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Cervical cancer (CC) is a major health care problem in low- and
middle-income countries, necessitating the development of low-
cost and easy-to-use assays for CC detection at point-of-care
(POC) settings. An integrated microfluidic electrochemical assay
for CC detection, named IMEAC, is presented that has the potential
for identifying CC circulating DNA in whole blood samples. The
IMEAC consists of two main modules: a plasma separator device
that isolates plasma from whole blood with high purity and
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An integrated microfluidic electrochemical assay
for cervical cancer detection at point-of-care

Fatemeh Keyvani,1* Nandini Debnath,* Mahmoud Ayman Saleh € ® and

without the need for any external forces connected to a graphene
oxide-based electrochemical biosensor that uses specific probe
molecules for the detection of CC circulating DNA molecules. We
fully characterize the performance of the individual modules and
show that the integrated assay can be utilized for target DNA
detection in whole blood samples, thus potentially transforming
CC detection and screening at remote locations.

Introduction

Cervical cancer (CC) is a global problem, standing as the
fourth most common cancer among women worldwide."Over
half a million women developed CC and over a quarter of
million women died from CC globally in 2018." The CC
burden is substantially higher in low- and middle-income
countries (LMIC), with nine in ten CC-associated deaths occur-
ring in LMIC.> CC, if detected early, is highly treatable. CC
screening and treatment at early stages cost less than $500
USD with 90% survivability, whereas treating invasive CC costs
about $5000 USD with only 15% survivability.>* Limited
access to complex laboratory equipment and professionals for
sample processing and analysis in LMIC considerably contrib-
utes to the higher CC burden in these regions.>*°

The etiological cause of CC is persistent infection with high-
risk strains of human papilloma virus (hr-HPV) where long-
lasting infection with hr-HPV16 and 18 contributes to most CC.”
The cancerous nature of hr-HPV16 and 18 is attributed to two of
its genes, E6 and E7 genes, encoding E6 and E7 oncoproteins.
Lasting infection with hr-HPV16 and 18 leads to the integration
of E6 and E7 genes into the host genome, leading to the pro-
gression of the cervical cells to cancerous lesions.® Current
common practices in developed countries are Pap smear, histo-
logical test performed by gynecologists to check cell abnormal-
ities, and polymerase chain reaction (PCR) test, looking at the
presence of hr-HPV in the cervical samples.”'® Pap smear tests
are not easily accessible in LMIC, and hr-HPV PCR tests cannot
predict the likelihood of developing CC.%*°
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Recent studies suggest that hr-HPV circulating DNA (cDNA)
is found in blood plasma and can act as a marker for CC
prognosis.” > In addition, hr-HPV cDNA levels in blood post-
treatment might indicate cancer recurrence.”” The hr-HPV
cDNA dissemination mechanism is not yet completely under-
stood' and it is suggested that dying cancer cells might shed
the hr-HPV cDNA into the bloodstream."”

The detection and analysis of cDNA in whole blood is an
appealing approach for non-invasive cancer diagnosis and
monitoring. Electrochemical-based assays for DNA detection
have already been demonstrated to be promising alternatives
for the conventional PCR test and clinical sample analysis.'®™®
These chip-based assays offer several advantages, including
rapid response, easy automation, high sensitivity, amenability
to multiplexed detection, capability of integration with sample
processing, and most importantly not-relying on costly labora-
tory instrumentation, enabling their usage in LMIC.
Electrochemical techniques have been employed for hr-HPV
DNA detection in cervical samples. A gold-coated carbon-
based screen printed genosensor was developed for the detec-
tion of hr-HPV18 in spiked cervical samples."® To recognize hr-
HPV18 DNA, a complementary single stranded DNA (cssDNA)
was used as the probe. In another work, modified screen-
printed carbon electrodes (SPCEs) with a peptide nucleic acid
capture probe were employed to detect amplified hr-HPV16
DNA in HPV16-positive cell culture samples.”® The previously
reported electrochemical biosensors measured the hr-HPV
DNA in cervical samples, and to the best of our knowledge, no
electrochemical assay has been yet developed to detect hr-HPV
¢DNA in extracted plasma samples.

The existence of a large number of red blood cells (RBCs)
and white blood cells (WBCs) in whole blood samples signifi-
cantly interferes with the biosensor performance and limits its
use in potential clinical applications.>® For the successful
detection of biomolecules from whole blood, it is very crucial
to separate plasma. On-chip sample preparation methods have
taken advantage of microfluidic devices containing networks
of tiny channels and chambers through which minute
amounts of reagents move. The unique advantages of micro-
fluidic systems which make them a superior candidate for por-
table POC diagnostic devices are the capability of measuring
from small volumes of fluidics and integrating with down-
stream analysis. Ideally, sample processing and target bio-
marker detection steps should be carried out using a single
miniaturized platform for the POC setting.

