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Early detection and reliable diagnostics are keys to effectively design cancer therapies with better prog-
noses. The simultaneous detection of panels of biomarker proteins holds great promise as a general tool
for reliable cancer diagnostics. A major challenge in designing such a panel is to decide upon a coherent
group of biomarkers which have higher specificity for a given type of cancer. The second big challenge is
to develop test devices to measure these biomarkers quantitatively with high sensitivity and specificity,
such that there are no interferences from the complex serum or tissue matrices. Lastly, integrating all
these tests into a technology that does not require exclusive training to operate, and can be used at
point-of-care (POC) is another potential bottleneck in futuristic cancer diagnostics. In this article, we
review electrochemistry-based tools and technologies developed and/or used in our laboratories to
construct low-cost microfluidic protein arrays for the highly sensitive detection of a panel of cancer-
specific biomarkers with high specificity which at the same time has the potential to be translated into

www.rsc.org/analyst POC applications.

1. Introduction

The U.S. National Institutes of Health (NIH) defines bio-
markers as “molecules that can be objectively measured and
evaluated as indicators of normal or disease processes and
pharmacologic responses to therapeutics”." The levels of these
molecules are representative of changes occurring in the basic
cell regulatory functions and cellular physiology, such as cell
division or contact inhibition, and may vary from their normal
levels in cases of diseases and disorders.” Cancer is one of the
best examples of impaired cell functioning where cells lose
their basic regulation and become dysplastic and neoplastic.?
This condition has no immediate effects on the body and can
stay undetected until the late stages of the disease. Thus,
cancer is sometimes referred to as the ‘silent killer’. Therefore,
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early detection of neoplasia is the key to effectively treat
cancer.

Currently, most cancers are diagnosed by quantification of
the biomarkers, by the analysis of cellular packaging and mor-
phology in tissue biopsies, and by imaging such as mammo-
grams and colonoscopy.™” As biopsies are highly invasive and
may miss tumor tissue, while imaging is restricted to detect
only tumors, biomarker quantification is a preferred future
clinical diagnostics approach. Given the current scenario,
finding accurate and highly sensitive biomarkers is of utmost
importance that can enable us to detect cancers at the earliest
stages.” Currently, there are only 24 biomarkers approved by
the US Food and Drug Administration (FDA) associated with
different types of cancers (Table 1) that include proteins,
genetic hotspots, and most recently the glycans.® The
restricted number of approved biomarkers is attributed to the
high heterogeneity within cancer cells, even of the same
origin.” In addition, for several of these biomarkers the indi-
vidual prognostic and diagnostic value is critically low which
is the biggest challenge in developing highly efficient cancer
detection systems, e.g. prediction success is ~70% for PSA,
which is one of the better single biomarkers.® Therefore, vali-
dated protein biomarkers associated with cancer development
and progression must have excellent clinical specificity, which
is the ability of an assay to rule out a condition when it is
absent, and clinical sensitivity, which is the ability of an assay
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Table 1 US FDA-approved cancer biomarkers
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Biomarker Class Source Cancer Clinical use

Prostate

PSA (total) P Serum Prostate S, M

PSA (complex) P Serum Prostate S, M

PSA (free %) P Serum Prostate Benign hyperplasia vs. cancer diagnosis
Breast

HER2 P Serum Breast M

CA15-3 GP Serum Breast M

CA27-29 GP Serum Breast

OPR P Tumor Breast Selection of hormonal therapy
HER2/NEU P Tumor Breast Prognosis and selection of therapy
HER2/NEU DNA Tumor Breast Prognosis and selection of therapy
Bladder

FDP P Urine Bladder M

BTA P Urine Bladder M

HMW CEA and mucin P Urine Bladder M

NMP P Urine Bladder S, M

Chromosome 3, 7, 9p21, 17 DNA Urine Bladder S, M

Testicular

o-Fetoprotein GP Serum Testicular St

HCG-f GP Serum Testicular St

Colon

CEA P Serum Colon M

EGFR P Colon Colon Selection of therapy

Others

CA19-9 C Serum Pancreatic M

CA125 GP Serum Ovarian M

Thyroglobulin P Serum Thyroid M

KIT P Tumor GIST Diagnosis and selection of therapy

HMW: high molecular weight; P: protein; GP: glycoprotein; C: carbohydrate; S: screening; M: monitoring; St: staging; BTA: bladder tumor-
associated antigen; CA: cancer antigen; CEA: carcinoembryonic antigen; EGFR: epidermal growth factor receptor; FDP: fibrin degradation
protein; HCG: human chorionic gonadotropin; HER: human epidermal growth factor receptor; NMP: nuclear matrix protein; OPR: oestrogen and
progesterone receptor; PSA: prostate-specific antigen. Clinical reference limits: HE4 < 3.5 ug mL™'; CEA non-smoker < 3 ng mL™", smoker <
5ng mL™'; AFP < 6 ng mL~"; PSA upper limit <2 ng mL™" (<40 years); HER2 < 15 ng mL™".
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to detect the condition when it is present. High clinical speci-
ficity and sensitivity are important to avoid false positives and
false negatives, which is crucial to avoid misdiagnosis, and
they need to be high, preferably >90%.>'® During the vali-
dation step a low specificity of the selected biomarkers
impacts their advancement to the next stage.

