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Abstract

Measuring panels of protein biomarkers offer a new personalized approach to early cancer
detection, disease monitoring and patients’ response to therapy. Multiplex electrochemical
methods are uniquely positioned to provide faster, more sensitive, point of care (POC) devices to
detect protein biomarkers for clinical diagnosis. Nanomaterials-based electrochemical methods
offer sensitivity needed for early cancer detection. This review discusses recent advances in
multiplex electrochemical immunosensors for cancer diagnostics and disease monitoring.
Different electrochemical strategies including enzyme-based immunoarrays, nanoparticle-based
immunoarrays and electrochemiluminescence methods are discussed. Many of these methods have
been integrated into microfluidic systems, but measurement of more than 2—4 protein markers in a
small single serum sample is still a challenge. For POC applications, a simple, low cost method is
required. Major challenges in multiplexed microfluidic immunoassays are reagent additions and
washing steps that require creative engineering solutions. 3-D printed microfluidics and paper-
based microfluidic devices are also explored.
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1 Introduction

Biomarkers for cancer are broadly defined as measurable or observable factors that can be
evaluated as indicators of normal biological processes, disease processes, or responses to a
therapeutic intervention [1-3]. Biomarkers can include physical symptoms, secreted
proteins, mutated DNAs and RNAs, cell death or proliferation, and serum concentrations of
small molecules such as glucose or cholesterol. This review focuses on protein biomarkers
that when present at elevated or depressed concentrations in serum, tissue, or saliva, can be
indicative of disease states. The development of low cost, reliable methods for
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simultaneously measuring panels of protein bio-markers is critically important for early
detection of cancer, disease monitoring and personalized cancer therapy [4-6]. Detection of
panels of protein markers can minimize false positives and negatives in cancer diagnoses
that can arise from measuring a single biomarker [3,5,6,7-12]. For example, PSA, an FDA
approved cancer biomarker for prostate cancer, when detected as a single biomarker has
positive predictive value ~70%. On the other hand, detecting 5 or more biomarkers for a
given cancer by liquid chromatography mass spectrometry (LC-MS) has provided >99%
reliable diagnostics [8, 10,13,14].

Another challenge is that many protein biomarkers are correlated to more than one form of
cancer or disease conditions. For example, PSA in blood is elevated in some benign prostate
diseases as well as prostate cancer [15]. Another biomarker protein, IL-6 is associated with
several different cancers, including head and neck squamous cell carcinoma (HNSCC) as
well as inflammation. 1L-6 mean serum levels in healthy individuals are typically <6 pg
mL~1, whereas in patients with HNSCC, the levels =20 pg mL™1 [16]. Serum IL-6 levels is
also elevated in, gastrointestinal, lung, renal, multiple myeloma, prostate and colorectal
cancers [16]. CEA, a biomarker protein most often correlated with colorectal cancer is also
found at elevated levels in patients with breast cancer, ovarian cancer, and lung cancer.
Health adults have mean CEA serum levels of 3-5 ng mL™1, although CEA serum levels of
10 ng mL~1 have been found in some benign diseases [17]. Thus, carefully selected panels
of protein biomarkers with known individual over-expressions for specific cancers are
needed for prediction success.

The broad range of clinically relevant concentrations for different biomarkers presents a
technical complication in the development of multiplexed electrochemical protein detection.
For example, PSA normal levels are typically 0.5 to 2 ng mL™1 and patients with early stage
prostate cancer have levels of 4 to 10 ng mL~1 whereas as mentioned above, normal 1L-6
mean serum levels are < 6 pg mL~1 compared to > 20 pg mL™1 in oral cancer patients. Thus,
a frequent challenge involves measuring some proteins biomarkers in a panel at low levels of
pg mL~1 and below, and others at higher levels, e.g. ng mL~1 and above.

Ideal immunosensor arrays for reliable point-of-care (POC) application should be simple,
cost effective, fast and capable of measuring the selected panel of proteins [6] (4-10) at
ultra-low and elevated levels in the same sample without interference from the thousands of
other non-analyte proteins in serum. Enzyme-linked immunosorbent assay (ELISA) [18],
has been the gold standard for clinical protein biomarker detection with limits of detection
(LOD) 1-3 pg mL™1 [6,15,16,19] for many proteins, but is limited by sample size, relatively
expensive test kits and equipment, significant assay time, difficulties in multiplexing, and so
is not directly applicable to point of care (POC) diagnostics.

Alternatively, microarrays consisting of analytical spots on a chip with each spot having a
selective capture agent for a specific biomarker are being developed. These arrays are
simple, highly selective, and allow multiplexed measurement of proteins at reasonable cost
[20-25]. The microarrays utilize ELISA strategies where the spots in the array may contain
primary antibodies or aptamers to capture the desired analyte proteins, and after washing
with detergents or casein to block non-specific binding, a labeled tracer antibody is added to
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bind to the analyte proteins (Fig. 1). The label provides an optical or electrical signal during
measurement. This approach is suitable to early cancer detection and monitoring since it has
the potential for relatively rapid high sensitivity determinations of limited panels of
biomarkers in serum with good accuracy and precision [6,21].

This review focuses on different strategies for multiplex electrochemical detection of protein
biomarkers, especially those applicable to POC for cancer detection and disease monitoring
(see Table 1 for protein biomarkers and correlated cancer types). We begin with a brief
overview of different multiplex electrochemical methods using enzyme labels or redox
probes followed by a section on multiplex immunoassays using nanoparticle labels.
Subsequent sections discuss multiplex immunosensors based on electrochemiluminescence,
and microfluidic based immunosensors including paper based analytical methods for
multiplex electrochemical detection of biomarker proteins.

2 Multiplex Electrochemical Immunosensor Arrays

Electrochemical approaches to POC devices offer the inherent ability to achieve high
sensitivity with relatively simple measurement systems and electronics. Heineman’ group
pioneered enzyme-linked electrochemical immunoassays for proteins [26]. They separated
binding of antigens to capture antibodies in space and time from detection [27,28]. Enzyme
label alkaline phosphatase produces electroactive products that are transported by a
chromatographic or fluidic system to the electrode detector. Inter- digitated electrodes gave
the highest sensitivities (pg mL™1 range). This group was among the first to integrate
microfluidics into electrochemical protein immunoassays [29].