The recent advancement in microfluidics allows the per-
formance of plasma separation from whole blood without the
need for any external active forces.>* Passive plasma separation
devices have been already employed for various POC appli-
cations, such as blood glucose,*" nucleic acid,*® and different
biomarker detection.”** Several studies used the concept of
capillary self-driven flow in a microchannel for the separation
of plasma from the main blood stream.?>?**">° Parallel micro-
capillaries were integrated with plasma collection microchan-
nels and a filter membrane at the inlet to fabricate a plasma
separation device that can collect 12 pL of plasma from 100 uL
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of whole blood in less than 10 min.?>’ A few studies employed
the concept of combining capillary flow with sedimentation
for passive plasma filtration®* while others used anti-RBC
coating or vacuum pressure to withdraw plasma.”® An inte-
gration of a capillary flow driven microfluidic device for
plasma isolation and depletion of background blood cells with
downstream analysis, such as the electrochemical detection of
cDNA, has the potential to transform the current CC diagnosis
in LMIC locations into a POC setting.

Here we present an integrated microfluidic electrochemical
assay for CC diagnosis, named IMEAC, that can be automated
to detect hr-HPV16 cDNA from extracted plasma samples. Our
IMEAC combines two main modules to achieve hr-HPV cDNA
detection (Fig. 1): a novel passive plasma separator (PPS)
microfluidic device that isolates plasma without the need for
applying an external force, and a graphene oxide (GO) based-
electrochemical biosensor that employs a cssDNA probe for
specific hr-HPV16 cDNA recognition. The PPS device can
collect approximately 22 puL of plasma from 160 pL of whole
blood without any dilution in 10 minutes. The main advantage
of our PPS device is that the separation is automatic, and the
plasma reaches the outlet without the application of any
pressure force due to the capillary action.?”*! The electro-
chemical biosensor integrates low-cost SPCEs where drop-
casting of GO is employed for cssDNA probe immobilization.
For the first time, we demonstrate the detection of hr-HPV16
c¢DNA directly from an extracted plasma sample that can be
used for POC screening of CC at remote locations.

Results and discussion

IMEAC device principle

The schematic of IMEAC which integrates the PPS and the
GO-SPCE for hr-HPV16 ¢cDNA detection is shown in Fig. 1. To
enable passive plasma separation for POC testing, we designed
a microfluidic device with parallel capillaries and capillary
micropump with a filter membrane at the inlet (Fig. 1a and b).
The PPS design was optimized to achieve the optimal plasma
collection volume (yield) with high purity (~99%) from whole
blood. The integration of the filter membrane with parallel
capillaries and the capillary micropump allows for auto-
nomous withdrawing of plasma from the membrane surface
when a few drops of whole blood was placed at the inlet.*®
Since no external force was applied, the lysis of RBCs was
minimal using our PPS, which is one of the major challenges
for active plasma separation.*> Upon collection, plasma con-
taining circulating viral DNA is directed for electrochemical
detection. The electrochemical biosensor is based on a conven-
tional three electrode system consisting of a silver/silver chlor-
ide (Ag/AgCl) reference electrode, carbon counter electrode,
and carbon working electrode (WE) integrated in commercially
available SPCEs. To immobilize the cssDNA probe, we drop
cast GO on the surface of carbon WE, where the amine-modi-
fied probe forms covalent amide binding with carboxyl groups
presented on the GO surface.”*** The well-established and
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Fig. 1 Overview and working mechanisms of IMEAC. Side view (a) and top view (b) of the IMEAC device that integrates two main modules: PPS for
plasma isolation and an electrochemical biosensor. (c) Working principle of the electrochemical sensor for hr-HPV16 cDNA detection. (d) A sample
graph extracted from IMEAC showing the presence of hr-HPV cDNA in the extracted plasma sample.

sensitive Ru(NH;)s>" + Fe(CN)s>~ electrochemical system was
employed for cDNA detection in which Ru(NH;)s*" is reduced
to Ru(NH;)s>" and Fe(CN)s*>~ catalyzes the regeneration of
Ru(NH;)s*"(Fig. 1c). Ru(NH;)s*" is electrostatically attracted
to the nucleic acid on the surface of WE in amounts pro-
portional to the number of negative charges presented on the
electrode’s surface.'®*® Upon incubation of plasma samples
containing hr-HPV16 cDNA, the capture probe hybridizes with
the target DNA leading to an increase in the number of nega-
tive charges on the WE surface, thus resulting in the accumu-
lation of more Ru(NH;)s*>" and a higher electrochemical signal
(Fig. 1d).

