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ARTICLE INFO ABSTRACT

Keywords: The ability to design nanoprobe devices with the capability of quantitative/qualitative operation in complex
Antifouling media will probably underpin the main upcoming progress in healthcare research and development. However,
Biosensor

the biomolecules abundances in real samples can considerably alter the interface performance, where unwanted
adsorption/adhesion can block signal response and significantly decrease the specificity of the assay. Herein, this
review firstly offers a brief outline of several significances of fabricating high-sensitivity and low-background
interfaces to adjust various targets' behaviors induced via bioactive molecules on the surface. Besides, some
important strategies to resist non-specific protein adsorption and cell adhesion, followed by imperative cate-
gories of antifouling reagents utilized in the construction of high-performance solid sensory interfaces, are dis-
cussed. The next section specifically highlights the various nanocomposite probes based on antifouling-
nanomaterials for electrode modification containing carbon nanomaterials, noble metal nanoparticles, mag-
netic nanoparticles, polymer, and silicon-based materials in terms of nanoparticles, rods, or porous materials
through optical or chemical strategies. We specially outline those nanoprobes that are capable of identification in
complex media or those using new constructions/methods. Finally, the necessity and requirements for future
advances in this emerging field are also presented, followed by opportunities and challenges.

Disease biomarker
Signal amplification

1. Introduction on the device surface, and therefore unfavorably affects the analytical

efficiency via impeding the target's transport and signal transduction.

Nowadays, one of the most important challenges in clinical diagnosis
is the progress of medical devices to screen the biochemical or biological
procedures in ‘“real-life” samples. As a portable and economical
analytical technique, electrochemical biosensors remove the classical
analytical matters since they deliver highly selective and sensitive
detection with the rapid signal response. Electrochemical biosensors are
increasingly important in biological assays to monitor the mechanisms
that regulate diverse metabolic pathways and any possible changes in
physiological conditions [1,2]. Nevertheless, in many biological and
clinical diagnoses, they should be utilized in real multifaceted media for
direct detection of targets, which examines with these tools difficult as a
result of the intense biofouling. Biofouling is a phenomenon that
generally arises from unwanted adsorption of the coexisting materials
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Lipids, proteins, polysaccharides, and cells are the main fouling sub-
stances in which protein adsorption is a determined challenge for any
engineered surfaces that are exposed to biological samples. Such un-
wanted protein adsorption can lead to decreased sensor performances.
To address this issue, it is important to interpret the interfaces and
proteins interactions. As is well known, when fabricated interfaces were
subjected to biological media, the biofouling procedure could be trig-
gered with deleterious properties [3]. The foulant adhered onto the
platform surfaces arises from superficial nucleation, electronic attrac-
tion, and hydrophobic effects, which result in a dense layer that
passively creates on the designed interface and blocks detection units on
the electrode surfaces. The binding affinity and selectivity of biological
sensing units were intensely affected via the fouling layer, resulting in
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false positives, impaired specific recognition/response, and lower signal
to noise [4]. This fouling layer either prevents physical contact between
the targets and interfaces or immediately blocks the signal responses
through electron transfer inhibitions.

Therefore, the need to detect target molecules in real samples
motivated the researchers to investigate surface functionalization with
antifouling materials spanning from biomedical to bioanalysis applica-
tions including human disease biomarkers monitoring, hormone detec-
tion, determination of drug concentrations in serum, plasma or blood,
and so on [169]. To preserve reliable examination results in the presence
of various interference elements in clinical use or other complicated real
samples, different antifouling interface buildings, have been reported
[5]. For the construction of antifouling nanoprobes, one of the most
actual approaches is incorporating antifouling nanomaterials on an
electrode interface that can reduce fouling matters and decrease
nonspecific binding. These antifouling reagents should be naturally
inert, biocompatible, and stable in a complex matrix like wastewater,
food matrix, urea, sweat, blood, tissue, and other biological fluids [6,7].
Different antifouling functional materials like acrylamides, poly-
saccharides, and oligomers or polymers using ethylene glycol via
various antifouling strategies have been suggested to meet these re-
quirements. Moreover, the reliability, reproducibility, selectivity, and
sensitivity of sensing devices can also be influenced via antifouling
strategy. Once assessing an antifouling strategy for a specified sensing
substrate, it is imperative to select the suitable target and sample matrix
to evaluate the fouling influence. The application of sole-molecule
fouling solution like bovine serum albumin, clean buffer solutions like
phosphate-buffered saline (PBS) with neutral pH levels, and even
diluted-pretreated  biological media were appropriate for
proof-of-concept antifouling capabilities [8]. Besides, the charge density
of various polymer-based antifouling layers could be affected by the
sample pH, where more basic/acidic solutions can defect in the anti-
fouling layer and decrease the overall coating stability [9]. Incuba-
tion/rinse techniques are also used to evaluate antifouling ability in
electrochemical biosensing. These methods normally contain a primary
incubation stage, where an antifouling-treated system is exposed with
fouling solution for a given period. Then, this platform is rinsed with
buffer solution or water to eliminate the fouling media. Finally, the
surface is exposed to the analyte solutions, followed by electrochemical
measurement [10-13]. According to reagent varieties, different modi-
fication strategies have been conducted onto the substrate either by
altering the chemical characteristics or generating a physical topological
construction [14-16]. In sum, to suppress unwanted adsorption on the
electrode surface, the designing and expansion of various nano-
composite probes based on antifouling-nanomaterials that show high
resist fouling is urgently needed to enhance the sensitivity and accuracy
of biosensors. Various nanocomposite probes based on
antifouling-nanomaterials for electrode modification including carbon
nanomaterials, noble metal nanoparticles (NPs), magnetic NPs, poly-
mer, and silicon-based materials in terms of NPs, rods, or porous ma-
terials through optical or chemical strategies.

Considering the aforementioned concept, first of all, this review
summarizes the most widely used antifouling materials along with
antifouling strategies and describes their syntheses and structural
characteristics. Then, it is described the most current progress in the
construction of solid sensory interfaces based on antifouling-
nanomaterials for electrode modification containing carbon nano-
materials, noble metal NPs, magnetic NPs, polymer, and silicon-based
materials in terms of NPs, rods, or porous materials through optical or
chemical strategies. Finally, insights were given on the future applica-
tions and prospects of antifouling materials in the context of biomedical
applications.
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2. The antifouling strategies in constructing of bioactive
interface

Numerous research has been reported concerning the improvement
of cell adhesion modified interfaces. For instance, a sequence of a pep-
tide could be attached to different bioactive interfaces in order to obtain
a well-defined fundamental adhesion platform. Arg-Gly-Asp (RGD)
sequence containing peptide is an example that has been used vastly for
immobilization on the desired surface via physical or chemical coating
approaches [17-20]. Some investigations revealed that the chemically
bonded RGD on the coatings shows much better anti-wash-out ability
and an effective way to favor the interaction of cells in comparison to
physical adsorption coatings [21]. As a consequence, there is a need for
effective linkers which can connect the peptide directly to the surface of
the substrate. The most common linker used in recent studies is 3-amino-
alkyltriethoxysilane and poly(ethylene glycol) diamine with various
lengths [22,23]. It has been determined that once proteins are attached
to the substrate models, the anchored ligands might be blocked and
different proteins ligands might enter the surface, thus changing the
composition of the entire surface. Therefore, inhibition of adsorption/
adhesion nonspecific cell and protein in designing bioactive interface is
extremely imperative to guarantee that the active biomolecules onto the
surface can effectively demonstrate their basic biological functions.

The development of antifouling strategies in fabricating bioactive
interfaces has attracted increasing attention because of their potential in
considering the issues listed above. In this section, we will accentuate
the progress of antifouling approaches in constructing bioactive in-
terfaces via two main categories; physical and chemical modifications.

2.1. Bovine serum albumin blocking approach

Bovine serum albumin (BSA) is the broadly studied protein because
of its inexpensive, safe, ready availability, well-stability, and ideal
ligand binding properties. It can also reduce the steric hindrance of
specifically binding proteins [24]. As this protein can prevent adsorp-
tion/adhesion nonspecific protein and cell, BSA surface passivation
“blocking” was frequently used in various bioassays to decrease back-
ground noise [25]. The interface substrate is treated with blocker BSA
solution in which the protein biomolecules are adsorbed non-covalently
and subjected to a structural alteration (“denature”) on the surface to
produce an ultra-thin monolayer of proteins. The BSA blocking approach
has several flaws, including a nonuniform layer and a potential steric
hindering effect on small molecules [26]. The performance coating
layers are sensitive to different material parameters like nano-curvature
effects, surface roughness, and atomic composition, as well as environ-
mental elements such as ionic strength and pH solution [27-29]. Be-
sides, in a complex serum medium, BSA can be substituted by some other
proteins as they are typically attached through a non-covalent bonding
on the surface. Additionally, a major disadvantage associated with the
use of BSA is that it lacks the diversity which is required to block
adsorption sites on different surfaces such as hydrophobic or hydrophilic
surfaces. Most importantly, BSA has intrinsic limitations like suscepti-
bility to proteolysis and denaturation under certain conditions, which
can decrease the service life of bioactive surfaces and antifouling
efficiency.

2.2. Self-assembled monolayers approach

Self-assembled monolayer (SAM) is a common approach for fabri-
cating of target adhesion interface with a high-density of monolayer
surface-bound functional biomolecules. In this method, molecules could
be grafted via chemical interaction for constructing a layer with dense
packing and uniform thickness. The thickness of SAMs is usually thinner
than 10 nm depending on the molecular size of deposition molecules
[30]. The deposition of a monolayer in the form of a thin film on a solid
surface was first studied by Blodgett in 1935 [31]. An appropriate
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substrate is chosen to react with the head group of antifouling molecules
and it can be planar surfaces, such as silicon and metals (gold or silver),
or curved surfaces, as well as NPs. Alkanethiolates as a commonly used
compound can be self-assembled on a gold substrate to make a well-
organized monolayer depending on the quality of the functional
groups exposed to the surface [30]. Using this method, researchers can
design a well-defined chemical interface to evaluate particular analyte-
platform interactions, though, selecting the type of head group depends
on the application of the SAM. Another advantage of the SAM approach
is introducing desired molecules (target biomolecules and functional
elements) on the surface before or after the formation of the monolayer
via facile surface modification processes. For instance, one strategy for
modification of Au substrate to obtain antifouling properties is forming a
SAM by using a series of oligo(ethylene glycol)-terminated alkanethiol
amides and/or their analogous esters [32,33]. Poly(ethylene glycol) and
oligo(ethylene glycol)-based materials are commonly used in anti-
fouling SAM methods due to their stability in biological environments.
This technique has been widely used in biological studies to analyze the
factors that influence the minimization of protein resistance [34,35].
Although the SAM approach usually reveals considerably better anti-
fouling qualities than others like the BSA “blocking”, however, it has
some inherent shortcomings. Instability of prepared SAM over the long
term is the crucial drawback of this method, so, the designed SAM
interface must be immediately used and cannot be exposed in the air for
a long time. [36].
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Fig. 1. (A) Schematic diagram for the surface functionaliza-
tion of thin Au films with a mix SAM of thiolated PEG as a
spacer and antifouling element and 16 mercaptohexadecanoic
as a linker (Reprinted with permission from [57], Copyright
2018 American Chemical Society). (B) Approaches diagram to
quantify both internal and external exosome-specific markers
based on electrochemical impedance spectroscopy (Reprinted
with permission from [63], Copyright 2017 American Chem-
ical Society).
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2.3. Polymeric coating approach

The polymeric coating strategy is a more extensive approach for
fabricating bioactive interfaces. The surface modification can be either
obtained via a physical or chemical modification. Surface modification
of a substrate with a polymer via physical absorption is the simplest way
leading thermally and shear forces unstable modified surface with easily
displaceable coating by chemicals or proteins and cells [37]. The typical
strategies for coating polymer via chemical modifications on the sub-
strates are ‘grafting-to’ and ‘grafting-from’ approaches. The grafted
substrate extends nanometers of thickness with the vertical development
of the polymer chain extension. These strategies have attracted great
attention due to utilizing electrodes other than gold, such as carbon,
silver, silica, etc. [38]. In the grafting-to method, polymer chains are
grafted on the surface activated previously. However, the polymer
chains can be grown from the surface via a grafting-from method
[37,39,40]. The grafting method is preferred for fabricating bioactive
interfaces since it is possible to achieve higher grafting density and film
thickness. Because grafting-to method has some limitations due to steric
hindrance between polymeric chains, which makes it difficult to tether
chain ends at short intermolecular distances [37]. In this regard, the
desired substrate can be functionalized with various specific molecules
to initiate a polymerization reaction on its surface. Several polymeri-
zation methods have been developed for grafting polymer on a surface,
including ring-opening polymerization (ROP), ring-opening metathesis
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Fig. 2. Functionalization and patterning of antifouling hyperbranched polyglycerol coatings on glass and silicon platforms (Reprinted with permission from [68],

Copyright 2014 American Chemical Society).

polymerization (ROMP), or radical polymerization [41]. On the other
hand, well-established techniques for controlled polymerization are also
available such as atom transfer radical polymerization (ATRP), nitroxide
mediated radical polymerization (NMP), or reversible addition-
fragmentation chain transfer (RAFT) [43,168].

Previous investigations proved the antifouling activity of hydrophilic
polymers and hydrogels against some sessile organisms, cells, and pro-
teins [44,45]. Surface decorating of polymeric coating with bio-
molecules (peptide, lipid, carbohydrate) could enhance the antifouling
properties. As a consequence, the fabrication of an antifouling layer
based on polymeric coating can usually provide tremendous resistance
to fouling. Although many factors are involved in the antifouling
properties, however, the density of biologically active molecules
strongly affects the target adhesion.

3. Selection and immobilization of antifouling agents

Over the past years, an extensive range of molecular systems was
suggested for the construction of low fouling interfaces, including
polyethylene glycol (>10 ethylene glycol units) and its derivatives,
zwitterionic species (carboxybetaine, sulfobetaine, and phosphorylcho-
line), peptides with alternating or randomly mixed negatively charged
using aspartic acid or glutamic (D/E) and the positively charged argi-
nine (R) and lysine (K) [46-50]. Some other polymers, like hyper-
branched polyglycerol, polyoxazolines, polysaccharides are also used
for this purpose [51-53]. In this section, we will introduce antifouling
agents which are vastly used in constructing bioactive interfaces.

