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ABSTRACT: Although there exist numerous established laboratory-based tech-
nologies for sample diagnostics and analyte detection, many medical and forensic
science applications require point of care based platforms for rapid on-the-spot
sample analysis. Electrochemical biosensors provide a promising avenue for such
applications due to the portability and functional simplicity of the technology.
However, the ability to develop such platforms with the high sensitivity and selectivity
required for analysis of low analyte concentrations in complex biological samples
remains a paramount issue in the field of biosensing. Nonspecific adsorption, or
fouling, at the electrode interface via the innumerable biomolecules present in these
sample types (i.e., serum, urine, blood/plasma, and saliva) can drastically obstruct
electrochemical performance, increasing background “noise” and diminishing both
the electrochemical signal magnitude and specificity of the biosensor. Consequently,
this review aims to discuss strategies and concepts used throughout the literature to
prevent electrode surface fouling in biosensors and to communicate the nature of the antifouling mechanisms by which they operate.
Evaluation of each antifouling strategy is focused primarily on the fabrication method, experimental technique, sample composition,
and electrochemical performance of each technology highlighting the overall feasibility of the platform for point of care based
diagnostic/detection applications.

KEYWORDS: biosensors, electrochemical detection, point of care diagnostics, interfaces, antifouling, nonspecific adsorption, biomolecules,
nanoengineered surfaces, membranes, hydrogels, commercialization

Moving medical and forensic diagnostics out of the
analytical laboratory and into the field demands

technologies that provide rapid results and can be used with
minimal training, sample processing, or handling. However, a
critical and enduring issue regarding the development and
performance of biosensing technologies is biofouling, which is
a result of nonspecific adsorption of proteins and other
biological molecules present in biological media (i.e., blood,
saliva, and urine) to the sensor surface. Surface fouling can
result in the loss of specificity, device contamination, and
overall electrode passivation, all of which can significantly
contribute to device failure. In addition, complex biological
media often possess extremely low target analyte concen-
trations with respect to other background species within the
sample, where even minor degradation in signal intensity or
increase in background noise can prove disastrous with respect
to device accuracy and function.1 As a result, research in the
field of electrochemical biosensing has been focused on the
investigation of different antifouling strategies for electrode

surfaces in order to overcome the issue of biofouling, including
some reviews which highlight antifouling strategies using
biocompatible or biological materials.2,3 In order to develop an
effective antifouling surface, it is important to understand the
interactions between the surface and biological molecules, and
the resulting impact they have on the electrochemical signal
response. The most effective strategies should aim to balance
the trade-off between the antifouling properties and the
electrochemical detection capabilities of the biosensor surface.
There are many studies investigating antifouling strategies for
electrochemical biosensors; however, this review will position
the focus of its discussion on only the promising strategies for
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point of care (POC) based diagnostic/detection applications,
where analyte detection is performed in situ using complex
media in direct contact with the sensor surface. Analysis will
include the antifouling strategies used and the mechanisms by
which they operate, while also highlighting the fabrication and
synthetic techniques used for a given strategy to evaluate the
commercial feasibility of the platform.
POC diagnostics are needed in a number of clinical areas,

including hospitals, home monitoring, and rapid health
screening. It is also increasingly important in illicit drug
detection, as the detrimental effects of substance abuse toward
the overall health of a patient leak into many different aspects
of society including drivers, athletes, social environments, and
the workplace.4−6 POC-based electrochemical biosensors can
provide a platform for many of these diagnostic applications,
including those required by nurses, paramedics, and police
officers. To develop electrochemical biosensing technology for
these applications, the POC platform must be simple to use,
applicable to rapid field-based sample analysis (i.e., out of the
laboratory) and commercially viable in terms of fabrication and
cost and must exhibit accurate and reliable results for complex
biological samples. As a result, we will evaluate antifouling
strategies commonly employed throughout the literature
against these requirements to determine those suitable for
POC-based applications. These requirements are such that the
biosensor must remain functional throughout the relevant
detection time frame and any electrochemical background
signals associated with nonspecific adsorption must be
sufficiently low with respect to the required limits of detection
for the target analyte.
This critical review highlights the main antifouling strategies

used for electrochemical biosensors including nanoengineered
surfaces (i.e., nanoporous metals and nanocarbons), antifoul-
ing layers (PEG, zwitterionic polymers, and biopolymers),
nanoporous membranes, and hydrogels. Each antifouling
strategy includes a discussion of the science behind the
antifouling mechanism, the fabrication and synthetic techni-
ques used, and the antifouling/electrochemical performance.
In order to properly assess a given antifouling strategy for
POC-based diagnostic relevance, we first introduce common
and noteworthy practices in the field to highlight appropriate
standard practices for evaluating antifouling strategies toward
commercialization of electrochemical biosensors for POC
applications.
One noteworthy practice commonly employed when

evaluating antifouling strategies for electrochemical biosensing
involves optimization of the incubation/rinse method. These
experimental techniques typically involve an initial incubation
step, where an antifouling-treated system is exposed to a
fouling solution for a specific amount of time. The surface is
then removed from the fouling media, rinsed with water or
buffer solution, and then exposed to a solution containing the
target analyte where electrochemical detection experiments are
subsequently performed.7−13 Incubation/rinse techniques of
this type are not ideal for in situ analysis of antifouling
performance as the rinse step may remove fouling molecules
that are weakly bound to either the surface or the antifouling
layer itself prior to conducting the electrochemical detection
step. Even loosely interacting biomolecules can degrade signal
fidelity and cause noise issues, particularly those that may
impede the diffusion pathways of target analytes to the sensor
surface. In a POC setting, it is generally not feasible to separate
the analyte from the biological matrix. Consequently, electro-

chemical detection of the analyte must be accomplished within
the biological matrix itself. Indeed, the incubation/rinse
technique commonly employed throughout literature is not
necessarily a good indicator of performance in real world POC
settings. Incubation/rinse steps also create an opportunity for
researchers to “massage” results by optimizing the incubation/
rinsing parameters. This is commonly associated with
experimental techniques where incubation times and con-
ditions can be optimized or excessive rinsing can be used to
reduce the amount of sensor fouling prior to the electro-
chemical detection step. In addition, fouling samples can
become diluted and electrolyte conditions changed throughout
the incubation, rinsing, and testing stages. Ideally, future
investigation should strive to test sensor performance under
the harshest conditions possible to properly evaluate the
suitability of antifouling biosensor platforms for field-based
POC applications.
The primary goal when evaluating the performance of

electrochemical biosensors is to establish a correlation between
the concentration of the target analyte and the resulting
electrochemical signal. Obtaining this correlation involves
conducting consecutive electrochemical measurements in a
given fouling solution, where the target analyte concentration
is varied between measurements. It is important to note that
when conducting these experiments, it is recommended a fresh
electrode surface is used for each new sample composition
(i.e., change in analyte concentration) rather than simply
rinsing or cleaning the sensor surface between experiments.
Accumulation of both fouling molecules and/or target analyte
can occur at the surface when the same electrochemical sensor
is used repeatedly. In addition, the electrochemical signal can
be compromised when unreacted analyte adsorbs directly to
the electrode surface or indirectly through interactions with
nonspecifically absorbed biomolecules. For field-based POC
biosensing, a fresh biosensor should be used for each
measurement and the resulting signal processed with a
previously established correlation in order to accurately
quantify the target analyte. Repeated exposure of a single
sensor surface to fouling solutions containing analyte
drastically compromises the ability to establish an accurate
and reliable correlation between the signal and the changing
analyte concentration. The standard practice for establishing a
linear correlation between these should therefore treat each
consecutive measurement as a “new test” similar to the
procedure for a field-based POC test, where a fresh sensor
surface would be used for each measurement. This practice
prevents interference of residual fouling proteins/analytes
present from previous measurements with the electrochemical
signal and allows for an accurate conversion of the electro-
chemical signal into the analyte concentration.
When evaluating an antifouling strategy for a given biosensor

platform, it is important to identify the target application and
to use an appropriate sample matrix to assess fouling effects.
The use of clean buffer solutions (i.e., PBS) at neutral pH
levels,14−20 single-molecule fouling solutions (i.e., bovine
serum albumin (BSA) or fibrogen),21−26 and even biological
media which have been pretreated/diluted27−32 are suitable for
proof-of-concept experiments of antifouling capabilities;
however they are not indicative of performance in complex
biological media as highlighted by Ladd et al., in a study
investigating the individual proteins in plasma responsible for
surface fouling.33 The study concluded that in single-protein
fouling solutions antifouling performance is drastically
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improved when compared with whole plasma. In addition, the
pH of the sample has a significant impact on the charge density
of many polymer-based antifouling layers, where more acidic/
basic solutions can create the formation of defects within the
antifouling layer and reduce the overall coating stability.34 It is
of importance here to suggest that a general framework should
be developed for use in the field of antifouling coatings for
electrochemical biosensors to reliably test/validate a platform.
Understanding how a given antifouling strategy performs
against the complex mixture of interfaces in complex biological
solutions is paramount. If the primary objective is to develop
an antifouling biosensor for commercial application, the sensor
should be tested against the appropriate biological samples.
Experimental evaluation should therefore include the detection
of target analytes in the unprocessed biological samples.

■ NANOENGINEERED SURFACES

One of the most widely investigated strategies used to provide
antifouling properties to electrode surfaces for biosensing
applications is the use of nanoengineered surfaces. We
generalize here that nanoengineered surfaces entail any surface
with a nanomorphology or nanostructure. Nanoengineered
surfaces can be comprised of a variety of different materials,
namely, nanoporous/nanoparticle based metal surfaces (typi-
cally Au, Pt, and Ag)16,35,36 and nanoporous carbon surfaces
including carbon slurries, carbon nanotubes, or graphene and
its derivatives (GO, rGO).14,35,37,38 The large variety of
electrode material and morphological combinations has
generated a vast amount of research toward the fabrication
and evaluation of different nanoengineered electrode surfaces
for electrochemical biosensing. Nanoengineered electrode
surfaces benefit mainly from ultrahigh surface areas which
enhance the magnitude of the electrochemical signal.39

Nanoporous electrodes harbor significantly more electroactive

surface area than planar electrodes, and as a result the
magnitude of the electrochemical signal, and hence sensitivity,
has been shown to improve by at least an order of magnitude
when compared with planar surfaces of like material.40 The
extremely high surface areas associated with these electrodes
are the key to their good performance in highly fouling
solutions. While the external surface of the nanostructure is
exposed to the bulk solution and can become fouled (although
to a lesser degree than planar electrodes), it is only a small
portion of the overall electroactive surface area. Practically, the
effect of fouling on the resulting electrochemistry is minimal as
long as the analytes can reach the internal region of the
nanostructure. This creates an intrinsic size-selectivity
associated with nanoengineered surface morphologies via a
“membrane-like” physical separation between the external and
internal portions of the surface, where smaller molecules (i.e.,
analytes) can reach the interior surface and react with the
electrode, while larger fouling molecules remain adhered to the
external surface. This size-selectivity makes nanostructured
surfaces good at facilitating electrochemical sensing of small
molecules analytes even in highly fouling media.41

Investigation into the structure−property relationship
between varying pore size/porosity and the resulting
antifouling and electrochemical performances was investigated
using a multiple electrode array comprised of nanoporous gold
(npg) electrodes with different porosities to generate a
“library” of morphologies.41 Electrochemical coarsening was
performed by exposing each npg electrode within the array to a
different number of successive cycles in H2SO4, where longer
cycling durations resulted in the formation of larger pores with
lower overall porosities. The multiple electrode array included
planar gold, a npg electrode without any coarsening, and four
npg surfaces coarsened with 50, 100, 200, and 300 successive

