.2.1 SAMs SAMs have been widely used to build electrode
surfaces in sensing systems. The method involves spontaneous
formation of an arranged structure through passive reactions
and can be designed for suitable molecules, conditions and
driving forces®3. Such a monolayer is grafted by chemical
molecules constructing a layer with dense packing and uniform
thickness, approximately thinner than 10 nm depending on the
molecular size>*. In many self-assembled systems, alkanethiols
for gold electrodes are the most commonly used derivatives in

Self-Assembled Grafting-to Grafting-from Electrodeposition
Monolayer . 9
Existing polymer Diazonium Salt
@9 D
wonomer & \
4 2 > N
Y ; p ) ¢
222242 PR
FEEEEY ryree

Conjugated Site Initiator

Fig. 3 Strategies of antifouling materials exploited on electrodes through chemical
modification.
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biosensing systems, providing reliable formatign.. oflhe
interaction is quite stable due to the strodgBoRdig P82 @lIHd
van der Waals forces between molecules. Several advantages of
using thiol-Au SAM include easy preparation of the reaction
process and accessibility of varied thiol derivatives with
antifouling functional groups®s. The generally used antifouling
materials, including PEG- and OEG-based materials and
zwitterionic and peptide-based molecules, are discussed below.

PEG and OEG materials are commonly used in antifouling
SAM methods due to their stability in biological environments.
The thickness of the monolayer can be easily controlled by the
length of repeated chain in PEG. Studies have shown that the
antifouling performance of PEG-based materials depends on
their surface hydration ability, which is strongly related to the
length of the molecular chain. Some shorter PEG materials
present a less orderly arrangement and low coverage, resulting
in diminished antifouling properties. In Fig. 4, Bradley and his
research group modified a PEG-based polymer with a thiolated
anchor group and a short peptide head for protease detection
on a gold electrode surface>®. They also synthesized different
spacer lengths of PEG to study the length effect on the
sensitivity and antifouling efficiency. The analytical results were
good for all lengths of the PEG spacer with a dynamic range of
0.1-100 nM and LOD of 90-800 pM. Interestingly, PEG-6 showed
the minimum response under nonspecific binding conditions,
revealing that adjusting the spacer length can optimize the
antifouling efficiency of the sensing platform. To reduce the
weakly adsorbed molecules and to help the arrangement of
thiolated materials, the electrode surface is immobilized with a
hydroxyl head group for optimal hybridization and partially
resolved nonspecific binding>”. These small-sized thiolated
alcohol components (i.e., 6-mercaptohexanol (MCH) and 11-
mercaptoundecanol) occuppy the empty space of Au, stabilize
the SAM conformation and further improve the antifouling
resistance of the system>860, The Luo group presented an
electrochemical DNA hybridization sensor targeting BRCA1
breast cancer via EIS measurements®’. Zwitterionic peptides
containing several glutamic acid (E) and lysine (K) molecules as
the antifouling substrate were immobilized on the electrode
through SAM followed by a modified MCH blocker being added
on the gold. The BRCA1-specific oligonucleotides were
covalently bonded with an antifouling peptide for target
sensing. The electrochemical DNA biosensor showed analytical
performance with a linear range of 1.0 to 10.0 pM with an LOD
of 0.3 fM. MCH was also fabricated on a sensing system to
compare the antifouling effect with that of thiolated sulfo-
betain (SB). Jolly et al. reported an apatamer biosensor for
detecting prostate specific antigen (PSA), a cancer biomarker,
using two types of antifouling bases, MCH and thiolated SB, to
test the sensitivity, selectivity and antifouling resistance in EIS
sensors®l, For better detection sensitivity, the SB-based apatmer
sensor showed a low detection limit of 1 ng/ml and negligible
variance (<1%) when changing the buffer to 100 uM human
serum, indicating good fouling resistance. In contrast, MCH
revealed a 12.5% increase in signal upon replacement of PBS
with human serum, resulting in a decrease in PSA levels.

