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Abstract

Bioanalytical methods have experienced unprecedented growth in recent years, driven in large part
by the need for faster, more sensitive, more portable (“point of care”) systems to detect protein
biomarkers for clinical diagnosis. Electrochemical detection strategies, used in conjunction with
immunosensors, offer advantages, because they are fast, simple, and low cost. Recent
developments in electrochemical immunosensors have significantly improved the sensitivity
needed to detect low concentrations of biomarkers present in early stages of cancer. Moreover, the
coupling of electrochemical devices with nanomaterials, such as gold nanoparticles, carbon
nanotubes, magnetic particles, and quantum dots, offers multiplexing capability for simultaneous
measurements of multiple cancer biomarkers. This review will discuss recent advances in the
development of electrochemical immunosensors for the next-generation of cancer diagnostics,
with an emphasis on opportunities for further improvement in cancer diagnostics and treatment
monitoring. Details will be given for strategies to increase sensitivity through multi-label
amplification, coupled with high densities of capture molecules on sensor surfaces. Such sensors
are capable of detecting a wide range of protein quantities, from ng to fg (depending on the protein
biomarkers of interest), in a single sample.
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A biomarker is defined as “a characteristic that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic processes, or pharmacological
responses to a therapeutic intervention”.1 One important class of biomarkers includes
proteins that, when present at elevated or depressed concentrations in serum, tissue or saliva,
can be indicative of disease states. The development of reliable, cost effective, powerful
detection and monitoring strategies for cancer is particularly important, due to the disease’s
prevalence, high rates of recurrence, and potential lethality. To avoid false positives in
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cancer diagnosis that can arise from population variations in expression of a single
biomarker, simultaneous measurements of a panel of protein biomarkers are typically
required.2~4 These biomarker panels hold enormous potential for early cancer detection and
personalized therapy. >~/

This review focuses on the development of electrochemical detection strategies for cancer
protein biomarkers, including prostate specific antigen (PSA), prostate specific membrane
antigen (PSMA), platelet factor 4 (PF-4), interleukin 6 (IL-6), interleukin 8 (IL-8),
carcinoembryonic antigen (CEA), cancer antigens (e.g., CA-125, CA-199), c-reactive
protein (CRP), and alpha feto-protein (AFP). As an example, PSA is produced by the cells
of the prostate gland and is typically elevated in the presence of prostate cancer. The
threshold level in clinical screening is 4 ng mL™1, with normal PSA levels in healthy men
generally lower, and PSA levels in cancer patients usually found in a range from the
threshold up to 10 ng mL~1.8 Prostate specific membrane antigen (PSMA) is a cell surface
glycoprotein expressed by prostate epithelial cells and found at elevated levels in patients
with prostate cancer. Abnormal levels of PSMA are also associated with solid tumors such
as breast, lung, ovary, bladder, and intestinal tract cancers.®19 Interleukin-6 (IL-6) is a
multifunctional cytokine associated with several different cancers, including head and neck
squamous cell carcinoma (HNSCC). Mean serum IL-6 levels in healthy individuals are
typically less than 6 pg mL~1, whereas in patients with HNSCC, the levels are 20 pg mL™1
or greater.11 Serum IL-6 is also elevated in colorectal, gastrointestinal, and prostate cancers.
Carcinoembryonic antigen is a glycoprotein, most often associated with colorectal cancer,
but also found at elevated levels in patients with breast cancer, ovarian cancer, and lung
cancer. The normal levels of CEA in healthy adults are in the range 3-5 ng mL™1 although
these levels increase up to 10 ng mL™1 in some benign diseases.? The broad range of
clinically relevant concentrations for different biomarkers presents challenges for
multiplexed detection. At the same time, the large variations in biomarker levels among
healthy individuals suggest that accurate diagnosis will require measurement of a panel of
biomarkers, rather than a single test.

Today, most clinical protein biomarker detection is done using an enzyme-linked
immunosorbent assay (ELISA),13 but requirements for relatively expensive test kits and
bulky plate readers limit ELISA’s usefulness for point of care (POC) diagnostics. LC-MS-
based proteomics are gaining importance for biomarker discovery, but are currently too
expensive and technically complex for routine clinical diagnostics.14-15 Alternatively,
antibody-coated microarrays are being developed in 96 or 384 well plate format using
colorimetric detection methods (Quansys Biosciences, SABiosciences). These arrays are
simple, highly selective, and allow multiplexed measurement of proteins.16-19 At present,
there are several commercially available automated or semi-automated analyzers for
multiplexed protein measurements, employing fluorescence (Luminex, Myriad RBM),
electrochemiluminescence (ECL) (Roche Diagnostics, Mesoscale Discovery), or surface
plasmon resonance (Horiba Inc, BIO-RAD) measurement technologies. Assay kits are
available for measurement of up to 10 selected target proteins per sample with detection
limits (DL) of 1-100 pg mL~1 in serum.# These commercial instruments require specialized
consumables, including sample well plates, chips, and reagent kits 20 which are expensive
and, thus, limit their usefulness for point-of-care (POC) applications where resources are
limited. Fluorescence-based detection strategies typically require laser sources and precise
alignment of optical components, whereas electrochemical detection strategies offer robust,
quantitative measurements using low-cost, simple instrumentation.21-22

Devices for POC detection of protein biomarkers must be sensitive, robust, simple to
operate, and low cost. For successful clinical application, they must also be accurate for
normal as well as elevated levels of target protein concentrations, and be resistant to
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interference from non-targeted proteins. Such systems could enable rapid and inexpensive
cancer testing in decentralized and under-resourced settings. New technologies using
nanomaterials—such as magnetic particles, gold nanoparticles, quantum dots, and carbon
nanotubes--are being developed to increase the sensitivity of electrochemical detection of
cancer biomarkers.23 The low detection limits achievable by such methods could facilitate
early detection of cancer and offer greater diagnostic accuracy. This review focuses on
different strategies for electrochemical detection of protein biomarkers, especially those
applicable to POC testing for cancer. The review begins with a brief overview of different
electrochemical methods in use for immunosensor development. Then there are sections that
discuss immunosensors based on magnetic beads, the use of multi-enzyme labels, and
immunoassays using nanoparticles as labels. Next, the use of carbon nanotubes for improved
electrode performance is discussed in detail followed by sections on
electrochemiluminescence and recent advances in coupling electrochemical immunosensors
with microfluidics. The final section covers recent demonstrations of electrochemical
measurements by paper-based microfluidic devices. Although these devices have not yet
been employed for cancer biomarker detection, paper-based microfluidics show tremendous
promise for bringing down the cost per assay.