Increasing the predictive value of a single biomarker is a
bottleneck for statistical and biochemical reasons particularly
when biomarkers lack specificity to a particular disease. For
example, PSA levels can be elevated in several benign prostate
diseases as well as in prostate cancer,'" introducing diagnostic
ambiguity. Therefore, the key to the successful detection of
cancers at early stages lies in the parallel measurements of
groups of biomarkers.”> Measurement of the levels of four to
ten biomarkers is likely to provide more statistically relevant
information of prognostics and a higher diagnostic value.
However, inclusion of a specific set of biomarkers in the panel
will be crucial.">" For example, levels of PSA in normal sub-
jects range between 0.5-2 ng mL™" and are 4-10 ng mL " for
cancer patients while for IL-6 normal levels are <7 pg mL™"
and for cancer patients they are up to 5 ng mL™'. Given this
situation, we need to develop approaches so that these bio-
markers can be placed together on a single detection assay.™*
The multiplexed assays must detect an analyte of the cancer
panel whose concentration significantly differs from the
others without affecting the detection accuracy of the other,
particularly cut-off values for distinguishing cancer from
healthy subjects. It is often useful to devise a global parameter
reflecting the combined values of all the proteins in the
panel, and define a diagnostic cut-off value based on this
measured value."”

Other critical factors that will drive the clinical applications
of biomarker panels include low cost, and easy to perform
automated assays. The reliable and accurate detection of
cancer biomarkers remains a limiting factor, and can be attrib-
uted to the insufficient sensitivity of many of the assays used.
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In addition, several of the current commercially available
immunoassay methods lack the needed dynamic range to
detect proteins of interest that are often expressed, as dis-
cussed above, at levels in the low pg mL™" range in serum, and
in some cases even below the detection limit.’® Therefore,
immunoassay design becomes crucial in such cases for obtain-
ing a balance between detection specificity and sensitivity. The
use of new recombinant antibodies for different cancer bio-
markers may allow for highly specific and sensitive detection
but still needs to be tested in multiplexed detection formats.

When packaging such complex multiplexed cancer immuno-
assays for point-of-care (POC) applications, on-chip reagent
storage, automation, low cost, accuracy, and achieving the
desired clinical selectivity and sensitivity are the other impor-
tant challenges, and must be addressed according to the Clini-
cal Laboratory Improvement Amendments of 1988 (CLIA)."
Commercially developed tests allow for minimizing these chal-
lenges by following strict norms and regulations set forth by
guiding authorities such as the FDA.

There are numerous commercial diagnostic tests for cancer
but most are dedicated to genetic testing while the rest are
microtitre plate-based immunoassays. These commercial
assays thus can only be performed in laboratory settings.
Recently, microfluidic-based devices have significantly
impacted in vitro diagnostics by enabling tests that can be
used at the POC. FDA has approved 23 companion diagnostic
(CDx) tests for cancer screening and staging but only three of
these are for detecting protein biomarkers. Ventana Medical
Systems, Inc. received approval for anaplastic lymphoma
kinase protein detection while Leica Biosystems and Dako
Denmark A/S have got their HER2 protein detection tools
approved. All these three CDx tools are mainly for immuno-
histochemical applications. Pandora CDx has developed a CD-
based centrifugal diagnostics system for the POC detection of
breast cancer. This test costs as low as $2 per person for com-
plete screening using molecular detection of protein and
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nucleic acid biomarkers. OPKO Health, Inc. has recently
launched microfluidic-based POC with fluorescence detection
for the PSA panel that includes total and free PSA with testo-
sterone. HalioDx has launched Immunoscore™ companion
diagnostics that pools in on-chip immunohistochemistry and
clinical scoring. There are several other tools that have been
under translational research and have tremendous potential to
be the components of future diagnostics platforms. We
discuss these modern tools for immunoassay development in
the next section of this review.

2. Tools for building immunoassays
2.1 Analytical consideration and tool designing

The detection limit and dynamic range of the devised test
along with their biomarker specificity and sensitivity are criti-
cal analytical considerations that must be addressed while
designing diagnostic tools.'® Several attempts have been made
to develop highly sensitive microplate-based tests that can be
performed quicker with wider dynamic ranges and high test
recoveries than conventional tests.'®2° However, these tools
are still in nascent stages of development and the time caveat
associated with the bulk-matrix testing will still be there.”" In
addition, volumes as large as 100 pL are required in standard
operational procedure.