Design and fabrication of the microfluidic PPS device

The PPS device was fabricated using a standard microfluidic
fabrication protocol with polydimethylsiloxane (PDMS). The
PPS device consists of three main components: a filter mem-
brane at the inlet, parallel capillaries, and a capillary micro-
pump which are sandwiched between two PDMS layers
(Fig. 2a). The parallel capillaries and the capillary micropump
were included in the bottom PDMS layer while a top PDMS
layer was used to seal the micro-channels. A 9 um thick filter
membrane with an average pore size of 0.6 pm was employed
for the filtration of RBCs and WBCs. The thickness of the
membrane was suitable for bonding between two PDMS layers
using oxygen plasma treatment.

The parallel capillaries and the capillary micropump facili-
tated withdrawing the plasma from the filtrate side of the
membrane due to the capillary force. We have tested different
designs of microcapillaries to reduce the dead-end volume.
Capillary channels with a width of 12 pm and 40 pm apart

This journal is © The Royal Society of Chemistry 2022

from each other were found to be optimum for plasma collec-
tion with a dead volume of approximately ~9 pL (Fig. 2a).
Capillary micropumps with different designs (square, rec-
tangular, circular, and oval structures) were also tested. It has
been previously shown that interconnected microstructures
improve the channel filling.> We have placed an array of
microstructures in such a manner that the micropump has a
comparatively lower flow resistance due to the large number of
parallel flow paths, thus facilitating the plasma collection. We
compared the micropump performance based on the collected
plasma volume in 10 min using the same inlet volume of
whole blood (80 pL) (Fig. 2b and Fig. S11) and found that the
plasma collection volume at the outlet was maximum using an
oval shaped micropump. We conducted all the filtration
experiments with this micropump design. We compared the
collected plasma from inverted and non-inverted devices and
observed a significance difference in the collected plasma
volume for the same blood volume at the inlet (Fig. 2¢). In the
case of the non-inverted device, blood cells started settling
down on top of the membrane surface due to gravity, resulting
in the clogging of membrane pores and complete cessation of
filtration (Fig. 2d-i). While for the inverted device, the sedi-
mentation of blood cells assisted the settling of plasma on top
and the capillary force transferred a higher volume of plasma
(Fig. 2d-ii). The inverted technique increases the membrane
lifetime and plasma volume at the outlet compared to the non-
inverted technique. To increase the plasma collection volume
by sedimentation, we inverted the device upon wrapping the
inlet hole with a parafilm (Fig. 2d-ii). This experiment also
shows that the PPS device has the capacity to collect 22 pL of
plasma from 160 pL of whole blood and further increase in the
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Fig. 2 PPS device design overview and characterization. (a) PPS device consists of three main modules: membrane filter, parallel capillaries, and
capillary micropump. A commercial plasma filter membrane with a 0.6 um average pore size is sandwiched between two PDMS layers at the inlet of
the PPS device. The parallel capillaries comprise of micro-channels which are 12 pm width and 40 pm apart from each other. Capillary micropumps
consist of a staggered oval microarray with 150 pm length and 100 pm width and they have a uniform centre to centre distance of 300 pm in the
horizontal direction and 200 pm in the vertical direction. Scale bar, 100 pm. (b) Comparison of the collected plasma volume for different micropump
designs (square, rectangular, circular, and oval) for the same inlet blood volume. (c) Comparison of collected plasma volume for no sedimentation
(noninverted) vs. sedimentation (inverted) for different inlet blood volume showing sedimentation improved plasma collection. (d) Comparison of
collected plasma volume for no sedimentation (noninverted) (i) vs. sedimentation (inverted) (ii) inside micropipette tips. (e) Inlet whole blood vs.

combined collected plasma from 8 PPS devices. Each experiment was repeated three times and error bars show SD.

inlet blood volume (200 pL) does not increase the collected
plasma volume (Fig. 2c). Fig. 2e shows the collected plasma
(~200 pL) using our PPS device compared to the same volume
of whole blood.