Electrochemical Methods

Various forms of voltammetry (linear sweep, differential pulse, squarewave, stripping), and
amperometry are the most widely used electrochemical methods for detection of protein
biomarkers. These methods work as follows: 1) a tracer antibody is labeled with an
electroactive species, such as an enzyme, metal nanoparticle, or quantum dot; 2) the tracer is
allowed to bind with analyte, possibly through an intermediate primary antibody, and thus
immobilized on an electrode surface; and 3) the concentration of the targeted biomarker is
quantified by applying a potential and measuring the resulting current at the electrode. In
essence, the applied potential drives a redox reaction of the labeled electroactive species and
provides a current signal that is proportional to the concentration of the antibody-bound
analytes. The various versions of voltammetry differ in the waveform of the applied voltage
and the phase of the waveform during which currents are measured. Stripping voltammetry
(SV) is a special case in which the electroactive species are ionic species, and is typically
used for the determination of trace amounts of metals in solution. The applied potential
necessary for oxidation (stripping) of the metal ion can be used to discriminate among
multiple metal species, allowing nearly simultaneous measurement of different analytes. For
biomarkers, this type of multiplexed measurement can be achieved by attaching different
metal or nanoparticle tags to the respective secondary antibodies.

Electrochemical detection strategies employing nanostructured surfaces, nanoparticle labels,
and magnetic beads offer new opportunities for highly sensitive protein detection.# 24-27
Most of the strategies discussed below employ the sandwich immunoassay approach, in
which the sensor surface is first functionalized with capture antibodies (Ab4) or aptamers to
capture the protein analyte of interest. After the introduction of the sample, and rinsing
steps, a tracer enzyme- or nanoparticle-labelled antibody (Ab,) is added to bind to the
captured analyte protein. The use of multiply-labelled antibodies or other amplification
strategies (e.g., enzyme labelled magnetic beads or gold nanoparticles) can enhance the
sensitivity of the detection. A summary of the assorted measurement strategies, the achieved
limits of detection, and the clinically important range for different biomarkers can be found
in Table 1.
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Magnetic Bead Based Immunoassays

The use of magnetic beads to develop diagnostic devices is gaining in popularity. For
example, magnetic beads have been used as substrates for the capture antibodies or for target
antigens in immunoassays and enzyme linked immunoassays.21: 26-32 Magnetic beads have
fast reaction kinetics compared to bulk-solid surfaces, high surface area per unit volume
(owing to their small diameter), and good stability.33-34 Moreover, the relative ease of
surface modification with functional groups, DNA, enzymes, or antibodies greatly
contributes to the utility of beads in development of sensitive, rapid electrochemical
immunoassay systems,3>-36

Fig. 1 shows a typical immunoassay scheme in which magnetic beads are used for solution-
based capture of analytes, and then drawn to the surface using an external magnet for
electrochemical detection. Zani et al. employed this scheme in 8-electrode, screen-printed
array format for the detection of PSA.37 PSA was captured on the magnetic beads, the
captured beads were bathed with AP-enzyme-labelled antibody, and measured using
differential pulse voltammetry, achieving a detection limit of 1.4 ng mL~1for the PSA.

Sarkar et al. reported electrochemical detection of free PSA (f-PSA) using magnetic beads
on a 3 electrode screen-printed sensor.38 They performed immunoassays on the magnetic
beads in a cuvette with horseradish peroxidase (HRP)-labelled secondary antibodies, then
transferred the beads to the sensor surface. Upon introduction of the hydrogen peroxide
substrate, Sarkar et al. used the amperometric response of the HRP labels to measure the
analyte concentrations on the beads, with a detection limit (DL) of < 0.1 ng mL™1 f-PSA.
Wang and co-workers reported an ultrasensitive sandwich immunoassay for
immunoglobulin G (1gG) that used anti-lgG-modified magnetic beads to capture 19G,
followed by the addition of polystyrene tags functionalized with DNA and anti-1gG.3° After
binding, the DNA was released from the tags in alkaline solution, dipurinized by acid, and
measured by stripping potentiometry of the free guanine nucleobases at the graphite
electrode, achieving a DL of 2 pg mL~1. Using a similar immunoassay protocol, Munge et
al. used square wave voltammetry, a substrate of 1-naphthyl-phosphate, and carbon
nanotube (CNT) tags conjugated with thousands of catalytic alkaline phosphatase (AP)
enzymes for signal amplification to achieve an ultralow detection of 67 aM of 1gG.40
Willner and Katz demonstrated another strategy employing magnetic beads to control the
bioelectrocatalytic processes that can be employed for developing immunosensors.22
Rotation of magnetic particles (MPs) by external magnetic fields, to increase
bioelectrocatalytic activity, is a common practice, and Willner and Katz studied the effect of
such rotation on the kinetics of electron transfer in two bioelectrocatalytic systems
(pyrroloquinoline-quinone-functionalized MPs that oxidize NADH, and ferrocene-
functionalized MPs that mediate the bioelectrocatalyzed oxidation of glucose in the presence
of glucose oxidase).*