Conversely, numerous attempts are being made to address
the bulk-matrix challenge by employing microfluidic tools.
Examples of such tools are fluidic-integrated microarrays**>*’
and microplate-based tools,>* bead-based fluidic systems and
fluidic nanoarrays.”® These tools are of low volume and moder-
ate sensitivity that mainly represents biomarker levels under
several clinical conditions including cancer. However, the
most significant drawback with these tools is the involvement
of a lithography process that makes them laborious to develop
and thus to mass produce.
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We have taken cognizance of these restrictions and have
addressed each of them specifically in our tools. Our tools
are based on electrochemical detection thus allowing lower
fg mL™" level sensitivity and broader ng-fg mL™" dynamic
ranges, which in our case suits the bioassay requirements, and
can be attributed to a better signal to noise ratio® obtained by
such type of systems. We have integrated fluidic components
thus addressing the diffusion limitedness and reducing the
sample volumes down to 2-5 pL. Assays on these platforms
can be performed quicker (~10-15 min) that makes these as
ideal candidates for POC applications.

2.2 Printed electrodes

Electrochemical tools address most of the CLIA recommen-
dations and can be packed into small, cheap devices that
could be designed for POC. The major challenges include
automation and meeting the immunoassay requirements for
sensitive and specific cancer diagnostics. The immunoassay
performance of amperometric immunoarrays is highly depen-
dent on the electrode properties as the signal response is gen-
erated near to the sensor-electrode surface. Strategies usually
involve attachment of antibodies to the sensors, which often
employ nanostructure-coated Electrode type,
material, dimensions, and surface properties are crucial com-
ponents that must be given detailed consideration prior to
designing the detection system.?® These electrode properties
are mainly governed by the method of electrode fabrication,
the choice of material used and design-related restrictions are
imposed by the chosen fabrication method. For example,
chemical vapor deposition (CVD)**?*° can deposit most of the
materials on a surface in desired patterns and shapes given an
appropriate mask is employed; other popular and equally
effective fabrication methods are photolithography,®®*"
screen-printing,***? stencil printing,** and inkjet printing.*>°

Some of these techniques such as CVD and photolitho-
graphy are more costly and time consuming than others, but may

surfaces.?’
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produce better quality electrodes.”” Screen printing technology
is widely used for the production of low-cost thin film elec-
tronics, especially for fabricating disposable electrodes used to
develop electrochemical immunoassays.*>* Shi et al demon-
strated the ultrasensitive detection of IL-6 and matrix metallo-
peptidase-9 (MMP-9) with the fabricated electrically heated
screen-printed carbon electrodes (SPEs).>> Our team has deve-
loped highly sensitive amperometric immunoassays for detect-
ing a series of oral and prostate cancer-specific protein
biomarkers by employing commercially available screen
printed Kanichi carbon arrays (Fig. 1A).">*"° These SPEs are
cheap due to the manufacturing procedures employed, e.g.
each array from Kanichi costs ~$5. In addition, these SPEs
allow further customization of the electrode surface with 5 nm
Au-glutathione (Au-GSH) nanoparticles to increase the surface
area and to provide attachment of a significantly higher
number of antibodies. Shi and colleagues further modified
their SPEs with graphene nanoribbons (GNRs) to immobilize
the captured antibodies and for amplifying electrochemical
signals.” They have achieved detection limits in the fg mL™"
range (100 fg mL ™" for IL-6 and 5 fg mL~" for MMP-6) by devel-
oping assays on polymer-nanocomposite deposited electrodes.
Our group obtained detection limits in the 5-40 fg mL ™" range
using the Kanichi arrays modified with 5 nm glutathione-
decorated gold nanoparticles (GSH-AuNPs)*® on a 0.3-0.5 nm
under-layer of cationic poly(diallyldimethylammonium) ions
(PDDA).*®

An alternative is to fabricate AuNP arrays by inkjet printing
(Fig. 1B) on flexible, heat resistant polyimide Kapton plastic
sheets to reduce the overall cost of the sensor to $0.2.°>*!
Au-NP ink was prepared with 4 nm dodecanethiol-protected
AuNPs in toluene and was printed in multiple copies with a
Dimatrix ink-jet printer. Printed electrode arrays were
annealed to create a continuous conducting layer followed by
insulating the leads with poly(amic) acid, a Kapton precursor,
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Fig. 1 Electrode arrays for electrochemical protein determinations: (A)
screen printed carbon electrode arrays (Kanichi Research Ltd); (B) in-
house inkjet-printed gold nanoparticle arrays. (C—E) three types of gold
arrays fabricated using the print/heat/peel methods: (C) single sensor
chip with on-chip reference and counter electrodes; (B) an 8-sensor
array; (C) a 32-sensor array with on chip reference and counter electro-
des. (F) a 30-microwell and (C) a 64-microwell patterned pyrolytic
graphite (PG) chip for electrochemiluminescence-based detection with
2 pL and 1.5 pL droplets of aqueous solution as shown, respectively.