Two major strategies are being pursued for multiplex electrochemical protein detection. A
barcode method where the secondary antibodies are attached to distinct nanoparticles with
different characteristics, e.g. different quantum dots, or dissolvable metals that can be
detected by stripping analysis. Alternatively, multi-electrode arrays are used in which each
electrode is immobilized with a different antibody. Most strategies for multiplex
electrochemical immunoassays have adapted the features of enzyme-linked immunosorbent
assay (ELISA) (Fig. 1). This approach relies on a sandwich immunoassay whereby primary
capture antibodies (Ab,) are attached to sensor elements. Sample is then introduced to the
sensor, and the analyte proteins are selectively captured on the antibodies. This is followed
by a washing to remove non-specifically bound constituents. Then a labeled secondary
antibody (Aby) is added, which binds selectively to the protein on the sensor (Fig. 1).
Nanostructured sensor surfaces with increased electrode surface area can provide 10-fold or
more antibody coverage compared to flat surfaces leading to improved sensitivity and
detection [22-25,30]. Recent advances in nanomaterials-assisted assays by our research
teams [31] and others [30,32-35] have improved multiplexed protein sensitivity up to 1000-
fold compared to commercial assays.

Electrochemical detection can be achieved by measuring electroactive enzyme reaction
products or by catalytic reduction of a substrate using an enzyme [23,36-38] like
horseradish peroxidase (HRP). Other amplified electrochemical detection strategies have
included nanoparticle labels on secondary antibodies that can be dissolved to yield
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detectable electroactive ions, nanoparticle labels that are used to catalyze subsequent metal
deposition, and substrates for enzyme labels that deposit polymer products on the sensor
(see Table 2 and 3) [22,23,26-28,39,40]. Detection methods include amperometry,
voltammetry, stripping analysis and impedance [41].

2.1 Immunosensor Arrays Based on Enzyme-labels and Redox Probes

Wau et al. demonstrated a low cost, two-analyte disposable immunosensor array for
simultaneous electrochemical determination of cancer antigens, CA 19-9 and CA 125 with a
limit of detection (LOD) of 0.2 and 0.4 U/ml, respectively [42].

This array was fabricated using cellulose acetate membrane to co-immobilize thionine as a
mediator and the two kinds of antigens on two screen printed carbon electrodes (SPCE)
followed by a competitive immunoreaction on HRP labelled antibodies captured on the
membrane which subsequently generated the electronic signal via catalytic reduction of
H,0, substrate. Serum sample results were in acceptable agreement with a reference
method. This group also used colloidal gold nanoparticles with bound horseradish
peroxidase (HRP)-labeled with various antibodies that were immobilized on 4 elements of a
SPCE with biopolymer/sol-gel to trap their corresponding target antigens from sample
solution.

Electrochemical signals decreased with antigen binding enabling simultaneous detection of
cancer antigens, CA153, CA 125, carbohydrate antigen 199, with LODs of 0.2-0.5 kU/L
and carcinoembryonic antigen, CEA, LOD of 0.1 ug/L, in clinical serum samples [43].

Tang et al. demonstrated a flow through multiplex immunoassay for CEA and AFP using
biofunctionalized magnetic graphene nanosheets (MGO) immunosensor platform and
(HRP)-thionine and HRP-ferrocene nano-gold hollow microspheres (GHS-Ab; and GHS-
Ab») tags to provide distinguishable signal [44]. The assay was based on the catalytic
reduction of H,05, at the various peak potentials in the presence of the corresponding
mediators. The flow-through detection cell was coupled to an external magnet control and
provided a wide linear range of 0.01-200 ng mL~1 for AFP and 0.01-80 ng mL~1 for CEA
and a LOD of 1 pg mL™1 for both analytes in serum samples. Clinical serum sample results
gave good correlation with an ECL reference method.

Wong et al. demonstrated an electrochemical immunosensor for oral cancer detection based
on multiplex detection of two salivary biomarkers: interleukin (IL)-8 MRNA and IL-8
protein [45]. The sensor was fabricated on a 16 element chip where each unit of the array
features sensor, counter, and reference electrodes. Biotin and fluorescein dual labeled hairpin
probe for IL-8 mRNA and biotinylated capture antibody for IL-8 were immobilized on
different sensors coated with streptavidin modified dendrimer nanoparticles on a conducting
polymer under layer. Target analytes were detected in a sandwich type sensor featuring HRP
conjugated anti-1L8 and anti-fluorescein-HRP. The LOD of salivary IL-8 mRNA were 3.9
fM and 7.4 pg mL~1 for IL-8 protein in saliva.

Wan et al. demonstrated a similar strategy consisting of a 16 channel SPCE with each
element containing a carbon working electrode, a carbon counter and a silver reference
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electrode, and used it for multiplex electrochemical detection of PSA and IL-8 cancer
protein biomarkers (Fig. 2) [46]. The capture antibodies were immobilized on different
electrochemically activated working electrode elements by EDC/NHS bioconjugation
chemistry. A sandwich type immunoassay was coupled to a multi-labeled nanoprobe
consisting of MWNT loaded with HRP and goat anti-rabbit 1gG (secondary antibody, Aby).
This method demonstrated a detection limit of 5 pg mL~1 for PSA and 8 pg mL~1 for
Interleukin 8 (IL-8).

Lai et al. demonstrated a multiplex immunoarray based on glucose oxidase loaded Au/
SWNT bioconjugate coupled to nanostructured disposable SPCE array [47]. The array
consisted of 2 working carbon electrodes sharing a carbon counter and Ag/AgCl reference
electrode. The sandwich immunoarray was fabricated by coating layer-by-layer colloidal
Prussian blue (PB), gold nanoparticles, and capture antibodies on screen-printed carbon
electrodes. The PB acts as a mediator in the catalytic reduction of H,O,. The immunoassay
gave LODs of 1.4 for CEA and 2.2 pg mL™1 for alpha feto-protein, AFP. Results in serum
samples were in good agreement with a reference method.

Wau et al. used an 8 element SPCE array coated with a redox mediator in a biopolymer film
in a flow cell electrochemical system to simultaneously detect carcinoembryonic antigen, a-
fetoprotein, p-human choriogonadotropin, and carcinoma antigen 125 as model cancer
biomarkers [48]. The protein analytes mixed with redox mediator and biopolymer were
immobilized on the electrode and used to capture corresponding HRP labeled antibodies in
competitive immunoreactions with target biomarker proteins in a sample. This multiplex
immunosensor approach had a throughput of 60 samples/h and provided LODs of 1.1 ug/L,
1.7 pg/L, 1.2 IU/L, and 1.7 kKIU/L in serum samples for carcinoembryonic antigen, a.-
fetoprotein, beta-human choriogonadotropin, and carcinoma antigen 125, respectively.