We also calculated purity and yield and benchmarked the
microfluidic PPS device performance with that of previously
reported works (Table 1). Purity of the filtered plasma was esti-
mated by counting the number of blood cells in the inlet
blood and outlet plasma using flow cytometry (Fig. S27) and
the yield was calculated based on dividing the collected
plasma volume by the blood volume. The purity of our PPS
device is comparable to other studies where some of these
works used diluted blood (DB), prepared a blood sample with
the desired haematocrit level as compared to whole blood
(WB), and used active force to extract plasma.>*?>®3%3¢

Table 1 Comparison of PPS performance with other recent studies

Design and characterization of the electrochemical biosensor

Prior to testing with the extracted plasma sample, we exam-
ined the capability of the electrochemical biosensor for hr-
HPV16 c¢DNA detection when spiked into a buffer solution. To
immobilize the cssDNA probes on the GO surface, we used the
amine-coupling technique through which the amine-modified
probe molecules form covalent amide bonding with carboxyl
groups presented on the GO surface.

Fourier transform infrared (FTIR) was performed to study
probe immobilization on the GO surface (Fig. 3a). The peaks
at 1720 cm™" and 1610 cm™" of the FTIR spectrum of GO
display the C=0 and C=C stretching vibrations, respectively.
The spectrum of GO before probe immobilization (blue line)
showed a strong C=O peak, which significantly decreased in

Recent reported works on plasma  Plasmavolume  Blood volume  Purity Yield Filtration time

separation (nL) (1L) (%) (%) (min) Remark

Centrifuge, control 137 400 99 34 10 WB-45% haematocrit

Ref. 28 0.45 5 99 9 15 DB-capillary, passive

Ref. 30 12 100 — 12 <10 WB (45%)-capillary, pump

Ref. 23 132 400 — 33 5 WB (45%)-pipetting, large
dead volume

Ref. 36 43 243 100 18 10 DB (15%)-vacuum PUMP

PPS device 22 160 99 25 10 WB (45%)-capillary, passive
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Fig. 3 Design and characterization of the electrochemical biosensor for hr-HPV16 cDNA detection. (a) The FTIR measurement of GO samples

before and after probe immobilization. (b) The CV measurement of GO functionalized with the probe in 10 mM Fe(CN)g

3-/2= solution showed a

lower oxidation peak compared with GO prior to the probe immobilization. (c) Sample DPV measurement before (dotted line) and after (solid line)
specific target hybridization at a concentration of 10 pM. The inset shows the DVP measurement of the non-specific target (rDNA) at 5 uM concen-
tration. Iss and /45 represent the DPV peak current before and after target hybridization, respectively. (d) Change in the DPV current at different target
DNA concentrations can be fitted with a linear regression line (R? = 0.97). (e) The performance of the electrochemical biosensor was studied under
different conditions using 5 pM hr-HPV16 cDNA. (f) The performance of the electrochemical biosensor was studied 3 or 7-day post-fabrication
using 5 uM hr-HPV16 cDNA. The obtained biosensor responses were normalized to the response of biosensors fabricated and tested in the same
day, ns = non-significant. At least 3 replicates were analysed per experiment and error bars show SEM.

intensity after probe immobilization (red line), indicating that
the C=0O bonds of GO were broken to form the covalent
linkage with amine-modified probes. To quantify the decrease
in the C=0 bond after probe immobilization, the ratio of the
C=0 peak intensity to the C=C peak intensity (a constant
value) was measured. As is evident from Fig. 3a, the ratio of
C=0/C=C for GO has been reduced to more than half of its
initial value after probe immobilization. The probe immobiliz-
ation was further studied by performing cyclic voltammetry
(CV) measurement of GO samples grafted with the cssDNA
probe in Fe(CN)s*~>~ solution. Since both the nucleic acid
probe and Fe(CN)s> />~ contain negative charges, a repletion
occurs between them leading to a decrease in the redox
current. Thus, a lower CV peak is expected in the presence of
probe molecules. As shown in Fig. 3b, the redox peak current
was significantly lower for the GO sample after probe immobil-
ization, confirming that the probe functionalization was suc-
cessful. To measure the amount of probe molecules, we func-
tionalized GO with the cssDNA probe and used methylene
blue (MB) to measure the probe density. This approach
employs the interaction between MB and guanine bases of a
DNA strand to quantify the number of immobilized
oligonucleotides.>> The quantified average density of the
probe on GO was 6.8 pmol cm ™2, Having successfully functio-