Multienzyme Labelled Inmunoassays

Signal amplification for target protein detection can be achieved by loading greater numbers
of biomolecules or multienzymes onto nanoparticle probes. Magnetic beads, CNTSs, polymer
beads, and streptavidin-biotin complexes have been used for multienzyme labelling to
achieve signal amplification. A major factor affecting the sensitivity of the detection strategy
is the non specific binding (NSB) of bioconjugates (enzyme labelled-Ab,) that arises when
the bioconjugates bind to non-antigen sites on the sensor during immunoassay fabrication. In
NSB, the bioconjugates generate a signal, but it is not proportional to the analyte
concentration, which can raise the detection limit of the strategy and decrease the sensitivity
of the assay. NSB can be minimized by washing with bovine serum albumin or casein with a
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small quantity of detergent such as Tween-20 in the wash buffer in NSB blocking steps in
the assay. There is no universal blocking agent for NSB in any type of protein detection
system. To avoid NSB arising from a potential amplification strategy, a thorough
characterization of the amplifying formulation is needed. An NSB blocking protocol for any
specific assay is often a trial and error process. Wang et a/. reported the use of multi-enzyme
labelled CNTs for ultrasensitive detection of DNA and protein (IgG).21 Multiwall carbon
nanotubes (MWCNT) were coated with detection antibodies and thousands of alkaline
phosphatase enzymes, resulting in detection of proteins at the fM level. In subsequent work,
they used a layer-by-layer (LbL) approach in conjunction with square wave voltammetry to
achieve a DL of 67 aM for IgG in buffer.40 In the LBL method, MWCNTSs (which are
negatively charged) were coated with four alternating layers of poly(diallyl dimethyl
ammonium chloride) (PDDA)--which is cationic -- and alkaline phosphatase (AP) — which
is anionic. Finally these multiple layers were given a coating of PDDA, then poly(sodium 4-
styrenesulfonate) (PSS), and anti-1gG antibody. The LBL result was the bioconjugate
MWCNT-(PDDA/AP)4-PDDA-PSS-Ab, (Fig. 2e). To run the assay, magnetic beads that
had been coated with Abq were used to capture IgG, after which the MWCNT bioconjugates
were allowed to bind to the 1gG. The catalytic product of AP with 1-naphthyl phosphate was
detected using a CNT modified glassy carbon electrode. The LBL approach yielded a
tenfold increase in the detection limit for the target DNA. Careful attention is required when
MWCNTSs are used for bioconjugation during the separation of unbound biomolecules.
Usually, the mixture is centrifuged and supernatant (unbound biomolecules) is removed to
separate the conjugated MWCNTSs. Multiple washings of the bioconjugates are essential to
remove the unbound entities completely to avoid the free unbound biomolecules in the
bioconjugates dispersion which affect the sensitivity of detection strategy.

Rusling et al. fabricated a gold nanoparticle (AuNP) immunosensor by depositing a dense, 5
nm layer of glutathione-decorated AuNPs onto a 0.5 nm polycation layer, atop a pyrolitic
graphite surface.*3 A DL of 0.5 pg mL™1 for PSA was achieved using 1 wm magnetic-bead-
Ab,-HRP bioconjugates, coated with ~7500 HRPs per bead (Fig. 2f), and the PSA in patient
samples was successfully measured with good correlation to commercial ELISA results.
Immunosensor responses were measured by rotating disk amperometry, using H,O»
substrate to activate HRPFe!!! to a ferryloxyHRP species (HRPFe!V=0), and hydroquinone
(H,Q) as a mediator for the reduction of HRPFe!V=0 (Scheme 1) which resilted in a steady
state current proportional to protein concentration. Separation of the magnetic bead
bioconjugtaes from unbound Ab, and HRP is easy compared to other multi-enzyme
bioconjugates. A simple external magnet can be used to isolate the conjugated magnetic
beads from the suspension. Rusling ef a/. also reported an AUNP immunosensor, that used
Ab,-biotin-streptavidin-enzyme bioconjugates (Fig. 2c), instead of labelled magnetic beads,
to acheive a DL of 10 pg mL™1 for IL-6 in calf serum.*® The accuracy of this AuNP
immunosensor was demonstrated by determining IL-8 in conditioned growth media from
HNSCC cells, which gave good correlation to results from a commercial ELISA kit.44 In
another strategy, 0.5 wm multi-labelled polymeric beads (polybeads—HRP-Ab,) were used to
achieve a DL of 10 pg mL~1 for matrix metalloproteinase 3 (MMP-3) in calf serum.*’

An amplification strategy using thionine-doped magnetic gold nanospheres mutliply labelled
with HRP (Fig. 2i) has been reported, capable of detecting CEA at 5 pg mL~14% In this work
a sandwich immunoassay was built on an anti-CEA/protein-A/gold nanoparticle-modified
carbon fiber microelectrode and the electrochemical signal was developed by the reduction
of H,0, by HRP labels on the magnetic gold nanospheres. The same sandwich assay,
assembled directly on gold electrodes rather than carbon fiber electrodes, was used for the
detection of CEA with a DL of 10 pg mL~148 Ambrosi et a/. reported a magnetic
microbead-based immunoassay that used gold nanoparticles labelled with anti-human IgG,
HRP conjugated antibody to enhance the signal, and obtained a detection limit of 260 pg
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mL~2 for human 1gG.4° Carbon nanotubes have also been very successfully used as
substrates for multiple enzyme labels. Malhotra et a/. demonstrated an ultrasensitive
electrochemical immunosensor used to measure a broad concentration range of the oral
cancer biomarker IL-6 in a representative panel of HNSCC cells.5% The immunosensor used
a carbon nanotube forest electrode, together with MWCNT with multiple labelling (Fig. 4b).
When using MWCNTS decorated with Ab, and 106 (average) HRP labels per nanotube (Fig.
2d) a detection limit of 0.5 pg mL~1 was obtained, as compared with a DL of 30 pg mL™1
obtained when using streptavidin bound to biotinylated Ab, with 14-16 HRPs (Fig. 2c).
Wan et al. also used MWCNTSs multiply labelled with HRP and conjugated to secondary
antibodies.®! In conjunction with screen-printed carbon electrodes, they achieved
multiplexed detection of PSA with a DL of 5 pg mL™1 and I1L-6 with a DL of 8 pgmL ™1 in
buffer (Fig. 3c).