Figure 1. (A) Diagram of the multiple electrode array of nanoporous gold surfaces, (B) scanning electron microscope images of electrochemically
coarsened surfaces with varying cycles in H2SO4 (i−vi), (C) cyclic voltammetry scans, and (D) average pore radius with respect to the number of
coarsening cycles. Reprinted with permission from ref 41. Copyright 2017 American Chemical Society.
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cyclic voltammetry (CV) cycles in 0.1 M H2SO4 as shown in
Figure 1.
The degree of coarsening (i.e., etching of gold on the

electrode surface) increased with increasing cycles in H2SO4
up to 200 cycles, where “islands” of gold began to form as the
average pore radius increased, depicted in scanning electron
microscope images taken of the different npg surfaces, Figure
1B. Electrochemical and antifouling characterization was then
performed on the npg electrode array via electrochemical
detection of surface bound thiolated probe DNA and
complementary target DNA molecules in a buffer solution
containing fetal bovine serum. The relationship between
porosity and electrochemical signal and antifouling capabilities
was highlighted by the size-selective characteristics associated
with either smaller or larger pore diameters. Smaller pores
exhibited the best performance for small molecule analyte
detection via the size-selective filtering of large fouling
molecules, while large pore diameters increased the accessi-
bility of nucleic acids in the nanostructure at the expense of
increased fouling exposure. The peak currents for the probe
DNA molecules measured in solutions containing fetal bovine
serum were found to decrease on surfaces exposed to high
degrees of coarsening due to the reduced electroactive surface
area; however, the signal for target DNA binding was increased
via improved accessibility of the target DNA in the larger
pores. The degree of coarsening and resulting pore size was
therefore found to be inversely related with respect to each of
these target analytes. The trade-off between available electro-
active surface area and target DNA surface accessibility
resulted in an optimal pore size of ∼30 nm for the detection
of thiolated probe DNA and complementary target DNA
molecules investigated here. The optimal pore size with regard
to electrochemical and antifouling performance for nano-
engineered surfaces therefore depends significantly on the
sample composition (i.e., size of target analyte and potential
fouling molecules in solution). The ideal nanostructured
electrode morphology utilized for a given electrochemical
biosensing application must be carefully considered with
regard to both the total electroactive surface area (i.e., to
achieve optimal peak current magnitudes), the pore to pore
distance/uniformity, and the potential diffusional pathways
that affect surface accessibility for both the target analyte and
nonspecific adsorption of potential fouling molecules in
solution.

■ NANOENGINEERED METAL-BASED SURFACES
Nanoporous metals are typically fabricated using a dealloying
technique where one less noble metal is etched away from
another within a metal composite. The most common example
is the dealloying of Ag out of a bulk AuAg composite.42 The
bulk AuAg composite is immersed in nitric acid (HNO3) for
several hours to remove the Ag component leaving a
nanoporous Au surface morphology. However, to prepare
smaller metal nanoporous electrodes as opposed to bulk
composites, microfabrication techniques such as sputter
coating or lithography are typically used to coat the alloy
onto a substrate resistant to the acid leaching dealloying
process (i.e., SiO2).

43 These microfabrication techniques are
more suitable for developing npg electrodes for sensing
applications, as they facilitate a traditional highly ordered 3D
Au nanostructure, as opposed to the non-ordered nanoporosity
that is typically created when using bulk dealloying processes.
When using sputter coating techniques, for example, the ratio

of sacrificial metal:gold within the alloy is a vital yet delicate
parameter as it plays a significant role in the resulting
porosity.42 Once the substrate is coated with the alloy, it
undergoes the same dealloying process using HNO3 for several
hours following the same mechanism as bulk composites. The
resulting thin layer of nanoporous gold covering the substrate
then needs to be integrated into an electrochemical sensing
platform, which is typically achieved with use of laser etching
to create the desired electrode shape or via standard
lithography techniques to pattern the initial alloy before
stripping.41

Nanoporous gold electrodes have been widely reported in
the literature for use as antifouling electrochemical sen-
sors.8,21,22,35,40 The high electroactive surface area of the
nanostructure allows for enhanced signal intensity while the
porosity of the surface serves as a physical obstacle that
prevents nonspecific adhesion of fouling proteins and macro-
molecules in solution. Many studies have demonstrated the
excellent antifouling and detection capabilities of npg electro-
des by conducting CV experiments in solutions containing
commonly used fouling proteins such as fibrogen or BSA to
compare the fouling effects and electrochemical performance
between planar and nanoporous electrodes.38,40,44,45 Although
valuable, many investigations are often performed in solutions
where the fouling molecules were present in relatively low
concentrations (∼2 mg mL−1) with only one or two different
types of protein simultaneously. In addition, increasing the
concentration of these single-protein solutions was shown to
compromise the antifouling properties of the npg electrodes.
CV experiments conducted in the presence of 16, 25, and 35
mg mL−1 BSA for 45 min of cycling exhibited decreases in
peak current magnitude to 60%, 23%, and 4% of their original
values when exposed to the increasing BSA concentrations,
respectively.21 Although these types of studies are crucial for
evaluating the potential of npg-based electrodes for biosensor
platform designs, they provide little information about how the
system will perform in complex biological samples.46 In
solutions such as blood serum, urine, and saliva a range of
fouling molecules are present both in high concentrations and
with a variety of different molecular weights. The lack of data
on the performance of npg-based biosensor platforms in
untreated biological media is likely due to the detrimental
effects of small molecule fouling via short peptides, proteins, or
lipids present in these samples, an issue discussed by Ladd et
al. in a study investigating the proteins responsible for surface
fouling in plasma, highlighting the drastic differences between
testing against diluted single-protein solutions compared with
complex biological media.33

Modified nanoporous gold biosensing platforms were
investigated for use in unprocessed biological media to assess
the feasibility of npg biosensing assays for POC applications.
The study conducted by Sabate del Rio et al. demonstrated an
innovative approach to affinity-based biosensing using a three-
dimensional matrix consisting of different nanomaterials (i.e.,
gold nanowires, nanoparticles, or carbon nanotubes) with an
antibody functionalized composite coating for the detection of
the inflammatory cytokine Interleukin-6 (IL-6) in unprocessed
human plasma.47 The developed composite coating comprised
of glutaraldehyde, bovine serum albumin, and the bioreceptor
for IL-6 was deposited onto a surface of planar gold. The
approach aimed to pair the antifouling properties and
functionalization capabilities of the bovine serum albumin/
glutaraldehyde (BSA/GA) matrix with the good electron
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transfer that interlaced nanoengineered gold or carbon
materials provides The developed BSA/AuNW/GA composite
for the bioassay was as simple to produce as semipermeable
membrane using off-the-shelf components. Using the sensor, a
limit of detection (LoD) of 23 pg mL−1 was determined,
showing good potential as a platform for sensing using
bioreceptor−ligand binding. The sandwich immunoreaction
occurs on the outside of the membrane, allowing only redox
active species to diffuse through the semipermeable layer to the
electrode surface.48 The combination of a high electroactive
surface area of a nanoengineered electrode with an antifouling
strategy that does not significantly passivate the surface
provides a promising and effective strategy toward electro-
chemical sensing in highly fouling biological media.
It is important to note, however, that for platforms which

utilize separated and recessed electrode sites that are not
directly in contact with the test solution, such as those existing
within the pores of an antifouling matrix (i.e., dissimilar from
typical nanoporous electrode surfaces), the electrochemical
response can be impacted by the relationship between pore to
pore distance and the resulting diffusion profile of the analytes.
For a given nanoelectrode, the electrochemical signal profile is
dependent on its the size, recess depth, pore to pore distance,
time scale of the experiment, and the diffusion coefficient of
the target analyte.49 Assuming the nanoelectrode size and
recess depths within each pore are relatively constant and the
diffusion coefficient/experimental time scale are the same from
experiment to experiment; the pore to pore distance most
significantly affects the diffusion path of analytes and therefore
the profile of the electrochemical signal. Figure 2 outlines
different diffusion pathways taken by analytes in bulk solution
for surfaces with both large and small pore to pore distances.
The diffusion layers of the target analyte at each pore must
overlap (i.e., the target analytes must arrive at the recessed
electrode surface within the same relative time frame) to

achieve a sharp peak current response, particularly at low
analyte concentrations. When the pore to pore distance is
large, Figure 2A, some analytes may take longer to reach the
electrode surface (red arrows) which can result in undesirable
peak broadening. When pore to pore distances are sufficiently
small, Figure 2B, the resulting peak current response becomes
sharper and larger in magnitude. This phenomenon has been
previously observed in thermally swellable hydrogels where the
swollen state results in larger pore to pore distances and
broader electrochemical signal response profiles compared
with the unswollen state.50

As a result, it is important to create an antifouling matrix
with sufficient porosity such that the recessed electrode sites
are close enough to each other to allow overlapping diffusion
profiles when conducting experiments such as square wave
voltammetry (SWV) or differential pulse voltammetry (DPV)
with constant scan rates. Overlapping diffusion profiles result
in sharp/narrow peak current responses with larger magni-
tudes. In this regard, small pore to pore distances provide the
capacity for obtaining a linear detection range at extremely low
analyte concentrations and slow scan rates, where the peak
current sensitivity toward the diffusion profile of analytes is
typically more significant. The pore to pore distance in
recessed electrode systems is therefore an essential parameter
to consider in addition to the antifouling properties for a given
biosensor design, as it is also directly impacted by the
nanostructure, morphology, and composition of the electrode
surface.

■ NANOENGINEERED CARBON-BASED SURFACES
Nanostructured carbon electrodes are another form of
nanoengineering technology with applications in POC
diagnostics and drug detection. Nanocarbon surfaces are
typically synthesized by dispersing a form of carbon (i.e.,
nanotubes, nanoparticles, and nanosheets) in acid solu-
tion.14,16,51 Nanocarbon electrodes are commonly fabricated
using screen-printing and related techniques using slurries of
carbon within a volatile liquid carrier and, in many cases, a
polymeric binder or other functional additive for enhancing the
electrochemical signal sensitivity or providing additional
antifouling characteristics, some of which include ionic liquid
composites,52 or metal nanoparticles.16 In addition, there are
also a great deal of commercially available screen-printed
carbon-based electrodes with surfaces containing various types
of nanomorphologies and are arguably the most commercially
successful nanostructured electrodes to date. This provides an
intrinsic advantage for this technology when evaluating the
suitability of nanocarbons for commercial biosensing applica-
tions. The ability to modify the nanostructured carbon surface
once printed combined with the proven manufacturability
makes these electrodes one of the most promising avenues
toward commercially viable biosensor design.
Carbon-based electrode surfaces, namely, graphene and its

derivatives, have been frequently utilized as electrochemical
sensor surfaces throughout the literature. The widespread use
of graphene and other carbonaceous materials for electro-
chemical sensing applications is likely a result of their
exceptional electrochemical properties and ultrahigh surface
areas, which facilitates extremely low limits of detection. In a
review by Shao et al, the applications of graphene-based
biosensors were highlighted including several platforms for the
detection of dopamine,53−55 glucose,56,57 and DNA58 in
complex solutions.59 One study involved a comparison