This journal is © The Royal Society of Chemistry 2022

nalized GO with cssDNA probe molecules, we studied the capa-
bility of the electrochemical biosensor for the detection of hr-
HPV16 cDNA spiked in buffer solution. GO-SPCE grafted with
cssDNA probes were incubated with different concentrations
of target DNA (1 uM-10 pM). The change in the current upon
hybridization with target DNA was assessed by analyzing differ-
ential pulse voltammograms (DPV) and quantitating peak cur-
rents before (dotted line) and after (solid line) hybridization
(Fig. 3c and Fig. S371). In this approach, Ru(NH;)s>" was electro-
statically attracted to the negatively charged probe molecules
or hybridized probe-target nucleic acid strands on the elec-
trode surface. Ru(NH;)s®" was then reduced to Ru(NH;)s>"
when triggered at its reduction potential (—0.3 to —0.2 V). The
difference between the obtained peak currents before and after
target hybridization was used as the measure to correlate with
the target concentration. Adding a non-specific target did not
generate a significant change in DPV current after incubation
(Fig. 3c-inset), demonstrating the specificity of our sensor for
hr-HPV16 ¢cDNA detection. Fig. 3d shows the sensor’s electro-
chemical response to different concentrations of spiked hr-
HPV16 cDNA in buffer solution which is fitted into a linear
curve with R* = 0.97. As displayed in Fig. 3d, in the presence of
higher concentrations of hr-HPV16 ¢cDNA, more Ru(NH;)¢*" is
electrostatically bound to WE, leading to increased changes in

Nanoscale, 2022, 14, 6761-6770 | 6765
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the DPV measurement. To make the operating time shorter,
experiments were conducted at different temperatures. We
found that the incubation time can be shortened from 1 h at
37 °C to 10 minutes at 55 °C for hr-HPV16 ¢DNA (Fig. 3e). A
miniaturized, low-cost heating element can be integrated
within our assay to increase the temperature for effective and
rapid detection. We have studied the stability of our assay and
the electrochemical biosensors immobilized with the cssDNA
probes were stored for 3 or 7 days. No significant change in
the signal measurement was observed (Fig. 3f), demonstrating
that the sensor can be stable at least for 7 days.

Detection of cervical cancer’s biomarker in the extracted
plasma sample

Having demonstrated and optimized the PPS performance for
plasma separation and the electrochemical biosensor for hr-
HPV16 cDNA detection, we moved forward and fabricated the
IMEAC (Fig. 4). The PPS outlet was connected to a PDMS
chamber covering the electrodes of modified GO-SPCE via a
tube. Fig. 4a shows the side view of the integrated platform
and Fig. 4b shows a demonstration of the assay with food dye.
Upon blood loading, the plasma containing the target DNA is
isolated and directed towards the electrochemical biosensor
modified with cssDNA probe molecules via withdrawing using
a syringe. We first studied the efficiency of the PPS device to
recover the target DNA. The whole blood sample was spiked
with different concentrations of a random DNA molecule

Yo
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(rDNA, with an approximately similar size to that of hr-HPV16
c¢DNA) labeled with the Cy3 fluorophore and loaded into the
PPS device. The fluorescence intensity measurement of the col-
lected plasma from the PPS device which interrogates Cy3 was
very close to the control plasma samples spiked with the rDNA
molecule, demonstrating that on average 130% of DNA was
recovered (Fig. 4c). Subsequently, whole blood samples were
spiked with two concentrations of the hr-HPV16 cDNA (5 pM
and 10 uM) and loaded into the IMEAC device for plasma sep-
aration and DNA detection. Before and after target hybridiz-
ation, DPV measurement was performed (Fig. 4d). As shown in
Fig. 4e, the change in the peak current of DPV measurement
was higher for the 10 uM spiked sample compared to the 5 pM
one. Control experiments where the centrifuged collected
plasma was spiked with 5 pM and 10 pM target DNA were also
performed. IMEAC measurements matched well with the ones
obtained from the control experiment. The lower measure-
ments obtained from plasma compared to the buffer experi-
ments could be attributed to the background molecules
present in plasma that block electron transfer. We should
mention that in real samples, the hr-HPV ¢DNA is present in
the double strand (ds) form and should be denatured before
sensing. This can be achieved by mixing the isolated plasma
with 1 molar NaOH.?” A chamber can be integrated into our
IMEAC that contains dried NaOH for this purpose. Incubating
dsDNA with 1 molar NaOH can denature dsDNA in 5 minutes
without affecting its hybridization capability.*”

=] Food dye
\ = N PDMS chamber
\ 7 1o - -2_;“».’.
e 1\ Outlet i ! -
S e e - :.::.,:‘: e
Electrochemical Sensor
Cc d e
6x10% 0---- Before plasma . 257 mm Control plasma
- mm Control plasma __ After PPS-extracted plasma .7 B3 PPS extracted plasma
g 3 PPS extracted plasma —_ (10 uM ) L 2.0
D 4x104- < @
(o)) = = 1.5
< c 5 &
5] o 1.0+
O 2x1044 5 8
1 O —
™ III . rl I 0.5
o--.. ; T -10 T T 0.0-
1 2 5 10 -0.4 -0.3 -0.2 5uM 10 uM