3.1. Polyethylene glycol as antifouling agents

Owing to the highly biocompatible, good hydrophilic, and nontoxic,
polyethylene glycol (PEG) was extensively applied to decrease un-
wanted protein adsorption, and it has often been named the “gold
standard” of anti-biofouling materials [6,54]. Meantime, the protein
resistance of PEG coatings is associated with two key mechanisms; (i)
water barrier and (ii): steric repulsion. This is an entropic result strongly
related to the adverse alteration of free energy associated with the
dehydration and entrapment of soft polymer chains. Moreover, the PEG
antifouling efficiency is usually depending on the grafting method along
with the polymer construction. For example, the “grafting from” process
needs somewhat intricate chemical production and caused brushes
without satisfactory density [55,56]. Nevertheless, “grafting to”, as
another alternative approach, was demonstrated to be a surprisingly
operative technique to form inert surfaces toward various bio-molecular
adsorption. PEG could be anchored to interfaces via covalent bonds
formation using “grafting to” techniques to create well-defined polymer

brushes. For instance, PEG chains were coupled to a polylysine backbone
with a high density, which was assembled through electrostatic in-
teractions on different oxide surfaces, and the PEG branches have
required to be extended into the solution. Grafting of long-chain anti-
fouling polymers directly on the surface of the electrode, like PEG, is not
conducive, however, can cause layer creation with high impedance and
consequently in electrode sensitivities. It was hoped that the combina-
tion of PEG polymer with determined conductive soft nanomaterials like
conducting polymers, will be useful to solve this problem.

Recently multiplex SPR sensors using PEG-based SAMs were devel-
oped for the simultaneous determination of somatostatin, glucagon, and
insulin as three human pancreatic islets peptide hormones [57]. In this
study, an antifouling substrate contained a combined self-assembly
monolayer (SAM) of 16-mercaptohexadecanoic acid and CH30-PEG-
SH for immobilization of antibody has been designed. Antibody func-
tionalized spots on the chip surface exhibited minimal interference from
1 mg mL™! lysosome or BSA with excellent specificity to the corre-
sponding hormones (Fig. 1A). While it has not been proven that this
platform can be operated in real-life samples, the simultaneous sensing
of diverse biomarkers is of importance in clinical diagnosis. In another
work, Xu and his coworker introduced a label-free and facile impedi-
metric platform based on the SAM of PEG containing thioland carboxylic
acid to determine insulin as simultaneous antibody attaching support
and antifouling layer. They revealed that this method can identify in-
sulin in 50% serum with negligible interference (3%), a clinically linear
range of 5 pM-50 nM, and a limit of detection (LOD) of 1.2 pM [58].
Similar platforms have also been suggested based on at anti-CRP-EG-
SAMs modified for the identification of C-reactive protein (CRP), a sig-
nificant biomarker of inflammation and cardiac stress), where an
immittance function method was engaged to extract the most sensitive
analytical factor [59]. Recently, the same group was utilized electro-
chemical impedance spectroscopy (EIS) analysis at EG-SAMs-Au sub-
strate to examine both internal (syntenin) and external (tetraspanin)
with high sensitivity in the exosomal lysate (Fig. 1B). Regardless of
widespread applications as an anti-fouling nanomaterial, it is worth
noting that PEG chemistry has many insuperable defects like those
related to the chemical tailor-ability, sensitivity to oxidative destruction,
and decomposition in the existence of transition metal ions and oxygen
(hindering its functionality/long-term stability) [60-62].

3.2. Polyglycerols as antifouling agents

Hyperbranched polyglycerols (HPGs) are the new-fangled emerging
polymers including linear, dendritic, and terminal repeating glycerol
units. HPG with branched and linear constructions is regarded as a
substitute to PEG because this polymer has better resistance to oxidation
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and heat along and high functionality with an equivalent antifouling
performance with PEG [64,65]. Furthermore, bioconjugation and acti-
vation of HPG can be conducted simply through a one-pot reaction.
These properties induce HPG as one of the most promising polymers
broadly utilized in different biomedical applications [66,67]. HPG has
been reported and confirmed to have superior antifouling features. In
this regard, Voelcker and coworkers have engaged an ultra-low fouling
HPG as the coating layers on glass and silicon platforms, thereby
designing them with RGD for evaluation of cell adhesion (Fig. 2). The
results proved that the decorated interface exhibited high-contrast
fibroblast microarrays that could be feasibly utilized in microarray
[68]. Likewise, Haag and colleagues synthesized a soft and robust 3D
dendritic HPG-based hydrogel peptide array toward antibody determi-
nation with enhanced selectivity and sensitivity. This hydrogel substrate
is adjustable for peptide and antibody diffusion and can covalently bind
each peptide for specifically identifying its resultant antibody. This
property has been explored through two different types of peptides: GSH
peptide-anti GSH antibody and FLAG peptide-anti FLAG antibody and
the obtained results revealed the high specificity of this platform [69].

In comparison to PEG which contains only terminal hydroxyl groups
for functionalization, HPG has more hydroxyl groups as functionaliza-
tion positions. This is the main benefit of HPG application as an interface
coating for more adjustment by functional biomolecules. Nevertheless,
the anchored ligands could be present heterogeneously in the HPG
construction, which limits the progress of additional quantitative ana-
lyses. In sum, the suitable choice of HPG configuration and the density of
functional biomolecules should be considered and sensibly adjusted
once based on HPG as the anti-fouling biomolecule to adapt diverse
interfaces.

3.3. Zwitterionic polymers as antifouling agents

Zwitterion compounds are a type of electrically neutral compound
containing both cations and anions in their molecular structures (an
equal number of positively- and negatively-charged functional groups).
Besides, zwitterionic polymers, including polyampholytes and poly-
betaines, are polymers that consist of oppositely charged cationic and
anionic groups along the chain or side chain [70,71]. In the first type,
the zwitterionic electrolyte polymer has the same amount of positive
and negative charges generated from different monomers. In the second
one, both negative and positive moieties are presented in a single
monomer, such as poly(2-methacryloyloxyethyl phosphorylcholine)
(PMPC), poly(sulfobetaine) (PSB), poly(carboxybetaine) (PCB), and
poly[2-(methacryloyloxy)ethyl choline phosphate] (PMCP). Although
the history of preparation and investigation of synthetic polyzwitterion
compounds (polyampholytes and polybetaines) is known since 1950,
however, novel polymerization approaches (such as ATRP, RAFT ROP,
etc.) have been established and new materials would be generated based
on such monomers via the facile and tunable methods [72].

As a consequence, zwitterionization is emerging as a powerful
strategy to design advanced biomaterials for the diagnostic and treat-
ment of various diseases that are envisioned to result in better clinical
outcomes [73]. A large number of studies have shown that zwitterionic
polymers are polar and can combine with water molecules to form a
hydration layer through strong ionic solvation leading to leads to “super-
hydrophilicity” and high protein resistivity. They can block effectively
the adhesion of proteins, platelets, other biomolecules, and bacteria to
the surface, and improve the blood compatibility of materials [73].
Therefore, these materials have tremendous potential as vehicles to aid
in drug and gene delivery, or as anti-fouling coatings and stabilizers for
NPs and proteins, and as hydrogel for self-healing materials, etc.
[74-77].
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The outer surface of non-thrombogenic erythrocyte cell membranes
has zwitterionic phospholipids which show significant antifouling
properties [15]. Thus, researchers have explored the potential utility of
zwitterionic molecules and their structural analogs in a variety of
biomedical applications [78]. Like many carboxybetaines, densely
packed poly(sulfobetaine methacrylate) (polySBMA)-grafted surfaces
have also been found to be completely resistant to the adsorption of
several plasma proteins including human serum albumin, gamma
globulin, fibrinogen, and lysozyme, even at low ionic concentrations
[79]. Poly(carboxybetaine methacrylate) (polyCBMA) is also an inter-
esting polymer for making blood-compatible surfaces, because of its
structural comparability with the naturally occurring glycine betaine.
Furthermore, the surface carboxyl groups polyCBMA provide a suitable
platform for covalent immobilization of bioactive species such as
monoclonal mouse antibodies for specifically binding to human chori-
onic gonadotropin (hCG) while retaining the nonspecific protein repel-
lency [80-82]. This dual functional behavior of polyCBMA makes it
useful for the design of antifouling surfaces for biosensors and diagnostic
applications.

3.4. Peptides as antifouling agents

Synthetic peptides have become a prospective candidate, not only
owing to their inherently exceptional biocompatibility that is favorable
to maintain biomolecules activity, but also as a result of their flexible
configurations that are appropriate to attach diverse monomers [83].
Peptides by suitable charge neutrality interface and hydrophilicity could
be designed via changing the types and number of amino acid mono-
mers. Excellent hydration of the surface could significantly inhibit the
adsorption of protein via hydrophobic force. The recent research
claimed that hydrophilic peptides realized surface hydration by
hydrogen bonding, and mixed-charged peptides like mixed charged
SAMs, coatings, or hydrogels realized their surface hydration by ionic
solvation [84]. Indeed, these mixed-charged groups, once equally
dispersed at the molecular level, were comparable to zwitterionic groups
and show extreme resistance to undesirable various proteins adsorption.
Likewise, in another hopeful study, a substrate was synthesized to
monitor peptides presenting the capability of removing protein binding
[85]. According to that study, it was perceived that the combination of
charged residues of amino acid nearby in neutral charge possesses the
lowest fouling degrees. So, similar to other antifouling reagents, electric
neutrality, and strong hydrophilicity are also two imperative elements
that can influence the antifouling ability of peptides. Optimistically,
such two issues can be easily predicted and adjusted via the accommo-
dation and selection of diverse amino acids. Peptides are mainly cate-
gorized into amphipathic and zwitterionic peptides. Zwitterionic
peptides exhibited superior antifouling performing to the amphiphilic,
nonionic peptides. Two types of peptides with amphiphilic CYSYSYS and
zwitterionic CRERERE sequences were anchored via Au—S bonds onto
gold platforms, and their antifouling efficiency has been examined. Even
though the negligible protein adsorption (1.97-11.78 ng cm™2) insole
protein samples have been observed in both peptide self-assembled
monolayers, the zwitterionic type was indicated good antifouling per-
formance in natural protein media owning to the higher surface hy-
dration of zwitterionic constituent in the peptide skeleton [86]. Besides,
the zwitterionic peptides with hydrophobic properties can prevent the
approach of biofouling targets to the surface of the electrode via hy-
drophobic force, while the zwitterionic peptide with electro-neutrality
of positive/negative charges can prevent the approach of biofouling
targets by the absorbing of opposite charges. Moreover, in comparison to
other reported zwitterionic nanomaterials like sulfobetaine, phosphor-
ylcholine, and carboxybetaine, zwitterionic peptides with the specific
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Fig. 3. (A) Construction step of FO-SPR biosensing detection system using antifouling peptide monolayer and self-assembled aptamer (Reprinted with permission
from [93], Copyright 2019 Elsevier with license code: 5244250224845). (B) Schematic diagram of the self-assembly of short-chained peptides and long-chained AFP-
specific aptamers onto AuE surface for alpha-fetoprotein detection (Reprinted with permission from [98], Copyright 2017 American Chemical Society).

feature of adjustable sequence, facile synthesis, excellent hydrolytic
stability, high oxidative resistance, and low cost have garnered a lot of
attention as hopeful candidates to PEG in designing of antifouling sur-
faces with high performance [87-89].

These beneficial properties lead to the emergence of various zwit-
terionic antifouling peptides that can be incorporated into sensor sub-
strates as protective coatings [90,91]. The construction manners
between recognition probes and antifouling peptides are generally
considered two types: covalent binding and self-assembly. In light of the
significant antifouling ability of EKEKEKE-PPPPC peptide, many
nanoprobe substrates were suggested for the quantification of bio-
markers [92]. Herein, Qian and colleagues introduced a home-built fiber
optic surface plasmon resonance (FO-SPR) nanoprobe to determine
platelet-derived growth factor (PDGF-BB) as an imperative tumor
biomarker [93]. The EKEKEKE-PPPPC peptide and AuNPs-aptamer
attached to the FO probe via Au—S binding to form antifouling sur-
faces. To explore the antifouling capability, the sole proteins of LYS and
BSA have been engaged as test species to incubate with FO probes
(Fig. 3A). Also, the SGKGSSGSST sequence, wherein glycine (G) was not
hydrophilic but imperative for the creation of the helical building, was
demonstrated superb ability in inhibiting unwanted proteins adsorption
[94]. White et al. have introduced the peptide capabilities with glutamic
acid has and lysine (K) or alternating poly EK in nonspecific adsorption
resistance. According to the key fabricate rules of uncharged and

hydrophilicity, the EESKSESKSGGGGC peptide sequence was synthe-
sized and its protein-resistance quality was revealed via designing a
sensing interface.

In general, one current method of usual sensing substrates, incor-
porating both the antifouling reagents and the bio-recognition unit at a
single layer, suffers the shortcoming of relatively low loading of a
molecule, which can inhibit the signal response due to improper bio-
molecules penetration in the highly packed brush film [95]. Direct
grafting of the recognition elements to the antifouling layers is another
technique, which could induce high analyte binding, however, it could
also cause high non-specific adsorption, owing to the loose polymeric
construction [96]. In this regard, a two-layer engineered scaffold has
been reported for high target loading and low protein fouling by Jiang
et al., and Yu et al. suggested a general concept of mixed self-assembled
monolayers containing fructose probe and antifouling polymer [97].
Likewise, Cui et al. described a two-layer engineered platform for
quantitative analysis of alpha-fetoprotein (AFP) via mixed self-
assembled of EESKSESKSGGGGC peptide sequence and specific
aptamer (Fig. 3B) [98]. These engineered layers exhibit ultra-high
protein loading and ultra-low biofouling via the differential pulse vol-
tammetry (DPV) method in various human serum solutions (V/V) and
human serum albumin (HSA) concentrations. With such a low fouling
peptide, the sensor responded to the analyte with a striking linear range
from 10.0 fg mL™' to 100.0 pg mL™! and a LOD at 3.1 fg mL?,
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presenting hopeful selective and sensitive AFP
identification.

In light of their brilliant antifouling abilities, few zwitterionic ma-
terials are industrially accessible that require complex fabrication and
purification of these high-charged molecules. Additionally, it can be
assumed that the electric field particularly in electrochemical biosensing
and the external pH can be influenced the overall status of the interfacial

charge and thus the antifouling behavior.

feasibility in

4. Materials for antifouling sensing

Recently, there is a growing trend in the electrochemical biosensors
field, particularly, in the advancement of new substrates which integrate
antifouling strategies with high-performance scaffolds like those con-
taining nanoporous- or nanocarbon-based surfaces (i.e., CNTs and gra-
phene oxide) and/or nanoparticle-based metals. In light of that, the next
sections emphasize the recent progress of various nanostructures based
on nanomaterials and antifouling reagents in bioanalysis (See Table 1).