Wau et al. also reported a fast, simple, sensitive, low-cost method for multianalyte
immunosensing by combining electric field-driven incubation with a SPCE array [49].
Different HRP-labeled antibodies modified with gold nanoparticles in biopolymer/sol-gel
were immobilized on 4 different sensors of the array. A mixture of target ana-lytes was
added on each spot on the array and an electric field applied to shorten incubation to 2 min.
Responses from HRP catalyzed reduction of H,O, decreased with analyte concentration.
This enabled simultaneous detection of carbohydrate antigens 153, 125, and 199 and CEA in
less than 5 min, with LODs 0.06, 0.03, and 0.10 U mL~1 and 0.04 ng mL~1, respectively. Du
et al. used similar electrical driven incubation to shorten assay time, and demonstrated a
multiplexed electrochemical immunoassay for detection of phosphorylated p53 at Ser392
(phospho-p53392), Serl5 (phospho-p5315), Ser46 (phospho-p5346), and total p53
simultaneously [50]. A disposable 4-sensor array was coated with different capture
antibodies on each spot. The sandwich immunoassay was facilitated by coupling captured
target analytes with gold nanorods (AuNRs) carrying multiple HRP and detection antibodies
(Ab,). Reduction of HRP oxidized thionine in the presence of hydrogen peroxide provided
the response. This less than 5 min immunoassay simultaneously detected phospho-p53392,
phospho-p5315, phospho-p5346, and total p53 with LODs of 5-30 pM. Accuracy was
determined by good correlation with ELISA in serum samples.
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Liu et al. reported multiplexed immunoarray on a flexible polydimethylsiloxane (PDMS)
slice deposited with 8 x 8 nano-Au film electrodes for simultaneous detection of prostate
specific antigen (PSA), prostate specific membrane antigen (PSMA), and interleukin-6
(IL-6) [51]. Primary antibodies linked with magnetic beads (Ab;-MBs) were magnetically
collected on the nano-Au film electrodes. Upon binding the corresponding antigens, gold
nanorods conjugated with HRP, detection antibodies were bound, and the H,0, reduction
signal generated. LODS were PSA (0.1 ng mL™1), IL-6 (5 pg mL™1), and PSMA (0.8 ng
mL=1) in serum samples.

Chen et al. demonstrated a sandwich electrochemical immunosensor system for
simultaneous determination of the carcinoembryonic antigen (CEA) and alpha fetoprotein
(AFP) utilizing bio-functional carboxyl graphene nanosheets as immunosensor probes.
These probes were created by immobilizing toluidine blue and anti-CEA, for detection of
CEA antigen, and Prussian blue and anti-AFP, for detection of AFP antigen, respectively

(Fig. 3).

The mixed capture antibodies for both CEA and AFP were immobilized on Chitosan Au
nanoparticles coated on glassy carbon electrode (GCE). Linear range was 0.5-60 ng mL~1
for both CEA and AFP with LOD of 0.1 ng mL~1 for CEA and 0.05 ng mL~1 for AFP (S/N
= 3). Results for human serum sample gave good correlation with standard ELISA [52].

Lai et al. fabricated a multiplex immunosensor for electrochemical detection of CEA and
AFP using silica nanoparticles loaded with glucose oxidase labels [53]. Capture antibodies
were attached to 2 elements on a carbon screen printed electrode array modified with gold
nanoparticles assembled on carbon nanotubes-chitosan. The signal was generated via
mediated catalytic oxidation of glucose.

The immunoassay in the microwells gave LODs of 3.2 pg mL~1 for CEA and 4.0 pg mL™1
for AFP with good agreement for serum sample results with a reference method.

Xu et al. demonstrated a multiplexed sandwich immunosensor for the simultaneous
detection of three bio-markers using square wave voltammetry. The biosensor platform was
built on a GCE modified with ionic liquid reduced graphene oxide, IL-GO and
polystyrenesulfonate layer upon which a mixture of three capture antibodies specific to the
target biomarkers, AFP, CEA and PSA were immobilized. After addition of the target
biomarkers, electrochemical detection was archived using carbon gold nanocomposite
(CGN) bioconjugates containing the respective secondary antibodies and different redox
probes, thionine, 2,3-diaminophenazine (DAP) and Cd2* which gave discrete signals for the
three target biomarkers. This method gave LODs of 2.7 pg mL~1 for CEA, 4.8 pg mL™1 for
PSA and 3.1 pg mL~1 for AFP. Serum samples also gave good correlation with ELISA [54].

Jia et al. developed a label free multiplex electrochemical immunosensor for detection of
CEA and AFP utilizing indium tin oxide modified with graphene nanocomposites. Anti
CEA and Anti AFP capture antibodies were immobilized on separate units on the ITO
coated with rGO/thionine/AuNP and rGO/Prussian blue/AuNP respectively to generate
distinguishable signals. This immunosensor approach was based on the fact that due to the
formation of antibody-antigen immunocomplex, the decreased response currents of thionine
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and Prussian Blue were directly proportional to the concentrations of corresponding
antigens. This system showed a linear working range of 0.01-300 ng mL ™1 for both antigens
with LODs for CEA and AFP of 0.650 pg mL~1 and 0.885 pg mL ™1 respectively. Accuracy
was assessed by measurements of CEA and AFP in clinical patient samples that gave good
correlation with ELISA [55].

2.2 Nanoparticle-Labeled Immunosensor Arrays

Unique properties of nanoparticles including large surface-to-volume ratio enable higher
binding capacities in biomedical applications. Multiplex immunoassays based on
nanoparticle labels rely on either the barcode approach where detection antibodies (Ab) are
modified with different metal nanoparticles or nanocrystals that can be later dissolved and
the metal ions detected by anodic stripping voltammetry. Alternatively, multi-electrode
arrays with different antibodies can be coupled to secondary antibodies with metal
nanoparticles that are detected by linear sweep voltammetry without dissolution.
Nanoparticles can greatly enhance sensitivity. In a pioneering approach, Wang et al.
demonstrated an electrochemical immunoassay for simultaneous measurement of 4 proteins.
Individual secondary antibodies labeled with zinc sulfide, cadmium sulfide, copper sulfide
or lead sulfide quantum dots (Qdots) were used to detect four different proteins by sandwich
immunoassay (3 proteins shown in Fig. 4) [56]. A magnetic bead immunocomplex consisted
of the four Qdots, each attached to a specific antibody for a different protein. After antigen
binding, Qdots were dissolved in acid and the electroactive metals ions detected by stripping
voltammetry. This approach gives distinguishable stripping peak potentials for each target
protein similar to single analyte protein [57]. The 4 protein panel consisting of C-reactive
protein, 19G, bovine serum albumin and p2-microglobulin were simultaneously measured
with ultra-low LODs in the femtomole range.