Cy3-labled rDNA (uM)

Potential (V) hr-HPV16 cDNA

Fig. 4 |IMEAC fabrication and validation. (a) IMEAC was fabricated via connecting the outlet of the PPS device to the inlet of a chamber that covers

the electrodes of the electrochemical biosensor using tubing. (b) A demonstration of the assay with food dye. (c) The efficiency of the PPS device to
recover DNA molecules was tested by loading a whole blood sample spiked with different concentrations of rDNA labeled with Cy3 dye into the
device. Background is O yM concentration. The fluorescence intensity of the collected plasma was measured and compared with the control plasma
spiked with rDNA. (d) DPV measurement before and after incubating with 10 pM hr-HPV16 cDNA spiked plasma extracted from PPS. (e) Bar graph
extracted from IMEAC or control plasma demonstrating the change in DPV current for 5 pM and 10 pM of target DNA spiked into whole blood. Each
experiment was repeated at least three times and error bars show SEM.
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Materials and methods

Materials

The PDMS elastomer (Sylgard 184) was obtained from Dow
Corning, and SU8-3050 and SU8-developer from Kayaku
Advanced Material. Whole blood sample was purchased from
BioIVT (US). The filter membrane (average pore size, 0.6 pm)
was obtained from Sterlitech. N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC, Sigma Aldrich, 98%),
N-hydroxysuccinimide (NHS, Sigma Aldrich, 98%), 4-morpholi-
neethanesulfonic acid, 2-(N-morpholino)ethanesulfonic acid
(MES, Sigma Aldrich, >99%), potassium hexacyanoferrate(mur)
(Fe(CN)e>~, Sigma Aldrich, 99%), potassium hexacyanoferrate
(n) (Fe(CN)s>~, Sigma Aldrich, 99%), hexaammineruythenium
(m) chloride (Ru(NH;)s*", Sigma Aldrich, 98%), magnesium
chloride hexahydrate (MgCl,, Fisher scientific), sodium phos-
phate (Sigma Aldrich, 96%, NaPO,), phosphate buffer solution
(PBS, Sigma Aldrich), sodium chloride (Millipore Sigma),
methylene blue (MB, Sigma Aldrich), screen printed carbon
electrodes (SPCE, DRP-11L-U75, Metrohm, Canada), and all
synthetic nucleic acids (sequences provided in Table S1}) were
purchased from Integrated DNA Technologies (IDT). Graphene
oxide (GO) was kindly provided by KPA (https:/graphenika.
com/).

Methods

PPS device fabrication

The conventional photolithography technique was used to fab-
ricate the microfluidic PPS device using PDMS. At first, a 4” Si
wafer was cleaned with piranha to remove any organic impuri-
ties. Then the wafer was HF treated to remove any native oxide
layer. A negative photoresist SU 8 3025 was spin coated at 4000
rpm to deposit a layer of 25 um following the datasheet.’”
After that the photoresist was baked (95 °C for 10 min) and
exposed to the designed pattern and developed in the develo-
per solution.’® When the mold was ready, PDMS (10:1) was
poured into the master mold and cured at 80 °C for 2 hours.
To make the PPS device, at first, a commercial filter was
bonded at the inlet using oxygen plasma treatment. Then the
PPS device was bonded to another PDMS layer by oxygen
plasma to create a micro-channel after drilling the inlet and
outlet. A 6.3 mm diameter inlet hole and 1.2 mm diameter
outlet hole were punched on the top PDMS layer before
bonding the two PDMS layers. More layers of PDMS were intro-
duced to increase blood volume at the inlet.

Plasma collection using the PPS device

Human whole blood was used for all the experiments. To
examine the efficacy of the PPS device, undiluted whole blood
was directly injected into the inlet hole. We kept the inlet
whole size constant for all our experiments and varied the
height of the PDMS layers to add more volume of blood.
Plasma was collected from the outlet by pipetting for
characterization.
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GO-SPCE fabrication and probe modification