4.1. Combination of carbon-based nanomaterials with antifouling
reagents

Carbonaceous nanomaterials were proposed as appropriate choices
in diverse biosensing applications, because of their extraordinary char-
acteristics like aspect ratio, robust mechanical strength, biocompati-
bility, high chemical stability, and electrical conductivity [99-101].
Their brilliant electrochemical features generally depend upon the
different synthesis procedures. Hence, many morphological carbon
variants (for example zero to three-dimensional scales) have been
effectively employed as a well-organized electrode nanostructure for
biosensing applications. Besides, their capability as non-quenchers or
transducers along with tunable bandgap and high elasticity facilitate
their amalgamation in sensing devices with high performance. Addi-
tionally, because of the hydrophobicity of their surface, various thera-
peutic targets like ssDNA molecules can be preferably attached to the
carbon nanostructures. It could be implemented via n-stacking forces
between the side-walls of the carbon materials and oligonucleotides
bases [102]. The anti-biofouling characteristics of carbonaceous

nanomaterials permitted their utilization in many biomedical applica-
tions. Until now, various researchers have suggested carbon nanotubes
(CNTs) as ideal candidates for the improvement of fouling-release
coatings, as a result of their antifouling and antimicrobial attributes,
they could also be used in water and wastewater treatment, and as ad-
sorbents for chemical and biological contaminants [103-105].

In this perspective, the high-performance antifouling interfaces can
be realized via incorporating carbonaceous nanostructures with zwit-
terionic materials as promising antifouling reagents [106]. For example,
electrochemical sensors were developed by Jiang and coworker
[107,108], who modified chip surfaces with low-impedance and short
binary aryl layers fabricated via the aryldiazonium salts electrodeposi-
tion which comprises phenylphosphorylcholine (PPC), a zwitterionic
molecule, for attaching of bio-recognition elements. Additionally, Qi
et al. [109] were introduced a label-free nanoprobe for the TNF-a
sensing using an rGO-ph-AuNP-aryldiazonium salt modified surface.
Initially, AuNPs loaded reduced graphene oxides nanostructures (rGO-
ph-AuNP) have been fabricated, then the modified surface was further
decorated with mixed carboxyphenyl groups and zwitterionic PPC via
reduction of diazonium which anti-TNF-a has been attached. Following
amperometric identification of molecules was then conducted via a
sandwich technique whereby the employed targets have subjected to
ferrocene and anti-TNF-a-modified rGO. This electrochemical immu-
nosensor has been effectively applied for the determination of TNF-o
secreted from BV-2 cell lines (in cell media).

Recently, the same group was designed a nanoprobe able to quantify
cytokines interleukin (IL)-6, IL-1B, and TNF-a in serum media [110]. As
seen in Fig. 4, the sensing interface has been synthesized by the elec-
trodeposition of mixed layers of PPC and 4-carboxylic phenyl onto the
surface of the electrode via a C—C covalent bond. Afterward, capture
monoclonal antibodies for these biomarkers have been anchored by
amide bonding to the -COOH terminated biosensing. At last, a sandwich
test was established. Indeed, in this scaffold, target identification was
performed amperometrically with the rGO both antibody and redox
reporter (Ferrocene (Fc) methylene blue (MB), or Nile blue (NB))-
modified. Owing to the different redox peaks related to these reporters
(—0.4V, — 0.2, and 0.2 V, respectively), a simultaneous determination
of all three targets in undiluted mouse serum was considered feasible. By
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rational assessment and selection of redox labels, this multianalyte
sensing platform has a hopeful future in complex media. Liuetal. [111]
applied PEG diazonium salts as an antifouling reagent to modify the
glassy carbon electrode (GCE) surface for the troponin-I (cardiac
biomarker) determination. Troponin-I quantification was carried out
through an immunosensor Fe-GO-detection Ab/Troponin-I/Ab1/GO-ph-
AuNPs-ph-PEG/ph-amine modified electrode with LOD of 0.05 ng mL ™
and linear range of 0.05 to 3 ng mL™!. The antifouling effect of PEG
could successfully improve the sensitivity of the developed method in
human plasma samples. He et al. [112] developed another scaffold using
a self-assembled microgel with abilities of bio-recognition element and
antifouling attachment which the surface of GCE was modified with
glycidyl methacrylate (GMA)-anti-streptomycin/GO and 1-propyl-3-
vinyl imidazole sulfonate (PVIS) as the sensing and antifouling re-
agents, respectively. Similarly, PVIS as a usual zwitterionic species could
be utilized for zwitterionic group integrations on the shell of the
microgels. Moreover, for more conjugation with biomolecules, GMA as a
functional monomer was applied to insert epoxy groups inside of the
microgels [113]. Consequently, by surfactant-free emulsion polymeri-
zation, they can be prepared two kinds of modified microgels by using 3-
(Methacrylamide) propyl trimethyl ammonium chloride (MPTC) and
acrylic acid (AA) based on P(NIPAm-MPTC-GMA) and P(NIPAm-AA-
PVIS). Indeed, the zwitterionic group can bind water molecules
through strong ionic solvation or hydrogen bonding, a tight hydration
layer has been created which can act as a physical obstacle to inhibit the
nonspecific proteins' adsorption [114]. As compared, the sensitivity of
the immunosensor is 1.7 pg mL~! which provides at least 100 times
better detection ability.

PEG and its derivatives have been enormously applied as antifouling
reagents in various sensory systems. Choi et al. [115] utilized diamine-
PEG to modify the surface of carbon dots (CDs). In their work, PEG and
amine groups act as antifouling support and active groups for further
functionalization, respectively. Folate functionalized CDs showed high
selectivity to the folate receptor on the surface of overexpressed cancer
cells. In another work, Iverson et al. [116] reported the combination of
DNA segments with PEG to the recognition of NO in mouse veins. DNA-
PEG was utilized for the modification of the single-walled carbon
nanotubes (SWCNTs) surface. While it was not verified the capability of
operating the sensory system in real samples, however, a LOD of about 1
pM was obtained.

Filtration methodologies are other shapes of antifouling which a
physical approach such as membrane filters is used. For example, a
graphene nanoribbons probe was applied to Nafion-modified chip for
the specific cysteine recognition in serum samples [117]. The fabricated
graphene-based nanoribbons provide high electrical conductivity and
electrocatalytic activity to electrochemical cysteine detection. The
negatively charged Nafion substrate can either enhance the dispersion of
graphene particles or decrease the electroactive activity of coexisting
molecules i.e. uric acid and ascorbic acid, permitting in vitro determi-
nation of cysteine without any interfering effect of them.

“Off-surface filter” is another approach to reduce biofouling on the
surface of electrochemical electrodes which has been introduced by
Ferguson et al. [118] Off-surface filter approach was utilized to deter-
mine doxorubicin (DOX) through an aptamer-based amperometric
detection method using a carbon-fiber electrode. This sensor allows
continuous monitoring of DOX in live rats with acceptable sensitivity
and specificity performance. The reduced biofouling effect can ulti-
mately enhance about 100 times the diffusivity of the DOX as compared
with coexisting non-target reagents such as HSA, Immunoglobulin G
(IgG), and fibrinogen (Fib).
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4.2. Combination of noble metal nanomaterials with antifouling reagents

Noble metal nanomaterials like gold (Au), silver (Ag), palladium
(Pd), platinum (Pt) consistent core-shell NPs, and bi- or tri-metallic al-
loys have been broadly amalgamated with bio-recognition units for
monitoring of various targets in terms of their exclusive electronic,
physical and chemical properties. Besides, outstanding catalytic and
conductive attributes make them “electronic wires” while increasing e-
transfer between the redox centers in the surface of protein and elec-
trodes [119,120,170]. Until now, nanoprobes based on noble
metals/EG-SAMs as an antifouling reagent provided a high potential for
improvement of both sensitivity and selectivity by increasing the tuned
signal. Therefore, a particular emphasis on these platforms has led to the
development of various innovative analytical methodologies, which can
be utilized in quality control programs for the effective determination of
various analytes like small molecules, cells proteins, metal ions, anti-
biotics, and mycotoxins. On this note, Arroyo-Curras and collaborator
presented off-surface filter to develop an electrochemical aptasensor for
small molecules detection [121]. Nevertheless, the simplicity of the
off-surface filter antifouling approach, this method might be appropriate
to the recognition of a wide variety of small molecules. In their study,
the developed Au nanowire-based antifouling approach was used to the
continuous detection of DOX, kanamycin, gentamicin, and tobramycin
in blood flow by inserting a catheter into the jugular vein. The catheter is
composed of a polysulfone membrane (as filtering agent) and Au
nanowire-modified electrode as sensing segment of the developed
approach. Xie et al. [122] reported a PEG-based antifouling magnetic Au
nanoflower to develop an absorbance-based nanoprobe for in vivo
sensing of matrix metalloproteinase (MMP) expression. MMP is a pro-
tease that is secreted on large scale by malignant tumor cells. The pro-
duced magnetic AuNPs were functionalized with a Cy5.5-labeled
GPLGVRG peptide which already contains tridihydroxyphenylalanine
(TDOPA)/(Cy5.5-GPLGVRGTDOPA), and PEG5000-SH moieties. Cy5.5
is a NIR dye that is attached to the enzyme-based GPLGVRG spacer. The
emission of Cy5.5 was quenched by the Au substrate, however, the
fluorescence of Cy5.5 is turned on upon cleavage of the GPLGVRG
peptide by MMP molecules. The Cy5.5-based nanoprobe was introduced
intravenously in SCC-7 mouse cells (neck and head squamous cell car-
cinoma) as models, and later NIR bio-imaging was captured. From the
obtained results, it is obvious that the fluorescence of SCC-7 cells was
about 10-times stronger than control groups. Remarkably, the fluores-
cence signal of control particles without PEG molecules (as nonfouling
molecule) were enhanced due to the nonspecific attachment of the
nanoprobe upon fouling.

PEG-based antifouling material was utilized by Xu and co-workers to
fabricate a label-free impedimetric electrochemical sensor for the
recognition of insulin [58]. In the work, SAM layers of PEG containing
thiol and insulin-specific antibodies were attached on the Au electrode
surface to induce simultaneous antifouling and immunosensing agents,
respectively. This immunosensor is sufficient capacity to perform spe-
cific assessments of insulin in complex biological fluids with negligible
interference (3%) from coexisting molecules. The LOD of the nanoprobe
is about 1.2 pM which can cover clinically relevant concentration of
insulin in serum (5 pM to 50 nM). Especially, the developed probe can be
reused after washing with a buffer. Other impedimetric nanoprobes
using PEG chemistries were also introduced by the Davis groups in
which a-synuclein antibodies (biomarkers for Parkinson's disease) were
measured in a blood sample through modification of the surface of gold
electrodes with the corresponding antigen [123]. They utilized the SAM
approach for electrode surface modification. This platform was then
utilized to determine a-synuclein antibodies contents of serum samples
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Fig. 5. (A) The preparation mechanism of multiplexed EIS-based nanoprobe for
insulin and CRP detection using 4-armed PEG-epoxide and 4-armed PEG-amine
modified gold electrode (Reprinted with permission from [127], Copyright
2014 American Chemical Society). (B) Diagram procedure for the preparation
of the ATP aptasensor based on mixed zwitterionic peptide and self-assembled
aptamer (Reprinted with permission from [131], Copyright 2018 Elsevier with
license code: 5245311333801). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

of healthy controls and Parkinson's disease, confirming the high speci-
ficity and sensitivity of the developed platform in real samples. A similar
antifouling reagent and SAM approach were utilized by Bryan et al.
[124] to modify the Au electrode and then quantification of a-synuclein.
The response of the reported sensor is linear from 0.5 to 10 nM and has a
LOD of about 55 pM. Favorable features of the reported provide a reli-
able platform for monitoring a-synuclein to determine disease stage and
to monitor the effects of prescribed pharmaceuticals on the disease stage
and modifying possible interventions.

Likewise, some nanoprobes based on similar antifouling reagents i.e.
EG-SAMs were designed for the identification of C-reactive protein
(CRP) as a cardiac marker) through an immunosensing platform. Firstly,
EG-SAMs and anti-CRP were anchored on the interface of the Au elec-
trode, respectively. Then, impedance techniques have been utilized to
acquire CRP-related immittance signals [59]. Using SAM, interferences
caused by unwanted molecules' adsorption on the chip surface were
mainly reduced, enhancing the sensitivity of the probe. Bryan groups
introduced a dynamic range of 0.5-50 nM for CRP sensing through an
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impedance method, however, the reported LOD is 176 pM. They utilized
PEG-thiol HS-C;1-(EG)3-OCH2-COOH used as an antifouling reagent.
Significantly, the LOD is better than the currently used CRP clinical
protocols, in addition, the developed assay is actually inexpensive,
reusable, portable, and relatively automated [125]. Lately, the same
team has utilized electrochemical impedance spectroscopy and modified
Au surface electrodes with EG-SAMs and Au bead to detect the exosomal
proteins of CD 9 and Syntenin in exosomal lysate with high sensitivity at
picomolar level [63].

Sharma's group has evaluated the antifouling ability of PEGs by
employing monothiol-alkane-PEG-acid to attach to the surface of a
typical Au electrode. This probe was used to determine IL-8 in human
serum samples through a specific interaction between cystatin protein
and IL-8. Due to the high formation constant (K¢ = 35 + 10 nM) and
antifouling effect of monothiol-alkane-PEG-acid, this probe provides
LOD of 90 pg L1, which is considerably lower than the basal clinical
levels of 5-10 ng L™!. As with most of the developed electrochemical
approaches, this method has a high potential for designing of point-of-
care (POC) device for IL-8 detection [126]. Luo and coworkers have
developed the multiplexed EIS-based nanoprobe for insulin and CRP
detection using PEG-modified Au electrodes [127]. In their work, 4-
armed PEG-epoxide and 4-armed PEG-amine were attached to the sur-
face of the Au electrode and then antibodies were tethered (the immu-
nosensor designing steps are presented in Fig. 5A). This probe can detect
insulin and CRP in whole serum samples with LODs of fM and pM levels,
respectively. The exhibited LODs can comfortably cover clinically
required concentrations of both analytes and linear dynamic ranges of
the probed were 0.5 pM to 100 pM and 0.5 nM to 50 nM for insulin and
CRP, respectively. The same 4-armed PEG-amine was also utilized by
Hui et al. [128] for alpha-fetoprotein (AFP) biosensing. The electrode
modification was done via electrochemically polyaniline (PANI) syn-
thesis on the substrate followed by PANI functionalization via AuNPs.
Then, AuNPs-PEG can be formed via binding of -NHj groups of the PEG.
Subsequently, anti-AFP-PEG conjugations allowed selective AFP deter-
mination. The redox current has been reduced by antigen-antibody
binding as a result of electron transfer insulating biomolecule behav-
iors. The PEG functionalized AuNPs/PANI composite provide high hy-
drophilicity which may effectively decrease nonselective attachment of
biomolecules onto the GCE surface through the produced electrostatic
hydrophobic interaction, and thus presenting a favorable substrate for
the construction of AFP anti-fouling biosensor. Using DPV mode, AFP
sensing was carried out in the range of 0.01 pg mL ™! to 1.0 ng mL ™! with
LOD of 0.007 pg mLL.