Nanoparticle Labelled Immunoassays

Nanoparticles exhibit physical or chemical properties that are different than the bulk form of
the same materials. Nanoparticles have larger surface area-to-volume ratios than
macroparticles, which confers a higher binding efficiency in biomedical applications.
Dequaire et al. first demonstrated the use of nanoparticles as direct labels in electrochemical
immunoassays.>2 After Ab,-nanoparticle bioconjugates bound to captured analytes, the
nanoparticles were dissolved in acid to produce a large number of electroactive metal ions.
The researchers obtained a DL of 3 pM for 1gG in buffer, using anodic stripping
voltammetry to measure the released gold ions. A strategy involving magnetic accumulation
of gold nanoparticles, and their use to catalyze precipitation of Ag to produce large
concentrations of electrochemically detectable metal ions, provided a DL of 0.5 ng mL™1 for
cardiac troponin 1.53 Liu er a/. demonstrated an electrochemical immunoassay for
simultaneous measurement of multiple proteins, involving multiple types of semiconductor
nanocrystal labels (Fig 3a).2* Anti-B,-microglobulin, anti-1gG, anti-bovine serum albumin,
and anti-C-reactive protein antibodies were labelled with zinc sulfide, cadmium sulfide, lead
sulfide and copper sulfide nanocrystals, respectively, then allowed to bind with their target
proteins on magnetic beads. The four species of metal ions, generated by dissolving the
nanocrystals in acid, were separately detected using stripping voltammetry to achieve fmol
detection limits. Wang reviewed different strategies for conjugating Ab,-nanoparticles or
Aby-polymer beads with electroactive labels, and releasing these labels for electrochemical
detection.®® Daniels et a/. reviewed immunosensors that use a label-free impedance method:;
this method usually requires additional amplification strategies to improve the sensitivity of
detection.>® Another interesting nanoparticle-based amplification strategy uses metal
nanoparticle labels to catalyze subsequent silver deposition, bridging a gap between
electrodes leading to a readily measurable change in conductivity.>’-58 Park er a/. used this
method with AuNPs functionalized with oligonucelotides, and gold electrodes
functionalized with the complementary target DNA sequence, obtaining a detection limit of
500 fM target DNA.5’

Carbon Nanotube Based Electrode Surfaces

Large surface area, high conductivity, and easy chemical modification are the highly
desirable properties of electrode surfaces for use in electrochemical immunosensors. Carbon
nanotubes are particularly well-suited for use in sensor surface modifications, due to their
high chemical and thermal stability, large surface area per volume and high conductivity.>?
The application of CNTSs to electronic and electrochemical detection of biomolecules is very
well reviewed, but we will briefly cover the most relevant developments here.69-62 In most
cases nanotubes need to be functionalized before use. Treatment with strong acids, such as
HNO3 and H,SO,4 imparts carboxyl groups, which can then be used for conjugation with
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biomolecules, such as proteins. Rusling’s group developed nanostructured electrodes
composed of densely packed films of upright single-wall carbon nanotube (SWCNT)
sections (forests) and used them for ultrasensitive detection of PSA.#2 The sensitivity of
detection was further enhanced by attaching the tracer antibody to carbon nanotubes with
multiple HRP labels giving a DL of 4 pg mL~1 for PSA spiked into undiluted calf serum. A
similar strategy was employed in a 4-electrode SWCNT forest array for simultaneous
detection of multiple protein biomarkers in patient serum samples: PSA, prostate specific
membrane antigen (PSMA), platelet factor 4 (PF-4), and 1L-6.53 The accuracy of the
immunoarray was confirmed by cross validation with the corresponding ELISAs. SWCNT
forests provided significant enhancement to the sensitivity of the immunosensor, due to a
10-15 fold greater number of capture antibodies immobilized on the sensor surface than on
a flat immunosensor.54 These results suggest that multiply-labelled detection probes used in
conjunction with electrode surfaces modified to yield a high capture density can result in
immunosensor assemblies capable of detecting a wide range of protein concentrations with
sub pg mL~1 sensitivity. A comparison of immunosensors under similar assay conditions
from Rusling’s group revealed that the AUNP modified platform yielded a three-fold better
detection limit than SWCNT-based immunosensors for the detection of IL-6 cancer
biomarker in calf serum employing Ab,-biotin-streptavidin-enzyme bioconjugates.*6

A novel amperometric immunosensor built on a glassy carbon electrode modified with
silver-MWCNT (Ag-MWCNT) composite (Fig. 4d) was developed to detect a.-1-
fetoprotein, an oncofetal glycoprotein biomarker found in several malignant diseases.®> A
chitosan—-MnO, protective film was added on top of the Ag-MWCNT composite to prevent
leaking of the composite from the electrode surface, and then gold nanoparticles were
electrodeposited on the electrode to immaobilize anti- a-1-fetoprotein. This immunosensing
setup was able to quantitate a.-1-fetoprotein with a detection limit of 0.08 ng mL™1. Gao et
al. developed an immunosensor for CEA using layer-by-layer assembly of positively
charged carbon nanotubes wrapped by PDDA and negatively charged poly(sodium-p-
styrene-sulfonate).56 Gold nanoclusters were then electrodeposited on the layered sensor
surface, resulting in a high surface area and a biocompatible environment for the
immobilization of capture antibodies. The immunosensor assembly could detect down to 60
pg mL~1 of CEA using cyclic voltammetry (CV).