and heating it to polymerize. Electrodes prepared with this
approach have reproducible surface areas with RSD < 3%.
These electrode arrays were used to develop immunoassays for
the detection of a panel of cancer biomarkers.>* This non-
contact inkjet printing to produce AuNP arrays demonstrated
an elegant, cheap and simple technique for the production of
electrochemical sensor arrays.*>*!

2.3 Chemically etched arrays

We also fabricated gold arrays by using a simple print-
heat-peel method, such that the electrodes are surrounded by
tiny hydrophobic nanowells. This approach transfers computer
generated patterns onto gold CD-Rs followed by selective
chemical etching.**** Instead of inkjet printing gold nano-
particles, we printed laser jet patterns of desired shaped and
sizes under computer control onto a glossy paper, and trans-
ferred them on to a gold CD-R via heat transfer. Later, the gold
around the transferred patterns was etched out to generate a
pattern of electrodes. These electrodes (Fig. 1C-E) were highly
reproducible with ~2% RSD and had a working area of
0.4 mm?, as measured electrochemically.

This is a cheap and rapid method for fabricating nL-volume
microwells for amperometry and electrochemiluminescence
(ECL)-based cancer detection. This fabrication approach can
create a desired number of microwells of preferred dimen-
sions. A layer of printed patterns of wells with a diameter of
0.8 mm and a thickness of 6-14 pm on a hydrophobic sheet
was transferred over the sensing surface via heat-transfer.
These hydrophobic microwells around the sensor elements
have nL-volumes, but can hold up to 1 pL drops of aqueous

This journal is © The Royal Society of Chemistry 2016
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reagents (Fig. 1F and G) due to the high contact angle exhibi-
ted by the well edge. These microwell gold arrays were tested
by detecting interleukin (IL)-6 in diluted serum with a detec-
tion limit of 10 fg mL™". We are currently extending this fabri-
cation technique to create 32-sensors arrays (Fig. 1E).

The microwell-patterning technique is quite general, and
we have adapted it to other substrates including PG chips for
automated multiplexed detection of four biomarker proteins.**
On a 30-well array (Fig. 1F), single-wall carbon nanotube
forests were grown in patterned microwell bottoms to facilitate
the development of a highly sensitive surface for ECL detec-
tion. A sensor chamber incorporating this chip was used to
perform fully automated, 30 minute electrochemical immuno-
assays to detect PSA, prostate-specific membrane antigen
(PSMA), IL-6, and platelet factor 4 (PF4) in undiluted serum
with detection limits of 10-100 fg mL™".** The automated
system for reagent addition was controlled by a microprocessor
as described in a later section. A 64-microwell PG detection
chip (Fig. 1G) was adopted for the detection of DNA damage
caused by reactive metabolites.*’

These low cost, simple sensor fabrication approaches hold
tremendous potential to help bring protein-based cancer
testing to POC. However, the challenges associated with the
protein diagnostics, such as non-specificity and poor signal-to-
noise ratio (SNR), need to be addressed to achieve highly sensi-
tive protein detection. In the next section we discuss potential
strategies to overcome these restrictions.

2.4 Nano/microparticles for signal enhancement

Significantly increasing the number of biorecognition
elements on the sensors is crucial for sensitively detecting
protein-based cancer biomarkers. In order to achieve high
Signal-to-noise ratios (SNR), multiple labels can be used for
enhancing the assay-specific signal by many fold. Both these
aims can be accomplished by conjugating the target antibody/
label with nano/microparticles. Each of these particles can
accommodate a huge number of biomolecules, which is
significantly higher than the area of the corresponding flat
surface employed in typical immunoassay systems.>>”*® In
such applications, magnetic particles offer many advantages
over non-magnetic particles in terms of the ease of manipu-
lation for labelling, antibody attachment, and purification of
bead bioconjugates with inexpensive magnets.””*” Many
magnetic particles are commercially available with a range of
sizes and surface chemistry functionalities.*®