To use in biological media, more biocompatible antifouling reagents
are needed. In this context, Cui et al. [98]. established an electro-
chemical alpha-fetoprotein nanoprobe using zwitterionic peptides
antifouling reagent. Besides the biocompatibility of these types of anti-
fouling reagents, the enhanced antifouling influence mainly arises from
their high hydrophilicity and low charged nature. This aptasensor shows
some beneficial features of exceptional protein-resistant performance in
biological serum samples and feasibility to quantitative detection of
alpha-fetoprotein in patient's samples. As is well known, the poly-(car-
boxybetaine methacrylate) (PCBMA) as zwitterionic polymers, consti-
tute superb antifouling nanomaterials [129]. So, their suitable
assembling onto the transducing surfaces in a manner conducive to
extremely sensitive electroanalytical sensing is of importance. Similarly,
the integration of non-Faradaic EIS underpins with surface chemisorbed
and assembled PCBMA polymer offer scaffold with negligible electro-
active interference or nonspecific response and extraordinary sensi-
tivity. To present and highlight the effectiveness of this approach, which
could be strongly used to the determination of each biomarker for which
there is a receptor. In this perspective, Luo et al. [130] engaged PCBMA
as a zwitterionic polymer to the surface functionalization of the Au
electrode where Ins-Ab is attached to the terminals of the polymer to
specify the nanoprobe for insulin identification. This platform response
is LOD of 42.6 fM with a wide linear of 0.1-200 pM range in unprocessed



M. Mahmoudpour et al.

——————————

¢
¢

i
¢
¢

FesO4«NPs Fe:0s@Au NPs

Advances in Colloid and Interface Science 302 (2022) 102637

p Brucellosis :

: antibody

Potential /v @ OMP31

2 4 : —

p \\ : 4\ Nonspecific:

: e proteins :
- T A LY

atsssssessesssessssssssnnsnnnn,

CHOM

coo
4 0. }
Ya N\ A1 N
% on w A u A

] oH }./ " NHCOCH,

Peeeecessssscccssesecsssscsccsm®

FeaOa@AuéPEG NPs Fe:0:s@Au@PEG@HA NPs

Fig. 6. Construction diagram for the low-fouling electrochemical brucellosis immunosensor based on Fe30,@Au@PEG@HA NPs (Reprinted with permission from

[142], Copyright 2019 Elsevier with license code: 5244690422698).

human serum. The presented electrochemical method represents a
specific manner that could be extended as a POC device for label-free
electrochemical recognition of protein-based analytes in biological
fluids. The combination of peptides and Au materials provides surfaces
with tunable hydrophilicity, charge, and functional groups to do sec-
ondary modifications of the surface. As compared with PEG and EG-
based antifouling reagents, peptide-based ones are more applicable,
especially in aqueous media. Through self-assembly, diverse bioactive
molecules could be anchored onto suitable nanoprobe surfaces to form a
uniform and ordered interface. Based on the significant antifouling
ability of EKEKEKE-PPPPC peptide [92], numerous biosensing scaffolds
were suggested for biomarker determinations. Wang's group has eval-
uated EKEKEKE-PPPPC zwitterionic peptide to provide an antifouling
effect on the aptamer probe to accurate and sensitive ATP detection in
complex media. The AuNPs modified Au electrode determined ATP
without any significant interference from the available reagents, indi-
cating the high antifouling effect of zwitterionic peptide (Fig. 5B) [131].
In another example, Wang and colleagues used a zwitterionic peptide to
modify the surface of the macroporous Au electrode for selective
recognition of immunoglobulin E (IgE). The combination of zwitterionic
peptide and physical antifouling effects can acceptably decrease the
nonspecific adsorption on the surface of Au electrodes [132]. Another
fascinating antifouling interface using self-assembly mode is an elec-
trochemical enzyme-based substrate with a self-designed peptide of
CGGGGDKDKDKDK and sacrificial iron metal-organic framework (Fe-
MOF) for quantification of T4 polynucleotide kinase (T4 PNK) [44]. As a
general rule, antifouling reagents can decrease current of an electro-
chemical half-reaction and using such a high electro conductive metal (i.
e. Fe) can extremely enhance the sensitivity of the developed probes
along with antifouling effect of the reagents. With the help of peptide,
the electrochemical DNA probe demonstrated sufficient analytical per-
formance toward T4 PNK with a detection limit of 3.5 x 10™* U mL™?
and a broad linear range of 1.0 x 1073-10 U mL™!. Additionally, the
nanoprobe was capable of T4 PNK determination in 5% human serum
solutions.

Qi and colleagues described three antifouling reagents i.e. dithio-
threitol (DTT), anti-thrombin binding aptamer (TBA), and 6-mercapto-
1-hexanol (MCH) to produce a ternary mono-layer on the surface of
Au electrodes. [133] The developed interface provides high selectivity
and direct sensing of thrombin at attomole levels. Inspired by using
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multi-antifouling reagents, this probe can detect target thrombin in
human serum samples. In another study, MCH was used to enhance the
specificity of the detection of thrombin in an aptamer-based probe. MCH
has been used to modify the polydopamine(PDA)/AgNPs-GCE electrode.
The PDA embedded AgNPs composited provided a more sensitive
detection system with LOD as low as 36 fM. Despite various favorable
features, the application of this aptasensor was not checked in biological
media [134]. Likewise, aptamer-DTT-MCH was used as a ternary mono-
layer for the modification of gold electrodes for lysozyme (Lys) detec-
tion. The fabricated sensor is able resistant to the nonspecific adsorption
of interfering reagents. The antifouling effect of the reported sandwich
typed enzyme-based Au/aptamer-DTT/MCH/Lys/horseradish peroxi-
dase (HRP)-AuNP-LBA electrochemical sensor confirmed in serum
samples, showing g the potential of the apta-sensor in complex biolog-
ical media [135].

In sum, in addition to the previously reviewed biosensors that
depend on extremely hydrated interfacial chemistries to resist unwanted
adsorption, substitute approaches to improve the impediments along
with interfacial fouling were also considered. Direct physical sensory
interfaces manipulation is one such methodology. For instance, the
application of membrane filters or the manufacturing of nanoporous
chips is promising tactic to reduce sediment problems via large mole-
cules or cells by offering a diffusional barrier (sieving) that limits the
access of large biomolecules to the underlying nanoprobe while also
allowing diffuse access to smaller targets.

4.3. Applications of antifouling molecules-functionalized magnetic
nanomaterials

Recent developments in magnetic NPs (MNPs) are one of the most
hopeful progress for synergistic application in electrochemical sensors.
Magnetic nanostructures usually have an iron oxide core and super-
paramagnetic nanomaterials of different three-dimensional (3D) shapes
[136,137]. The size of MNPs can range from the nanometer (nm) to
micrometer (pm) scale renders extraordinary flexibility for optimal
monitoring of biomolecules with diverse size ranges. These materials
can also offer an assay benefit in multianalyte sensing platforms by
taking simply amendable surface coatings/chemistries for anchoring
various analyte-binding molecules like aptamer, antibodies, and nucleic
acids [138]. In summary, with the ongoing advancement in the synthesis
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of cutting-edge MNPs and related innovative applications in bioanalysis,
there is considerable potential in integrating these research areas to
tackle remaining issues in small molecules biosensing.

Recently, the aptamer-magnetic solid supports were utilized for pu-
rification of numerous biological targets along with a precursor for an-
alyte enrichment from complicated sample mixtures to prevent the
interference of the other probable interactive analytes with nano-
platforms. Indeed, magnetic matrices can isolate pre-concentration
different small and macromolecules from biological media to remove
interference ingredients in the samples. The acrylic-based nano-
structures have also been applied for magnetic support materials prep-
aration and arranged in requisite geometry and size. Moreover, they
could be synthesized with a large surface area, required pore size, and
functionalized with the desired elements. In this regard, Bayramoglu
and coworkers have immobilized specific thrombin aptamer on the
magnetic particles to determine thrombin in serum samples by quartz
crystal microbalance (QCM) techniques [139]. Ethylene glycol dime-
thacrylate (EGDMA) has been applied as an antifouling reagent. Mag-
netic poly(2-hydroxyethyl methacrylate-ethylene glycol
dimethacrylate-vinylene carbonate) Mp(HEMAEGDMA-VC) microbe-
ads showed favorable antifouling effect where thrombin was selectively
separated from serum samples in the presence of HSA, immunoglobulin
G (IgG), and elastin,). The high specificity of this probe mainly arose
from the antifouling effect of EGDMA and the high dissociation constant
of aptamer and thrombin (68.2 nM) molecules. Magnetic core-shell
Fe3O4@Au NPs are widely applied to design bio-electrochemical in-
terfaces for sensors. One case is that Yao et al. developed a highly spe-
cific and ultrasensitive electrochemical aptasensor based on Fe304@Au
NPs toward thrombin sensing [140]. Also, Hao and colleagues success-
fully fabricated a new electrochemiluminescence immunosensor using
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glucose oxidase (GOD)-labeled antigen and FesO4@Au NPs, which can
be easily detected of Bacillus thuringiensis CrylAc with varied linear
range and excellent sensitivity [141]. The outstanding conductivity of
the gold shell is recognized. Meantime, the superb biocompatibility of
Fe304@Au NPs renders this nanostructure with chemical modification,
consequently, lays the foundation of its brilliant anti-fouling charac-
teristics. Herein, based on PEG-coated Fe304@Au NPs, hyaluronic acid
(HA) modified Fe304@Au@PEG NPs have been developed and utilized
to design brucellosis immunosensor (Fig. 6) [142]. The fabricated
Fe304,@AuU@PEG@HA NPs-based immunosensor showed detection
ability as low as 0.36 fg mL ! in the presence of VirB5, BSA, and BP26
proteins. The exceptional specificity of the probe may be aided by the
antifouling property of PEG on the probe and the robust affinity between
the corresponding antibody and antigen. Although, the reported
aptamer- and antibody/antigen-based sensors showed excellent
analytical performances, however, the ability of the PEG and EGDMA to
suppress interfering reagent is more pointed out when these bio-
molecules have not been utilized. Also, Kongsuphol et al. [143] sepa-
rated tumor necrosis factor (TNF) or TNF-« using its antibody/antigens.
In contrast with the reported approaches, in this work, a biological re-
agent i.e. antibodies were used to remove interferents from TNF-o.
Contrary to the chemical and physical strategies for antifouling, this
approach is high cost and not applicable for in vivo sensing. In the re-
ported method, the captured TNF-a molecules were eluted from the
magnetic beads and determined by EIS at about fM sensitivity levels in
whole serum samples. This type of separation is more efficient if the
separation process could be done within a fluidic device which is re-
ported by Oleschuk et al. [144]. They designed a microfluidic device
that can simultaneously deplete three types of biomolecules i.e. anti-
HSA, protein A, and protein G through a device. This device enhanced
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sensitivity at least four times. Magnetic particles are candidates for this
type of antifouling strategy. Biological molecules-based antifouling
strategies provide advantageous features of substantial depletion of
interfering reagents from small sample volume, however, low depletion
ability, limited throughput, and high cost of biological molecules are the
main problems which limits their uses in biological media.

4.4. Combination of polymer-based materials with antifouling reagents

Polymeric antifouling reagents have been extensively utilized in the
fabrication of sensing platforms through different approaches. Facile
control of physical and chemical properties of polymer-based anti-
fouling reagents provides a favorable substance to decrease the effects of
possible interfering reagents in biological media via self-filtration.
However, biomaterial-based antifouling polymers not only are effec-
tive to decrease bio-fouling effects, but also their functionalization is
easy due to the presence of various functional groups. For example, Ma
et al. [146] produced HPG functionalized poly3,4-ethylene dioxythio-
phene (PEDOT-HPG) through electrochemical polymerization. PEDOT-
HPG functionalized electrochemical sensor can detect alpha-
fetoprotein in the proteins and cells presences as low as 0.035 pg
mL~L. This sensitivity mainly arises from HPG which has many active
functional groups that are helpful for antifouling power of the PEDOT-
HPG polymer. To fabricate the label-free biosensor interface, Cui and
coworkers suggested an electrochemical nanoprobe by using PEDOT for
GCE modification [147]. PEDOT is an ideal candidate to fabricate
electrochemical sensors owing to features of moderate bandgap, sta-
bility, low redox potential, and modification capability with various
functional elements. The thiol-terminated 4-arm PEG has been doped
into PEDOT polymer to enhance negatively charged -SH groups followed
by AuNPs binding the surface through Au—S bond. Existence of the Au
enhanced stability and conjugations of antibodies on the sensor inter-
face. Lastly, GCE/PEDOT/PEG/AuNPs/anti-AFP chip has been applied
for the AFP determination via EIS method with a detection limit of
0.0003 fg mL >,

Feng et al. proposed a new nano-platform using PANI for dopamine
identification [148]. PANI as conducting polymers have benefits like fast
direct electron transfer, biocompatibility, and high stability. They were
utilized polymerized tannic acid-PANI composite to graft to the surface
of the carbon-fiber electrode (CFE) as an efficient antifouling material
for in vivo sensing of dopamine. Despite the favorable results, the
application of nanoporous structures encounters various challenges in
regulating cavity size and maintaining the active spots on the electrode
surface. Grafting of antifouling polymers onto electrochemical working
electrodes can cause the construction of high-impedance layers, result-
ing in decreased sensitivities. Grafting of certain conductive soft mate-
rials (such as PANI) can be useful to solve this issue. Hui et al. [149]
grafted PEGs onto PANI nanofiber to fabricate PEGylated PANI nano-
fibers for the detection of breast cancer. In this work, PANI was added to
provide both sensitivity (by decreasing impedance of the elected ode)
and specificity (in the presence of PEG/PANI) at the same time. Fig. 7A
demonstrates the sensor fabrication steps and applying the PEG for
decreasing the fouling effect from the serum matrix. After attaching
capture nanoprobes through NHS/EDC coupling on their PEGylated
PANI nanofibers, sensitive DNA electrochemical sensors have been
established for the breast cancer susceptibility gene (BRCA1). This nano-
platform presented excellent sensitivity with a wide linear range from
0.01 pM to 1 nM. In another work, the surface of screen-printed gra-
phene electrode (SPE) electrodes have been electro-polymerized via
polyaniline (PANI) to selectively detect C-reactive protein in plasma
samples [150]. As an advantage of the production of antifouling via
electro-polymerization, permits facile regulation of the surface proper-
ties of the polymers, modulating the specificity, fouling effect, and
sensitivity of the probe.