Before use, the SPCE chips were rinsed with acetone, isopro-
panol, and deionized water followed by a pre-treatment proto-
col. The pre-treatment step included five CV cycles from +0.5
to —1.5 V in 0.1 M HCI followed by two CV cycles from 0 to +2
V in phosphate buffer solution (0.1 M PBS, pH 7) at a scan rate
of 50 mV s™". The SPCEs were subsequently washed with ultra-
pure water (Milli-Q) and dried. 10 pL of GO (from 1 mg mL™"
stock) was then drop-cast on the SPCE working electrode (WE)
surface and dried overnight. To immobilize the probe on
GO-SPCE, the surface was first activated by incubating the WE
with 50 pL of an equimolar solution of EDC-NHS (100 mM) in
MES buffer (100 mM, PH 6.8) overnight. The EDC-NHS was
washed quickly, and the chips were incubated with 20 ul of
15 uM amine-modified probe (hr-HPV16 cssDNA) in probe
buffer (20 mM magnesium chloride, 25 mM sodium chloride,
25 mM PBS) in a humid chamber for 2 hours. After the probe
incubation time, the chips were extensively washed with 1x
PBS to remove any unattached probes.

FTIR characterization

The chemical composition and functional groups of blank
GO-SPEC and GO-SPCE functionalized with the probe mole-
cules were characterized using FTIR characterization (Tensor
27 FTIR, Bruker).

Probe density measurement

The probe density was measured using the MB reporter.*”
Briefly, the modified chips were incubated with 20 uM MB (in
B-R buffer +20 mM sodium chloride, PH = 6) in a beaker for
5 minutes, while stirring (for better accumulation of MB). The
electrodes were then washed with 1x PBS and subjected to CV
scanning from 0.12 to —0.4 with a scan rate of 50 mV s in
B-R buffer +20 mM sodium chloride. Before MB accumulation,
a similar CV scan was performed on chips in B-R buffer that
was taken as the background and subtracted from the final
scan. To obtain the charge quantity of accumulated MB, the
difference in the area under the curve for MB reduction was
measured. The probe density was subsequently calculated
Q
eINp
quantity of MB, Q is the electrical charge quantity of MB reduction,
n is the number of electrons participating in the reaction (2 in
this process), e the electric charge quantity of one electron (1.6 x
107" C), and N, is Avogadro constant (6.02 x 10** mol™). Since
our hr-HPV16 cssDNA probe contains 8 guanine bases, the calcu-
lated N was then normalized by 8. To measure the surface area of
WE, we used the diameter = 4 mm (provided by company).

using this formula; N = , where N represents the mol

Target hybridization

For buffer experiments, the desired concentration of hr-HPV16
cDNA (target) was diluted in target buffer (25 mM sodium
chloride and 1.6 mM sodium phosphate) and incubated with
the GO-SPCE chip functionalized with probe molecules for
1 hour at 37 °C in a humid chamber. The GO-SPCE chips were
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washed with 1x PBS after the target hybridization. For plasma
experiments, the collected plasma was directly incubated with
the chips with no dilution and the surface of modified
GO-SPCE was blocked using 0.05% BSA (20 minutes incu-
bation followed by PBS wash) prior to target hybridization.

Electrochemical measurement

The electrochemical measurements were performed using
either a CHI (CH Instruments) or Palmsens4 potentiostat. CV
scans were obtained in 10 mM Fe(CN)s> /Fe(CN)s’~ solution
using 50 mV s ' scan rate. Differential pulse voltammetry
(DPV) scans were obtained in 100 pM Ru(NH;)s*" +25 mM
sodium phosphate (pH 7), 25 mM sodium chloride, and 4 mM
Fe(CN),*>~. DPV signals before and after hybridization were
measured using an increment potential of 4 mV, pulse ampli-
tude of 50 mV, pulse width of 50 ms, and a pulse period of
50 ms (translating to 8 mV s~ scan rate). The GO-SPCE chips
were rinsed with 1x PBS after the DPV scans.

Stability experiment

For stability tests the GO-SPCE chips immobilized with the
cssDNA were refrigerated in the probe buffer for 3 and 7 days.
The sensor was then incubated with 5 pM of the target DNA
and the electrochemical measurements were then performed
as explained above. The sensor response was normalized to
the measurement obtained from a freshly made device.

Study different incubation conditions

The prepared GO-SPCE-probe chips were subjected to DPV
using the mentioned set-up. The chips were then incubated
with 5 uM of target at three different conditions: (i) 37 °C and
1 hour incubation time, (ii) 37 °C and 30 minutes incubation
time, and (iii) 55 °C and 10 minutes incubation time. The
chips were washed with 1x PBS and again subjected to DPV.
The biosensor response (Igs — Igs/lss) was calculated and
reported in Fig. 3d.