We have extensively explored 1 pm magnetic beads with
surface functionalities, such as tosyl, carboxylate, and biotin,
for the ultrasensitive detection of cancer biomarkers in micro-
fluidic immunoarrays. Practically, these magnetic particles can
be loaded with many thousands of antibodies and horseradish
peroxidase (HRP) labels. By using 1 pm magnetic beads having
up to 500 000 HRPs and 100 000 antibodies to capture analyte
proteins, we have achieved ultralow detection limits down to
the 5 fg mL™" (attomolar) level for the electrochemical detec-
tion of cancer biomarker proteins in serum.*’

This journal is © The Royal Society of Chemistry 2016
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We have also employed Ru-(bpy);>*, (RuBPY)-doped silica
nanoparticles (Ru-SiNPs) as labels for ECL-based immuno-
arrays. These ~100 nm diameter nanoparticles were prepared in
water-in-oil microemulsions in the presence of water soluble
RuBPY to give an estimated half-million RuBPY ions per par-
ticle.® The Ru-SiNPs were decorated with analyte-specific
detection antibodies, and were used to detect PSA, PSMA, PF4,
and IL6 by using an ECL-based detection method.** We have
obtained 10-100 fg mL™" detection limits for all the four bio-
markers with a 30 min assay time. To further automate the Ru-
SiNP-based detection method, we employed a PDMS-based
microfluidic system that has three 90 pL channels conformally
placed over a PG block encased in a PMMA holder. Each
channel was incorporated with an Ag/AgCl reference and a Pt
counter electrode running along the length of the channel
while PG served as the working electrode. We have achieved
zeptomolar detection limits for IL-6 and PSA.>">*

2.5 Microfluidic prototyping

2.5.1 Precision blade cutting. In addition to the develop-
ment of platforms, overall time, sample volume, and auto-
mation are other important factors to be addressed for POC
applications. In accordance with the CLIA regulations, inte-
gration of microfluidics with the analytical system is crucial
for reducing the overall immunoassay times and sample
volumes, and for introducing pump-less reagent delivery.
Designing microfluidic prototyping by lithography is a mature
area,” but lithography-based prototyping can be costly and
time consuming due to the requirement of mask designing
and master-mold development. New tools to enable faster
microfluidic prototyping are sought that are also easy to use
even for new entrants. Simple machined metal molds for pat-
terning soft polymers, such as polydimethylsiloxane (PDMS),
can also be employed for developing modular microfluidic
components.”® However, unlike soft lithography, achieving
sub-hundred micron resolution is a challenge. In addition,
machining a series of prototypic designs during device optim-
ization is laborious and time-consuming. We recently tested
the precision blade cutting of cheap 800 puM thick silicone
gaskets in desired patterns for the microfluidic prototyping of
an ECL-based array (ESI Fig. 11).>* This technique is very
simple, even for the inexperienced, and tools such as desktop
craft cutters (ESI Fig. 1at), are cheap with operation costs
ranging between only a few cents per prototype. However, cut
resolution is a trade-off in this method where the best resol-
utions do not exceed 800 um. However, this is sufficient resolu-
tion for many practical bioanalytical applications. There are
other more advanced precision cutting methods, such as
waterjet cutting, wire electrical discharge machining (EDM),
laser-mediated, plasma-based, and milling but they are costly
and require operational training. Milling and wire EDM allow
a precision cut with a 2.5 pm resolution. However, the major
restriction is that only fluidics can be created while other
device components need to be assembled separately. These
restrictions can be addressed with 3D printing methods that
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in principle can print complete devices including fluidic
components.”?

2.5.2 3D printing. 3D printing, or additive manufacturing,
provides revolutionary new opportunities for bioanalysis and
biotechnology.®® High resolution desktop 3D printers are
cheap (currently €2000-4500) and enable a one-step rapid pro-
totyping of complete 3D structures, whereas popular conven-
tional techniques like lithography require numerous steps to
design, visualize and optimize a 3D object.”” Several research-
ers have employed either 3D printed parts as molds for micro-
fluidic designs or have printed complete microfluidic devices.
We recently employed an inexpensive desktop fused filament
fabrication (FFF) 3D printer Makerbot Replicator 2X to develop
a nanoparticle (NP) synthesizer as well as a simple micro-
fluidic sensor to detect hydrogen peroxide.>® These devices were
designed to have smooth bottom surfaces with semi-trans-
parent channels to visualize colored solutions. We made NP-
synthesis devices with poly(ethyleneterephthalate) (PET) having
a Y-shaped mixing channel leading to a serpentine channel to
facilitate mixing to make Prussian blue nanoparticles (PBNPs).
These PBNPs were then deposited onto gold sensor electrodes
for the amperometric detection of hydrogen peroxide (H,O,)
inside another 3D printed microfluidic device having threaded
electrode fittings equipped with working, reference, counter
electrodes. We achieved detection limits of 100 nM with good
linear responses for 0.1 to 20 pM peroxide. These 3D printed
fluidic devices were reproducible with channel widths as small
as ~250 um and were reusable (ESI Fig. 2t). This entire 3D
printed device has a manufacturing cost of ~€0.5.