Figure 2. Schematic illustration highlighting the relationship between
pore to pore distance and the resulting electrochemical response
profile. The unshaded area in the fluid phase represents the area
directly above pores within the antifouling 3D matrix, while the dark
blue shaded area represents the area directly above the antifouling
matrix. In systems with large pore to pore distances (A), some
analytes can easily access the electrode surface within the pores (blue
arrows) while others must take a longer diffusional pathway (red
arrows). However, in systems with smaller pore to pore distances (B),
a larger majority of analytes in bulk solution have rapid access to the
electrode surface as a result of an increase in pore density. This can
lead to more well-defined electrochemical signal responses, which is
particularly advantageous for the detection of ultralow analyte
concentrations.
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between graphene oxide coated, graphite coated, and bare
glassy carbon for the detection of several biomolecules, namely,
the four free DNA bases and glucose for oxidase biosensing
applications. Here the graphene electrode was able to
simultaneously detect all four bases with specificity, whereas
the graphite coated and bare glassy carbon electrodes could
not.58 In addition the nanoengineered graphene oxide
electrode platform provided significantly lower detection limits
for glucose when compared with other nanoengineered carbon
surfaces including carbon nanotubes,60,61 exfoliated graphite
nanoplatelets,62 carbon nanofibers,63 and highly ordered
mesoporous carbon.64

This result was attributed to the inherent fouling resistance
of the nanostructured morphology of the graphene surface
compared with the relatively planar glassy carbon morphology.
The scanning electron microscope images in Figure 3A,B show

a layered and wrinkled paper-like structure for the graphene
oxide coating, irregular shaped isolated graphite flakes, Figure
3C, and bare glassy carbon, Figure 3D. The wrinkles on the
layered graphene oxide coating give rise to a high density of
edge-plane defects, which drastically increase the amount of
electroactive surface area compared to the other carbon-based
surfaces, while the characteristically high conductivity of

graphene increases electron transfer rates.58 The combination
of these properties enhanced the electrochemical signal
magnitude and specificity of the system, allowing for improved
electrochemical detection capabilities for glucose and DNA for
the nanoengineered platform based on graphene oxide.
The ultrahigh surface area nanomorphology of graphene

makes it an excellent electrode surface modification for
electrochemical biosensing in complex sample matrices.
Although fouling biomolecules can still adhere to graphene
surfaces, there is a surplus of electroactive surface area available
within the crevices, pores, and protruding edge-planes of the
nanostructured graphene oxide surface to allow for sufficient
electron transfer. Indeed, biomolecule fouling of graphene does
not have a large impact upon the faradaic/charge transfer
processes compared with lower surface area carbon surfaces
(i.e., graphite, carbon nanofibers/nanotubes, carbon pastes,
and glassy carbon). The capabilities of graphene and other
nanostructured carbon surfaces to exhibit good electro-
chemical performance in complex media are not because of
active antifouling mechanisms but rather its inherent decreased
sensitivity to fouling. For the purpose of electrochemical
performance and commercial application to POC diagnostics
and biosensing, however, these mechanisms of fouling
resistance serve the same purpose.
The literature investigating nanocarbon-based electrodes is

extensive; however, their application in POC diagnostics and
biosensing are not as widespread. Modified nanocarbon
electrode surfaces have shown the ability to achieve extremely
low LoD values in the nano-/picomolar range.16,51 Although
these electrodes possess excellent electrochemical signal
sensitivity, the majority of results reported in the literature
were achieved in buffer solutions (i.e., PBS) and provided little
insight into how these systems perform in complex biological
media. From a manufacturing perspective, composite nano-
carbon systems including additives such as ionic liquids,
coatings of mixed dispersions, or metal nanoparticles often
involve long fabrication processes (i.e., 24 h refluxing,
overnight drying, or material synthesis).14,15,27 These addi-
tional treatment steps significantly complicate manufacturing
when compared with bare screen-printed nanocarbon electro-
des. To translate nanocarbon-based electrode sensing plat-
forms into commercial products, research should be aimed at
the detection of clinically relevant target analytes in complex
biological media, while simultaneously enhancing the sim-
plicity of manufacture of the sensing platform.
Electrochemical detection of Modafinil in unprocessed saliva

samples was performed on carbon nanotube (CNT) based

Figure 3. Scanning electron microscope images of the nano-
engineered carbon surfaces including (A) graphene oxide, (B) side
view image of the graphene oxide layer, (C) graphite, and (D) bare
glassy carbon. Reprinted with permission from ref 58. Copyright 2009
American Chemical Society.

Figure 4. Schematic illustration showing the experimental procedure for the preconcentration and POC-based detection steps of Modafinil in saliva
samples. Steps I and II show the initial deposition of the saliva sample onto the electrode surface containing Modafinil; III shows the accumulation
step where a potential is applied to draw Modafinil to the electrode surface IV and V illustrate that the sample is then removed and supporting
electrolyte is added; and finally VI shows the electrochemical detection is performed on the Modafinil accumulated at the electrode surface in a
supporting electrolyte solution. Reprinted with permission from ref 9. Copyright 2019 Elsevier.
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screen-printed electrodes, with a linear detection range of 50−
500 μM with an LoD of 2 μM without interference from
ascorbic or uric acid. However, a preconcentration step was
used for the detection experiments, as shown in Figure 4.
The detection process here involves an initial sample

acquisition onto the sensor (I, II) followed by an applied
potential in order to accumulate the drug (III), where the
saliva is subsequently removed from the sensor and supporting
electrolyte is added (IV, V) prior to the electrochemical
detection (VI). Although the preconcentration step ensures all
Modifinil within the sample is detected, the removal of the
saliva sample and subsequent addition of supporting electrolyte
could potentially alter the concentration of analyte measured
(i.e., concentration detected lower than original concentra-
tion). Experimental steps which involve the addition,
subtraction, or transfer of fluid introduce a source of sampling
error associated with the ability to accurately measure liquid
volume and unwanted liquid retention in the transfer vessel
(i.e., fluid films on the pipet walls, trapped meniscus in the
pipet, and adsorption of analyte to solid surfaces during
transfer), as well as the potential for sample contamination,
user error, and erroneous results. It also is not conducive to a
POC setting as likely trained personnel or complex automation
is required for proper liquid handling and event timing.
Detection strategies involving meticulous preconcentration

or pretreatment steps are not feasible for rapid POC
diagnostics/detection applications such as those required by
paramedics, doctors, or police officers, however can be
appropriate for in-house detection applications such as drug
tests for athletes or workers where additional steps can be
easily performed in time-independent and environmentally
stable situations. Experimental methodologies involving sample
pretreatment or analyte extraction steps are effective strategies
for applications with readily accessible laboratories and are best
compared with established competing technologies such as
high-performance liquid chromatography (HPLC).
POC-based electrochemical detection with no sample

treatment or analyte concentration steps was demonstrated
on graphite screen-printed electrodes for the detection of
Flurnitrazepam (Rohypnol), a benzodiazepine drug compound
commonly discovered in beverages associated with criminal
date rape cases.65 Detection experiments were performed in
the raw untreated international beverages Coca-Cola and
alcopop WKD with aim toward forensic analysis of crimes

involving spiked alcoholic beverages. Linear detection
capabilities (1−245.6 μg mL−1) were achieved in both
beverages with a LoD of 0.47 μg mL−1, demonstrating a
proof-of-concept in situ electrochemical detection. The
strategy used provided rapid results in raw untreated samples
and highlighted a good practice within the field of POC-based
electrochemical biosensing.
Although the LoD for this system was higher than many

laboratory-based strategies, Table 1, the graphite screen-
printed electrodes used were not supplemented by any type
of antifouling modification. Electrode surface fouling is likely a
primary cause for the high LoDs achieved by the bare graphite
screen-printed electrodes. The approach involving screen-
printed nanocarbon electrodes provides an already commer-
cially manufactured option compared with nanoengineered
metals which involve a more expensive and complex
fabrication process. Combining the intrinsically high electro-
active surface areas of screen-printed nanocarbons with
commercially viable antifouling coatings/composites is a
promising avenue to pursue and should help push the limits
of detection achieved by bare nanocarbon surfaces to even
lower values.

■ ANTIFOULING COATINGS

Many recent approaches toward the development of electro-
chemical biosensing platforms are primarily focused on the
integration of antifouling coatings with the sensor surface. One
of the major advantages for the use of antifouling coatings on
electrode surfaces is the wide range of different polymers and
end-group functionalizations that can be employed in order to
tailor the antifouling mechanisms. Although the many types of
antifouling coatings throughout literature are well-docu-
mented, only some are suitable for use in electrochemical
biosensing applications. One significant issue with antifouling
coatings is electrode passivation, where coatings grafted to an
electrode surface occupy a portion of the surface area thus
reducing the amount of surface capable of participating in
electrochemical reactions or charge transfer processes. This
effectively creates the same issues for biosensors as surface
fouling does, where the overall electrochemical signal
magnitude is reduced as a result of diminished electrode
surface accessibility for the target analytes. The primary
challenge is thus devising antiadhesive coatings systems which

Table 1. Different Analytical Methods Reported for the Detection of Rohypnol Including the Analytical Linear Range of
Detection and the Limit of Detection (LoD) in Various Complex and Clinically Relevant Media (Reprinted with Permission
from Reference 65. Copyright 2013Royal Society of Chemistry)

analytical method
analytical linear

range LoD matrix comments

gas chromatography−mass spectrometry Δ 0.1 pg mL−1 oral saliva only detection within 12−24 h of sample collection
liquid chromatography−atmospheric pressure
chemical ionization mass spectroscopy

1−500 μg L−1 0.2 ng mL−1 human serum extensive sample preparation

HPLC-UV vis Δ 1 ng mL−1 human serum excellent recovery from serum samples
fluorescence spectroscopy 0−5 mg L−1 1 ng mL−1 beverage only clear samples analyzed, time-consuming

process
HPLC-multiwave 0.01−5 mg L−1 5 ng mL−1 human serum quantification limit of 10 μg L−1

HPLC-dual electrode detection 0−1 mg L−1 20 ng mL−1 beverage dual electrode system consisting of a carbon fiber
veil and glassy carbon electrodes

this work 1−95.24 μg L−1 0.47 μg L−1 buffer, beverage proof-of-concept in colored beverages; no sample
preparation needed

desorption electrospray ionization−mass sectroscopy 3−20 μg L−1 3 μg L−1 beverage no sample preparation needed
gas chromatography−electron capture 25−300 ng L−1 1 mg mL−1 human serum lengthy analysis time up to 1 h
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can effectively prevent fouling without concomitantly passivat-
ing the electroactive surfaces.
Surface coatings based on self-assembled monolayers

(SAMs) of poly(ethylene glycol) (PEG) and its derivatives
oligio(ethylene glycols) have been widely used in biomedical
applications as PEG chains can be easily tethered to a wide
range of surfaces and are both a nontoxic and non-
immunogenic polymer.66−70 Research within the field of
antifouling surface coatings has also been expanded over
recent years toward alternatives to PEG and its derivatives,
namely, different zwitterionic polymers,71,72 poly(2-oxazo-
lines),73−76 and various biopolymers including short-chain
amino acids (peptides) and glycoproteins such as lubricin
(LUB).1,77−80 The antifouling efficacy of polymer-/biopol-
ymer-based antifouling coatings can be altered via different
grafting approaches. The coatings can be “grafted-to” the
electrode surface through covalent binding to create a linear
polymer brush,81 or can be “grafted-from” the surface via
surface-initiated atom transfer radical polymerization (SI-
ATRP) or electropolymerization.82−86 Typically, polymer-/
biopolymer-based coatings are integrated onto the surface as
linear brushes of self-assembled monolayers (SAMs), which
have been shown to significantly prevent bacterial adhesion in
biomedical implants.87 The antifouling capabilities for grafted-
to SAM coatings are determined primarily by the degree of
molecular hydration or how strongly bound water molecules
are around the chains of the SAM layer. As outlined by
Whitesides et al., inert surfaces typically exhibit polarity,
possess hydrogen-bond acceptors, have no hydrogen-bond
donors, and are electrically neutral; all of which support the
hypothesis that strong interactions between functional groups
of SAMs and water are a common phenomenon associated
with antifouling characteristics for a surface.88 Secondary
factors which affect the antifouling properties of SAM coatings
include polymer grafting density, chain length, conformation,
and end-group chemistry, which all play interrelated roles and
alter the antifouling mechanism in different ways, making it
difficult to isolate the degree of influence for each property
when evaluating a specific coating.89