PEDOT polymers, like PANI, were also used to modification of
zwitterionic EKEKEKE peptides as antifouling reagents for the detection
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Fig. 8. (A) Drawing of the isoporous silica micelle membrane, emphasizing the
capability to preconcentrate drug compounds with inhibiting fouling in whole
blood samples (Reprinted with permission from [157], Copyright 2016 Amer-
ican Chemical Society). (B) Electrochemical detection of fruit juices antioxi-
dants based on silica mesochannel array (SMA) on the ITO electrode (Reprinted
with permission from [156], Copyright 2016 American Chemical Society).

of DNA of the BRCA marker. Initially, a high PEDOT conductive layer
with plentiful -COOH groups has electrodeposited onto the surface of the
electrode to improve response signal, sensitivity, stability, and
biocompatibility of advanced surfaces. Secondly, nickel cations have
been presented to further bridge -COOH from the PEDOT surface and
peptide by the formation of Ni—O coordination bonds. Afterward, the
capture DNA probe terminated with the -COOH group was attached with
peptide via covalent binding. The antifouling quality was confirmed by
the electrochemical current changes after soaking in various concen-
trations of human plasma and HSA solutions. Although, the developed
sensor showed high analytical performances the functionalization of the
probe surfaces with peptides antifouling reagents is too hard and usually
needs to provide interfaces with high surface density and well-ordered
building [151].

Surface hydrophilization is one of the main strategies to limit
nonspecific adsorption. HA is a hydrophilic polysaccharide which exten-
sively used as an antifouling reagent in biological media due to its high
compatibility and hydrophilicity. Wang et al. [152] fabricated a carci-
noembryonic antigen (CEA) immunosensor in which HA showed an
exceptional antifouling effect and the fabricated sensor detected CEA at
aM levels. Filtering-interface of mesoporous materials can also decrease
fouling from proteins and other species. In another strategy that was
introduced by Wang et al. [153] in which PEDOT was used to dope the HA
layer for electrochemical immunoassaying of CEA. HA has carboxylic
groups which could be co-electropolymerized with PEDOT wherein HA
and PEDOT enhance the interfacial hydration and conductivity, providing
favorable analytical performances for the fabricated CEA sensor.
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In a study reported by Liu et al. [154], PANI was used as a surface
modifier of the GCE, in which peptide-based antifouling reagents were
attached to the amine ends. As seen in Fig. 7B, the human immuno-
globulin G (IgG) was detected as low as 0.26 ng mL™' in which the
antifouling effect was further reinforced by PANI molecules. The anti-
fouling capability has also been explored with fluorescence microscopy
image and DPV mode when incubated in diverse FBS concentrations
with different incubation time intervals. All results exhibit brilliant
antifouling characteristics of this multifunctional peptide. This peptide-
based nanoprobe can detect IgG in neat serum and clinical samples.
Despite the sensitivity, the reported method suffers from low stability as
a result of using a peptide-based antifouling reagent.

4.5. Combination of silicon-based materials with antifouling reagents

The antifouling reagents can be significantly enhanced the imped-
itive effect of the surface toward redox spices or mediators. How to
engineer a probe surface to eliminate and/or decrease the biofouling
effect but concurrently not to affect the surface activity of the probe is of
great importance in the sensor design process. Nanopores layers that
cover the surface of the probe are one solution to provide a sensor with
the antifouling ability and unaffected sensitivity. It has also been
demonstrated by some studies that silica nano-channel membranes
(SNM) could function as an effective antifouling layer to inhibit the
surface of the electrode from unwanted species adsorption.

Hence, the direct electrochemical monitoring of numerous target
biomolecules in diverse complex media like urine, human serum, fruit
juice, and even whole blood has been realized without sample pre-
treatments [155,156]. For instance, in human plasma samples, not only
the analytical sensitivity for the chloramphenicol detection can be
enhanced but also the current stability is meaningfully amplified, as
clarified in Fig. 8A. Indeed, the antifouling ability of mesoporous silica-
micelle membrane arises from the nanosized microchannels and the
lipophilicity of the micellar layer. The redox current of chloramphenicol
at the modified indium tin oxide (ITO) electrode with SNM depleted
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only 21.0% after 45 min, while for the bare ITO electrode was 75.5%.
[157]. Besides, the same silica mesochannels material attached to the
ITO electrode has been used to determine lipophilic and hydrophilic
antioxidants, such as retinol and ascorbic acid. As shown in Fig. 8B, the
nanocomposite comprising silica mesochannel array can entirely modify
the ITO electrode without cracks, wherein silanol groups provided the
channel negative charges and hydrophilicity resulting in the noticeable
current individual antioxidant responses (10-2000 mM for ascorbic acid
and 1-60 mM for retinol). This approach was also applied to modify the
GCE surface for Alzheimer's biomarkers detection [158]. Also, Yan et al.
[159] used silica perm-selective membranes for the detection of small
organic analytes. In this work, another form of silica layer i.e. vertically
ordered silica mesochannels and ordered surfactant micelles was
applied to provide the antifouling effect. The molecular permeability of
the nanoporous layer is the main adjustable factor to regulate the
sensitivity and specificity of the probe. Moreover, the SNM antifouling
capabilities are also superb in the in vivo examination. As is well known
under the in vivo state the surface biofouling via proteins along with the
foreign-body response because of innate immunity, is more severe. Both
foreign body response and biofouling hamper or entirely avoid target
reaching the surface of electrode. Additionally, in vivo analysis
frequently needs long-term activity and stability of nanoprobe in order
to investigate the ethology of living animals and time dependent phys-
iological procedures. Therefore, construction antifouling surfaces and
inhibiting surface from biofouling become tremendously imperative yet
challenging. A most updated study was discovered that in vivo condition
SNM could successfully impede the surface carbon fiber microelectrode
(CFME) biofouling and meantime remain permeable to molecular oxy-
gen, thus allowing the long-term constant identification of oxygen in the
brain of live rat [160]. Compared with the bare CFME, the CFME-SNM
modified electrode can preserve its sensitivity to oxygen after implan-
tation in the live rat brain. What is more, the implanted chip can
continuously monitor oxygen under the in vivo state, revealing a fast
response (up to 2 h) and outstanding current stability. We believe the
SNM antifouling capabilities are chiefly a result of the size exclusion
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effect, hydrophilic, and electrostatic repulsion. Furthermore, SNM is
biocompatible and the foreign body response may be less.

4.6. Combination of other materials with antifouling reagents

Due to the high impedance of the PEG-based layer on the electro-
chemical electrode, Jiang et al. [13] employed small chain zwitterionic
reagents as antifouling components. Small chain zwitterionic molecules
not only induce an antifouling effect but they have a very low passiv-
ation effect on the sensor surface. In this study, TNF-a was quantified in
whole blood samples from 0.01 ng mL™! to 500 ng mL~!. Besides the
favorable sensitivity, the obtained results are as good as the commercial
ELISA kit, proposing the application of the developed immunosensor
clinic uses.

The photoelectrochemical (PEC)-based sensory systems have
received attention owing to the inherited properties that combine the
beneficial features of both electrochemical and spectroscopic methods
including simplicity, ease to operate, and high sensitivity. TiO2 NPs are
the most used nanomaterials for the fabrication of PEC-based biosensors
with high photoelectric efficiency [161]. Fan and coworkers have
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modified the surface of ITO electrodes with PEG and HA as a hybrid
antifouling component for the detection of CD44 bio-receptor. The
developed PEC-based sensor suffers from the UV response of TiO; re-
sponses which could be hazardous to the biomolecules [162]. In another
work, the zwitterionic peptide was employed as an antifouling reagent
to modify the surface of ITO for HeLa cell a biomarker of cervical car-
cinoma [163]. Generally, MCH or BSA was employed as a blocking re-
agent in PEC biosensors to reduce biofouling influence. However, the
antifouling capability of these reagents in real biological media is
limited. Zwitterionic peptides can be an efficient antifouling reagent in
biological media that prevent the probe surface from nonspecific
adsorption due to their hydrophobic and electro-neutrality properties.
Based on this peptide, a PEC cytosensor has been established to HeLa cell
which can precisely couple to the aptamer AS1411. For anchoring
preferred peptide and specific aptamer AS141, ZnIn,S4 nanocrystals and
TiO9 NPs were fixed on an ITO electrode (Fig. 9). In light of the excellent
antifouling feature of the preferred peptide, the designed PEC cytosensor
showed a high sensitivity toward HeLa cell in biological environment.

Table 1
Construction of nanoprobes based on the different antifouling molecular systems and their in vitro sensing performance.

Substrate Anti-fouling Agent Detection Method Analytes Sensing performance Ref.

GO PPC SWV IL-6, IL-1pB, and TNF-a LOD = 0.21 pM, 0.16 [110]
pM, 0.285 pM
LR = 0.21-6.2 pM,
0.16-6.4 pM,
0.285-11.4 pM

GO PVIS DPV streptomycin LOD =1 3 pM [112]
LR = 0.09-171 nM

Au PEG EIS Insulin LOD = 1.2 pM [58]
LR = 0.09-171 nM

Au PEG EIS a-Synuclein LOD = 55 pM [124]
LR = 0.5-10 nM

Au PEG EIS CRP LOD = 176 pM [125]
LR = 0.5-50 nM

Au PEG EIS IL-8 LOD = 8.1 fM [126]
LR =81 fM — 81 nM

Au PEG EIS Insulin, CRP LOD = 171 fM, 150 pM [127]
LR = 0.5 — 100pM, 0.5-50 nM

Cysteamine/Au PCBMA EIS Insulin LOD = 42.6 fM [130]
LR = 0.1-200 pM

AuNPs Peptide EIS ATP LOD = 0.1 pM [131]
LR =0.1 pM — 5nM

PANI/AuNPs PEG DPV AFP LOD = 103 aM [128]
LR = 147 aM—14.7 pM

1GO/AuNPs zwitterionic PPC SWV TNF-a LOD = 5.7 fM [109]
LR = 5.7 fM-8.55 pM

GO/AuNPs PEG Amperometric Troponin-I LOD = 0.05 ng mL ! [111]
LR = 0.05-3 ng mL~!

PEDOT/AuNPs PEG EIS AFP LOD = 0.0003 fg mL~! [147]

GCE/PEDOT-AuNPs Peptide CV, DPV Human IgG LOD = 32 pg mL ! [164]

GCE/Ti3CyTx-MXene-Methylene Blue-AuNPs Peptide DPV Prostate- Antigen LOD = 0.83 pg mL! [165]

Fe-MOF/AuNPs Peptide DPV T4 PNK LOD = 3.5 x 107* [166]
UmL?
LR=1.0x 1010 UmL’

Magnetic Microbeads EGDMA QCM Thrombin LOD =1 nM [139]
LR = 1-100 nM

Fe304/Au/ HANPs PEG DPV Brucellosis Ab LOD = 18 aM [142]
LR = 50 aM—500 fM

PEDOT HPG CV, DPV MCEF-7 LOD = 0.035 pg mL~! [146]

GCE/PANI Nanowire Peptide DPV COVID-19 Nucleic Acid LOD = 5.5 fM [167]

PANI Nanofibers PEG DPV BRCA1 LOD = 18 aM [149]

HA-PDA/TiO, PEG PEC

MCH/ ZnInyS4/TiO4 Peptide PEC

LR =0.01 pM -1 nM
CD44 LOD = 5.5 fM [162]

LR = 0.06 pM — 6.25 nM
Hela cell LOD = 34 cell mL ™! [163]
LR = 100-106 cells mL ™!

14



M. Mahmoudpour et al.
5. Conclusions and perspective

Nowadays, the progress of non-fouling nano-platforms for the
monitoring of target biomolecules in complex matrices has witnessed
excessive advancement. Herein, we aim to offer a comprehensive review
discussing concepts and current progress in the development of bio-
sensing platforms using diverse antifouling and multifunctional nano-
materials to decrease or remove biofouling to further improve
convenience, accuracy, selectivity, and sensitivity of the assays. Firstly,
we introduced the significance of fabricating a high-sensitivity and low-
background interface to adjust various targets behaviors induced via
bioactive molecules on the surface. Besides, some important strategies to
resist non-specific protein adsorption and cell adhesion, followed by
imperative categories of antifouling reagents utilized in the construction
of high-performance solid sensory interfaces, are discussed. The next
section explained the various nanocomposite probes based on
antifouling-nanomaterials for electrode modification containing carbon
nanomaterials, noble metal NPs, magnetic NPs, polymer, and silicon-
based materials in terms of NPs, rods, or porous materials through op-
tical or chemical strategies. We specially outlined those nanoprobes that
are capable of identification in complex media or those using new
constructions/methods.

So far, various signal transduction techniques were suggested for the
construction of antifouling-based nanoprobes. Thereinto, the amal-
gamation of different antifouling strategies with diverse nanomaterials
offers enhanced specificity and sensitivity in biosensors that can be
directly used in patient serum sample assays, signifying their hopeful
potential in clinical diagnosis. Although incredible efforts were devoted
to the proposals of nanocomposite probes based on antifouling-
nanomaterials, only part of these new concepts are being transformed
into practical applications and commercial products. It is also worth
noting that these issues are particularly intensified when long-term and
continuous monitoring is conducted or derived probes are deemed to
have a tenable shelf life. The investigation of hybrid synergic systems or
new chemical architectures as antifouling platforms may also be very
imperative as real world applications become more and more relevant.
This becomes even more apparent once we consider that in most ap-
plications these interfaces must be diagnostically well and non-toxic. For
instance, polyelectrolytes containing mixed charge polymers (poly-
ampholytes) as a substitute for traditional zwitterions are both highly
adjustable and potentially very potent. Additionally, zwitterionic
organic/inorganic hybrid polymers with superior stability to degrada-
tion were progressively studied in the material sciences but have not yet
been used in a (bio)sensor field. Physical methodologies like bioinspired
topographies, for instance, mollusc shell mimics or shark skin patterns,
have been utilized to control cell adhesion and resist marine fouling but
have, again, rarely found application in sensors. Moreover, with the
arrival of stronger computational approaches the simulation-assisted
design of chemically complex or chemical-physical antifouling sensing
probes will become more common in supporting extremely particular
sensor design. There are various emerging technologies using cutting-
edge micro/nanofabrication, soft electronic methods, self-powered de-
vices, and 3-D printing with important potential for a numerous of
sensing applications. Herein, the incorporation of the antifouling tech-
nologies detailed can significantly improve their utilization and long-
term stability most remarkably for in vivo and in vitro theranostics/di-
agnostics. Such combined methods will also be important in stimuli-
responsive bio-interfaces, like cell-based nanoprobes, organ-on-a-chip
and enhanced wearable substrates for monitoring of drug.

In summary, with the rational design of smart nanostructures based
on flexible/biocompatible antifouling materials and two-dimensional
(2D) materials as well as the progress of lab-on-a-chip and 3D printed
devices, significant commercial nanoprobes indirect testing of disease
biomarkers in complex environments can come true in the near future.

15

Advances in Colloid and Interface Science 302 (2022) 102637
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This research was conducted as a part of the International Research
Agendas PLUS programme of the Foundation for Polish Science, co-
financed by the European Union under the European Regional Devel-
opment Found (MAB PLUS/2019/11). The authors would like to
acknowledge the support from the Pharmaceutical Analysis Research
Center, Tabriz University of Medical Sciences, Tabriz, Iran (Grant no:
68444).