Filament-based 3D prints were not transparent and can be
used only for microfluidic prototyping of non-optical appli-
cations. Recently, we started using a commercial desktop SLA

Analyst

printer Form1+ 3D printer (Formlabs) and a methacrylate-
based clear resin. These prints were optically clear and can be
used for ECL light detection. With these tools at our disposal,
our aim is to develop automated, multiplexed, and high-sensi-
tivity immunoassays for the simultaneous detection of virtually
any small panel of cancer biomarker proteins.

3. Automation for multiplexed
biomarker detection
3.1 Automated electrochemical detection system

Low cost automation is the key to realize routine clinical or
POC biomarker panel-based cancer diagnostics in the future.
This will require integration and co-ordination of micropumps,
mixers, and valves with the reagent storage and delivery, and
sensor arrays. Use of the integrated microfluidic systems facili-
tates automation and decreases the overall assay time.

We have integrated these features into a partly automated
modular microfluidic device featuring a capture and a detec-
tion chamber made from PDMS encased in polymethyl-
methacrylate plastic (Fig. 2). The sensor array was arranged in
the detection chamber such that the sensing surface lies
within the microfluidic channel hosting a platinum (Pt) wire
as the counter electrode and a silver/silver chloride (Ag/AgCl)
wire as the reference electrode. (Fig. 2C). Initially, we tested
this semi-automatic detection device with the prepared anti-
body and enzyme-label reagents out of the device ‘off-line
capture’.’” Later, we included capture and detection steps
in the microfluidic chambers.*® Off-line capture was used
to measure protein biomarkers including IL-6, IL-8, vesicular
endothelial growth factor (VEGF), and VEGF-C for the
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Fig. 2

(A) lllustrated representations of the modular microfluidic system used for amperometric immunoassays. The device has a capture chamber

(B) for capturing analytes on magnetic beads and washing upstream of a detection chamber (C) for housing the Ab,;-decorated sensor array. ‘D’
depicts the current v/s time response curve for various concentrations of IL-6, while ‘E’ shows the immunoassay parameters as a concentration of
IL-6-specific current-response (Reprinted from ref. 30, Copyright 2014, with permission from Elsevier.
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clinical diagnosis of oral cancer'® at ultra-low detection limits
(5-50 fg mL™") in 50 min duration. Results of these immunoassays
were strongly correlated with standard ELISA measurements of
the same patient samples.*® We were also able to trade sensi-
tivity for shorter assay times to decrease the total assay dur-
ation to ~8 min.*' Using an on-line capture system, we
performed all the immunoassay steps in a microfluidic chip
(Fig. 2B) for a multiplexed detection of IL6, IL-1p, tumor necro-
sis factor (TNF) a, and C-reactive protein (CRP) associated with
oral cancer mucositis, a serious therapy side effect.

We detected these proteins at detection limits as low as
10-40 fg mL™" in 30 min assays with a good correlation to
ELISA detection.®® For a four protein multiplexed assay, the
total cost of the assay reagents and the sample for our micro-
fluidic system is ~$6 while to set-up the whole instrumenta-
tion the total cost ranges between €8000 and €25 000. The total
cost is much lower than the cheapest automated multiplexed
immunoassay instruments, providing a low-cost alternative
that could be set up in virtually any biomedical laboratory.

3.2 Automated ECL system

3.2.1 Electronic reagent delivery. We addressed auto-
mation of sample and reagent delivery for Ru-SiNP-based ECL
detection. We integrated precision cut silicon microfluidic
channels (ESI Fig. 1f) sandwiched between PMMA cover
panels with a programmed on-board Arduino microcontroller
for sample and reagent delivery (Fig. 3).** This microcontrol-
ler-programmed micropump system has six pumps mounted
on a printed circuit board along with six potentiometers to
adjust the flow rates for reagent delivery. The controller main-
tains an initial flow rate of 155 uL min~' and then enables
pump switching to either deliver the sample and reagents or
stop the flow for incubations. We used this integrated system
to simultaneously detect four prostate cancer biomarkers in
30 min with a good dynamic range and low fg mL™" detection
limits. We tested this system with patient samples and found
good correlations with the ELISA assays for each biomarker
separately. The systems is very easy to setup and is reusable,
and can be adapted to more proteins as required. In addition,
the overall cost is less than $500 not including the CCD
camera for ECL measurements.

While such integrated systems hold tremendous commer-
cial viability, difficulties are associated with building and
housing these components into a single automated machine
for POC. We are currently exploring 3D printing to develop a
more fully integrated assay device for automated sample/
reagent delivery and detection.