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 (A) The length-dependent probe coating on PEG and an alkyl-based spacer on
a gold electrode through SAM formation. (B) Schematic of the peptide-based
electrochemical platform; the enzyme cleaves the label peptide, releasing the redox
probe into solution, resulting in a decrease in the SWV signal. Reproduced from ref.
56 with permission from Elsevier, copyright 2018.

With the self-recognizing property, antifouling molecules
can be modified meticulously under mild conditions, forming a
high-packing-density layer. Despite the fact that SAM provides
several advantages for improving the sensing system, many
disadvantages result in the limited application in
electrochemical sensing systems, including limitations of
available grafting molecule types, restriction of transducer
materials, long modification times and low stability under
complex conditions.

3.2.2 Polymer brushes Polymer brushes are a soft polymer
hybrid structure in which one chain end of a polymer is tethered
on substrates. The grafted surface extends nanometers of
thickness with vertical development of the polymer chain
extension. They have attracted great attention due to utilizing
electrodes other than gold, such as carbon, silver, and ITO,
adjusting the space and ratio of the polymer, and conjugating to
various additional functional groups®2%. Most types of
polymers form brush layers through grafting methods, leading
to large freedom for customization by immobilizing the required
functional terminals. In the features of antifouling polymers, a
large degree of hydration can be easily delaminated from the
sensing platform and carried away by water flow in aqueous
environments, when it is not strongly anchored to the
transducer. Therefore, the modification method for anchoring
these polymers to the substrate surface is crucial for the
fundamental antifouling efficiency.

The typical strategies for coating polymer brushes are
‘grafting-to’ and ‘grafting-from’ that optimize the antifouling
performance for material immobilization®566, The grafting-to
approach describes existing polymers covalently conjugated to
anchor substrates on a reactive surface, while the modification
method might involve SAMs, which we mentioned in the former

6 | J. Name., 2012, 00, 1-3

paragraph. The grafting-from approach builds \up ,polymet
brushes via polymerization from the initigtive 19GbstPAtOBR7A
scaffold surface. The coupling reactions of polymer brushes are
relatively complex and restricted to certain types of substrates
and materials.

Grafting-to Recent studies have presynthesized antifouling
materials conjugated with conducting polymers before grafting
to a platform surface. Cooperating with a conducting polymer
(i.e., PEDOT) could enhance the sensitivity of electrochemical
sensors and compensate for the poor conductivity of most
antifouling molecules. The Miyahara group synthesized a series
of zwitterionic poly(3,4- ethylenedioxythiophene) (PEDOT)
molecules that conjugated PC, CB and SB on thiol-functionalized
EDOT (Fig. 5A)%7. The monomers were modified on the electrode
through electrodeposition, subsequently providing both
conducting and antifouling properties. Among the layers
investigated, EDOTPC showed the minimum interference and
the best resistance to cell adhesion and protein adsorption. Wu
et al. also synthesized PEDOT-based zwitterionic molecules
(PSBEDOT) and introduced them to an electrode as the enzyme
matrix for trapping GOx on the electrode®®. PSBEDOT presented
high stability and low fouling properties when stored in 100%
human plasma for 14 days, and over 90% of the current signal
remained (Fig. 5B). This direct linking strategy provides a facile
single-step electrografting method that significantly reduces the
modification time and simplifies the fabrication process of
biosensors  with  good
electrochemical biosensors.

sensitivity  improvement in

Primary layer An alternative grafting method for antifouling
polymer attachment is to generate an anchoring film that reacts

A ¥ » PEDOT/_gF
~
& ™ s o}
2 srmsrone /_( o
@ EDOTs o o R
——— B
Antifauling = o
EDOT-PC EDOT-CB EDOT-SB
|+ Q Q.
A 3o e
R= 0.-P'0 ! xlE \Nﬁ_ro
s \0’ d ~ d
L S S
B GO, 0.56V
Glucose + 0; = gluconic acid + H,0, — O;+2H"+2e
® @ &) PSBEDOT
S %=O
-N—
O
n
_5:.12 PSBEDOT
ET g
5
ke PEDOT
5 DOT
v o