References

[1] Mahmoudpour M, Karimzadeh Z, Ebrahimi G, Hasanzadeh M, Dolatabadi Ezzati
Nazhad, J.. Synergizing functional nanomaterials with aptamers based on
electrochemical strategies for pesticide detection: current status and perspectives.
Crit Rev Anal Chem 2021:1-28.

Ezzati Nazhad Dolatabadi J, de la Guardia M. Nanomaterial-based
electrochemical immunosensors as advanced diagnostic tools. Anal Methods
2014;6:3891-900.

Liu N, Xu Z, Morrin A, Luo X. Low fouling strategies for electrochemical
biosensors targeting disease biomarkers. Anal Methods 2019;11:702-11.
Barfidokht A, Gooding JJ. Approaches toward allowing electroanalytical devices
to be used in biological fluids. Electroanalysis. 2014;26:1182-96.

Chapman RG, Ostuni E, Takayama S, Holmlin RE, Yan L, Whitesides GM.
Surveying for surfaces that resist the adsorption of proteins. J Am Chem Soc
2000;122:8303-4.

Campuzano S, Pedrero M, Yanez-Sedeno P, Pingarron JM. Antifouling (bio)
materials for electrochemical (bio) sensing. Int J Mol Sci 2019;20:423.

Liu B, Liu X, Shi S, Huang R, Su R, Qi W, et al. Design and mechanisms of
antifouling materials for surface plasmon resonance sensors. Acta Biomater 2016;
40:100-18.

Russo MJ, Han M, Desroches PE, Manasa CS, Dennaoui J, Quigley AF, et al.
Antifouling strategies for electrochemical biosensing: mechanisms and
performance toward point of care based diagnostic applications. ACS Sensors
2021;6:1482-507.

Parviz M, Darwish N, Alam MT, Parker SG, Ciampi S, Gooding JJ. Investigation of
the antifouling properties of phenyl phosphorylcholine-based modified gold
surfaces. Electroanalysis 2014;26:1471-80.

Yue Z, Molino PJ, Liu X, Wallace GG. PEGylation of platinum bio-electrodes.
Electrochem Commun 2013;27:54-8.

Daggumati P, Matharu Z, Wang L, Seker E. Biofouling-resilient nanoporous gold
electrodes for DNA sensing. Anal Chem 2015;87:8618-22.

dos Santos WT, Compton RG. A simple method to detect the stimulant modafinil
in authentic saliva using a carbon-nanotube screen-printed electrode with
adsorptive stripping voltammetry. Sens Actuators B 2019;285:137-44.

Jiang C, Alam MT, Silva SM, Taufik S, Fan S, Gooding JJ. Unique sensing
interface that allows the development of an electrochemical immunosensor for
the detection of tumor necrosis factor « in whole blood. ACS Sensors 2016;1:
1432-8.

Hanssen BL, Siraj S, Wong DK. Recent strategies to minimise fouling in
electrochemical detection systems. Rev Anal Chem 2016;35:1-28.

Damodaran VB, Murthy NS. Bio-inspired strategies for designing antifouling
biomaterials. Biomater Res 2016;20:1-11.

Zhang S, Geryak R, Geldmeier J, Kim S, Tsukruk VV. Synthesis, assembly, and
applications of hybrid nanostructures for biosensing. Chem Rev 2017;117:
12942-3038.

Davis DH, Giannoulis CS, Johnson RW, Desai TA. Immobilization of RGD to (111)
silicon surfaces for enhanced cell adhesion and proliferation. Biomaterials 2002;
23:4019-27.

Zorn G, Gotman I, Gutmanas EY, Adadi R, Sukenik CN. Surface modification of
Ti45Nb alloy by immobilization of RGD peptide via self assembled monolayer.
J Mater Sci Mater Med 2007;18:1309-15.

Jin Yoon J, Ho Song S, Sung Lee D, Park TG. Immobilization of cell adhesive RGD
peptide onto the surface of highly porous biodegradable polymer scaffolds
fabricated by a gas foaming/salt leaching method. Biomaterials 2004;25:
5613-20.

Massia SP, Hubbell JA. Convalent surface immobilization of Arg-Gly-asp- and
Tyr-Ile-Gly-Ser-Arg-containing peptides to obtain well-defined cell-adhesive
substrates. Anal Biochem 1990;187:292-301.

Yang C, Cheng K, Weng W, Yang C. Immobilization of RGD peptide on HA coating
through a chemical bonding approach. J Mater Sci Mater Med 2009;20:2349-52.
Heller M, Kumar VV, Pabst A, Brieger J, Al-Nawas B, Kammerer PW. Osseous
response on linear and cyclic RGD-peptides immobilized on titanium surfaces in
vitro and in vivo. J Biomed Mater Res A 2018;106:419-27.

[2

—

[3

=

[4

=

[5

=

[6

—

71

[8

—

[9

—

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]


http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0005
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0005
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0005
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0005
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0010
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0010
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0010
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0015
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0015
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0020
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0020
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0025
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0025
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0025
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0030
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0030
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0035
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0035
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0035
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0040
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0040
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0040
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0040
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0045
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0045
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0045
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0050
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0050
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0055
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0055
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0060
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0060
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0060
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0065
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0065
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0065
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0065
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0070
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0070
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0075
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0075
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0080
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0080
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0080
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0085
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0085
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0085
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0090
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0090
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0090
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0095
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0095
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0095
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0095
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0100
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0100
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0100
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0105
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0105
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0110
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0110
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0110

M. Mahmoudpour et al.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Chen J, Zhu Y, Xiong M, Hu G, Zhan J, Li T, et al. Antimicrobial titanium surface
via click-immobilization of peptide and its in vitro/vivo activity. ACS Biomater
Sci Eng 2019;5:1034-44.

Jeyachandran YL, Mielczarski JA, Mielczarski E, Rai B. Efficiency of blocking of
non-specific interaction of different proteins by BSA adsorbed on hydrophobic
and hydrophilic surfaces. J Colloid Interface Sci 2010;341:136-42.

Sun Y-S, Zhu X. Characterization of bovine serum albumin blocking efficiency on
epoxy-functionalized substrates for microarray applications. J Lab Automat 2016;
21:625-31.

Rodovalho VR, Araujo GR, Vaz ER, Ueira-Vieira C, Goulart LR, Madurro JM, et al.
Peptide-based electrochemical biosensor for juvenile idiopathic arthritis
detection. Biosens Bioelectron 2018;100:577-82.

Park JH, Sut TN, Jackman JA, Ferhan AR, Yoon BK, Cho N-J. Controlling
adsorption and passivation properties of bovine serum albumin on silica surfaces
by ionic strength modulation and cross-linking. Phys Chem Chem Phys 2017;19:
8854-65.

Givens BE, Xu Z, Fiegel J, Grassian VH. Bovine serum albumin adsorption on SiO2
and TiO2 nanoparticle surfaces at circumneutral and acidic pH: A tale of two
nano-bio surface interactions. J Colloid Interface Sci 2017;493:334-41.

Satzer P, Svec F, Sekot G, Jungbauer A. Protein adsorption onto nanoparticles
induces conformational changes: particle size dependency, kinetics, and
mechanisms. Eng Life Sci 2016;16:238-46.

Ganesh V, Pal SK, Kumar S, Lakshminarayanan V. Self-assembled monolayers
(SAMs) of alkoxycyanobiphenyl thiols on gold—A study of electron transfer
reaction using cyclic voltammetry and electrochemical impedance spectroscopy.
J Colloid Interface Sci 2006;296:195-203.

Blodgett KB. Films built by depositing successive monomolecular layers on a solid
surface. J Am Chem Soc 1935;57:1007-22.

Svedhem S, Hollander C-A, Shi J, Konradsson P, Liedberg B, Svensson SCT.
Synthesis of a series of oligo(ethylene glycol)-terminated alkanethiol amides
designed to address structure and stability of biosensing interfaces. J Org Chem
2001;66:4494-503.

Prime KL, Whitesides GM. Adsorption of proteins onto surfaces containing end-
attached oligo(ethylene oxide): a model system using self-assembled monolayers.
J Am Chem Soc 1993;115:10714-21.

St Hill LR, Tran H-V, Chinwangso P, Lee HJ, Marquez MD, Craft JW, et al.
Antifouling studies of unsymmetrical oligo (ethylene glycol) spiroalkanedithiol
self-assembled monolayers. 1 ed.vol. 1. Multidisciplinary Digital Publishing
Institute; 2022. p. 151-63.

Chavez M, Sanchez-Obrero G, Madueno R, Sevilla JM, Blazquez M, Pineda T.
Characterization of a self-assembled monolayer of O-(2-Mercaptoethyl)-O’-
methyl-hexa (ethylene glycol)(EG7-SAM) on gold electrodes. J Electroanal Chem
2021;880:114892.

Luk Y-Y, Kato M, Mrksich M. Self-assembled monolayers of alkanethiolates
presenting mannitol groups are inert to protein adsorption and cell attachment.
Langmuir 2000;16:9604-8.

Sangermano M, Razza N. Light induced grafting-from strategies as powerful tool
for surface modification. Express Polym Lett 2019;13:135.

Minko S. Grafting on solid surfaces: “Grafting to” and “grafting from™ methods.
In: Stamm M, editor. Polymer surfaces and interfaces: Characterization,
modification and applications. Berlin, Heidelberg: Springer Berlin Heidelberg;
2008. p. 215-34.

Wang S, Wang Z, Li J, Li L, Hu W. Surface-grafting polymers: from chemistry to
organic electronics. Mater Chem Front 2020;4:692-714.

Matyjaszewski K, Dong H, Jakubowski W, Pietrasik J, Kusumo A. Grafting from
surfaces for “everyone”: ARGET ATRP in the presence of air. Langmuir 2007;23:
4528-31.

Radzinski SC, Foster JC, Matson JB. Preparation of bottlebrush polymers via a
one-pot ring-opening polymerization (ROP) and ring-opening metathesis
polymerization (ROMP) grafting-through strategy. Macromol Rapid Commun
2016;37:616-21.

Grubbs RB. Nitroxide-mediated radical polymerization: limitations and
versatility. Polym Rev 2011;51:104-37.

Buzzacchera I, Vorobii M, Kostina NY, de los Santos Pereira A, Riedel T, Bruns M,
et al. Polymer brush-functionalized chitosan hydrogels as antifouling implant
coatings. Biomacromolecules 2017;18:1983-92.

Murosaki T, Ahmed N, Gong JP. Antifouling properties of hydrogels. Sci Technol
Adv Mater 2012;12:064706.

Chen Q, Yu S, Zhang D, Zhang W, Zhang H, Zou J, et al. Impact of antifouling PEG
layer on the performance of functional peptides in regulating cell behaviors. J Am
Chem Soc 2019;141:16772-80.

Ding F, Yang S, Gao Z, Guo J, Zhang P, Qiu X, et al. Antifouling and pH-responsive
poly(carboxybetaine)-based nanoparticles for tumor cell targeting. Front Chem
2019;7.

Schoénemann E, Koc J, Karthiuser JF, Ozcan O, Schanzenbach D, Schardt L, et al.
Sulfobetaine methacrylate polymers of unconventional polyzwitterion
architecture and their antifouling properties. Biomacromolecules 2021;22:
1494-508.

Kojima C, Katayama R, Lien Nguyen T, Oki Y, Tsujimoto A, Yusa S-i, et al.
Different antifouling effects of random and block copolymers comprising 2-
methacryloyloxyethyl phosphorylcholine and dodecyl methacrylate. Eur Polym J
2020;136:109932.

Arul A, Sivagnanam S, Dey A, Mukherjee O, Ghosh S, Das P. The design and
development of short peptide-based novel smart materials to prevent fouling by
the formation of non-toxic and biocompatible coatings. RSC Adv 2020;10:
13420-9.

16

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]

[601]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]
[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Advances in Colloid and Interface Science 302 (2022) 102637

Pranantyo D, Xu LQ, Neoh KG, Kang E-T, Teo SL-M. Antifouling coatings via
tethering of hyperbranched polyglycerols on biomimetic anchors. Ind Eng Chem
Res 2016;55:1890-901.

Weydert S, Ziircher S, Tanner S, Zhang N, Ritter R, Peter T, et al. Easy to apply
polyoxazoline-based coating for precise and long-term control of neural patterns.
Langmuir. 2017;33:8594-605.

Ajdnik U, Luxbacher T, Vesel A, Stern A, Zegura B, Tréek J, et al. Polysaccharide-
based bilayer coatings for biofilm-inhibiting surfaces of medical devices.
Materials 2021;14.

Du Y, Jin J, Jiang W. A study of polyethylene glycol backfilling for enhancing
target recognition using QCM-D and DPI. J Mater Chem B 2018;6:6217-24.
D’Agata R, Bellassai N, Jungbluth V, Spoto G. Recent advances in antifouling
materials for surface plasmon resonance biosensing in clinical diagnostics and
food safety. Polymers 2021;13.

Sanchez-Cano C, Carril M. Recent developments in the design of non-biofouling
coatings for nanoparticles and surfaces. Int J Mol Sci 2020;21.

Castiello FR, Tabrizian M. Multiplex surface plasmon resonance imaging-based
biosensor for human pancreatic islets hormones quantification. Anal Chem 2018;
90:3132-9.

Xu M, Luo X, Davis JJ. The label free picomolar detection of insulin in blood
serum. Biosens Bioelectron 2013;39:21-5.

Patil AV, FvC Bedatty Fernandes, Bueno PR, Davis JJ. Immittance electroanalysis
in diagnostics. Anal Chem 2015;87:944-50.

Pidhatika B, Rodenstein M, Chen Y, Rakhmatullina E, Miihlebach A, Acikgoz C,
et al. Comparative stability studies of poly (2-methyl-2-oxazoline) and poly
(ethylene glycol) brush coatings. Biointerphases 2012;7:1.

DuY, Gao J, Chen T, Zhang C, Ji J, Xu Z-K. Understanding the oxidative stability
of antifouling polymer brushes. Langmuir 2017;33:7298-304.

Petty RT, Li H-W, Maduram JH, Ismagilov R, Mrksich M. Attachment of cells to
islands presenting gradients of adhesion ligands. J Am Chem Soc 2007;129:
8966-7.

Li Q, Tofaris GK, Davis JJ. Concentration-normalized electroanalytical assaying of
exosomal markers. Anal Chem 2017;89:3184-90.

Abbina S, Vappala S, Kumar P, Siren EMJ, La CC, Abbasi U, et al. Hyperbranched
polyglycerols: recent advances in synthesis, biocompatibility and biomedical
applications. J Mater Chem B 2017;5:9249-77.

Wilms D, Stiriba S-E, Frey H. Hyperbranched polyglycerols: from the controlled
synthesis of biocompatible polyether polyols to multipurpose applications. Acc
Chem Res 2010;43:129-41.

Wyszogrodzka M, Haag R. Synthesis and characterization of glycerol dendrons,
self-assembled monolayers on gold: a detailed study of their protein resistance.
Biomacromolecules 2009;10:1043-54.