The hydrophilicity of most polymer/biopolymer coatings is
the primary antifouling mechanism which operates via a
reduction in the nonpolar interactions between fouling
molecules and the individual polymer chains of SAM
brushes.77 These binding interactions within the brush
produce a highly hydrated environment within the antifouling
coating, which target analytes can diffuse through while
simultaneously creating a steric repulsive barrier that fouling
molecules must supplant before adhesive bonds can be formed
with coating molecules. While the grafting density is directly
proportional to the amount of physical blocking between
fouling molecules and the electrode surface via steric
hindrance, brush density also directly impacts the entropy
barrier created by excluded volume effects.89 The combination
of large steric forces and the increased entropy barrier
associated with high coating densities repels proteins from
entering the coating and binding to the electrode surface.
Consequently, “soft” adhered proteins and macromolecules
may accumulate directly above/within the polymer brush, a
phenomenon often observed in the results of rinsing steps
which remove loosely bound proteins from antifouling
layers.7,90 Large aggregations of these weakly associated fouling
molecules can affect the diffusion path target analytes must
take when moving from bulk solution to the electrode surface.

The hindered diffusion profile of target analytes within this
environment can become detrimental to the electrochemical
signal magnitude, making it difficult to quantify extremely low
analyte concentrations in highly fouling media. Therefore it is
imperative to consider how the various antifouling mechanisms
of a coating operate, as properties that are beneficial in
isolation may behave synergistically toward the detriment of
the desired target application.
Although PEG/OEG are considered the “gold standard” of

antifouling coatings, much research into zwitterionic poly-
mers/biopolymers alternatives has gained traction over the
past 10−15 years due to the stronger hydration effects
associated with the differently charged groups attached to
the neutral polymer backbone leading to enhanced antifouling
properties.77 Zwitterionic polymers have the additional
capability to create switchable surfaces between cationic,
anionic, and zwitterionic states and can be easily integrated
with various nanoparticle-based systems.29,91 Some of the
common zwitterionic species investigated include a range of
polymethacrylates and amino acids (i.e., peptides based on the
EK sequence).92−94 Zwitterionic-based coatings utilize similar
antifouling mechanisms to traditional SAM coatings primarily
via the degree of hydration, but the chain density, length, and
conformation also play significant roles while the end-group
charges and functionality serve as additional components to
consider.
Many of these properties are related to the fabrication

method used to apply the antifouling coating to a given surface,
where different grafting methods can provide functional
tailorability in the resulting layer. While traditional antifouling
polymer coatings (PEG/OEG) are grafted-to via covalent
bonding to the surface to create SAMs, methacrylate-based
zwitterionic coatings such as oligo(ethylene glycol) meth-
acrylate, sulfobetaine methacrylate, and carboxybetaine meth-
acrylate were grafted-from the surface via SI-ATRP in a study
comparing the different polymer coatings.33 SI-ATRP involves
the use of a transition metal catalyst with an alkyl halide (R−
X) initiator, where the catalyst determines the polymerization
rate and the amount of initiator determines the number of
polymer chains grown. During the growth process each
polymer chain has the same probability to propagate resulting
in the formation of polymers with similar molecular weights
and molecular weight distributions.95 The ATRP processes
therefore allow for a high degree of tailorability in terms of the
resulting polymer chain length and density via changes in the
initiators/catalysts used compared to traditional grafted-to
SAMs of OEG. This facilitates the ability to use platforms
based on grafted-from zwitterionic coatings for a wider range
of applications as the chain density and length can be altered.
One unique and innovative strategy to combat biofouling for

electrochemical sensors was conducted by Wang et al, where
transient methacrylate based polymer coatings were used for
delayed exposure of fresh electrode surfaces.96 The approach
involves turning “on” the different sensor surfaces of the
multielectrode array at preselected sequential times. In this way
the sensor surface is kept pristine until the moment that the
electrochemical measurement is performed, therefore limiting
the amount of time in which biofilm formation could occur.
The time frame of the electrode exposure can be optimized for
samples with specific pH levels via altering the dissolution rate
of the methacrylate polymer layer, which is directly dependent
on the thickness and density of the coating. This concept
provides the ability to conduct long-term electrochemical
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monitoring in highly fouling biological environments as each
electrode surface can perform the same measurement as they
are sequentially exposed to the solution, as depicted in Figure
5.

The potential for commercial application of pH responsive
delayed sensor activation platforms in the field of biosensors is
promising, particularly for electrochemical diagnostics in acidic
environments such as gastrointestinal fluids or urine. Edible
biosensors based on this platform were fabricated using carbon
paste electrodes prepared using edible materials such as olive
oil or charcoal.97 These studies highlight an innovative use of
widely available methacrylate-based polymers and cost-
effective electrode platforms for a specific range of commercial
applications.
Biopolymers serve as another alternative antifouling polymer

coating candidate which can overcome some limitations posed
by traditional polymer coatings, mainly biodegradation.
Potential biopolymer candidates include a variety of small
chain amino acid peptides, various carbohydrates, and the
glycoprotein LUB present in the articular joints of mammals,
which can all be implemented as SAM-based antifouling
coatings onto various substrates.98−101 The peptide sequence
containing alternating lysine (K) and glutamic acid (E) groups
is widely popular because EK sequenced peptides are the most
abundant amino acids present in the interior of molecular
chaperones, which are the proteins associated with the
conformational folding and unfolding or assembly/deassembly
of macromolecules.1,102−106 EK sequenced peptides also
interact more strongly with water molecules than other peptide
chains. As previously discussed, strong interactions between
functional groups and water molecules result in better
antifouling properties making EK-based peptides a logical
choice for investigation as an antifouling candidate. Certain
carbohydrates likewise result in strongly bound hydration
shells due to the geometry of the saccharide units which
promotes efficient packing of water molecules around them.
These strongly hydrated saccharides include galactose, sialic
acid (i.e., a functional group populating the molecular
backbone of LUB molecules), chondroitin sulfate, and N-
acetyl-D-glucosamine and have been used as antibacterial and
antifouling coatings for biomedical applications.107−109 Anti-
fouling coatings based on these biomolecules have the

advantage of being inherently biocompatible and commercially
available. The behavior of these molecules with respect to
proteins in the biological environment where they typically
exist can provide valuable insight into how they might behave
when exposed to different fouling solution compositions.

■ POLY(ETHYLENE GLYCOL)
There are several effective ways to synthesize poly(ethylene
glycol) (PEG) antifouling brush coatings, all of which directly
impact the different characteristics and performance of the
coating. Linear polymer coatings of end-functionalized PEG
can be easily applied to a surface as SAMs using the grafting-to
approach via chemisorption. Utilization of high-density
polymers with consistent molecular weight distributions
facilitates a 3D structure where the “head groups” of the
polymer chain bind with the surface allowing for the “tail-end
groups” to extend into the solution creating a molecular
brush.81 The most common PEG-based SAMs include
oligoethylene glycol terminated alkane thiols, although a
wide variety of different tail-end functional groups and
ethylene glycol (EG) backbones can be implemented,
including hydrophobic methyl terminated and hydrophilic
hydroxyl terminated end groups.110 The self-assembly
mechanism allows for simple surface application while the
vast range of functional group modifications provides
functionality customization. However, strong surface inter-
actions for SAM-based coatings are restricted to metal-based
surfaces and the nature of monolayered coatings yields a
limited robustness, often leading to defects in the resulting
PEG layer.111,112 Non-uniformity via these defects can have a
profound effect on the overall antifouling capabilities of surface
coatings, particularly for applications in electrochemical
sensing where surface defects can leave portions of the sensor
surface exposed to the fouling media. To overcome the
limitations associated with SAMs of PEG, other grafting
strategies have been explored.
Another adopted strategy for the formation of PEG-based

antifouling coatings involves an in situ process of PEGylated
(i.e,. polymer chains containing PEG side groups) coatings
using surface-initiated polymerization, by which a linear brush
of polymers is grown at the surface via the grafting-from
approach.113 The general SI-P process involves the immobi-
lization of a specific initiator from which a target monomer is
solely grown from. There are many different SI-P-based
techniques, primarily SI-ATRP because it is compatible with a
range of initiator and monomer functional groups and provides
good control over the polymerization kinetics providing
tailorability in the polymer brush characteristics.114 The SI-
ATRP process is outlined in Figure 6 where an oligoethylene
glycol methacrylate based polymer coating was grown on gold
and glass substrates.69,115

The SI-ATRP-based grafting-from approach has been shown
to overcome many of the limitations associated with SAM-
based PEG coatings. ATRP initiators can be easily immobilized
on surfaces through chemical self-assembly or covalent
binding. The “footprint” (i.e., amount of surface area
occupied) of the initiators is drastically less than the
oligoethylene glycol methacrylate polymer grown from it,
therefore maintaining a larger electroactive surface area for
electrochemical detection applications. The active polymer-
ization allows for control over the density and thickness of the
polymer brush, which provides a significant degree of control
over the resulting antifouling characteristics.69 Despite the

Figure 5. Illustration of the multielectrode array coated with
methacrylate polymer layers of four different densities and thicknesses
and the corresponding cyclic voltammograms associated with them.
Each layer is tailored to dissolve within 2 h of the previous layer,
which allows for identical cyclic voltammetry responses 6 h apart.
Reprinted with permission from ref 96. Copyright 2018 American
Chemical Society.
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numerous benefits exhibited by grafting-from approaches for
the formation of PEG-based antifouling coatings, the require-
ment for initiators and the polymerization process make
commercial manufacturability an issue to consider. Mass
production of single-use POC biosensors requires large scale
application of antifouling coatings to individual electrode
surfaces, where a simple one-step coating application process is
more commercially feasible.
The literature on PEG and its derivatives as candidates for

antifouling coatings is extensive as they have been shown to be
widely successful for a range of applications from large
implants to smaller surface area biosensors.77 However, the
majority of research investigating the antifouling capabilities of
PEG has been focused on single-molecule solutions containing
proteins notorious for their fouling characteristics, namely,
fibrogen (FB), BSA, and immunoglobulin G (IgG). Various
electrochemical experiments on electrodes modified with PEG
including PEGylated Pt7 and GC modified with PANi/PEG
nanofibers10 showed a resistance to fouling in these single-
protein solutions. The fouling resistance is primarily associated
with interactions between bound water molecules within the
coating, which give rise to a degree of hydration forces which
depend on the hydrophilicity of the PEG chains and water
packing efficiency. It has been shown that PEG coatings with
long-chain monomers and high packing density at the surface
can improve biofouling resistance; however, increasing these
parameters can have a detrimental effect on the electro-
chemical performance as the anchoring groups of the PEG
coating significantly passivate the electrode surface and long-
chain monomers create a more tortuous diffusional pathway
for analytes traveling from bulk solution to the electrode
surface. The inverse relationship between antifouling capa-
bilities and electrochemical performance with respect to PEG
coating density/chain length has been documented using
impedance and quartz crystal microbalance analysis116 and on
ionic screening of analyte charges for transistor-based
biosensing.116,117