3.2.2 Gravity-driven reagent delivery. Our first venture into
3D-printed devices was a gravity-operated reservoir module
developed using a Fused Deposition Modeling (FDM) desktop
3D printer MakerBot Replicator 2X and polylactic acid polymer
(PLA).>® Sample and reagent reservoirs, with a capacity of
~150 pL, are integrated with the main array (Fig. 4). These
reservoirs (sample, wash, and Ru-SiNP reagents) facilitate the
complete immunoassay using gravity flow. We also replaced
the potentiostat with a small inexpensive supercapacitor that
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Fig. 3 (A) Microprocessor-controlled automated microfluidic immuno-

array featuring a 30 microwell SWCNT modified detection array fed with
sample/immunoreagents from a reagent cassette (red) using inexpensive
micropumps. The entire assay takes 36 min. Immunoassay steps
(B) are automated and controlled by a microprocessor. C-D shows
ECL immunoassay results for four cancer biomarkers, viz. IL-6, PF4,
PSMA, PSA, at specific analyte concentrations. E-H are immunoassay
calibration curves for IL-6, PF4, PSA, and PSMA. Adapted from ref. 36,
Copyright 2015. American Chemical Society.

helped to package the detection system in a housing measur-
ing a few cm?®.

This system was tested by detecting PSA, PSMA, and PF4 in
serum with detection limits of 300, 535, 420 fg mL ™", respecti-
vely. The overall fabrication cost for this immunoarray was
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approximately less than €30, including €10 for the supercapaci-
tor and €12 for the solar panel, ~€1 for 3D printed parts along
with a 4-sensor array, and ~€0.5 for immunoassay reagents.
For detection, the device used a CCD camera (€20 000) but for
a functional POC unit, it might be possible to use a much less
expensive camera.

4. Cancer detection at
POC - research update

Efforts have been made by other researchers to achieve com-
mercial grade POC detection systems. While there has been
good progress, lack of sensitivity is still an issue in most of the
published reports. The need for sensitivity is to ensure
effective correlation studies in panels of several biomarkers
where a slight change in one biomarker can lead to a signifi-
cant change in the Receiver Operator Characteristic (ROC)-
based analyses. Although, clinical reference values, as
described in Mayo clinic’s biomarker listings, are in the ng
mL ™" range for healthy subjects these can fluctuate in either
direction depending on the nature and state of cancer, treat-
ment, and recurrence. Tools that can only detect biomarkers
in the over-expression scenario will become obsolete. There-
fore, we devised tools that can be used to detect broader
dynamic ranges of biomarkers with higher sensitivity. A com-
parative research update has been summarized in Table 2.
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Table 2 Comparative summary of tools for cancer diagnosis
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Demirci and group have developed a simple and inexpen-
sive microchip ELISA-based detection module that can be
coupled with a portable detection system such as a cell phone
or a CCD camera.®® Their system has a simple microfluidic
design with a capillary reagent delivery system. Incubations
were performed without mixing. They employed this device for
quantification of HE4 protein, an ovarian cancer biomarker, in
urine. The specificity and sensitivity using either detection
module was 90% and 89.5%, respectively, for the single
protein. The CCD-coupled device also has similar receiver-
operator functions under the same analytical conditions.
Therefore, with further automation this device has good com-
mercial promise to be used at POC. However, lack of multiplex-
ing is currently a problem with this tool.

Hu et al. developed a portable lab-on-a-chip (LOC) micro-
fluidic device for the multiplexed detection of CEA, PSA, and
AFP using on-chip fluorescence.® This device was made up
of several serially connected specially-treated glass capil-
laries. They have coupled a homemade handheld analyzer
and an automatic pump with this capillary system. They
obtained detection limits in the range of 1-5 ng mL™" with
wide dynamic ranges for all the analyzed biomarkers in
serum. They claim that their new LOC device eliminates the
requirement of expensive micro-fabrication, and offers in-
expensive and disposable, but replaceable tube-type “micro-
channels” for multiplexed detection and can potentially be
used at POC.

Zhang and colleagues developed a simple, power-free
microfluidic system incorporated with a place-and-play PDMS
pump and nano-ELISA for the simple detection of CEA and
CYFRA21-1 as model cancer biomarkers in microliter volumes
of whole blood. This system was used to automatically extract
blood plasma from less than 3 pL of whole blood and to
perform a multiplex sample-to-answer assay (nano-ELISA tech-
nique) without the use of external power or extra components.
This device has a top layer of glass immobilized with antibody
strips, a middle PDMS layer having microfluidic channels, and
a bottom glass support layer. The chip has six independent
microchannels, and each is divided into three operational seg-
ments: a sedimentation area, a reaction area, and a pumping/
waste area. For analysis, each channel intakes approximately a
drop of whole blood loaded via a self-priming, degassing-
driven flow technique. The PDMS slab at the outlet pulls the
liquid further into the channel via a degassing mechanism.®
The sedimentation area is a trench like structure which is
deeper and wider than other areas to slow down the flow rate
and allows blood cells to sediment under gravity. All the
reagents including plasma, wash buffers, and detection anti-
body-gold-silver complex were pumped to the reaction site at
different times with the PDMS pump. They have achieved low
detection limits in the pg mL™' range with CEA at a concen-
tration of 50 pg mL™" and CYFRA21-1 at a concentration of
60 pg mL ™" in less than 60 min.®?