Lai et al. demonstrated a sensitive immunosensor for multiplex electrochemical detection of
CEA and AFP protein biomarkers based on stripping of silver nanoparticles (AgNP).
Capture antibodies were attached on 2 separate sensors on a chitosan modified SPCE array.
Then, in a sandwich type assay, secondary antibody-functionalized AuNP were used to
induce silver deposition for enhanced sensitivity measured by anodic stripping analysis. This
method showed linear ranges of three orders of magnitude with LODs of 3.5 pg mL™1 for
CEA and 3.9 pg mL™1, for AFP [58]. This group also demonstrated a multiplexed
immunoassay with electrochemical stripping analysis of silver nanoparticles catalytically
deposited by gold nanoparticles and enzymatic reaction [59]. Using the same platform to
attach the capture antibodies the immunoreaction was coupled to ALP-Ab,/Au NPs that
catalyzed hydrolysis of 3-indoxyl phosphate producing an indoxyl intermediate to reduce
Ag*. Silver deposition was catalyzed by both ALP and AuNPs to amplified the signal.
Human and mouse 1gG as model analytes were simultaneously measured by stripping
voltammetry with LODs of 4.8 and 6.1 pg mL™1, respectively.

Wang et al. demonstrated a multiplex sandwich immnosensor based on poly-I-lysine (PLL)
nanotag coupled with dual antibodies captured on magnetic beads for electrochemical
detection of AFP and CEA cancer biomarkers. The PLL was activated with Au nanoparticles
upon which metallic apoferritin, Cd-APO and Pb-APO, along with detection antibodies,
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Anti-AFP and Anti-CEA, were immobilized. Electrochemical stripping of the metallic
components produced distinguishable peaks at different potentials enabling simultaneous
detection of AFP and CEA biomarkers within solution. This approach gave a dynamic range
of 0.01-50 ng mL1 for both AFP and CEA with LODs of 4 pg mL1 and good correlation
of serum sample results with standard ELISA method [60].

Lai et al. reported a streptavidin-functionalized silver-nanoparticle-enriched carbon nanotube
(CNT/Ag NP) tag for ultrasensitive multiplexed measurements of tumor markers using a
SPCE immunosensor array [61]. Capture antibodies were covalently attached to different
chitosan-modified SPCE and coupled to CNT/AgNP tag in a sandwich assay to measure
AFP and CEA biomarker proteins (Fig. 5). High sensitivity electrochemical stripping signal
of Ag NP was achieved via numerous Ag NPs that are captured onto every single
immunoreaction and was further enhanced using silver enhancing solution. This multi-
analyte electrochemical detection approach gave a wide linear range over four orders of
magnitude with LODs down to 0.093 pg mL~1 for CEA and 0.061 pg mL~1 for AFP. Results
from serum samples gave good correlation with ELISA method.

Ma et al. used porous platinum nanoparticles hybrid (PtPNPs) with attached metal ion labels
for simultaneous detection of 2 cancer biomarkers, CEA and AFP in a sandwich type
immimosensor with the capture antibodies attached to lonic liquid reduced graphene oxide
(IL-rGO) modified glassy carbon electrode [62]. In this approach, 2 separate batches of
PtPNP were labeled with Cd2* and Cu2* and bioconjuated to Anti-CEA and Anti-AFP
respectively to provide distinguishable signals upon binding on the target proteins bound on
to the capture antibodies. The metal ions corresponding to the analytes were detected by
DPV without acid dissolution. This immunoassay gave linear range, 0.05 ng mL~1 to 200 ng
mL "1 for both CEA and AFP and with LOD of 0.002 ng mI~ for CEA and 0.050 ng mL1
for AFP, (S/N = 3). Serum sample results gave good correlation with ELISA. This group
also used Au-ionic liquid functionalized reduced graphene oxide nanocomposite (IL-rGO-
Au) coated on GCE to develop a sandwich immunoarray for simultaneous detection of CEA
and AFM tumor markers [63]. Mixed primary antibodies were attached on the electrode and
target proteins captured. In sandwich immunoassay, mixed secondary antibody, Ab,
conjugates containing chitosan (CS) coated Prussian blue/Au nanoparticles (PB-CS-Au) and
cadmium hexacyanoferrate/Au nanoparticles (Cd-CS-Au) for the 2 target proteins were used
to provide distinguishable signals. This method gave a LOD of 0.01 ng mL~1 for CEA and
0.006 ng mL~1 for AFP. Furthermore, serum sample results were in good agreement to
ELISA.

Zhao et al. demonstrated an ultrasensitive multiplexed immunoassay using streptavidin/
nanogold/carbon nanohorn (SA/Au/CNH) as a novel signal tag to induce silver enhancement
for signal amplification [64]. The sandwich immunosensor array was prepared on disposable
SPCE where the capture antibodies were immobilized on 2 separate electrode elements.
Upon binding of the specific cancer biomarker protein, antigens on the capture antibodies,
biotinylated antibody conjugates were added to allow for biotin-streptavidin affinity
reaction, involving SA/AU/CNH tag specially designed to induce silver deposition to
amplify the electrochemical stripping signals. This immunosensor gave a wide linear range
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with LODs of AFP (0.024 pg mL™1) and CEA (0.032 pg mL™1) with good correlation of
serum samples results with a reference method.

Wilson et al. developed an immunosensor array where pairs of iridium oxide electrodes were
used to covalently attach capture antibodies for two proteins detection [65]. A 2.5 mm gap
between the working electrodes eliminated cross talk enabling simultaneous electrochemical
immunoassay using alkaline phosphatase-labeled Ab, and detection of the electroactive
enzyme product hydroquinone.