0
Glucose concentration (mM)

PSBEDOT
-GOx

Bare Pt

Fig. 5 (A) Presynthesis zwitterionic polymer conjugated with EDOT forms an
antifouling layer. Reproduced from ref. 67 with permission from American Chemical
Society, copyright 2018. (B) Zwitterionic PSBDOT was modified on the Pt electrode
for glucose detection with long-term stability in blood. Reproduced from ref. 68 with
permission from Royal Society of Chemistry, copyright 2018.
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with both the electrode and functional polymer. When
deposited on the substrate, the primary layer provides stable
films that allow for target antifouling polymer formation. It
provides more variability for surface construction that can
properly utilize different components, and more importantly, it
opens up application on platform substrates by adding specific
functional groups for certain polymer reaction initiation. An
example of a PEDOT-based layer for an antifouling molecule on
an electrode was developed by Cui et al®®. A highly
biocompatible composite of PEDOT doped with PEG is
deposited on a GCE through electrodeposition, and the terminal
group of PEG contains a thiol group (Fig. 6A). Gold nanoparticles
are added into the sensing system for immobilizing alpha
fetoprotein (AFP) antibody along with an enhancement of
conductivity. The system showed good linear detection of 0.001
fg/mL to 10 fg/mL with a detection limit of 0.0003 fg/mL. Such
an AFP sensor could be used in 10% human serum with
antifouling resistance by analyzing a 0.001 fg/mL AFP summary
with 99.91% recovery and 0.71% RSD.

Similar to PEDOT, PANI is also a common conducting polymer
used as a primary layer that helps enhance stability and
sensitivity or antifouling for electrochemical biosensing. A 3D
porous network hydrogel deposited by PANI and polythionine
(PThi) was synthesized on a GCE, and the fabrication process is
shown in Fig. 6B7%, Such a porous microstructure provides a
large effective area for doping of phytic acid, a crosslinker agent
with outstanding hydrophilicity, in the layer to form a
conducting, hydrated protective layer. After immobilizing as-
prepared AuNPs on PANI-PThi gel, the H,O, electrocatalytic
ability was detected with a wide linear range from 0.0001 U/mL
to 1 kU/mL and an LOD of 0.00125 U/mL. The antifouling
analysis test in 0 - 100% human serum showed that the protein
immunoassay only slightly changed with a fluctuation variance
less than 4 pA during SWV measurements. Another example of
using PANI as the base layer for antifouling molecule
immobilization was demonstrated by Luo group”?. The research
team presented antifouling nanofibers where PEG was
covalently grafted to PANI nanofibers followed by direct
hybridization of the BRCA1 DNA probe. DPV monitored the
change in the methylene blue signal while the DNA probe
targeted the BRCA1 gene. Such a device showed a linear range
from 0.01 pM to 1 nM with a detection limit of 0.0038 pM. The
PEGylated PANI nanofibers were capable of resisting complex
conditions, while the same current responses were shown after
incubating the electrode in 1% and 5% human serum and even
retained 92.17% of the initial current response under 100%
serum conditions. The primary layer provides a solution to
overcome the combination restriction between the polymer
brush and electrode, giving more variety and flexibility for
different environments. Additionally, combining different
materials allows complementing flaws in the characteristics of
functional materials.

Grafting-from In the grafting-from approach, polymer brushes
can be prepared via surface-initiated polymerization (SIP) that
enables control of the grafting density, film thickness, charge
distribution and copolymer ratio’2. Ye et al. fabricated an

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (A) lllustration of the fabrication procedure of the AFP biosensor based on the
PEDOT/PEG layer. Reproduced from ref. 69 with permission from Elsevier, copyright
2016. (B) Schematic diagram of the fabrication process of the label-free
immunosensor by AuNPs/PANI-PThi gel for antifouling. Reproduced from ref. 70
with permission from Elsevier, copyright 2018. (C) For preparing an enzyme-based
glucose detector, GOx was immobilized on the PANI layer, and electrochemically
surface-induced ATRP was applied to polymerization forming a zwitterionic polymer
brush SBMA. Reproduced from ref. 73 with permission from American Chemical
Society, copyright 2016.