Calderén M, Quadir MA, Sharma SK, Haag R. Dendritic polyglycerols for
biomedical applications. Adv Mater 2010;22:190-218.

Moore E, Delalat B, Vasani R, Thissen H, Voelcker NH. Patterning and
biofunctionalization of antifouling hyperbranched polyglycerol coatings.
Biomacromolecules 2014;15:2735-43.

Randriantsilefisoa R, Cuellar-Camacho JL, Chowdhury MS, Dey P, Schedler U,
Haag R. Highly sensitive detection of antibodies in a soft bioactive three-
dimensional bioorthogonal hydrogel. J Mater Chem B 2019;7:3220-31.

Lowe AB, McCormick CL. Synthesis and solution properties of zwitterionic
polymers. Chem Rev 2002;102:4177-90.

Laschewsky A. Structures and synthesis of zwitterionic polymers. Polymers 2014;
6:1544-601.

Blackman LD, Gunatillake PA, Cass P, Locock KES. An introduction to
zwitterionic polymer behavior and applications in solution and at surfaces. Chem
Soc Rev 2019;48:757-70.

Colilla M, Izquierdo-Barba I, Vallet-Regi M. The role of zwitterionic materials in
the fight against proteins and bacteria. Medicines 2018;5:125.

Zhang Y, Liu Y, Ren B, Zhang D, Xie S, Chang Y, et al. Fundamentals and
applications of zwitterionic antifouling polymers. J Phys D Appl Phys 2019;52:
403001.

Adibnia V, Mirbagheri M, Faivre J, Robert J, Lee J, Matyjaszewski K, et al.
Bioinspired polymers for lubrication and wear resistance. Prog Polym Sci 2020;
110:101298.

Wang Z, Fei G, Xia H, Zuilhof H. Dual water-healable zwitterionic polymer
coatings for anti-biofouling surfaces. J Mater Chem B 2018;6:6930-5.

Zhou L-Y, Zhu Y-H, Wang X-Y, Shen C, Wei X-W, Xu T, et al. Novel zwitterionic
vectors: multi-functional delivery systems for therapeutic genes and drugs.
Comput Struct Biotechnol J 2020;18:1980-99.

Dong Z, Ke X, Tang S, Wu S, Wu W, Chen X, et al. A stable cell membrane-based
coating with antibiofouling and macrophage immunoregulatory properties for
implants at the macroscopic level. Chem Mater 2021;33:7994-8006.

P. V M, Bhatt A, P R. Sulfobetaine-functionalized electrospun poly(ethylene-co-
vinyl alcohol) membranes for blood filtration. J Appl Polym Sci 2019;136:47057.
Wang J, Hui N. Zwitterionic poly(carboxybetaine) functionalized conducting
polymer polyaniline nanowires for the electrochemical detection of
carcinoembryonic antigen in undiluted blood serum. Bioelectrochemistry 2019;
125:90-6.

Zhang L, Sun Y. Poly (carboxybetaine methacrylate)-grafted silica nanoparticle: a
novel carrier for enzyme immobilization. Biochem Eng J 2018;132:122-9.
Erfani A, Hanna A, Zarrintaj P, Manouchehri S, Weigandt K, Aichele CP, et al.
Biodegradable zwitterionic poly (carboxybetaine) microgel for sustained delivery
of antibodies with extended stability and preserved function. Soft Matter 2021;
17:5349-61.


http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0115
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0115
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0115
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0120
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0120
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0120
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0125
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0125
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0125
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0130
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0130
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0130
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0135
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0135
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0135
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0135
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0140
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0140
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0140
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0145
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0145
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0145
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0150
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0150
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0150
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0150
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0155
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0155
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0160
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0160
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0160
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0160
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0165
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0165
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0165
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0170
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0170
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0170
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0170
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0175
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0175
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0175
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0175
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0180
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0180
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0180
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0185
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0185
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0190
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0190
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0190
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0190
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0195
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0195
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0200
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0200
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0200
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0205
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0205
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0205
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0205
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0215
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0215
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0220
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0220
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0220
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0225
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0225
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0230
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0230
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0230
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0235
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0235
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0235
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0240
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0240
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0240
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0240
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0245
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0245
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0245
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0245
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0250
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0250
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0250
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0250
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0255
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0255
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0255
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0260
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0260
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0260
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0265
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0265
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0265
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0270
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0270
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0275
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0275
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0275
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0280
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0280
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0285
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0285
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0285
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0290
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0290
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0295
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0295
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0300
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0300
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0300
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0305
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0305
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0310
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0310
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0310
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0315
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0315
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0320
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0320
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0320
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0325
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0325
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0325
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0330
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0330
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0330
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0335
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0335
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0340
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0340
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0340
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0345
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0345
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0345
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0350
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0350
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0355
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0355
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0360
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0360
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0360
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0365
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0365
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0370
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0370
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0370
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0375
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0375
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0375
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0380
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0380
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0385
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0385
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0385
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0390
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0390
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0390
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0395
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0395
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0400
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0400
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0400
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0400
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0405
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0405
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0410
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0410
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0410
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0410

M. Mahmoudpour et al.

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Wang H, Cheng F, Shen W, Cheng G, Zhao J, Peng W, et al. Amino acid-based
anti-fouling functionalization of silica nanoparticles using divinyl sulfone. Acta
Biomater 2016;40:273-81.

Chen S, Cao Z, Jiang S. Ultra-low fouling peptide surfaces derived from natural
amino acids. Biomaterials 2009;30:5892-6.

Keefe AJ, Caldwell KB, Nowinski AK, White AD, Thakkar A, Jiang S. Screening
nonspecific interactions of peptides without background interference.
Biomaterials 2013;34:1871-7.

Ye H, Wang L, Huang R, Su R, Liu B, Qi W, et al. Superior antifouling performance
of a zwitterionic peptide compared to an amphiphilic, non-ionic peptide. ACS
Appl Mater Interfaces 2015;7:22448-57.

Ong CS, Al-Anzi B, Lau WJ, Goh PS, Lai GS, Ismail AF, et al. Anti-fouling double-
skinned forward osmosis membrane with zwitterionic brush for oily wastewater
treatment. Sci Rep 2017;7:1-11.

Estephan ZG, Schlenoff PS, Schlenoff JB. Zwitteration as an alternative to
PEGylation. Langmuir 2011;27:6794-800.

Bai T, Sun F, Zhang L, Sinclair A, Liu S, Ella-Menye JR, et al. Restraint of the
differentiation of mesenchymal stem cells by a nonfouling zwitterionic hydrogel.
Angew Chem 2014;126:12943-8.

Bellassai N, Marti A, Spoto G, Huskens J. Low-fouling, mixed-charge poly-I-lysine
polymers with anionic oligopeptide side-chains. J Mater Chem B 2018;6:
7662-73.

Breault-Turcot J, Chaurand P, Masson J-F. Unravelling nonspecific adsorption of
complex protein mixture on surfaces with SPR and MS. Anal Chem 2014;86:
9612-9.

Nowinski AK, Sun F, White AD, Keefe AJ, Jiang S. Sequence, structure, and
function of peptide self-assembled monolayers. J Am Chem Soc 2012;134:
6000-5.

Qian H, Huang Y, Duan X, Wei X, Fan Y, Gan D, et al. Fiber optic surface plasmon
resonance biosensor for detection of PDGF-BB in serum based on self-assembled
aptamer and antifouling peptide monolayer. Biosens Bioelectron 2019;140:
111350.

Chelmowski R, Koster SD, Kerstan A, Prekelt A, Grunwald C, Winkler T, et al.
Peptide-based SAMs that resist the adsorption of proteins. J Am Chem Soc 2008;
130:14952-3.

Huang C-J, Li Y, Jiang S. Zwitterionic polymer-based platform with two-layer
architecture for ultra low fouling and high protein loading. Anal Chem 2012;84:
3440-5.

Masson J-F, Battaglia TM, Davidson MJ, Kim Y-C, Prakash AM, Beaudoin S, et al.
Biocompatible polymers for antibody support on gold surfaces. Talanta 2005;67:
918-25.

Sun F, Ella-Menye J-R, Galvan DD, Bai T, Hung H-C, Chou Y-N, et al. Stealth
surface modification of surface-enhanced Raman scattering substrates for
sensitive and accurate detection in protein solutions. ACS Nano 2015;9:2668-76.
Cui M, Wang Y, Jiao M, Jayachandran S, Wu Y, Fan X, et al. Mixed self-assembled
aptamer and newly designed zwitterionic peptide as antifouling biosensing
interface for electrochemical detection of alpha-fetoprotein. ACS Sensors 2017;2:
490-4.

Suvarnaphaet P, Pechprasarn S. Graphene-based materials for biosensors: a
review. Sensors 2017;17:2161.

[100] Gupta BD, Pathak A, Semwal V. Carbon-based nanomaterials for plasmonic

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

sensors: a review. Sensors 2019;19:3536.
Heydari-Bafrooei E, Ensafi AA. Typically used carbon-based nanomaterials in the
fabrication of biosensors. Electrochemical biosensors. Elsevier; 2019. p. 77-98.
Mahmoudpour M, Ding S, Lyu Z, Ebrahimi G, Du D, Ezzati Nazhad Dolatabadi J,
et al. Aptamer functionalized nanomaterials for biomedical applications: recent
advances and new horizons. Nano Today 2021;39:101177.
Fan X, Liu Y, Wang X, Quan X, Chen S. Improvement of antifouling and
antimicrobial abilities on silver—carbon nanotube based membranes under
electrochemical assistance. Environ Sci Technol 2019;53:5292-300.
Cruz-Silva R, Takizawa Y, Nakaruk A, Katouda M, Yamanaka A, Ortiz-Medina J,
et al. New insights in the natural organic matter fouling mechanism of polyamide
and nanocomposite multiwalled carbon nanotubes-polyamide membranes.
Environ Sci Technol 2019;53:6255-63.
Smith SC, Rodrigues DF. Carbon-based nanomaterials for removal of chemical
and biological contaminants from water: a review of mechanisms and
applications. Carbon 2015;91:122-43.
He M, Gao K, Zhou L, Jiao Z, Wu M, Cao J, et al. Zwitterionic materials for
antifouling membrane surface construction. Acta Biomater 2016;40:142-52.
Jiang C, Alam MT, Parker SG, Darwish N, Gooding JJ. Strategies to achieve
control over the surface ratio of two different components on modified electrodes
using aryldiazonium salts. Langmuir 2016;32:2509-17.
Jiang C, Silva SM, Fan S, Wu Y, Alam MT, Liu G, et al. Aryldiazonium salt derived
mixed organic layers: from surface chemistry to their applications. J Electroanal
Chem 2017;785:265-78.
Qi M, Zhang Y, Cao C, Zhang M, Liu S, Liu G. Decoration of RGO nanosheets with
aryldiazonium salt and gold nanoparticles towards a label-free amperometric
immunosensor for detecting cytokine TNF-« in live cells. Anal Chem 2016;88:
9614-21.
Wei H, Ni S, Cao C, Yang G, Liu G. Graphene oxide signal reporter based
multifunctional immunosensing platform for amperometric profiling of multiple
cytokines in serum. ACS Sensors 2018;3:1553-61.
Liu G, Qi M, Zhang Y, Cao C, Goldys EM. Nanocomposites of gold nanoparticles
and graphene oxide towards an stable label-free electrochemical immunosensor
for detection of cardiac marker troponin-I. Anal Chim Acta 2016;909:1-8.

17

[112]

[113]
[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]
[137]

[138]

[139]

[140]

Advances in Colloid and Interface Science 302 (2022) 102637

He X, Han H, Liu L, Shi W, Lu X, Dong J, et al. Self-assembled microgels for
sensitive and low-fouling detection of streptomycin in complex media. ACS Appl
Mater Interfaces 2019;11:13676-84.

Suzuki D, Yamagata T, Murai M. Multilayered composite microgels synthesized
by surfactant-free seeded polymerization. Langmuir 2013;29:10579-85.
Schlenoff JB. Zwitteration: coating surfaces with zwitterionic functionality to
reduce nonspecific adsorption. Langmuir 2014;30:9625-36.

Choi Y, Kim S, Choi MH, Ryoo SR, Park J, Min DH, et al. Highly biocompatible
carbon nanodots for simultaneous bioimaging and targeted photodynamic
therapy in vitro and in vivo. Adv Funct Mater 2014;24:5781-9.

Iverson NM, Barone PW, Shandell M, Trudel LJ, Sen S, Sen F, et al. In vivo
biosensing via tissue-localizable near-infrared-fluorescent single-walled carbon
nanotubes. Nat Nanotechnol 2013;8:873-80.

Wu S, Lan X, Huang F, Luo Z, Ju H, Meng C, et al. Selective electrochemical
detection of cysteine in complex serum by graphene nanoribbon. Biosens
Bioelectron 2012;32:293-6.

Ferguson BS, Hoggarth DA, Maliniak D, Ploense K, White RJ, Woodward N, et al.
Real-time, aptamer-based tracking of circulating therapeutic agents in living
animals. Sci Transl Med 2013;5. 213ral65-213ral65.

Iriarte-Mesa C, Lopez YC, Matos-Peralta Y, de la Vega-Hernandez K, Antuch M.
Gold, silver and iron oxide nanoparticles: synthesis and bionanoconjugation
strategies aiming to electrochemical applications. In: Surface-modified
nanobiomaterials for electrochemical and biomedicine applications; 2020.

p. 93-132.

Wang W, Wang X, Cheng N, Luo Y, Lin Y, Xu W, et al. Recent advances in
nanomaterials-based electrochemical (bio) sensors for pesticides detection. TrAC
Trends Anal Chem 2020:116041.

Arroyo-Curras N, Somerson J, Vieira PA, Ploense KL, Kippin TE, Plaxco KW. Real-
time measurement of small molecules directly in awake, ambulatory animals.
Proc Natl Acad Sci 2017;114:645-50.

Xie J, Zhang F, Aronova M, Zhu L, Lin X, Quan Q, et al. Manipulating the power of
an additional phase: a flower-like Au— Fe304 optical nanosensor for imaging
protease expressions in vivo. ACS Nano 2011;5:3043-51.

Xu Q, Evetts S, Hu M, Talbot K, Wade-Martins R, Davis JJ. An impedimetric assay
of a-synuclein autoantibodies in early stage Parkinson’s disease. RSC Adv 2014;4:
58773-7.

Bryan T, Luo X, Forsgren L, Morozova-Roche LA, Davis JJ. The robust
electrochemical detection of a Parkinson’s disease marker in whole blood sera.
Chem Sci 2012;3:3468-73.

Bryan T, Luo X, Bueno PR, Davis JJ. An optimised electrochemical biosensor for
the label-free detection of C-reactive protein in blood. Biosens Bioelectron 2013;
39:94-8.