Detection limits were ~1 ng mL™1 for cancer biomarkers carcinoembryonic antigen (CEA),
a-fetoprotein (AFP), goat 1gG, and mouse 1gG. Additionally, this concept was extended to
an 8-electrode immunosensor array for simultaneous electrochemical detection [66] of goat
IgG, mouse 1gG, human IgG, and chicken IgY with LODs of ~3 ng mL~1. The method was
validated vs. ELISA method using synthetic sera containing the 4 proteins. A chip-based
sensor consisting of an array of 8 iridium oxide sensing electrode was fabricated in to a 12-
well plate and used for simultaneous electrochemical detection of a panel of seven tumor
markers, [67] AFP, ferritin, CEA, hCG-B, CA 15-3, CA 125, and CA 19-9 with LODs<2 ng
mL~1 and excellent precision and accuracy (1.9-8.1% interassay CV). A different antigen
was immobilized on each electrode and used for electrochemical detection of specific
protein cancer biomarker in an enzyme-based competitive immunoassay.

3 Electrochemiluminescence (ECL) Methods

ECL is a method in which light is emitted from a high energy dye during a special
electrochemical reaction featuring a co-reactant [68,69]. ECL methods offer advantages
including low cost, ease of use, high sensitivity and selectivity, and the lack of need for
individual electrically addressed sensors. The detection of biomarkers can be done using an
immunochemical sandwich assay featuring a nanoparticle ECL tag. ECL tags vary but one
commonly used ECL label for multiplex ECL-based cancer biomarker protein detection is
(2,2’-bipyridyl) ruthenium (1) (RuBPY) doped silica nanoparticles modified with secondary
antibodies [25]. RuBPY emits a photon of light when a voltage is applied due to a complex
redox pathway with a suitable co-reactant such as tripropylamine (TPrA). This amplification
strategy provides a large ECL signal for a small concentration of antigen, which allows very
low LODs. Qdots can also serve as ECL tags. These nanoparticles emit light when excited
and the wavelength of the emitted light is dependent on the particle’s composition and size,
typically between 2—6 nm. The variation of emitted wavelength can be used to distinguish
one QD from another and thus can be used to multiplex an immunoarray by using different
sized QDs for different biomarkers. ECL signal capture is generally done using a charged
coupled device (CCD) camera or a photomultiplier tube (PMT). Commercially available
ECL systems for the detection of biomarkers are available [25] but there are issues for
clinical use such as sensitivity and high cost.

One strategy for a multiplexed ECL-based immunoarray was developed by Zhang et al. for
the simultaneous detection of CEA, PSA and AFP. They used carbon Qdots on silica
nanoparticles labeled with secondary antibodies as a detection bioconjugate [70]. A flow
injected sandwich assay was constructed on separate indium tin oxide glass arrays as the
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detection platform. The ECL signal was detected using a photomultiplier giving LODs for
CEA (6 pg mL™1), PSA (3 pg mL™1) and a-AFP (5 pg mL™1) in diluted serum samples.

Jiang’s group reported an ECL detection method that utilized screen-printed electrodes to
perform a multiplexed assay of CEA and CA199 [71]. The sensor was modified with AUNPSs
and the antigen bound to it by the electro-polymerization of the electrode with the biomarker
using the dopamine monomer. RuBPY silica nanoparticles modified with poly-L-lysine
(PLL) were used to attach gold nanoparticles. PLL served as a bridging agent for AUNPs as
well as a co-reactant for the RuBPY. ECL was detected by a PMT. LODs were 0.02 pg mL™1
for CEA and 0.01U/L for CA199. Patient’s serum sample results were in good agreement
with ELISA method.

Wau et al. demonstrated a multiplexed biosensor using a closed bipolar electrode (BPE) [72].
ITO electrodes were used with Au film modification on the cathodes. Thionine-doped silica
nanoparticles was used as the ECL tag for signal amplification and as a recognition probes
for mediating the ECL of Ru(bpy)3s2*/tripropylamine (TPA) on the anodes of BPE array. The
system used an antibody sandwich assay to detect AFP and PSA, and also as a DNA based
aptamer set up to detect ATP and thrombin. This system provided a linear detection region
of 70 pg mL™1 to 14 ng mL~ for AFP and 0.5 pg mL~1 to 100 ng mL~1 for PSA. Results of
PSA in human serum gave good correlation with a reference method, chemiluminescent
analyzer (Abbott i2000 system).

Guo et al. reported utilizing multicolor Qdots for multiplexed detection of cancer
biomarkers, [73] with emission A yax Values 525 nm and 625 nm. These Qdots were
decorated with AFP and CEA antibodies, respectively. This assay distinguished the signal of
one antigen from another based on wavelength of the ECL. The array used a GCE electrode
modified with graphene to increase electron transfer to the QDs. This assay was able to
detect both biomarkers at ultralow LODs of 0.4 fg mL™1 in serum. It uses a single well in
which the concentration of two analytes can be determined simultaneously by distinguishing
the wavelengths emitted.

Rusling’s group has worked extensively with RuBPY/ TPrA ECL reactions with using a
CCD camera for ECL signal detection. Earlier work described the fabrication of an ECL
device on a pyrolytic graphite chip, featuring carboxylic acid functionalized single walled
carbon nanotube forests constructed in the bottom of microwells (~ 10 pL) on the PG chip.
Capture antibodies were attached to the SWNTs and a RuBPY-silica nanoparticle decorated
with secondary antibodies was used for detection. This system detected PSA and IL-6
biomarkers simultaneously in 16 micro wells. Therefore, controls and multiple sample
replicates could be run simultaneously. LODS of 1 pg mL~1 and 0.25 pg mL™1 in diluted
calf serum were obtained for PSA and IL-6 respectively using this system [74].

4 Microfluidic Immunoarrays and Micro Paper Based Analytical Devices

For POC applications, overall assay time, sample volume, and automation are important
factors that need to be addressed. Integration of immunoassay systems with micro-fluidics
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can decrease the overall assay times, sample volumes, and for introducing pump-free reagent
delivery. Several groups have made significant progress towards this research area.

Tang et al. fabricated an electrochemical magnetically controlled microfluidic device
consisting of magnet core/ shell NiFe,04/SiO, nanoparticles for detection of 4 tumor
markers, CEA, AFP, CA125 and CA15-3 [75]. The microfluidic system is fabricated on
glass substrate consisting of 5 gold disk working electrodes modified with NiFe,04/SiO2
nanoparticle for enhanced sensitivity and an Ag/AgCl reference electrode. Capture
antibodies are immobilized on the NiFe,04/SiO, nanoparticle to measure a specific tumor
marker using noncompetitive immunoassay. The detection principal is based on potential
shift before and after antibody-antigen interaction. Under optimal conditions, the multiplex
immunoassay enabled the simultaneous detection of 4 tumor markers with LODs of <0.5 g
mL~1.