Another approach employing composite membranes of phenoxiazine dye Azure | as a redox
mediator and MWCNT with AuNP adsorbed on the sensor surface, further improved the
sensitivity of the system, yielding a detection limit of 40 pg mL~1 CEA.®8 Finally, carbon
nanotube-array-based label free electrochemical detection systems are also being developed
in which the nanotube electrode tips are modified for biorecognition. Okuno et a/. fabricated
a label-free immunosensor using microelectrode arrays modified with SWCNT (Fig. 4e) for
the detection of total PSA (T-PSA) by differential pulse voltammetry.” The current signals
from the oxidation of tyrosine and tryptophan in the T-PSA bound to the antibodies
immobilized on the SWNT sensors gave a DL of 0.25 ng mL™1 for T-PSA.

Electrochemiluminescence-Based Immunoassays

Electrochemiluminescence (ECL) is a process in which light emission is initiated by a redox
reaction occurring at an electrode surface, and its use in analytical applications has grown
significantly in recent years. Several excellent reviews have reported on the mechanism,
advantages and applications of this highly sensitive and selective analytical method.89-71
Advantages include use of the applied potential for precise control of reaction kinetics,
compatibility with solution-phase and thin film formats, and the specificity arising from the
dual requirement of a chemical label and physical localization on an electrode for signal
generation. Protein measurement using ECL is typically done using particle-based
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immunoassays in which the ECL labels are tagged to nanoparticle bioconjugates, such as
silica nanoparticles or magnetic beads, which are immobilized on the sensor surface, and the
ECL signal, which is proportional to protein concentration, is measured by a charge-coupled
device (CCD) or a photomultiplier tube (PMT). The most frequently used ECL label is tris
(2,2"-bipyridyl) ruthenium(l1), ([Ru(bpy)3z]?*), which emits light when its oxidized form
reacts with a suitable reductant.{Debad, 2004 #66} Even though a number of small
molecules, ions”374 or enzymes’>~77 can be used as co-reactants, tripropylamine (TPrA)
provides the highest sensitivity and so is the most commonly used reductant for
[Ru(bpy)3]?* labels.”9-71 The ECL process in this system is initiated by oxidation of the
sacrificial reductant TPrA at 0.9V (using a saturated calomel electrode (SCE) reference),
and the resulting products then react in a complex pathway with [Ru(bpy)3]?* to yield
[Ru(bpy)3]¢*™ (Scheme 2). The [Ru(bpy)s]?*/TPrA system has been used to detect cancer
biomarkers, such as cancer antigen 125,78 adrenocorticotropic hormone,” PSA 80 P53
protein,8! alpha-fetoprotein (AFP),82 C-reactive protein,83-84 and others. ECL using 100 nm
[Ru(bpy)3]¢*-silica nanoparticle labels has been used for the detection of PSA in the serum
of cancer patients by employing single-wall carbon nanotube forest immunosensors.8° Bead-
based ECL immunoassays have been commercialized (e.g., Mesoscale Discovery), with
typical DLs of 1-10 pg mL~1 for most of the protein kits. However, commercial assay kits
and instruments are relatively expensive. Current research efforts are focused on higher
sensitivity, faster measurements, using small sample volumes at low cost.

Rusling’s group recently reported an SWCNT microwell array for highly sensitive two
analyte ECL detection on a 1 x 1 inch pyrolytic graphite chip (Fig. 5d).86 The ECL array
featured 10pL bottomless wells, patterned in a hydrophobic polymer. SWCNT forests are
fabricated on the graphite chip surface in the wells and attached with antibodies for capture
of analyte proteins. Silica nanoparticles containing [Ru(bpy)s]?* and antibodies (RuBPY-
silica-Ab,) were added to bind to the captured proteins and the emitted light was measured
with a CCD camera. The confinement of the analytical spots by hydrophobic wall barriers
enabled simultaneous measurement of PSA and IL6, with a DL of 1 pg mL1 for PSA and
0.25 pg mL™1 for IL6, and showed excellent correlation with single-protein ELISAs.

Walt’s group reported an optical fiber array employing polystyrene beads to detect multiple
antigens simultaneously using ECL.87 In this approach, antibody-coated beads were
combined with sample containing the analyte of interest and then biotinylated detection
antibody, which later captured streptavidin conjugated to [Ru(bpy)3]?*. The resulting
complexes were then collected into microwells of an electrode prepared from etched fiber
optic bundles coated with gold. The presence of analyte was determined by collecting the
ECL from the array with an EM-CCD camera connected to a microscope. The group
demonstrated the method using VEGF, IL-8 and TIMP-1 as model proteins. The
amplification of an ECL signal using various nanoparticles has also been demonstrated.23: 88

A recent study demonstrated an ECL-based immunoassay that employed CdTe Qdots as
ECL labels and dithiopersulfate as the coreactant. Using this system with ultra-thin,
nanoporous gold leaf electrodes, a detection limit of 10 pg mL~1 for CEA was achieved.’3
Jie et al. reported a highly sensitive immunosensor for CEA, using a hybrid Au-silica-CdSe-
CdS QD nanostructure that enhanced ECL intensity by 17-fold compared to pure QDs.88
The hybrid structure had a core of CdSe-CdS QDs covered with a dense monolayer of
AUNPs, which, in turn, were coated in silica shells (Fig. 5a). The ECL intensity decreased
with increasing CEA concentration, giving a DL of 64 fg mL™1 for CEA. The decrease in
ECL intensity was attributed to increased steric hindrance of the transfer of electrons and
K2S,0g after formation of the immunocomplex. Another high sensitivity ECL
immunosensor using quantum dots was reported by Lin et al., who employed LBL
modification of CNT and CdS quantum dots on a glassy carbon electrode for the detection
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of AFP.77 After the sensor surface was modified with AuNP and capture antibodies, an
immunocomplex was formed with bio-bar-coded (G-quadruplex DNA + hemin) AuNP
conjugated with Ab, (Fig. 5b). The researches attributed the resulting decrease in the QD
ECL intensity primarily to the consumption of ECL coreactant (O,) by the bio-bar-code,
which electrocatalyzes reduction of dissolved O, This yielded a DL of 1 fg mL~1 for AFP.
Another study used an ECL detection system based on luminal in the presence of glucose
and O, yielded a detection limit of 8 pg mL™1 for PSA (Fig. 5c). In that study, Xu et a/. used
a graphene-composite-modified electrode coated with primary antibody, and gold nanorods
multilabelled with glucose oxidase (GOx). The gold nanorods acted as carriers of enzymes
and Ab, but also catalyzed the ECL reaction of luminol, amplifying the signal and enabling
the low DL.