enzyme-absorbed electrode with good antifouling properties
via zwitterionic polymers and sulfobetaine methacrylate
(SBMA)73, (GOx) was first physically
immobilized on a polyaniline layer deposited on a Pt electrode,
as shown in Fig. 6C. While adding BIBB into the system for
overall bromination, electrochemically induced surface-induced
ATRP was applied to SBMA polymerization soon after presenting
a stable enzyme-based sensor. After testing the antifouling
performance and stability by immersing the biosensors in 100%
bovine serum for 15 days, the GOx-based sensor showed that
99% of the adsorption protein was blocked from the SBMA
brushes, and the sensitivity remained 94%. Homola et al. also
performed SIN grafting to create antibody-functionalized
carboxybetaineacrylamide (pCBAA) coatings with an initiator
that anchors to the surface through SAM following monomer

Glucose oxidase

brush polymerization’4. This optimal method compared with
standard OEG-based SAM exhibits good antifouling behavior in
complex food samples.

Diazonium Electrodeposition Although these results produce
good antifouling efficiency, for developing an advanced
electrochemical platform, the process of polymer brush grafting
is relatively complex for electrode fabrication. The diazonium
salt electrografting method provides another immobilization
method with advantages including a rapid and single-step
process and high density’>77. Polymer brushes are built through
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the reduction of azydiazonium salts while radicals attack the
electrode surface, resulting in strong covalent bonding between
the molecule and transducer. Various diazonium derivatives are
available, giving multiple choices for improving the antifouling
performance for different analytes and transducers. Booksh et
al. demonstrated a series of diazonium derivatives with different
antifouling coatings that could be utilized on gold. The
electrografting zwitterionic 4-phenylalanine diazonium chloride
(4-APhe) showed the lowest fouling performance in comparison
with 11-MUA and 16-MHA (SAM). Li et al. demonstrated a rapid
construction antifouling surface through a high yield aniline-
based (AP-SB) (>70%) via quick
electrodeposition (Fig. 7)78. For comparison of the antifouling
resistance with literature values, SAM-based SB was also
synthesized. High-density coverage was also shown in this study,
with 99% of the surface efficiently modified by
electrodeposition in 3 minutes, compared to 70% coverage with
the SAM modification method over 3 days. AP-SB not only
showed a short modification time but also revealed excellent
antifouling performance in diluted FBS that was 15 times (0.04
pug/cm?2) higher than that of SAM-based SB (0.6 pg/cm?). Both
studies showed a higher fouling resistance with
electrodeposition in comparison to SAM modification,
indicating the surface coverage is extremely important for such
zwitterionic polymer brushes as antifouling layers. The
modification method is crucial in affecting factors that severely
change polymer antifouling efficiency, including layer thickness,
brush density, flexibility of the chains and the type of terminal
groups. However, a contrary result was presented in a study by
Taufik et al’®. They also compared two different approaches,
SAM and electrodeposition, for antifouling performance on gold
electrodes. The SAM method showed a rather good antifouling

zwitterionic molecule
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Fig. 7 Rapid construction of zwitterionic molecules (SB) on a gold electrode through
diazonium electrodeposition. (A) lllustration of the electrodeposition process of the
aniline-based SB. (B) Diazonium electrografting showed a higher surface coverage
in CV (i) than the SAM method (ii) and had a shorter modification time (iii).
Reproduced from ref. 78 with permission from Royal Society of Chemistry, copyright
2014.
behavior with less protein adsorption than diazonium
electrodeposition. While the traditional SAM method was linked
with a thiol-based OEG on Au, diazonium electrodeposition was
applied to the OEG polymer covalently linked to the
prereduction aryl diazonium salt layer for polymer grafting,
resulting in a relatively lower grafting density than SAM.
Although the construction method seems the same, the

Table 2. Comparison of the different properties of antifouling modification strategies