Kellner et al. developed a fully automated microfluidic system for simultaneous
electrochemical detection of breast cancer biomarkers, CEA and CA15-3. This computer-
controlled system integrates reagent storage with electrochemical detection making it
simple, accurate and more efficient than manually operated microfluidic systems. They
compared the analytical performance of a manual microfluidic system to the fully housed
and automated system by simultaneous measurement of carcinoembryonic antigen (CEA)
and cancer antigen-15-3 (CA-15-3), in human serum. The fully automated system provided
enhanced accuracy, and reproducibility as indicated by a reduction of LOD for CEA and
CA15-3 detection when compared to the manual driven system. Results for CEA spiked
serum samples also gave excellent correlation with ELISA [76].

Hwang et al. demonstrated a proof of concept of an immunosensor array based on a
microfluidic biochip fabricated on glass substrate for simultaneous electrochemical detection
of MMP2 and MMP7 biomarkers for ovarian and colorectal cancers. The biochip is
integrated with a Au working electrode and a Pt counter/reference electrode within
photoresist channels etched on the glass substrate. The system relies on unlabeled peptides
specific to the 2 MMPs which are immobilized onto the sulfur activated Au working
electrodes and impedance of the system is then measured. Upon injection of MMP samples
in the system, the corresponding peptides are cleaved by enzyme hydrolysis and then the
impedance is measured again. The difference between the impedances before and after
injection of the MMPs can be directly correlated to the concentration of the MMPs present
in the sample. The overall assay time was reduced to approximately one hour and the system
yielded a detection range of 0.1-400 ng mL~1 for MMP2 and 0.001-100 ng mL™1 for
MMP7 [77].

Rusling et al. integrated a partly automated microfluidic system featuring a capture and a
detection channel made from PDMS encased in polymethylmethacrylate plastic. The 8-
sensor array was positioned in a PDMS microfluidic channel containing a platinum (Pt) wire
as the counter electrode and a silver/silver chloride (Ag/AgCl) wire reference electrode (Fig.
6). This semi-automatic detection device featured off-line capture of analytes by heavily-
HRP-labeled 1 pm superparamagnetic particle (MP)-antibody bioconjugates and capture
antibodies attached to an 8-electrode measuring chip modified with 5 nm AuNPs to enhance
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sensitivity. The immunosensor with 1.15 h assay time was used for simultaneous detection
of cancer biomarker proteins, PSA and interleukin-6 (IL-6) in serum with LODs of 0.23 pg
mL~1 and 0.30 pg mL~1 in diluted serum, respectively. Results also gave excellent
correlation with standard enzyme-linked immunosorbent assays (ELISA) for patient samples
[78]. In another microfluidic immunosensor, a SWNT modified 8 electrode array with
capture antibodies was coupled to a massively labeled bioconjugate and used for multiplexed
electrochemical detection of IL-6, IL-8, VEGF and VEGF-C in diluted serum samples with
ultra-low LODs of 5-50 fg mL~1 (see Fig. 6). The high sensitivity in this 50 min
immunosensor assays was achieved by using off-line protein capture by magnetic beads
carrying 400,000 enzyme labels and 120,000 antibodies [79]. The high enzyme/antibody
loading was realized via streptavi-din-biotin interactions. The accuracy of this approach was
assessed by good correlations with ELISA for protein determinations in conditioned cancer
cell media. A Normalized Mean concentration derived from the 4 protein levels in patient
serum samples (78 oral cancer and 49 controls) reveled high diagnostic utility giving clinical
sensitivity of 89 % and specificity of 98 % for cancer prediction. Recently, Rusling et al.
included a protein capture chamber into the above microfluidic immunoarray [80]. Target
proteins in serum are delivered to and captured on HRP-Ab,y-magnetic beads in a stirred
PDMS capture chamber controlled by an external magnet. Removal of the magnet and valve
switching enabled magnetic bead protein bioconjugates to flow into the 8 antibody-
decorated gold nanoparticle sensor array and were detected amperometrically. This 50 min
semi-automated microfluidic system allowed simultaneous detection of IL- 6 and I1L-8 with
ultralow LODs of 5 fg mL~1 and 7 fg mL~1 in serum respectively. Good correlation with
standard ELISA was demonstrated by measuring IL-6 and IL-8 in conditioned media from
oral cancer cell lines. Sensitivity could be traded for assay time demonstrated by
simultaneous electrochemical detection of IL-6 and IL-8 in serum with clinically relevant
LODs of 5 pg mL™1 in 8 min [90]. Rusling et al. further demonstrated an online capture
microfluidic system incorporating all immunoassay steps in a microfluidic chip for a
multiplexed detection of IL-1p, IL6, tumor necrosis factor (TNF) a, and C-reactive protein
(CRP) with detection limits as low as 10-40 fg mL~1 in 30 min assays with a good
correlation to ELISA [50].

This protein biomarker panel is associated with oral cancer mucositis, a serious therapy side
effect [82].

Rusling et al. have also combined earlier ECL based strategies to a microfluidic systems to
create an automated detection system and high throughput (Fig. 7). This system used flow
injection pumps controlled by a microprocessor [83]. This device used thirty printed
microwells on a pyrolytic graphite chip to detect four cancer bio-markers: PSA, PSMA,
PF-4 and IL-6. in 36 min. LODs were 10-100 fg mL~1 for the four biomarkers in serum.
Integrated systems hold tremendous commercial potential, however there are still challenges
associated with building and housing individual components into a single automated
machine for POC.

Vaidyanathan et al. demonstrated a microfluidic based multiplex immunosensor utilizing
alternating current electrohydrodynamics (ac-EHD) induced surface sheer force
(nanoshearing) to minimize NSB events and allow ultrasensitivity detection without the need
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for external pumps and valves [84]. The group showed that by utilizing this alternating
current field they can significantly enhance capture efficiency by increasing the target
protein collision rate with the sensor modified with capture antibodies. The tunable nature of
the shear forces allow preferential selection of strongly (specifically) bound proteins over
more weakly (nonspecifically) bound proteins on the sensor surfaces thus minimizing NSB.
A proof of concept for this approach was demonstrated by integrating long array of planar
asymmetric Au electrode pairs with 3 capture antibodies specific for Her2, PSA and IgG in a
3 channel microfluidic device. Spiked serum samples with target proteins and large excess of
non-analyte protein were injected in each channel, then a mixture of Ab,-HRP specific for
each protein was injected followed by naked eye detection or UV/Vis absorption after
addition of TMB substrate. This method allowed sensitive detection of multiple protein
biomarkers at concentrations as low as 100 fg mL~1 in human serum.