A promising strategy toward overcoming the decrease in
signal sensitivity associated with PEG coatings is through

combining high surface area electrodes and/or nanoparticles
with the PEG antifouling coatings to maintain a high
electroactive surface area while simultaneously preventing
nonspecific adsorption of fouling proteins.19,23 While the
studies implementing these composite systems show linear
analyte detection ranges and low LoDs, the detection
experiments are typically performed in clean buffer solutions.
Although further investigation for these types of biosensing
platforms in complex biological media is required, the
approach of combining antifouling coatings with high surface
area nanostructured electrodes have the potential for exploiting
the advantages and negating the drawbacks that would be
associated with each strategy in insolation.
Many electrochemical detection strategies for PEG coated

biosensors involve an incubation of the electrode in the fouling
solution followed by rinsing prior to performing the electro-
chemical measurement. This problem was highlighted in a
study identifying the proteins responsible for fouling surfaces
modified with PEG-based coatings.89 Resistance to fouling via
the main proteins in blood (i.e., albumin, IgG, and FB) was
achieved in single-protein solutions of each; however, residual
surface fouling was consistently observed in complex biological
solutions such as human blood plasma. As a result, the
antifouling performance of PEG coatings in single-protein
solutions typically appears strong, while in complex solutions,
where smaller proteins can also adsorb to the surface, they are
much less effective. The study by Riedel et al.,89 found that
large proteins such as albumin, IgG, and FB weakly interact
with both the PEG coatings themselves and with smaller
fouling proteins in the blood plasma. The removal of large
proteins from plasma (i.e., large lipid transporting apolipopro-
teins and FB) through a 300 kDa filtration step led to the
absence of these proteins on the tested deposits; however,
additional smaller proteins were also absent from the deposits
after filtration, indicating that the surface adsorption of some
smaller proteins was mediated by the larger ones. Therefore
when a system is rinsed prior to measuring the degree of
fouling, these proteins are washed away creating a “false”
determination of antifouling performance when the subsequent
electrochemical detection measurements are performed.
The weak binding interaction exhibited between small

proteins and larger proteins in solution is a characteristic that is
likely shared by target analyte species in solution. There are
many examples where cationic (and anionic) small molecules
or even target analyte drug compounds complex with the
various proteins in biological media. The binding interaction
between one such target analyte clonazepam (i.e., benzodia-
zepine-based drug compound) and large fouling proteins in
saliva has been analyzed, particularly with respect to the effect
of these interactions on the electrochemical detection of
analytes in fouling solutions.118 Interestingly, peak current
responses were obtained for clonazepam on severely fouled
reduced graphene oxide electrodes tested in unprocessed saliva
samples, and even as the concentration of Cz was changed in
subsequent experiments, the current magnitude remained
constant. Cz is known to exhibit a strong binding affinity
(≥88% bound) toward proteins in serum among other
epileptic drugs.119 It was hypothesized that the available
binding sites on the fouling proteins present in saliva became
saturated with Cz molecules. Once these proteins nonspecifi-
cally adsorbed to the bare electrode surface forming a biofilm,
free Cz molecules in solution could no longer reach the
electrode surface. As a result, the electrochemical signal

Figure 6. Schematic illustration showing the SI-ATRP growth process
for surface-initiated polymerization of SAM PEG coatings. (A)
Attachment of poly(OEGMA) strands to the surface initiators over
time to create a protein resistant surface, and the molecular structures
of (B) thiol-terminated initiator and (C) silane-terminated initiator.
Reproduced with permissions from ref 69. Copyright 2009 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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magnitude obtained was directly associated to the amount of
bound Cz within the biofilm as opposed to the total
concentration in solution. This effect was supported by the
constant electrochemical signal obtained on the fouled rGO
surfaces with respect to changes in the Cz concentration in
solution, where concentrations ranging from 25 nM to 2.5 μM
had no effect on the electrochemical signal of the system. This
phenomenon further supports the severity of the issue with
electrode rinsing steps in electrochemical detection experi-
ments, where rinsing away the biofilm accumulated at an
electrode surface can also remove target analytes and smaller
fouling species from the solution. Rinsing away these
components can result in the inability to accurately correlate
analyte concentration added to the solution with the
electrochemical signal magnitude measured and may addition-
ally remove fouling components from the sample.
Despite the fact that PEG-based coatings are among the

most widely used antiadhesives, they have yet to find broad
commercial success in electrochemical technologies. Further
investigations of PEG-based coatings should be focused on in
situ electrochemistry of unprocessed biological media (i.e.,
blood plasma, serum, saliva, or urine) rather than using
incubation/rinse steps or single-protein fouling solutions in
order to realize applicability toward POC-based biosensing
applications.

■ THIOLATED POLYMERS AND ZWITTERIONIC
COATINGS

Much of the investigation into alternatives to PEG and its
derivatives for application as antifouling layers has been
focused around different thiolated self-assembled monolayer
and zwitterionic-based polymer coatings. Zwitterionic coatings
have been primarily comprised of long-chain alkane thiol based
SAMs modified with zwitterionic moieties.120,121 These
zwitterionic coatings however still suffered from issues similar
to those of PEG-based coatings, namely, high electrochemical
impedance as a result of the high grafting density of the SAM
and the large coating thickness associated with the long-chain
conformation.24 In order to create a less tortuous diffusion
path for analytes traveling between bulk solution and the
electrode surface, alkane thiol based SAMs with a high density
of short ethylene glycol oligomers were investigated and
showed antifouling characteristics similar to those of traditional
PEG layers.120 However, it was shown that short-chain alkane
thiol based SAMs suffered from poor conformational stability
compared with long-chain alkane thiol SAMs.122 While it is
possible to incorporate various zwitterionic moieties into both
long- and short-chain alkane thiol SAMs to improve the
antifouling characteristics via stronger hydration effects

associated with the charged terminal groups,77,123,124 further
investigation into these coatings was aimed at reducing the
electrochemical impedance and stability issues associated with
the chain length/structure of the alkane thiol based SAM
backbones.
Traditional two-component alkanethiol derived SAMs based

on 6-mercaptohexanol (MCH) and thiol-derivatized single-
stranded oligonucleotide probe (thiolated capture probe,
SHCP) are commonly used for antifouling studies as an
alternative to PEG-based coatings.125−127 However, these two-
component SAMs have been shown to suffer from nonspecific
background signals and related surface defects leading to low
reproducibility.128 In order to combat this issue Wu et al.,
implemented a ternary monolayer through the addition of α,ω-
alkanedithiol dithiothreitol to the SAM for the ultralow
detection (Zepto-molar) of nucleic acid hybridization without
any signal amplification in complex samples of urine and
serum.129 This extremely low detection limit was attributed to
both a reduction in “pinhole” defects within the monolayer as a
result of a more uniform and dense surface coverage and the
OH-richer hydrophilic environment at the surface leading to a
significant resistance to nonspecific adsorption.
Another strategy conducted by Jolly et al., investigated to

address the electrochemical impedance and stability issues
associated with some of the traditional betaine-based SAMs.130

These authors developed an aptamer-based biosensor for the
detection of prostate specific antigen in real blood samples
using a new class of thiol-terminated sulfo-betaine SAMs as
spacer molecules. Electrochemical impedance spectroscopy
was used for clinical application of the aptamer-based
biosensor where a SAM of MCH and thiolated-DNA aptamer
were compared to the thiolated sulfo-betaine and amine-
terminated aptamer layer. It was found that the thiolated sulfo-
betaine spacer molecules within the layer of the latter
prevented nonspecific binding of the control protein human
serum albumin and reduced the charge transfer resistance of
the system when compared to the traditional MCH-based
SAM (further highlighting the nonspecific binding issues of
MCH-based SAMs as highlighted above), allowing for the
label-free detection of PSA levels lower than 1 ng mL−1. This
new class of SAM exhibited equal or better performance
compared with PEG and traditional betaine-based SAMs
primarily due to the improved stability of the monolayer that
the small chain length sulfobetaine spacers within the system
provided which improved resistance to nonspecific binding and
reduced the overall charge transfer resistance of the coating.
Further investigation looked into novel organic SAM

coatings that were synthesized using simple aryl diazonium
salts with the purpose of creating an antifouling zwitterionic

Table 2. Charge Transfer Resistance of Different Mixed Zwitterionic Coatings on Glassy Carbon and Gold for the Differently
Charged Species Fe(CN6)

3− and Ru(NH3)
3+ before 1 h of BSA Adsorption and after 1 h of BSA Adsorption (Reprinted with

Permission from Reference 24. Copyright 2013 American Chemical Society)

Rct (Ω cm2) (in Fe(CN6)
3− solution) Rct (Ω cm2) (in Ru(NH3)

3+ solution)

before 1 h BSA after 1 h BSA before 1 h BSA after 1 h BSA

PPC-GC 809.3(s = 15.7) 807.9(s = 16.7) 42.3(s = 1.1) 44.3(s = 1.1)
mix-GC 185.6(s = 2.0) 178.3(s = 1.9) 26.02(s = 1.24) 25.2(s = 1.3)
OEG-Ph-GC 1899.3(s = 2.0) 3734.1(s = 233.3) 192.6(s = 3.1) 556.4(s = 9.6)
OEG-SAM-Au 10342.2(s = 130.9) 10226.5(s = 131.1) 6299.4(s = 296.7) 6222.3(s = 315.7)
C12-SAM-Au 30874.6(s = 1423.4) 49461.7(s = 1821.4) 14373.2(s = 157.6) 18947.9(s = 183.4)
bare GC 15.3(s = 0.7) 92.3(s = 1.1) 1.3(s = 0.9) 19.2(s = 1.3)
bare Au 10.3(s = 0.6 29.2(s = 0.6) 0.8(s = 0.2) 11.5(s = 1.5)
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coating which simultaneously possessed low electrochemical
impedance, electrode passivation, and conformational stability
of the SAM.131 Zwitterionic SAMs based on phenyl anchoring
groups derived from aryl diazonium salts have been shown to
prevent BSA adsorption more effectively and with lower charge
transfer resistances and electron transfer kinetics compared
with zwitterionic alkane thiol based SAMs in incubated
solutions of BSA.24 The results shown in Table 2 highlight
the utility in combining zwitterionic functional groups with aryl
diazonium salt derived phenyl anchoring groups to create low
impedance and surface coverage antifouling SAM coatings
compared with traditional long-chain zwitterionic alkane thiol
based SAMs.
The use of zwitterionic antifouling coatings for applications

in electrochemical biosensing has therefore shifted toward
incorporating different phenyl anchored zwitterionic species
within the same SAM coating. The advantages of mixed
zwitterionic phenyl layers was realized in a study combining
phenyl phosphorylcholine (PPC) and phenyl butyric acid
(PBA), where the PPC chains served as the antifouling
component of the layer (PPC “mimics” the head group of
many common lipids which have intrinsic low adhesion
properties) and the PBA allowed for bioconjugation with
specific antibodies (biorecognition element) for electro-
chemical detection purposes.11 The sensing principle for this
system was based on an enzyme-dependent reaction associated
with the HRP mechanism (based on H2O2) and the redox
mediator ferrocenemethanol to facilitate an electron shuttle for
the detection of tumor necrosis factor α (TNF-α), Figure 7.
The immunosensor presented implements a so-called