Sharma R, Deacon SE, Nowak D, George S, Szymonik M, Tang A, et al. Label-free
electrochemical impedance biosensor to detect human interleukin-8 in serum
with sub-pg/ml sensitivity. Biosens Bioelectron 2016;80:607-13.

Luo X, Xu Q, James T, Davis JJ. Redox and label-free array detection of protein
markers in human serum. Anal Chem 2014;86:5553-8.

Hui N, Sun X, Song Z, Niu S, Luo X. Gold nanoparticles and polyethylene glycols
functionalized conducting polyaniline nanowires for ultrasensitive and low
fouling immunosensing of alpha-fetoprotein. Biosens Bioelectron 2016;86:143-9.
Yang W, Xue H, Carr LR, Wang J, Jiang S. Zwitterionic poly (carboxybetaine)
hydrogels for glucose biosensors in complex media. Biosens Bioelectron 2011;26:
2454-9.

Luo X, Xu M, Freeman C, James T, Davis JJ. Ultrasensitive label free electrical
detection of insulin in neat blood serum. Anal Chem 2013;85:4129-34.

Wang G, Su X, Xu Q, Xu G, Lin J, Luo X. Antifouling aptasensor for the detection
of adenosine triphosphate in biological media based on mixed self-assembled
aptamer and zwitterionic peptide. Biosens Bioelectron 2018;101:129-34.

Wang Y, Cui M, Jiao M, Luo X. Antifouling and ultrasensitive biosensing interface
based on self-assembled peptide and aptamer on macroporous gold for
electrochemical detection of immunoglobulin E in serum. Anal Bioanal Chem
2018;410:5871-8.

Qi H, Shangguan L, Li C, Li X, Gao Q, Zhang C. Sensitive and antifouling
impedimetric aptasensor for the determination of thrombin in undiluted serum
sample. Biosens Bioelectron 2013;39:324-8.

Xu Q, Wang G, Zhang M, Xu G, Lin J, Luo X. Aptamer based label free thrombin
assay based on the use of silver nanoparticles incorporated into self-polymerized
dopamine. Microchim Acta 2018;185:1-7.

Liu Z, Wang H. An antifouling interface integrated with HRP-based amplification
to achieve a highly sensitive electrochemical aptasensor for lysozyme detection.
Analyst 2019;144:5794-801.

Gloag L, Mehdipour M, Chen D, Tilley RD, Gooding JJ. Advances in the
application of magnetic nanoparticles for sensing. Adv Mater 2019;31:1904385.
Zhu K, Ju Y, Xu J, Yang Z, Gao S, Hou Y. Magnetic nanomaterials: chemical
design, synthesis, and potential applications. Acc Chem Res 2018;51:404-13.
Conde J, Dias JT, Grazt V, Moros M, Baptista PV, de la Fuente JM. Revisiting 30
years of biofunctionalization and surface chemistry of inorganic nanoparticles for
nanomedicine. Front Chem 2014;2:48.

Bayramoglu G, Ozalp C, Oztekin M, Guler U, Salih B, Arica MY. Design of an
aptamer-based magnetic adsorbent and biosensor systems for selective and
sensitive separation and detection of thrombin. Talanta 2019;191:59-66.

Zhao J, Zhang Y, Li H, Wen Y, Fan X, Lin F, et al. Ultrasensitive electrochemical
aptasensor for thrombin based on the amplification of aptamer—-AuNPs-HRP
conjugates. Biosens Bioelectron 2011;26:2297-303.


http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0415
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0415
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0415
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0420
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0420
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0425
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0425
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0425
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0430
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0430
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0430
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0435
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0435
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0435
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0440
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0440
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0445
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0445
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0445
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0450
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0450
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0450
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0455
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0455
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0455
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0460
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0460
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0460
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0465
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0465
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0465
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0465
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0470
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0470
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0470
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0475
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0475
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0475
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0480
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0480
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0480
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0485
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0485
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0485
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0490
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0490
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0490
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0490
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0495
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0495
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0500
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0500
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0505
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0505
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0510
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0510
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0510
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0515
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0515
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0515
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0520
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0520
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0520
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0520
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0525
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0525
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0525
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0530
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0530
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0535
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0535
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0535
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0540
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0540
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0540
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0545
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0545
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0545
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0545
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0550
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0550
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0550
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0555
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0555
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0555
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0560
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0560
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0560
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0565
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0565
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0570
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0570
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0575
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0575
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0575
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0580
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0580
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0580
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0585
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0585
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0585
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0590
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0590
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0590
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0595
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0595
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0595
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0595
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0595
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0600
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0600
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0600
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0605
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0605
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0605
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0610
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0610
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0610
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0615
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0615
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0615
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0620
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0620
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0620
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0625
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0625
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0625
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0630
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0630
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0630
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0635
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0635
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0640
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0640
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0640
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0645
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0645
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0645
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0650
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0650
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0655
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0655
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0655
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0660
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0660
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0660
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0660
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0665
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0665
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0665
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0670
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0670
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0670
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0675
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0675
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0675
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0680
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0680
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0685
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0685
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0690
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0690
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0690
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0695
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0695
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0695
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0700
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0700
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0700

M. Mahmoudpour et al.

[141]

[142]

[143]

[144]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

Li J, Xu Q, Wei X, Hao Z. Electrogenerated chemiluminescence immunosensor for
Bacillus thuringiensis CrylAc based on Fe304@ Au nanoparticles. J Agric Food
Chem 2013;61:1435-40.

Lv S, Sheng J, Zhao S, Liu M, Chen L. The detection of brucellosis antibody in
whole serum based on the low-fouling electrochemical immunosensor fabricated
with magnetic Fe304@Au@PEG@HA nanoparticles. Biosens Bioelectron 2018;
117:138-44.

Kongsuphol P, Ng HH, Pursey JP, Arya SK, Wong CC, Stulz E, et al. EIS-based
biosensor for ultra-sensitive detection of TNF-o from non-diluted human serum.
Biosens Bioelectron 2014;61:274-9.

Mei N, Seale B, Ng AH, Wheeler AR, Oleschuk R. Digital microfluidic platform for
human plasma protein depletion. Anal Chem 2014;86:8466-72.

Ma L, Jayachandran S, Li Z, Song Z, Wang W, Luo X. Antifouling and conducting
PEDOT derivative grafted with polyglycerol for highly sensitive electrochemical
protein detection in complex biological media. J Electroanal Chem 2019;840:
272-8.

Cui M, Song Z, Wu Y, Guo B, Fan X, Luo X. A highly sensitive biosensor for tumor
maker alpha fetoprotein based on poly (ethylene glycol) doped conducting
polymer PEDOT. Biosens Bioelectron 2016;79:736-41.

Feng T, Ji W, Tang Q, Wei H, Zhang S, Mao J, et al. Low-fouling nanoporous
conductive polymer-coated microelectrode for in vivo monitoring of dopamine in
the rat brain. Anal Chem 2019;91:10786-91.

Hui N, Sun X, Niu S, Luo X. PEGylated polyaniline nanofibers: antifouling and
conducting biomaterial for electrochemical DNA sensing. ACS Appl Mater
Interfaces 2017;9:2914-23.

Baradoke A, Hein R, Li X, Davis JJ. Reagentless redox capacitive assaying of C-
reactive protein at a polyaniline interface. Anal Chem 2020;92:3508-11.

Wang G, Han R, Su X, Li Y, Xu G, Luo X. Zwitterionic peptide anchored to
conducting polymer PEDOT for the development of antifouling and ultrasensitive
electrochemical DNA sensor. Biosens Bioelectron 2017;92:396-401.

Wang J, Hui N. A nonfouling voltammetric immunosensor for the
carcinoembryonic antigen based on the use of polyaniline nanowires wrapped
with hyaluronic acid. Microchim Acta 2018;185:1-9.

Wang W, Cui M, Song Z, Luo X. An antifouling electrochemical immunosensor for
carcinoembryonic antigen based on hyaluronic acid doped conducting polymer
PEDOT. RSC Adv 2016;6:88411-6.

Liu N, Hui N, Davis JJ, Luo X. Low fouling protein detection in complex biological
media supported by a designed multifunctional peptide. ACS Sensors 2018;3:
1210-6.

Fiirsch J, Kammer K-M, Kreft SG, Beck M, Stengel F. Proteome-wide structural
probing of low-abundant protein interactions by cross-linking mass spectrometry.
Anal Chem 2020;92:4016-22.

Yan F, Su B. Tailoring molecular permeability of nanochannel-micelle membranes
for electrochemical analysis of antioxidants in fruit juices without sample
treatment. Anal Chem 2016;88:11001-6.

18

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

Advances in Colloid and Interface Science 302 (2022) 102637

Sun Q, Yan F, Yao L, Su B. Anti-biofouling isoporous silica-micelle membrane
enabling drug detection in human whole blood. Anal Chem 2016;88:8364-8.
Zhou L, Ding H, Yan F, Guo W, Su B. Electrochemical detection of Alzheimer’s
disease related substances in biofluids by silica nanochannel membrane modified
glassy carbon electrodes. Analyst 2018;143:4756-63.

Yan F, Zheng W, Yao L, Su B. Direct electrochemical analysis in complex samples
using ITO electrodes modified with permselective membranes consisting of
vertically ordered silica mesochannels and micelles. Chem Commun 2015;51:
17736-9.

Zhou L, Hou H, Wei H, Yao L, Sun L, Yu P, et al. In vivo monitoring of oxygen in
rat brain by carbon fiber microelectrode modified with antifouling nanoporous
membrane. Anal Chem 2019;91:3645-51.

Chang Y-S, Choi M, Baek M, Hsieh P-Y, Yong K, Hsu Y-J. CdS/CdSe co-sensitized
brookite H: TiO2 nanostructures: charge carrier dynamics and
photoelectrochemical hydrogen generation. Appl Catal Environ 2018;225:
379-85.

Fan B, Fan Q, Cui M, Wu T, Wang J, Ma H, et al. Photoelectrochemical biosensor
for sensitive detection of soluble CD44 based on the facile construction of a poly
(ethylene glycol)/hyaluronic acid hybrid antifouling interface. ACS Appl Mater
Interfaces 2019;11:24764-70.

Fan G-C, Li Z, Lu Y, Ma L, Zhao H, Luo X. Robust photoelectrochemical cytosensor
in biological media using antifouling property of zwitterionic peptide. Sens
Actuators B 2019;299:126996.

Chen M, Song Z, Han R, Li Y, Luo X. Low fouling electrochemical biosensors based
on designed Y-shaped peptides with antifouling and recognizing branches for the
detection of IgG in human serum. Biosens Bioelectron 2021;178:113016.

Xu 'Y, Wang X, Ding C, Luo X. Ratiometric antifouling electrochemical biosensors
based on multifunctional peptides and MXene loaded with Au nanoparticles and
methylene blue. ACS Appl Mater Interfaces 2021;13:20388-96.

Song Z, Li Y, Teng H, Ding C, Xu G, Luo X. Designed zwitterionic peptide
combined with sacrificial Fe-MOF for low fouling and highly sensitive
electrochemical detection of T4 polynucleotide kinase. Sens Actuators B 2020;
305:127329.

Song Z, Ma Y, Chen M, Ambrosi A, Ding C, Luo X. Electrochemical biosensor with
enhanced antifouling capability for COVID-19 nucleic acid detection in complex
biological media. Anal Chem 2021;93:5963-71.

Matyjaszewski K, Xia J. Atom transfer radical polymerization. Chem Rev 2001;
110(9):2921-90.

Soleymani J, Perez-Guaita D, Hasanzadeh M, Shadjou N, Jouyban A. Materials
and methods of signal enhancement for spectroscopic whole blood analysis: Novel
research overview. TrAC Trends in Analytical Chemistry 2017;86:122-42.
Hasanzadeh M, Rahimi S, Solhi E, Mokhtarzadeh A, Shadjou N, Soleymani J, et al.
Probing the antigen-antibody interaction towards ultrasensitive recognition of
cancer biomarker in adenocarcinoma cell lysates using layer-by-layer assembled
silver nano-cubics with porous structure on cysteamine caped GQDs. Microchem.
J. 2018;143:379-92.


http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0705
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0705
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0705
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0710
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0710
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0710
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0710
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0715
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0715
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0715
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0720
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0720
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0730
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0730
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0730
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0730
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0735
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0735
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0735
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0740
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0740
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0740
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0745
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0745
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0745
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0750
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0750
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0755
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0755
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0755
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0760
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0760
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0760
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0765
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0765
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0765
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0770
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0770
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0770
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0775
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0775
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0775
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0780
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0780
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0780
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0785
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0785
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0790
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0790
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0790
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0795
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0795
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0795
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0795
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0800
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0800
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0800
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0805
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0805
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0805
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0805
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0810
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0810
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0810
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0810
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0815
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0815
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0815
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0820
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0820
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0820
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0825
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0825
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0825
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0830
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0830
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0830
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0830
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0835
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0835
http://refhub.elsevier.com/S0001-8686(22)00039-2/rf0835
http://refhub.elsevier.com/S0001-8686(22)00039-2/optXf3seNVj0Y
http://refhub.elsevier.com/S0001-8686(22)00039-2/optXf3seNVj0Y
http://refhub.elsevier.com/S0001-8686(22)00039-2/optQVBGJiBt77
http://refhub.elsevier.com/S0001-8686(22)00039-2/optQVBGJiBt77
http://refhub.elsevier.com/S0001-8686(22)00039-2/optQVBGJiBt77
http://refhub.elsevier.com/S0001-8686(22)00039-2/optVUEMIIv42O
http://refhub.elsevier.com/S0001-8686(22)00039-2/optVUEMIIv42O
http://refhub.elsevier.com/S0001-8686(22)00039-2/optVUEMIIv42O
http://refhub.elsevier.com/S0001-8686(22)00039-2/optVUEMIIv42O
http://refhub.elsevier.com/S0001-8686(22)00039-2/optVUEMIIv42O

	Rational design of smart nano-platforms based on antifouling-nanomaterials toward multifunctional bioanalysis
	1 Introduction
	2 The antifouling strategies in constructing of bioactive interface
	2.1 Bovine serum albumin blocking approach
	2.2 Self-assembled monolayers approach
	2.3 Polymeric coating approach

	3 Selection and immobilization of antifouling agents
	3.1 Polyethylene glycol as antifouling agents
	3.2 Polyglycerols as antifouling agents
	3.3 Zwitterionic polymers as antifouling agents
	3.4 Peptides as antifouling agents

	4 Materials for antifouling sensing
	4.1 Combination of carbon-based nanomaterials with antifouling reagents
	4.2 Combination of noble metal nanomaterials with antifouling reagents
	4.3 Applications of antifouling molecules-functionalized magnetic nanomaterials
	4.4 Combination of polymer-based materials with antifouling reagents
	4.5 Combination of silicon-based materials with antifouling reagents
	4.6 Combination of other materials with antifouling reagents

	5 Conclusions and perspective
	Declaration of Competing Interest
	Acknowledgments
	References