Emerging low cost 3D printing methods can in principle print complete devices including
fluidic components and may offer solutions to some of the problems with achieving POC
devices for protein-based cancer diagnostics [85]. Rusling et al. recently demonstrated a
simple, a low cost 3D—printed ECL-based immunoarray for multiplex detection a panel of 3
cancer biomarker proteins [86]. This device uses a supercapacitor as power supply that is
rechargeable with a low cost solar panel. This system demonstrated multiplex ECL detection
of PSA, PSMA and PF4 with LODs of 300, 535, 420 fg mL~1, in under 35 min. The
multiplexed array uses a simple gravity reagent delivery system and screen-printed
electrodes to achieve a low cost system using simple technology requiring little expertise to
run.

Paper-based system can reduce cost of analysis and eliminate external pumps, but often at
the expense of sensitivity. Yu et al. have demonstrated a quick, cheap microfluidic paper-
based analytical device (u-PAD), for simultaneous detection of PSA and CEA cancer
biomarker proteins [87]. The p-PAD is operated using a voltage tunable device powered by a
3V lithium battery with a PMT for ECL detection. The p-PAD was constructed with wax to
insulate and create reservoirs. Screen printed carbon sensors were used with a Ag/AgCl
auxiliary electrode. The sensors were modified via layer-by-layer assembly of chitosan and
AuNP-modified graphene. CEA capture antibodies were attached to one working electrode
and PSA antibodies to the other.

Manual changing of the cathode clamp from one working electrode to the other allows for
nearly simultaneous detection of both proteins. The detection bioconjugate was a composite
of [4,4-(2,5-dimethoxy-1,4-phenylene)bi-s(ethyne-2,1-diyl) dibenzoic acid] (P-acid) and
nanoporous silver (NPS) with secondary antibodies attached via EDC/NHS crosslinking. P-
acid under goes a redox reaction with TPrA in solution to produce ECL at +1.0 V (vs. Ag/
AgCl). The LOD was 1.0 pg mL~1 for PSA and 0.8 pg mL~1 for CEA.

Micro-paper analytical devices, u-PAD offer advantages including low cost, ease of
operation, and ability to function without external pumps. A simple and sensitive 3D
microfluidic origami multiplex electrochemical immunodevice was developed using
nanoporous Ag-modified paper working electrode as a sensor platform and metal ion
functionalized nanoporous gold—chitosan as a tracer [88]. The nanoporous silver platform
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provided a larger effective surface to enhance conductivity and sensitivity. The LOD for
CEA and AFP tumor markers were 0.06 and 0.08 pg mL~1, respectively.

Li et al. demonstrated another paper based microfluidic system featuring cuboid silver
modified paper working electrode (CS-PWE) sensor platform and different metal ions-
coated nanoporous silver-chitosan (NSC) as labels [89]. The CS-PWE was fabricated
through a seed-mediated growth approach and used to attach capture antibodies. The tracer
metal ions in the sandwich assay gave distinguishable peaks and were detected directly
through square wave voltammetry without metal preconcentration. This approach gave a
LOD of 0.08 and 0.10 mU mL™* for CA125 and CA199 in human serum samples,
respectively.

Su et al. demonstrated a simple multiplexed paper-based system for rapid sequential
detection of two cancer biomarkers, CEA and AFP on living MCF-7 cancer cells using a
paper-based electrode array. In this sandwich immunosensor approach, capture antibodies
were bound to Au-paper working electrode (Au-PWE). Upon binding of the target
biomarkers, measurement of the two antigens at the cell surface was based on the use of
CdTe QDs and luminol groups doped AuPd nanostructures as ECL probes. H,O, was used
as co-reactant to generate the ECL signals under applied scanning potential. This strategy
demonstrated large detection ranges of 0.005-200 ng mL~ for both CEA and AFP
biomarkers [90].

Sun et al. developed a multiplexed system utilizing printed paper-based multi-electrode array
system. The paper based sandwich immunosensor array was modified by reduced graphene
oxide that incorporated ZnO nanorods to improve conductivity and binding sites for capture
antibodies on the electrode. The detection tags for the three target biomarkers features a
secondary antibodies, Ab, attached to reduced graphene oxide sheets containing BSA and
silver nanoparticles labels to provide a catalytic reduction of H,O, in solution. Further
amplification was achieved by binding silver particles to the signal tag after the sandwich
assay is constructed. This system gave LODs of 0.0007 mIU mL1, 0.35 pg mL~1 0.33 pg
mL~1 for hCG, PSA, and CEA biomarkers in serum samples respectively [91]. Results of
clinical samples also gave good correlation to referee method.

5 Conclusions

We have summarized above recent advances in multiplex electrochemical detection of
cancer biomarker proteins aimed at real diagnostic applications. Electrochemical detection is
based on enzyme or nanoparticle labels. Electrochemiluminescence immunoarrays using
ECL labels are also being pursued due to their advantages including low costs, ease of use
and high sensitivity and selectivity. Most strategies feature nanostructured electrode arrays
coupled to multi-labels bioconjugate to enhance sensitivity and detection limits. Low cost
microfluidic systems seem to be important for future success in these endeavors. In spite of
the current advances, multiplexing beyond 4 proteins for biomedical samples is still a
challenge. The integration of EC and ECL immunoassays into low cost microfluidic format
can create versatile platforms for fabrication of low-cost, reliable, portable devices for
clinical diagnostics, particularly for POC Full automation at low cost is a definite need, and
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is starting to be addressed by some researchers. The development and use of these systems
hold great potential for a future device that can enable fast clinical decision making leading
to reduced healthcare cost and patient stress. However, the related important issue of
validation of reliable panels for cancer diagnostics for each type of cancer also needs to be
addressed.
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Fig. 1.
Strategies for multiplex electrochemical detection of proteins using a multi-electrode array

with separate multiple microwells modified with different capture antibodies for different
target biomarker proteins in a sandwich type assay; (A) coupled to multi-nanoparticle labels
for enhanced sensitivity, (B) using multi-enzyme labels for enhanced sensitivity (C)
Electrochemiluminescence tag and (D) an alternative approach using a single electrode well
e.g. GCE or Magnetic beads with different nanocrystal labels or redox probes for
distinguishable electrochemical signals. Multi-electrode arrays can also be integrated to
microfluidic systems to reduce sample volume, automate the assay process and increase
throughput.
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Fig. 2.