“sandwich assay” format of detection requiring a series of
incubation steps. The PPC−PBA aryldiazonium mixture is first

generated in a solution of HCl and NaNO2 in an ice bath with
argon purging for 30 min. The solution was electrochemically
deposited on the ITO surface by holding a constant potential.
The Ab-1 antibody was then immobilized on the surface via
the classical EDC/NHS conjugation reactions by first
immersing the PPC−PBA modified surface in solution
containing EDC and NHS for 1 h and then adding Ab-1 and
incubating for an additional hour at 4 °C in an ice bath. After
modifying the PPC−PBA Zw layer with Ab-1, the TNF-α was
dropped on the surface and incubated for 1 h, followed by
incubation in solution containing HRP. Here, the Ab-1 antigen
serves as the biorecognition element of the immunosensor to
which TNF-α binds. Once bound the enzyme-dependent
current response of H2O2 from the HRP reaction with
ferrocenemethanol creates an electron shuttle with the surface,
where the resulting current response is directly correlated to
the amount of TNF-α bound to the PBA component.
Simultaneously the PPC component of the zwitterionic coating
prevents nonspecific adsorption of biofouling components in
solution.
The sandwich assay mechanism of the immunosensor

reported comparable results to the ELISA test kit in whole
blood with a LoD of 20 pg mL−1 and demonstrated selectivity
against the interfering proteins HSA and hemoglobin.
Electrochemical detection experiments were performed using
the same sandwich assay immunosensor; however, an Au np-
modified graphene oxide electrode surface was used to increase
the electronic coupling (i.e., electron shuttle reaction kinetics)
between the mixed zwitterionic layer and the electrode
surface.25 The Au np/GO based immunosensor provided a
linear detection range of 0.1−200 pg mL−1 using successive
SQW sweeps in phosphate buffer (pH 7.4), Figure 8. Although

Figure 7. Schematic illustration of the “sandwich assay” format of detection for a mixed Zw coating of PPC−PBA. (A) Initial deposit of the coating
on ITO substrate, (B) immobilization of Ab-1 antibody, (C) TNF-α binding to the Ab-1 antibody (biorecognition element), (D) HRP-Ab-2
attachment, and (E) enzyme-dependent HRP reaction of H2O2 with ferrocenemethanol creating an electron shuttle with the surface. Reprinted
with permission from ref 11. Copyright 2016 American Chemical Society.
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good detection limits were achieved, the surface preparation
steps required are lengthy and complex, involving numerous
stages of incubation to create the sandwich assay. In addition,
the assay requires the use of HRP and Fc to generate
electrochemical detection signals rather than a direct sensing
mechanism. Although valuable for stationary laboratory based
biosensing applications, or some specific POC applications, the
complex nature of the sandwich assay format utilized here is
non-ideal for fieldwork-based POC biosensing where the target
analyte to be detected may vary and direct electrochemical
analysis of biological samples is required. However, the
improved results with the Au/GO platform compared with
ITO support the growing trend within the field of electro-
chemical biosensors, namely, the development of platforms
which combine antifouling strategies with high-performance
electrodes such as those comprised of nanoporous- or
nanoparticle-based metals and/or nanocarbon-based surfaces
(i.e., graphene oxide and CNTs).
The immunosensor platform based on a SAM of mixed

phenyl anchored zwitterionic components shows good
potential for target bioreceptor based sensing applications
and has been shown to be comparable to established
laboratory detection techniques such as HPLC or ELISA test
kits. However, antifouling coatings based on zwitterionic
polymers suffer from a major issue associated with changes in
pH and surface charge, which both affect the overall charge
density of the layer and give rise to strong dipole moments due
to imbalances in the ionization of the individual, apposing
counter charges (i.e., the loss of charge neutrality). This
phenomenon has been investigated by Parvis et al., where the
antifouling capabilities of Zw layers were investigated on gold
substrates and were compared with previous studies of the
same layers on glassy carbon.24,34 X-ray photon spectroscopy
was used to investigate the ratio of positively charged polymer
amine groups (N) to negatively charged nucleic acid
phosphate groups (P) of the Zw layers on each surface,
otherwise known as the N/P ratio. It was found that coatings
with N/P ratios closest to one (i.e., charge neutral) possessed
the best antifouling capabilities, supporting the notion that
charge neutrality is a property consistently associated with the
prevention of protein adsorption at a surface.88 The N/P ratio
of the Zw layers on gold and glassy carbon were 0.67 and 0.93,
respectively, indicating that the coatings on gold were not

charge neutral, likely a result of the intrinsically high polarity of
metal surfaces. This created Zw layers on gold which were less
dense and less stable than those on glassy carbon. The density
and stability of Zw layers was shown to be a significant and
interrelated factor associated with antifouling, where charge
neutral coatings with high densities provided the best
antifouling performance.132

As a result, biosensor platform designs using Zw polymer
coatings throughout literature are not typically investigated on
metal surfaces with high polarities or in biological media with
varying pH levels (i.e., blood, plasma, saliva, and urine) as
these parameters can alter the charge density of the layer and
diminish or even reverse the antifouling properties of the
coating. In addition, it is important to note that most
zwitterionic species are not commercially available and involve
complex and lengthy synthesis techniques, making them
difficult to implement for commercial manufacturing purposes.
For the purpose of developing a biosensor platform for
electrochemical detection in biological media for POC
diagnostic applications, focus must be shifted toward a more
robust strategy with respect to changes in pH and surface
charge as well as commercial manufacture compatibility.

■ LUBRICIN
Proteoglycan 4, or lubricin, is a cytoprotective glycoprotein
that is secreted in the synovial fluid of articular joints in almost
all mammals and serves as a major component for boundary
lubrication helping to maintain low friction between cartilage
surfaces.78,99,100,133 LUB molecules are comprised of three
major domains including a long heavily glycosylated mucin
domain flanked by two end-domains on either side of the
protein. LUB self-assembles onto surfaces via strong covalent
binding of the end-domain terminals which allows the mucin
domain to orient outward toward bulk solution with a large
degree of conformational freedom.
The telechelic brush structure and loop orientation of the

LUB molecules once bound to the surface, as shown in Figure
9, is a crucial factor directly related to the superior antifouling
characteristics exhibited by LUB coatings. Neutron reflec-
tometry experiments in the same study using a native SiO2
surface oxide layer demonstrated that the LUB coatings occupy
just 15% of the total surface area of the substrate, revealed that
the mucin domain is extremely hydrated (∼95% water), and

Figure 8. Electrochemical measurement results for the proposed sandwich assay immunosensor of mixed PPC−PBA Zw coatings. (A) Current
(μA) vs potential (V) curves with increasing TNF-α concentration and (B) linear correlation plot of the normalized current (μA) vs the
concentration of TNF-α (pg mL−1). Reprinted with permission from ref 25. Copyright 2016 American Chemical Society.
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found that the grafting distance between LUB molecules (∼8−
14 nm) is extremely large for a fully extended brush layer. The
hydrophilicity of the LUB brush coatings prevent protein
adsorption via a reduction in nonpolar interactions similar to
traditional polymer coatings (Zws, PEG), while the molecular
loop orientation of each molecule within the brush creates a
large overall steric repulsion that prevents large fouling
molecules from penetrating the brush layer and fouling the
surface. The primary function of LUB is as a component of
synovial fluid for boundary lubrication in articular joints;
however, the biological composition and molecular structure of
LUB coatings gives way to a plethora of advantageous
characteristics including self-assembly, antiadhesive proper-
ties,79 size-selectivity,134 low surface coverage, and an overall
negative charge via the N-acetylneuraminic acid (NeuAc)
terminated glycan dominance within the mucin domain.135

Fabrication of the LUB antiadhesive coatings involves drop
casting a buffer solution containing LUB on the surface and
incubating for roughly 30 min to allow the self-assembly (end-
anchoring via the N- and C-termini) to take place, where the
grafting density of the formed LUB brush is determined by the
concentration of LUB in the drop cast solution. The grafting

Figure 9. Illustration showing the looped orientation of LUB strands
once bound to a surface, creating an overall highly dense and uniform
brush coating.

Figure 10. Schematic illustration depicting (A) saliva POC based swab sample acquisition, (B) LUB coated sensor, and (C) the resulting current
profile of clonazepam derived from the electrochemical detection experiments conducted. The raw SQV data obtained for a range of clonazepam
concentrations (25 nM to 2.5 μM) in unprocessed saliva samples for (D) uncoated rGO electrodes and (E) LUB coated rGO electrodes. Linear
correlations were then derived from the peak current response at each concentration for the uncoated (D′) and LUB coated (E′) sensors. Error
bars were established from the standard deviation of five separate SQV experiments at each concentration using a fresh sensor surface for each test.
Reproduced with permissions from ref 118. Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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density of the LUB coating is directly proportional to the size-
selectivity; therefore, the LUB coatings can be easily tailored
for a specific application via altering the concentration of LUB
in the drop cast solution or shortening the adsorption period
to achieve under saturated surface coverage.136 Size-selective
tailorability through a simple change in LUB concentration of
the drop cast solution allows for the application of LUB
antifouling coatings toward a broad range of POC biosensor
based applications.
Investigations were performed for the detection of the

common benzodiazepine drug Cz, or Klonopin, in unprocessed
whole saliva samples.118 A simple saliva swab sample
acquisition platform was utilized with the aim toward in situ
field-based electrochemical detection applications, Figure
10A−C. The combination of commercially available rGO
screen-printed electrodes (SPEs) with the simple drop cast and
self-assembly fabrication mechanism for the LUB antifouling
coatings provided a commercially feasible and cost-effective
biosensing platform.
In this study unprocessed saliva samples spiked with Cz were

drop cast onto the LUB coated rGO SPEs, immediately
followed by a SWV experiment in order to accurately simulate
a POC saliva swab based sample acquisition and subsequent
electrochemical detection method. The linear correlations
obtained were derived from five individual SWV experiments
(to establish error and show reproducibility) for the bare rGO
SPEs and those coated with LUB to compare the antifouling
and electrochemical performance of the LUB coatings
respectively (Figure 10D,D′, Figure 10E,E′). The LUB coated
rGO SPEs exhibited a good linear correlation (25 nM to 2.5
μM) with a LoD of 16.67 nM.118 The five different SQV
experiments run at each concentration allow for a proper
analysis of the sensitivity of the system. The large error bars
exhibited by the bare rGO SPE indicate a severe degree of
fouling at the electrode surface and as a result, poor
electrochemical sensitivity at low analyte concentrations,
Figure 10D′. Therefore, it is impossible to distinguish the Cz
concentration in saliva on bare rGO SPEs as the magnitude of
the current responses vary significantly between experiments,
Figure 10D. However, the small error bars associated with the

LUB coated rGO SPE system demonstrate the effectiveness of
the LUB coating at preventing nonspecific protein adsorption
while simultaneously allowing the smaller Cz molecules to
interact with the electrode surface, which led to excellent
electrochemical sensitivity in the unprocessed saliva samples
Figure 10E,E′.118 This study highlights the advantages of
combining high surface area electrodes with nonpassivating
antifouling coatings for electrochemical detection in unpro-
cessed biological media. In addition, the simple drop cast/self-
assembly application method of the LUB coatings onto
commercially available rGO SPEs provides a feasible and
cost-effective platform toward commercial manufacture of the
biosensor design.