IMEAC fabrication

The electrochemical sensor was integrated to the PPS device to
generate the IMEAC. At first, a thin layer of PDMS (1-2 mm
thickness) was deposited on top of the unmodified SPCE
sensor to facilitate PDMS-PDMS bonding using oxygen
plasma. Next, a circular PDMS chamber covering the electrode
was cut and PDMS was removed from that area. The electro-
chemical sensor was then modified with GO and the cssDNA
probe molecule was immobilized as described above. Next, the
modified SPCE was bonded to a PDMS chamber with a straight
microfluidic channel. The chamber was aligned with the elec-
trodes. The PDMS chamber inlet was then connected to the
outlet of the PPS device via tubing and the PDMS chamber
outlet was connected to a tube to enable withdrawing of the
solution out of the IMEAC in one single step (Fig. 4b).

hr-HPV16 DNA detection using the IMEAC device

200 pL of the whole blood sample spiked with 5 pM and
10 uM concentrations of hr-HPV16 ¢cDNA was loaded at the
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inlet chamber of the PPS device. Once the outlet of the PPS
device was filled with plasma, using a syringe at the outlet of
the PDMS chamber of the electrochemical sensor, the col-
lected plasma was directed to the sensor. The plasma contain-
ing the hr-HPV16 DNA was incubated with the electrochemical
biosensor immobilized with the capture DNA probes for
1 hour at 37 °C and the detection was conducted as explained
in the Electrochemical measurement section.

Plasma collection using a centrifuge

The control plasma was collected by centrifuging blood at
2000 ref for 10 minutes. The collected plasma was then spiked
with the target to make the final concentrations of 5 uM and
10 pM and tested using the GO-SPCE-probe chips.

Efficiency of the PPS device for DNA recovery

To examine the presence of spiked nucleic acid in the collected
plasma from the PPS device, 200 pL of blood was spiked with
different concentrations of a Cy3-labled 30 bp random DNA
(rDNA). The blood was then injected into the PPS device and
the isolated plasma was collected. The collected plasma was
diluted 1:20 in 1x PBS and the fluorescence intensity was
measured using a BioTek Synergy H1 plate reader (excitation:
530 nm, peak emission: 570 nm). As a control, different con-
centrations of rDNA were spiked into isolated plasma and the
fluorescence signal was measured. The fluorescence intensity
of PPS-extracted plasma was then normalized to the fluo-
rescence intensity of control plasma spiked with the same con-
centrations of Cy3-labled rDNA and reported as the recovery
percentage (130%).

Conclusions

Early diagnosis of CC biomarkers is crucial for successful
cancer treatment. In this study, we presented a low-cost and
integrated microfluidic electrochemical assay, named IMEAC,
that enables the detection of hr-HPV16 cDNA in an extracted
plasma sample with no sample processing or need for external
costly equipment. Capillary force along with sedimentation is
used to isolate plasma while the detection is achieved via GO
modified SPCE immobilized with cssDNA probe molecules
that detect the hr-HPV16 cDNA target. The IMEAC can be
potentially employed in identifying other biomarkers of CC,
such as hr-HPV18 ¢DNA from plasma by using suitable probe
molecules, thus enabling multiplexed measurement. The
primary advantage of our assay is that it is non-invasive and
uses blood for CC detection. The passive filtration strategy
avoids the use of the conventional “gold standard” centrifu-
gation method which requires access to external equipment
and materials. Thus, our IMEAC device can be used as a com-
plete assay that generates plasma from whole blood for the
multiplexed detection of CC biomarkers at the POC testing
setting. The concentration range of hr-HPV cDNA in the
plasma of cervical cancer patients is 1099 copies per ml. Our
limit of detection (LOD) is 0.48 uM which is translated to ~10°
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copies per ml. Therefore, to be able to detect the physiological
range of hr-HPV cDNA in plasma, either a DNA amplification
step should be integrated, or the sensitivity of our electro-
chemical biosensor should be improved to enable rare target
DNA detection. DNA amplification can be integrated similar to
the previously reported microfluidic devices which enables the
polymerase chain reaction (PCR) to be performed on-chip.*’™*?
The incorporation of carboxylated GO,** and reduced GO,****
or fabricating GO nanocomposites®®> can increase the probe
density, thus improving the sensitivity. Although our LOD cur-
rently does not cover the clinically relevant ranges, to the best
of our knowledge, no previous work has detected hr-HPV DNA
in plasma (Table S2+). In our assay, vials of washing buffer and
the detection reagent (Ru(NH;)s>" + Fe(CN)s*>7) along with dis-
posable pipettes can be supplemented for performing washing
steps as well as the detection step. We envision that our assay
will be similar to the Visby test'® as a point-of-care diagnostic
device for screening cervical cancer in remote areas.
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