ctrode pseudoreference electrode

Illustration of SPCE array with multiple elements for multiplex electrochemical detection of

proteins. The working electrode elements are modi

fied with different capture antibodies for

a sandwich type assay coupled to universal MWNT bioconjugates with multi-enzyme labels
for enhanced sensitivity. Adapted with permission from ref. [55]. Copyright 2011 Elsevier.
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Fig. 3.
Multiplex electrochemical detection using a single well glassy carbon electrode (GCE)

modified with a mixture of capture antibodies for different target biomarker proteins. (A)
preparation of biofunctional graphene tag containing 2 different redox probes, toluidine blue
and Prussian blue for distinguishable signals, and (B) multiplexed electrochemical
immunoassay protocol. Reprinted from ref. [61]. Copyright 2013 Elsevier.
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Fig. 4.

M?Jltiplex electrochemical detection based on Qdots for distinguishable signals. (A)
Different capture antibodies attached to a magnetic bead, followed by (B) binding of the
corresponding target antigens on the magnetic beads; (C) Binding of the Qdot-labeled
secondary antibodies to form a sandwich type assay (D) acid dissolution of Qdots and
subsequent electrochemical stripping detection. Adapted from ref. 65. Copyright 2004
American chemical society.

Electroanalysis. Author manuscript; available in PMC 2017 June 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Munge et al. Page 23

YlY
LYY LYY

vsg yim

-< anti-CEA CP( Biotin-anti-CEA 4 CEA © Ag NPs Y Streptavidin
= anti-:AFP =L Biotin-anti-AFP @ AFP G CNTs

Fig. 5.

Sc?wematic representation of sandwich type nanoparticle-based immunoarray fabricated on 2
separate microwells with different capture antibodies for different target biomarker
detection. Schematic shows preparation of multi-nanoparticles trace tag, and detection
strategy by linear-sweep stripping voltammetric analysis of AgNPs on the immunosensor
surface without acid dissolution. Adapted from reference 70. Copyright 2011 Wiley.

Electroanalysis. Author manuscript; available in PMC 2017 June 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Munge et al. Page 24

Ip(nA)

Reference =——»

‘%= Counter
Pt Counter Electrode
A Ag/AgCl Reference Electrode
Outlet
Inlet Microfluidic Channel /
Array working Electrode
sl VEGF el i se )=y = 12.326 + 1488810000 R= 0.99518
18- »] C . »{ D
26+
1 VEGF-C
S s 3 2 201
- S
54 164
04
54
" 200 400 €00 800 1000 1200 - 880 1000 1800 10 160 1000
t(s) tis) (6] (g mL™)
40—y = -16.782 + 17.218100(x) R= 0. 327 = 79883 + 13.4441000) R=0.99473 40y = .37.299 + 22.084l09(x) R= 0.
384 1 354
304 E ad F 304 G
2s - 284
’ B ™
e 2 18 2
184 124 154
104 8. 104
8 “ o4
180 1000 o % 1600 "% 1000
nL-8) (fg mL") [VEGF) (fg mL™) [VEGF.C] (fg mL")
Fig. 6.

Electrochemical proteins detected in serum by multi-electrode array integrated into
microfluidic system featuring a capture and a detection channel made from PDMS encased
in polymethylmethacrylate plastic (A). The electrochemical sensor array was positioned in a
PDMS microfluidic channel containing a platinum (Pt) wire as the counter electrode and a
silver/silver chloride (Ag/ AgCl) wire reference electrode. Amperometry signal was
generated upon incubation with Ab,-MB-HRP-analytes in the measurement chamber for 20
min, then injecting a mixture of H,O, and HQ: (B) duplicate responses in simultaneous
array measurements on a standard mixture of 10 fg mL™1 IL-6, 15 fg mL™1 IL-8, 25 fg mL™1
VEG, and 60 fg mL~1 VEGFC illustrating reproducibility, (C) responses to human VEGF in
mixtures of biomarker proteins (peaks for VEGF were extracted from four-protein
determinations and presented together), (D-G) corresponding Array calibration plots of
standard mixtures in calf serum for IL-6 (D), IL-8 (E), VEGF (F), VEGF-C (G). Standard
deviations correspond to 2 sensors each on three separate arrays (n = 6). Adapted from ref.
88. Copyright 2012 American Chemical Society.
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Fig. 7.

AStomated ECL Immunoarray: (A) microprocessor-controlled microfluidic immunoarray
featuring a 30 microwell SWCNT maodified detection array fed with sample/immunore-
agents from a reagent cassette (red) using inexpensive micro-pumps. (B) automated
immunoassay steps that are controlled by a microprocessor. ECL results (C-D) for a panel
of four cancer biomarkers, 1L-6, PF4, PSMA, PSA, at different target protein concentrations
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and E-H showing corresponding immunoassay calibration curves for IL-6, PF4, PSA, and
PSMA. Adapted from ref. 92. Copyright 2015 American Chemical Society.
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Table 1

Cancer biomarker proteins reported in this review and the most correlated cancer types.

1duosnuey Joyiny

Cancer biomarker protein Cancer Ref.
Prostate specific antigen (PSA) Prostate [45,46]
Prostate specific membrane anti- Prostate [47]
gen (PSMA)

Platelet factor 4 (PF-4) Prostate [48]
Interleukin-6 (IL-6) Oral cancers [16]
Interleukin-8 (IL-8) Oral cancers [49]

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Interleukin 1 beta (IL-1pB) Oral cancer mucositis ~ [50]

Carcinoembryonic antigen (CEA)  Colon [46]
a-Fetoprotein (AFP) Testicular [45]
Vascular endothelial growth Oral cancer [51]
factor (VEGF)

Cancer antigen 125 (CA 125) Ovarian [45,46]
Cancer antigen 19-9 (CA 19-9) Pancreatic [45,46]
Cancer antigen 15-3 (CA 15-3) Breast [45,46]
B-human Chriogonadotropin Testicular [46]
(hCG-B)

Tumor necrosis factor (TNF-a) Inflammation, several  [52]

cancers including
prostate, cervical

C-reactive protein (CRP) inflammation, lung [53]

cancer
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