Microfluidic Immunoassays and Arrays

Microfluidics-based immunoassays offer various advantages over conventional methods,
because they require smaller quantities (often only nanoliters) of reagents and samples, can
speed up antibody-antigen interaction (due to high surface-area-to-volume ratios and smaller
length scales), and are adaptable to automated fluid handling (which can improve
reproducibility and throughput). Moreover, the basic materials used to fabricate microfluidic
devices can be inexpensive. These advantages make microfluidic devices promising tools
for POC assays of clinical biomarkers. The goals of microfluidics research for these
applications are to create sensitive, integrated, portable, clinical diagnostic tools that can
detect multiple biomarkers in minimal time and with minimal sample and reagent
requirements. Heineman’s group was among the first to integrate microfluidics with
electrochemical detection of proteins.30: 89-90 These systems used sandwich immunoassays
in which alkaline phosphatase enzyme labels produce electroactive products that are
transported by a fluidic system to an electrode for detection. In one study, his team
developed a magnetic bead based immunoassay in a glass microfluidic system that
incorporated surface mounted electrochemical sensors. Magnetic beads coated with sheep
anti-mouse 1gG were first captured on the sensor surface by applying a magnetic field, after
which the antigen, secondary antibody labelled with AP, and finally the enzyme substrate p-
aminophenyl phosphatase (PAPP) were injected sequentially. A detection limit 50 ng mL™1
of 1gG was achieved with a measurement time of less than twenty minutes.

Ko and co-workers fabricated a microfluidic device by sealing a poly(dimethyl siloxane)
(PDMS) top substrate, patterned with fluidic channels onto a poly(methyl methacrylate)
(PMMA) bottom substrate, patterned with gold electrodes. The device was used for
electrochemical biosensing of two model analytes: anti-ferritin antibodies and streptavidin.9
The electrode surface was modified with ferritin and biotin prior to the device assembly.
After the sample was loaded into the detection chamber and an electric potential applied, a
catalytic reaction of HRP labels on the straptavidin antibodies with 4-chloro-1-napthol
formed a precipitate on the sensing electrode, decreasing the effective surface area and
leading to a measurable electrochemical signal.

Tang et al. developed a microfluidic magnetic-bead based immunoassay for multiplexed
detection of four tumor markers, AFP, CEA, cancer antigen 125, and cancer antigen 15-3
(CA 15-3), in which switching and control of electrochemical signals was achieved with an
external magnet.% A detection limit of < 0.5 ug mL™1 was achieved for most of the analytes
by measuring the shift in potential associated with antigen-antibody interaction. A highly
sensitive sixteen sensor electrochemical chip was reported by Wei ef a/., in which individual
sensors were coated with a DNA dendrimer/conducting polymer (polypyrrole) film and
capture antibodies.% Oral cancer protein biomarkers IL-8 and IL-1pB, and an RNA marker,
IL-8 mMRNA, were measured in buffer with a DL of 100-200 fg mL1 for the proteins and 10
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aM for IL-8 mRNA. Somewhat higher DLs of 3.9 fM for IL-8 mRNA and 7 pg mL~1 for
IL-8 were obtained when the system was used with human saliva samples, but even with
these higher limits, oral cancer detection with 90% sensitivity and specificity was
achieved. 97

Recently, an integrated microfluidic device featuring a detection zone (incorporating the
electrode arrays) and a separate fluid storage section was used successfully for the
amperometric detection of biomarkers CEA, CA 15-3 and PSA in buffer.?8 The gold
electrodes in the detection zone were functionalized with monolayers of carboxylic-acid-
terminated dithiol and then coupled to monoclonal capture antibodies. In-house prepared
HRP-antibody conjugate was used to develop the electrochemical signal. Detection limits of
0.2 ng mL™1 for CEA, 5.2 U mL~1 for CA 15-3, and 2 ng mL~1 for PSA were obtained. The
device was tested for the detection of CEA in patient serum samples, without off-chip
sample preparation, and demonstrated a good correlation with ELISA. Rusling’s research
group recently reported a nanoparticle-based 8-electrode biosensor array coupled with a
simple microfluidic system (Fig 6a).9% This microfluidic immunoassay system featured an
AuNP-modified screen-printed carbon array inserted into a molded PDMS channel, enclosed
in a PMMA substrate and equipped with a pump and injector valve. Magnetic beads, linked
to secondary antibodies and to an estimated 200,000 HRP labels per bead, were used for off-
line protein capture from the serum samples. After capture of the protein analytes the beads
were washed, separated, and injected into the microfluidic device, where they were captured
by antibodies on the sensor chip. An amperometric signal corresponding to analyte
concentration was developed by injecting H,O, to activate the HRP. Multiplexed detection
of PSA and 1L-6 was achieved at sub pg mL™1 DLs with assay times of approximately 1 hr,
including the off-line magnetic bead capture. The same group also reported low-cost gold
sensor arrays made by patterning gold compact discs (CDs) to form microwells with
integrated sensor electrodes, and then used these arrays in a microfluidic device to detect
IL-6 in diluted serum.190 The sensors were functionalized with capture antibodies, and the
detection antibodies were attached via a biotin-streptavidin linkage to polymerized HRP
(polyHRP) for signal amplification. This approach achieved an excellent sensitivity with a
DL of 10 fg mL~1 (385 aM) for IL-6 in diluted serum without off-line capture or pre-
concentration.