Physical

Chemical

Blocking/Coating

Surface topology SAM

Polymer Brush

Graft-to Graft-from Electrodeposition

Mainly thiolated

Almost all types of Almost all types of

Molecular type Protein/polymer Metal Diazonium compounds
compounds polymers polymers
charged surfaces,
Transducer .
terial hydrophobic All electrode Au, Ag, Cu, Pt All electrodes All electrodes All electrodes
materia
hydrophilic surface
Thick: can be Thick: can be
. X Depends on the . adjusted by chain  adjusted by chain Thin to thick: can be
Thickness Thin Thin: monolayer R
methods length and length and controlled by potential®®
reaction time reaction time
Density Low - High Low High High
Low stability: easily
Stability affected by charge High stability Relatively low High stability High stability High stability
variance
Modification time Quick Slow Slow Medium Medium Quick

8 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 12


https://doi.org/10.1039/c9an02017a

Page 9 of 12

oNOYTULT D WN =

ultimate result is highly influenced by the structural spaces
between layers decided by the behavior of the polymer brushes.
The diazonium modification method has great potential in
preparing electrochemical biosensing systems due to its one-off
usage. Rapid, simple construction methods are necessary to
avoid electrode fouling problems and are easier to apply in real
conditions.

4. Conclusion and perspective

Electrochemical biosensors have made significant progress in
the past decade for determination-related bioanalytes in clinical
applications in complex Strategies for
engineering antifouling electrochemical sensing systems have
been developed and reported recently. Numerous studies have
elaborated on the antifouling performance for biomedical
applications, implant electronics and disease detection, and
electrochemical biosensors are still in the beginning of
converting these platforms for commercial applications. With
this purpose, further challenges remain that must be overcome.
Effective electrode modification strategies with a wide range of
modification methods and appropriate related antifouling
materials have been discussed in this review, and the
comparison of the modification method is presented in Table 2.
One challenge is that most of the antifouling materials offer
good biocompatibility for the bioenvironment but reduce the
electrochemical sensitivity due to the poor conductivity of the
polymer backbone. Conducting polymers can be added into the
system with other materials or as a primary layer for antifouling
molecules, further increasing the electron transfer efficiency for

environments.

electrochemical sensitivity improvement. However, the stability
and antifouling efficiency are highly dependent on the structural
strategies, detection of analytes and the environment. With
some modification methods, such as redox reactions for
deposited polymers, low mechanical stability and low cyclic life
are observed in complex environments. Another apparent
problem is that the performance in recent studies must
minimize the antifouling efficiency while testing targets in
practical situations. Most studies have demonstrated the
sensing process in pure or relatively simple solutions in the lab.
In practical applications, irrelevant molecules are numerous in
complex biofluids and severely affect the analysis sensitivity.
Additionally, in the presence of mostly foulants in an
environment, the concentration of the target analyte, such as
the biomarker, is relatively low and demands a high level of
biorecognition.

For a better solution to these challenges, we expect more
progress in practical applications through further understanding
the fundamental aspects of every fouling phase and antifouling
phenomena in interface chemistry and utilizing an appropriate
modification method, from coating a layer of thin film to
chemically grafting antifouling materials on an electrode
surface, that is highly dependent on the analytes,
environmental conditions and type of electrode. Additionally,
the properties of the bio-recognition elements (antibody,
nucleotide, apatamer) would reduce the antifouling efficiency
under different circumstances and the effect between

This journal is © The Royal Society of Chemistry 20xx
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recognition and antifouling probes are worth tq,gonsidered.
Multifunctional probe including bo®R! 13AGITHHME 02@HA
recognizing effect may be another balancing design in solving
such problems.81 Research should also strive to achieve success
not through forced optimization of biosensors in certain
conditions but by expanding the detection range for a variety of
complex biofluids.

In the future, seeking a proper and effective combination
of antifouling materials and modification approaches is worth
devoting efforts. With the enhanced understanding of
antifouling advances, electrochemical biosensors could be
realized for applications in the practical world.
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