■ NANOPOROUS MEMBRANES

The use of nanoporous membranes for applications in
electrochemistry was pioneered in the 1980s by Baldwin et
al., who first demonstrated the beneficial properties of Nafion
polymer membranes on pyrolytic graphite electrodes high-
lighting the ease of coating application and the improved
stability of the system as well as the transport properties of
these membranes in a hydrogen bromide cell environe-
ment.137,138 Nanoporous membrane based technologies have
since been applied to various fields of science, including the
field of biosensing due to their ability to establish a distinct and
uniform physical interface between highly fouling biological
media and the sensitive electrode surfaces needed for analyte
detection. Nanoporous membrane technologies satisfy many of
the requirements for applications in biosensing technologies
(i.e., glucose sensors) including biocompatibility via nontoxic
materials, stability under a range of biological conditions (i.e.,
pH, temperature, enzymatic activity, and protein adhesion)
and commercial manufacturability with many applications.139

Some of the common nanoporous membrane compositions
investigated for physical filtration include Nafion, cellulose
acetate, fibronectin, chitosan, and various polymeric mixtures.
These membrane compositions were evaluated on a gold
substrate to compare the respective antifouling properties and
current magnitude for a ruthenium(II/III) hexaammine redox

Figure 11. Current magnitudes on uncoated gold substrates and those with Nafion, cellulose acetate, chitosan, fibronectin, and PSS/PL membranes
for (A) ruthenium II/III hexaammine redox couple and (B) reduction of O2 in solutions without albumin (black) and with albumin (white).
Reprinted with permission from ref 140. Copyright 2009 Elsevier.
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couple and O2 reduction in single-protein solutions of albumin,
Figure 11.140

Several defining characteristics associated with each nano-
porous membrane composition were attributed to the
antifouling mechanism and resulting electrochemical signals
obtained. The Nafion membrane provided a significant
increase in current magnitude for the ruthenium(II/III)
hexaammine redox couple. This was attributed to the affinity
for cations by Nafion creating a Donnan equilibrium where the
local concentration of ions within the membrane was higher
than in bulk solution. This indicates that the Donnan
equilibrium effect for the cations of the redox couple was
able to overcome the albumin fouling associated with the
observed electric double layer drop, which was not seen for the
reduction of O2. Decreased current magnitudes for both
analytes were observed for the other membranes compared
with bare gold and in solutions of albumin which was
associated with hindered analyte diffusion, reduced electro-
active surface areas, and pore clogging/surface adhesion of the
albumin in solution. The comparatively large thickness of the
chitosan and fibrogen membranes created a long diffusional
pathway for analytes. The cellulose acetate membranes
performed poorly due to large pore sizes and non-uniform
pore distributions which led to pore clogging and surface
fouling via albumin in solution. The intimate adsorption of the
PSS−PL composite membrane to the gold surface significantly
reduced the electroactive surface area, and the accumulation of
albumin at the membrane surface further decreased the current
magnitudes.
The different polymeric membranes investigated here are

typically synthesized via solvent casting or spin coating which
often create large variations of pore size and distributions
(>30%) due to the lack of control over these methods, leading
to the suboptimal results observed. Therefore the pursuit of
more consistent membrane synthesis strategies was imple-
mented.141 Ion-track etching was developed to create more

consistent polymeric membranes in a commercially scalable
process for industrial applications, shown in Figure 12.142

Nanoporous polymeric membranes can be commercially
produced (i.e., Millipore, Isopore) with consistent pore size
distributions (∼10% variation) but relatively low and randomly
distributed porosities with limited pore size variability due to
the nature of the polymeric film perforation mechanism via
heavy metal ion beaming.142,143 This makes ion track etched
membranes good for commercial applications where specific
and consistent pore sizes are suitable for a required physical
filtration or separation step. However, in order to use
membrane technology as an avenue toward development of
antifouling biosensors, parameters such as diffusion kinetics,
size-selectivity, and protein adsorption to the membrane itself
must be considered; all of which are affected by the physical
characteristics and composition of the membrane. Therefore a
more precise degree of control over the pore size, porosity, and
pore distribution is vital to the success of membranes for
biosensing applications.

■ SILICA-BASED NANOPOROUS MEMBRANES

Microfabrication synthesis techniques such as photolithog-
raphy and/or deposition/removal of sacrificial layers in silica-
based materials has provided more control over the physical
characteristics of the membranes.144,145 The combination of
both these microfabrication techniques has realized silica-based
membranes with extremely narrow pore size distributions
(>5%) and tunable pore sizes (10−100 nm range), while the
silica-based composition also provides mechanical flexibility,
biocompatibility, and stability in the presence of proteins and
ionic solutions.143 The realization of silica-based membranes
and micromachining techniques has led to the development of
mesoporous silica nanochannel membranes (SNMs). SNMs
can be synthesized by reacting tetraethyl orthosilicate with a
template of micellar rods which are then washed away using a
solvent at the appropriate pH to create nanosized rods filled

Figure 12. Schematic illustration of (A) commercially scalable ion track etching process for polymeric membranes and (B) linear correlation
between the nominal and derived pore sizes. Reprinted with permission from ref 142. Copyright 2009 Elsevier.
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with an arrangement of pores.32,146 This technique, Stober
solution growth mechanism (SSG), is the main reaction
mechanism for nanoengineering silica materials, outlined in
Figure 13.
Electroassisted self-assembly (EASA) is another technique

often used to fabricate SNMs. This technique involves the
application of a cathodic potential to an electrode immersed in
a surfactant-containing hydrolyzed sol (i.e., TEOS and CTAB)
solution.148 The applied potential generates hydroxyl ions
which are required in order to catalyze the polycondensation
process of the precursors which self-assemble into a hexagonal
packed film containing nanochannels perpendicular to the
electrode surface.149 EASA fabrication also possesses the ability
to implement surface functionalization within the deposition
step150 and has been shown to produce a more ordered
nanostructure with smaller pore sizes compared with the SSG
mechanism for the same system (1.6 and 2.6 nm pore sizes,
respectively), although the largest film thickness produced for
the EASA fabricated SNMs was ∼60 nm before deposition of
aggregates at the surface.151 The recent review by Walcarius et
al.152 highlights the excellent size/charge selective sieving of
SNMs, where the highly ordered nanostructure and ultrasmall
pore sizes enable small positively charged molecules to
permeate the nanochannels while preventing larger fouling
molecules from reaching the electrode surface, demonstrating
the potential for SNMs as excellent antifouling candidates for
electrochemical biosensing.153

The antifouling ability and biological compatibility for
SNMs used for electrochemical detection applications in
biological fluids has been outlined in several studies and is
widely agreed upon.31,154,155 The mechanism behind the
antifouling capabilities of SNMs first involves the size-selective
sieving of large fouling components in solution from the target
analyte via highly ordered nanochannels (up to 2.3 nm
diameters). The intrinsic lypophilicity/charge selectivity of
hydrophobic hydrocarbon micelle channel cores formed via the
organized assembly of the cetrimonium bromide aliphatic tails
during SSG synthesis of the membrane creates an environment
selective for small lypophilic or neutral drugs (i.e., nonpolar
compounds) and strongly prevents permeation of large,
charged, and hydrophilic molecules into the membrane

nanochannels. As a result, analytical sensitivity can be
drastically increased via a preconcentration mechanism
involving the extraction of analytes in solution by hydrophobic
forces into the micelle channels prior to electrochemical
detection.
The electrochemical detection of chloramphenicol, an

antibiotic drug used for a variety of bacterial infections, in
whole blood was performed using the SNMs grown using the
SSG mechanism on an ITO substrate, Figure 14.30 The
resulting SNM possessed vertically aligned silica mesochannels
highlighting geometries with 2.3 nm diameters, 111 nm
thickness, and a nanochannel density of ∼4 × 1012 cm−2.

The SNM electrochemical detection system implemented in
the study achieved outstanding detection of extremely low
CAP concentrations in whole blood with a linear range of 0.1−
3.7 ppm and an LoD of 37.7 ppb. Such low concentration
detection capabilities were attributed to the intrinsic
preconcentration mechanism which functionally extracts the
target CAP molecules from the whole blood into the SNM

Figure 13. Schematic illustration of the Stober solution growth mechanism (SSG) used to create silica nanochannel membranes: (A) substrate in
solution self-assembling into spherical micelles, (B) reaction of TEOS with the template of micellar rods, (C) silica deposited on CTAB micelles
and spherical structure transitioning into a cylindrical structure, (D) growth of the cylindrical structure, and (E) extraction of the CTAB to create
silica nanochannels. Reproduced with permission from ref 147. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 14. Illustration of the isoporous silica micelle membrane,
highlighting the ability to preconcentrate hydrophobic/neutral drug
compounds without any experimental steps while simultaneously
preventing fouling via interferons present in whole blood samples.
Reprinted with permission from ref 30. Copyright 2016 American
Chemical Society
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channels prior to electrochemical detection without the need
for any preconcentration steps. This mechanism was proved by
subsequent EIS measurements showing that the micelles with
hydrophobic hydrocarbon cores could effectively extract
neutral lipophilic molecules from the media, where the
extracted redox molecules could undergo a fast electron
transfer at the micelle/ITO electrode interface.
Polymeric and biopolymer based membranes (cellulose

acetate, chitosan, fibrogen, PCC/PL, and Nafion) are not ideal
for applications in electrochemical detection due to hindered
analyte diffusion, electrode passivation, and pore clogging from
larger fouling molecules associated with non-uniformity in pore
size and distribution. Silica-based membranes have good
potential as they are biocompatible, have consistent pore
size/distribution, and possess tunable porosity characteristics.
In addition, silica is a cheap and commercially feasible material
and has shown antifouling capabilities in complex samples with
low concentration analyte detection. However, the SSG
mechanism for silica nanochannel membranes is complex
and lengthy and requires high precision to create uniform
nanostructures. EASA techniques provide an improvement as
the dimensions of the SNM can be easily tailored through
changes in surfactant composition and the applied potential
duration. The additional steps (i.e., pH adjustments using acid,
several stirring/mixing steps, overnight drying/curing, and
surfactant extraction) involved in the EASA fabrication
technique are detailed and require user expertise to conduct
properly, which can make commercial manufacture a potential
challenge. In addition the nature of hydrocarbon micelle
channel cores restricts SNMs to applications based on small
uncharged and lypophilic analytes, although the intrinsic
preconcentration mechanism due to hydrophobic force
extraction of these analytes types allows detection capabilities
in the parts per million range. SNMs therefore have excellent
potential for POC diagnostics for specific applications
orientated around specific target analyte type, and though
the potential for commercial manufacture of these systems is
questionable, they have shown promising performance in real/
complex media.