Paper Based Microfluidic Sensors

Recently, paper-based microfluidic devices are gaining interest as alternatives to more
expensive glass and polymer based devices for point-of-care analysis. Paper-based sensors
have not yet been applied extensively to cancer protein biomarker detection, but there has
been some promising immunosensor development. In paper-based devices, the areas of
paper covered by photoresist or wax act as hydrophobic walls, confining fluid to the interior
hydrophilic regions. Fluid flow is driven by the open areas of paper filling through capillary
action, making these devices especially attractive for power-free applications.191 Dungchai
et al. reported the first electrochemical paper-based microfluidic device (Fig. 6b) and
successfully measured glucose, lactate, and uric acid in serum samples with good correlation
to traditional tests.%2 Microfluidic channels were defined on filter paper using
photolithography, and electrodes were fabricated using screen-printing. Whitesides’s
research group, which pioneered the development of microfluidic devices, has demonstrated
paper-based microfluidic immunosensors employing opticall02-103 and, more recently,
electrochemicall%4 detection. That group‘s Electrochemical Micro-Paper-based Analytical
Devices (ELPADs)194 are used in conjunction with a commercial hand-held glucometer for
quantitative analysis of glucose, cholesterol, and lactate in human plasma, and for ethanol in
aqueous solution (Fig. 6¢). ELPADSs contain microfluidic channels, graphite electrodes and
silver electrical contacts fabricated onto chromatography paper using a combination of wax
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printing, annealing and screen printing. The reagents needed for the assays are pre-loaded
into the detection zone of the EnLPADs and stored dry. For analysis, a dry ELPAD is
inserted into the glucometer, and a drop of the sample is added to the exposed end of the
EpPAD. After allowing the analyte solution to wick to the sensing region, the
electrochemical readout, arising from an enzyme-catalyzed reaction using ferrocyanide as an
electron-transfer mediator, is displayed on an LCD screen. The EnPADs show good
correlation with commercial test strips for the analysis of glucose in human plasma. This
method is promising for the development of sensors for cancer biomarkers.

Recent advances using ECL detection with paper based microfluidic sensors®3-9 also show
great promise for immunosensor development. Delaney ef a/. reported the first paper-based
ECL microfluidic device, for which they used inkjet printing of a hydrophobic sizing agent,
alkenyl ketene dimer, to define the microfluidic channels, and screen-printed electrodes
(SPE).93

The device used a conventional mobile phone with a built in camera to capture the ECL
image (Fig. 7). The hydrophilic portion of the paper substrate was pre-filled with
[Ru(bpy)3]2* solution, dried, and then fixed onto the SPE by lamination with transparent
plastic. During the measurement, light emission was captured by placing the lens of the
camera phone close to the sensor surface, with the pixel intensity proportional to the amount
of analytes. The sensor was used to detect two ECL coreactants 2-(dibutylamino)-ethanol)
(DBAE) and a bioanalyte, nicotinamide adenine dinucleotide (NADH) with a detection
limits of 0.9 uM and 72 M respectively. Ge et al. recently reported a 3D paper-based ECL
device in which eight carbon working electrodes (4 mm diameter) were screen printed on
one piece of paper (30 mm x 30 mm), and then stacked with a second piece of paper
containing screen-printed Ag/AgCl reference and carbon counter electrodes common to all
eight working electrodes (Fig. 6d).%4 Using a home-made device holder, the device was used
to detect AFP, CA125, CA199 and CEA biomarkers in human serum samples with good
correlation to a commercial, non-paper ECL method. These 3D paper devices can be used to
further develop simple, low cost, disposable EnPADs for POCs testing. The development of
EpPAD immunosensors might be particularly useful in developing countries, where
scientific equipment and trained personnel may be in short supply.

Summary and Outlook

Over the past decade, in parallel with remarkable progress in nanotechnology and
bioconjugation techniques, new strategies have been developed using nanoparticles and
nanostructured surfaces for electrochemical detection of cancer biomarker proteins. Low
cost, reliable, portable, multiplexed protein detection devices—especially those coupled
with microfluidics—may soon enable accurate detection of panels of cancer biomarkers in
blood, urine, sputum or saliva. To ensure high reproducibility in mass production, however,
bioconjugation processes must be carefully controlled; variations in the size, shape, or
composition of nanomaterials, or in bioconjugation efficiency during the preparation of tags,
could lead to significant variation in measurement results. New signal amplification
strategies will require proper attention to the nonspecific adsorption issues that usually
control detection limits in electrochemical immunoassays. Significant progress in signal
amplification has been made by using multi-enzyme labelling on metal nanoparticles,
magnetic beads, and carbon nanotubes allowing ultrasensitive detection of protein
biomarkers. CNTs with their exceptionally high surface area, high sensitivity and stability
have shown promising results as platforms for multiple labels, compared to metal NPs.
Advances in interfacing biomolecules with electrode surfaces and electrode surface
modification with CNTSs, together with these amplification strategies have led to
increasingly sensitive electrochemical immunosensors. A major challenge for
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electrochemical biomarker sensors is the reliable, simultaneous detection of multiple
biomarkers in complex biological samples. The integration of EC and ECL immunoassays
into a microfluidic format has created a strong platform for fabrication of devices for clinical
diagnostics, particularly for POC. The development and deployment of these systems could
ultimately lead to more rapid clinical decision making, and corresponding reductions in
patient stress and healthcare costs.
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VOCABULARY
Biomarker a biomolecule whose presence or level of expression is indicative of the
presence or severity of some disease state
I mmunoassay a way of measuring biomolecule concentration in biological liquids, such
as human serum, by means of antibody-antigen interaction
Amplification an increase in the magnitude or strength of signal, such as electric
current, or light intensity to reach a lower detection limit
Multiplexing in the context of this paper, detecting multiple biomarkers in a biological
liquid of interest to increase the confidence level of disease prediction
Electrode a conductive substrate on which the entire protein biomarker detection
scaffold is fabricated
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Fig. 1.