Kim et al. developed a microfluidic-integrated device for the
quantitative, reproducible, fast, and inexpensive multiplexed
detection of breast cancer biomarkers using immunohisto-
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chemistry. They have incorporated a fluidic control system
with this device for efficient reagent delivery.

They have employed this device at POC for detecting four
biomarkers, estrogen receptor (ER), human epidermal growth
factor receptor 2 (HER2), progesterone receptor (PR) and Ki-67
in breast cancer cells and human breast cancer tissues. They
have obtained a semi-quantitative analysis with this device by
comparing the results against Western blot. Also, they found a
strong agreement between their results and the conventional
whole-section analysis (lowest Kendall’s coefficient of con-
cordance, 0.90).%

Recently, Fu and colleagues have developed a microfluidic-
based system for POC detection of cancer by integrating com-
mercial no-wash, homogeneous AlphaLisa-based immuno-
assay technology. Their system enables a multiplexed detection
of up to eight samples, given one sample at a time with lower
detection limits of ~10 pg mL™". The total analysis time for all
the eight samples was 45 min. The major advantage of this
chip is that it allows the immunophenotyping of the cell
samples to examine cytokine secretion behavior.*

Sia and colleagues developed a smartphone accessory that
serves as an integrated system replicating mechanical, optical,
and electronic functions of a laboratory-based ELISA.** This
device is a plug-n-play type where power is obtained from a
smartphone/tablet. This device has pre-loaded reagents and
detection zones and was hosted in an injection-molded casing.
This assay uses a drop of whole blood to detect HIV and Syphi-
lis within 15 min. They have validated the results from this
device with gold-standard immunoassays for 96 subjects in
Rwanda. Given the ease of handling at POC this device can
also be employed for detecting cancer biomarkers and holds
commercial potential.

5. Outlook for the future

A realizable hope to decrease mortality from cancer and
improve the therapeutic outcome for patients may be offered
by earliest possible detection coupled with new targeted drug
delivery therapies featuring personalized biomarker-based
monitoring.”®*®® There are several commercially available
cancer diagnostics systems with moderate sensitivity, but
these can be used only in central lab facilities. Realizing the
current needs of early detection as well as timely diagnostics
during therapy, user-friendly tools and methods are required
that can easily be performed by minimally trained clinic
employees. Minimally invasive sampling for analysis is also
important for patient comfort. The next generation CDx and
POC development will be governed by the demands of target
users in resource-limiting settings. In addition to the manufac-
turing, stringent FDA and CLIA approvals pose major restric-
tions for the rapid development of diagnostics for POC.
Developments in biotechnology and biosensor technology
have significantly improved the outlook associated with the
biorecognition elements, immunoassay methods, and sensi-
tivity of the detection platforms. However, advancement and

Analyst, 2016, 141, 536-547 | 545



Critical Review

optimization on these fronts should not significantly raise the
overall cost in design and development. On the manufacturing
front, rapid prototyping of essential POC components, such as
valves, mixers, micropumps, and microfluidic chips, allows
minimizing such costs. In addition, the use of inexpensive
materials, small reagent volumes, and mass scale industrial
production will significantly bring down the total costs. There-
fore, integration of biological and engineering components
and achieving desired automation without drastically increas-
ing the manufacturing cost should lead to cost effective POC
devices in the future.

There are research groups dedicated toward developing pro-
ducts for POC applications, but a majority of their research is
never translated to the clinic. We must question why this is the
case if progress is to be made. Smart choices must be made in
selecting detection platforms and methods of detection for
CDx as this will influence integration with other components.
The ability to detect false positives vs. false negative,®” detec-
tion limits, and thorough clinical validation are also important
issues. Multiplexity will be essential to achieve the ultimate
goal of widespread protein-based cancer diagnostics because it
is now a fact that cancer can only be reliably diagnosed with
panels of several biomarkers. In order to address these issues,
researchers in academic settings must start thinking along the
lines of development in accordance with the guidelines of the
FDA and CLIA. This will increase the translational output of
their research in the form of commercial grade products.
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