■ HYDROGELS
Hydrogels are water swellable 3D structures typically
comprised of polymers/biopolymers formed via physical or
chemical cross-linking, exhibit beneficial properties toward
antifouling applications, including biocompatibility, viscoelas-
ticity, porosity, and compatibility with nanoparticles/biore-
ceptors, and possess well-known synthesis methods.156 The
material choice for each hydrogel provides a different range of
properties, PVA- and PEG-based hydrogels are biocompatible
and hydrophilic and have good stability in biological solutions
making them common for applications such as implantable
glucose sensors.157,158 Polyacrylate hydrogels exhibit stimulus
responsive (i.e., pH and temperature) reversible swelling via
charged functional groups, while electroconductive hydrogels
facilitate electron transfer through the structure and possess
high surface area and diffusivity via porosity.159−162 However,
the primary application of hydrogels as components for
electrochemical biosensing is their ability to act as transducers
between the environment and the electrode surface, typically
acting as a matrix for enzyme/bioreceptor immobilization,
Figure 15.163

Bioreceptors are biorecognition molecules that exhibit
specific binding with target analytes in solution and can be

organized into five categories including antigen/antibodies,
enzymes, cells/cell structures, DNA, and biomimetic materials.
One immobilization strategy for bioreceptors is via physical
adsorption (i.e., entrapment), which is typical of hydrogels
synthesized via polymerization and requires the hydrogel pores
to be smaller than the bioreceptor itself in order to prevent
bioreceptor leakage.156 The most common immobilization
technique however is through covalent binding between the
CHO groups on polymer and the NH2 groups on enzyme
forming stable CN bonds.163 Although it is important to
note that using covalent bonding can result in bioreceptor
degradation due to limited bioreceptor release, which can lead
to decreased availability and potential blockage of active
bioreceptor sites contained within the hydrogel pores.
Blockage of pores is a crucial phenomenon to consider for
these systems as the relationship between the size of the pores,
analytes, and fouling molecules as well as the bioreceptor
locations within the hydrogel matrix all affect the overall
electrochemical detection capabilities of the system. For a
given application it is important to know the different
molecules within the environment (i.e., size, conformation,
and function) as well as the diffusional pathways the analytes
must travel when moving toward their respective bioreceptors.
Hydrogel synthesis techniques are well-known and generally

consist of dissolving monomer and initiator in solution,
thorough mixing and drop casting or electrospinning the
solution onto the electrode surface (poly(vinyl alcohol), sol
gels, chitosan, and polyaniline).164−170 Many polymer-based
hydrogels are also electropolymerized onto the surface directly
by conducting successive cycles (CVs) in solutions of sulfuric
or hydrochloric acid or by application of a high constant
potential.171−173 Most hydrogel-based antifouling strategies
use electrochemically active dopants including metal nano-
particles (Au, Pt, and Sn/Fe oxides) or carbon nanomaterials
(CNTs, graphene, and GO) where the nanomaterial is
generally dispersed in solution and is then either dropped
onto the already polymerized film or mixed with the
monomer/initiator solution and then drop cast onto the
surface.166,174,175 Necessary bioreceptors can then be added to
the finished composite or can be incorporated into the initial
solution mixture prior to deposition.
The electrochemical detection applications utilizing hydro-

gel-based antifouling composites investigated throughout the
literature largely involve the use of a bioreceptor component
for detection. While some studies have investigated various
enzyme-based bioreceptor platforms such as uricase and
cholesterol esterase/oxidase with enzyme immobilization via
glutaraldehyde176 or urease immobilization for the detection of

Figure 15. Diagram of five different bioreceptor types including (A)
antigen/antibodies, (B) enzymes, (C) cells/cellular structures, (D)
nucleic acids, and (E) biomimetic species. species. Reprinted with
permission from ref 163. Copyright 2017 The Authors under Creative
Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0/).
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urea,177 the primary focus of hydrogel-based antifouling
detection platforms are oriented toward the detection of
glucose. Glucose detection involves the immobilization of
glucose oxidase (GOx) via covalent binding to the hydrogel
matrix where amperometric sensing can be performed through
one of two electrochemical reaction mechanisms, Figure 16.171

The general glucose detection strategy for hydrogel-based
biosensing platforms involves GOx immobilization into the
hydrogel matrix, with subsequent amperometric detection of
the decrease in O2 concentration associated with glucose
oxidation. However, in order to improve the electrochemical
performance and antifouling capabilities of the glucose
biosensing platform, many investigations include the use of
different hydrogel materials and/or the addition of various
components to the hydrogel matrix. The electrochemical
performance of the different hydrogel platforms for glucose
detection are shown in Table 3.
The synthesis techniques for creating hydrogel matrices are

well-known throughout literature and the incorporation of
different additives (i.e., nanomaterials) is relatively simple as
no additional complicated or lengthy steps are required.
Electrochemical detection using hydrogels however is based
around the immobilization of enzymes and subsequent
detection of specific analytes (i.e., glucose); therefore,
hydrogel-based antifouling composites are not ideal for small
analyte detection and are better suited for niche bioreceptor-
based applications. Although many different hydrogel

composites have been investigated throughout literature for
these niche applications such as those in Table 3, the
experiments are largely conducted in PBS solution (pH 7).
Further investigation of in situ glucose detection should be
conducted in biological samples in order for this technology to
be realized for commercial glucose sensing applications.

■ CONCLUSIONS AND FUTURE PERSPECTIVES
This year the global coronavirus pandemic has shown the
importance of developing POC-based biosensing platforms
which are easy to operate with little to no training, offer rapid
results, have low manufacture cost, provide highly reliable
results, and can be easily deployed into the field. It was
demonstrated in several countries that an effective way to
reduce the spread of the virus was to combine a population
quarantine with extensive testing/contact tracing.178 This
highlights how critical testing is with regard to controlling
the spread of disease (i.e., detect to protect) globally; however,
it also exposes many weaknesses in current biosensing
technology.
POC-based electrochemical testing strategies suffer from

complications primarily associated with surface fouling via the
large variety of biomolecules present in the solution medium;
however, they also face many manufacturing or operation
protocol issues which complicate quality control and quality
assurance. The issue of surface fouling on electrochemical
sensors is widely established; however, the current state of
antifouling sensor research trends in the direction of
experimental analysis in single-protein fouling solutions (i.e.,
fibrogen, BSA, and IgG). Although these types of experiments
can evaluate the initial reduction in fouling propensity for a
given strategy, they do not establish whether the platform
could be successful when testing real-world biological samples.
As a result there exists an abundance of literature discussing
many different types of antifouling strategies; however, very
few strategies have been trending toward commercial trans-
lation. Future research into POC-based biosensors should aim
to establish an experimental standard where electrochemical
detection is performed in situ using clinically relevant samples
without applying experimental steps that could not be easily
repeated by an untrained and lightly trained operator (i.e.,
rinse/incubation, preconcentration, and sample pretreatment).
There exists an abundance of literature and reports on

antifouling platforms for electrochemical biosensing; however,
regardless of the strategy implemented, there has been very
little widespread commercial success for the technology as a
whole. While commercially viable antifouling strategies do exist
throughout the literature, as several have been discussed here,

Figure 16. Diagram showing the two different reaction mechanisms
for glucose detection, via amperometric detection of the decrease in
O2 concentration associated with the oxidation of glucose using (A)
an anodic system and (B) a cathodic system. Reprinted with
permission from ref 171. Copyright 2014 Elsevier.

Table 3. Performance of Different Hydrogel Platforms for
the Detection of Glucose Including the Linear Range of
Detection (mM) and the LoD (μM) for Each Composite

hydrogel composite linear range (mM) LoD (μM) ref

PANi/PAA a−1.1 60 171
PANi/Pt nps 0.01−8 0.7 170
PVA/Fe3O4 nps 0.05−2 8 165
PVA/Au nps/CNTs 0.5−8 200 166
chitosan/Au nps 0.05−2.4 2.7 172
chitosan/ferrocene/GO 0.02−6.78 7.6 164

aStudy reports a linear increase in current response with respect to
increasing concentration up to 1.1 mM but does not include the
lowest concentration tested within the range.
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it seems that no single antifouling platform has been able to
meet all of the demands required for the commercial
realization of a biosensing device. The flowchart shown in
Figure 17 highlights many of the requirements that must be
met in order to develop a commercially viable electrochemical
biosensing platform, and while some of these requirements
may vary with respect to the targeted application, we believe
that these are some of the most common and significant
hurdles to be met.
It is often true that while some technologies are successful in

accomplishing one or two of the demands here, the precise
mechanism which drives that success directly corresponds to
its failure in another aspect of the device. As a hypothetical
example, the achievement of increasingly low limits of
detection in biological samples (Figure 17, performance)
often requires highly complex electrode structures with
ultrahigh surface areas; however, these complex electrode
structures are extremely difficult to commercially manufacture
having high material/manufacture costs and the various quality
control checks at each stage of production, which are often
required for attaining 6 sigma and/or ISO9000 standards
(Figure 17, Manufacture). Antifouling coatings also suffer from
commercial potential trade-offs, where many coatings provide
good biofouling resistance but simultaneously cause electrode
passivation at the high densities required for antiadhesion of
biomolecules. In addition, commercial biosensing surfaces/
electrodes developed should be compatible with user-friendly
systems such as hand-held potentiostats (i.e., those used for
glucose monitoring) or even the highly innovative mobile
phone compatible potentiostats recently developed by
Dropsens.
Consequently, we must propose the question: Can one

coating meet all of the demands for commercial development?
It is crucial that research within the electrochemical biosensing
field pivot direction to focus on answering this question with
regard to commercialization. Much of the current research
within the field is oriented around the development of
increasingly complex sensor platforms for ultralow limits of
detection and while attaining these detection limits often
captures the attention of academics and journal publishers; this

hyperlimiting focus is ultimately to the detriment of the field
with respect to commercial development of the technology.
Many potentially viable analytes and biomarkers can be found
at reasonably high concentrations (e.g., 0.1−100 uM) in bodily
fluids, rendering the excess sensitivity of highly complex
electrode platforms unnecessary. In most cases, the problem of
electrochemical sensing in bodily fluids lies in the interference
of the signal, either through excessive and unpredictable levels
of “noise” or inconsistent interactions of nontarget molecules
with the analyte and electrode surface, which disrupts electron
transfer processes and prevents the ability to reliably correlate
the electrochemical signal intensity to a specific analyte
concentration. Metaphorically speaking, the academic field
remains fixated on building a better high-performance sports
car, while the “real world” needs a more reliable and affordable
sedan to solve the problem of commercial electrochemical-
based biosensing.
Better sensor platforms are therefore still required in order

to combat future crises that may be similar to the pandemic we
face currently. There is a dire need for biosensors that can
provide chemical information on biological samples on
demand, with little to no intervention from the device
operator. Therefore, when developing antifouling strategies
for biosensors, it is not only necessary to develop the platform
but it must be evaluated in clinically relevant biological
samples. It is crucial we emphasize that future investigations
should challenge biosensor designs in order to gain a deeper
and more thorough understanding of the underlying
mechanisms behind how different antifouling strategies work
and which strategies may be commercially feasible for POC
based detection applications.
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■ ABBREVIATIONS
BSA, bovine serum albumin; CNT, carbon nanotube; CV,
cyclic voltammetry; Cz, clonazepam; DPV, differential pulse
voltammetry; GO, graphene oxide; GOx, glucose oxidase; IgG,
immunoglobulin G; LoD, limit of detection; LUB, lubricin;
npg, nanoporous gold; PBS, phosphate buffered saline; PEG,
poly(ethylene glycol); POC, point of care; SAM, self-
assembled monolayer; SNM, silica nanochannel membrane;
SWV, square wave voltammetry; Zw, zwitterionic
Vocabulary
Point of Care Diagnostics, biosensing platforms used for rapid
analysis of biological samples taken directly from the subject
(results are obtained and interpreted on-site by the device
user); Electrochemical Detection, involves the sole use of
electrochemical methods to detect and/or quantify specific
target analytes within a sample; Nanoengineered Electrode,
any fabricated electrode platform with a nanomorphology or
nanostructured surface composition (i.e., typically, metal or
carbon-based); Antifouling, indicates a platform which imple-
ments any strategy which serves to reduce access to or
adhesion of nonspecific molecules to the sensor surface in
order to maintain the electrochemical capabilities of the
surface in complex media; Commercialization (Commercial
Potential, Commercial Applications), translation of a research
prototype into a device that can be fabricated and used
commercially (this concept is frequently discussed throughout
the work with regard to the various biosensor platforms
presented throughout the literature; it is used to challenge
and/or evaluate the potential for a given device design in terms
of its viability for widespread manufacture, user operation, and
electrochemical/antifouling performance with aim toward
satisfying a real application within the biomedical or other
related field)
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(96) Ruiz-Valdepeňas Montiel, V. C.; Sempionatto, J. R.; Esteban-
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