Scheme of the sandwich assay for protein biomarker detection using magnetic beads.
Antibody-modified magnetic beads capture the protein from sample solution, followed by
binding of a second enzyme-labelled antibody. Enzyme*s substrate is used to develop the
electrochemical signal. WE is the working electrode.

ACS Nano. Author manuscript; available in PMC 2013 August 28.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Chikkaveeraiah et al.

Page 19

a

Protein

Labeled secondary

antibody
Sensor surface
Blocking agent

Fig. 2.

Bioconjugates for signal amplification strategies in electrochemical immunosensors. After
the capture antibody is immobilized on the sensor surface, and the analyte protein is
captured, these bioconjugates bind with analyte in a sandwich immunoassay. An
electrochemical signal is generated using a substrate suitable for the electroactive species
(typically an enzyme) on the bioconjugate probe. (a) Abs-enzyme, (b)Aby-nanoparticle, (c)
Ab,-biotin-strepatavidin-enzyme, (d) Ab,-CNT-enzyme,*2 (e) CNT-(PDDA-AP),-PDDA-
PSS tag, 40 (f) multienzyme-Ab,-nanoparticle,3 (g) Aby-nanoparticle-Qdots, (h) Aby-MB-
multienzyme clusters,** (i) MB-AuNP-Ab,-multienzyme.*®
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Fig. 3.

Multiprotein detection protocols using multiple labels or multiple electrodes. (a) Magnetic
beads coated with differing primary antibodies are used to capture their corresponding
antigens. Then, secondary antibodies labelled with differing inorganic nanocrystal tracers
bind to the corresponding antigens. Following acid dissolution of the nanocrystals, the
resulting ions are detected by electrochemical stripping. Adapted with permission from
reference.>* (b) Magnetic beads labelled with multi-enzymes and Ab, were used to capture
specific analytes offline, and a sandwich immunoassay was performed on an 8-electrode
array modified with different antibodies. (c) Multiplexed immunoassay using an array of
screen printed carbon electrodes modified with different capture antibodies employing
universal MWCNT bioconjugates. Adapted with permission from reference.>!
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Fig. 4.
Different sensor surfaces for sandwich immunoassays, usable with electrochemical

detection. (a) Carbon fiber microelectrode, modified with AUNP and protein A to capture a
high density of primary antibodies. Adapted with permission from reference.*® (b) SWCNT
forest assembly developed on a pyrolytic graphite (PG) surface. Adapted with permission
from reference.0 (c) AuNP-modified pyrolytic graphite surface using layer-by-layer (LBL)
approach. Adapted with permission from reference.*3 (d) Glassy carbon electrode modified
with silver-MWCNT composite. Adapted with permission from reference.%° (e) SWCNT-

modified Pt substrate used for label-free detection. Adapted with permission from
reference.5”
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Fig. 5.

Different approaches for ECL immunosensors, with corresponding data and calibration
curves. (a) ECL immunosensor employing Au-silica-CdSe-CdS QD nanostructure for the
detection of CEA. Immunoassay developed on the sensor surface inhibits electron transfer
and decreases ECL intensity. Adapted with permission from reference.88 (b) ECL system
employing quenching of ECL upon immunocomplex formation. Adapted with permission
from reference.”’ (c) ECL immunosensor assembly employing GOXx label as a coreactant to
generate ECL. Adapted with permission from reference.”® (d) ECL immunosensor
developed on SWCNT-modified pyrolytic graphite electrodes using silica-Ru(bpy)s2*
particles. Adapted with permission from reference.86
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Fig. 6.

Microfluidic devices employed for electrochemical detection. (a) Microfluidic device
fabricated with PMMA and an 8 electrode array for simultaneous detection of biomarkers,
employing offline capture of protein analytes. Unpublished photo by B.V.Chikkaveeraiah.
(b) Paper-based microfluidic device for electrochemical detection. Adapted with permission
from reference.92 (c) Paper based device for ECL sensor. Adapted with permission from
reference.?3 (d) 3D paper based ECL device with screen printed carbon working electrodes.
The common Ag/AgCl reference and carbon counter electrodes are on another paper, and
interface by stacking. Adapted with permission from reference.%* RE- reference electrode,
CE- counter electrode, WE- working electrode.
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Concentration / mM

Paper-based microfluidic ECL sensor system. (a) Paper microfluidics produced in bulk
using an inkjet printer. (b) The hydrophilic portion of the paper is filled with a 10 mM
Ru(bpy)32* solution and then dried. (c) The paper substrate is then laminated onto the
screen-printed electrode using transparent plastic. A drop of sample is introduced through a
small aperture in the plastic at the base of the channel. Then, after the detection zone is fully
wetted, a potential of 1.25 V is applied, and the sensor is placed close to the lens of a camera
phone (d) to capture the resulting emission. () ECL images from the paper-based sensor for
various concentration of DBAE. (f) Calibration curve showing ECL response between 0.5
mM and 20 mM DBAE, using paper microfluidic ECL sensor. Adapted with permission

from reference.93
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Scheme 1.

Protein detection chemistry employing amperometry using HRP (PFe!'!) labels. Iron heme
enzyme (PFe!!") is oxidized to ferryl oxy species upon reaction with H,O, and then is
reduced by the mediator hydroquinone (H»Q), resulting in the formation of water and
quinone (Q). Quinone gets reduced at the electrode back to hydroquinone, giving rise to an
electrical signal.
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TPrA — TPIA** + e-
TPrA** — > TPrA* + H*
TPrA® +[Ru-(bpy):]** — [Ru-(bpy)s]" + products
[Ru-(bpy)s]* + TPrA®* —— [[Ru-(bpy)s]2*]* + products

[[Ru-(bpy)al**]°  —> [Ru-(bpy)s]* + hy (610 nm)

Scheme 2.

Pathway for ECL generation in Ru(bpy)3]2*/TPrA system. The ECL pathway involves
generation of ECL by reduction of [Ru(bpy)s]?* to [Ru(bpy)s]* mediated by direct oxidation
of TPrA on the sensor surface. Reproduced from reference.8°
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