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Exosomes are vesicles released by healthy and cancer cells into the extracellular matrix and bodily fluid.
Cancer cell-derived exosomes have attracted much attention in early-stage detection and prognostica-
tion of treatment response. Thus, detecting exosomes is of great interest to biology and medicine.
However, many conventional detection methods require high-cost equipment and centralized laboratory
facilities, making diagnostics inaccessible in limited-resource settings. This study reports a proof-of-
concept low-cost electrochemical paper-based analytical device to quantify both the total bulk and
cancer cell-derived exosomes in cell culture media. The device employs a sandwich immune assay
design, where exosomes are initially captured using the electrode-bound generic antibodies (i.e. CD9)
and subsequently detected via ovarian cancer-specific CA125 antibodies. Our proposed device quantifies
the total bulk exosome concentration with a detection limit of 9.3 x 10” exosomes per mL and ovarian
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cancer cell-derived exosomes with a detection limit of 7.1 x 108 exosomes per mL, with a relative stan-
dard deviation of <10% (n = 3). We suggest that this low-cost and simple electrochemical paper-based
device could be an alternative tool for detecting disease-specific exosomes in biological samples with the
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1. Introduction

Recently, exosome isolation and analysis has attracted a great
deal of attention from many research groups." Nanoparticle
tracking analysis (NTA),>* plasmonic-based sensors,” flow
cytometry,”® and enzyme-linked immunosorbent assay
(ELISA)”® have successfully been demonstrated for exosome
detection and quantification. However, exosome quantification
with NTA, plasmonic-based sensors and flow cytometry
requires expensive and complex equipment such as a micro-
scope with a particular optical setup. ELISA is considered a
universal assay capable of analysing biomolecules, including
exosomes utilizing the interaction between antibodies and
exosome surface membrane proteins. However, the standard
ELISA protocol for exosome detection is less sensitive and
poorly specific (i.e., affected by the high false-positive
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potential to be further developed for point-of-care diagnosis.

response), requiring a laborious and time-consuming sample
preparation process, including loading, washing, and incu-
bation steps. Thus, there is an urgent need for developing a
forthright and low-cost detection strategy to sensitively and
perceptibly quantify exosomes present in biological samples.

Recent advances have suggested that paper-based platforms
provide many sustainable cost-effective assays and sample
preparation methods for various biomedical applications,
including cancer biomarker detection.”'® Integration of
electrochemical readout to paper-based devices can offer
additional advantages of achieving highly sensitive, specific,
and portable biomolecular detection systems. Electrochemical
paper-based devices, consisting of a three-electrode configur-
ation (working, counter and reference electrodes), can facilitate
point-of-care testing by offering eco-friendly and integrated
technology = compared to  traditional screen-printed
electrodes."’™** The three-electrode system consists of a carbon
working electrode, carbon counter electrode, and silver/silver
chloride reference electrode. They have recently been used to
detect many biological targets such as heavy metal ions in
urine,"*"® disease-specific biomarkers such as SARS-CoV-2
antibodies and antigens, prostate specific antigen (PSA),
C-reactive protein (CRP), troponin I (c¢Tnl), and procalcitonin
(PCT),"*™® or DNA detection."®*°

Compared to conventional electrochemical paper-based
devices, a device that utilizes a three-carbon electrode system

This journal is © The Royal Society of Chemistry 2022
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(i.e., replacing the silver/silver chloride reference electrode
with a conducting carbon electrode) offers a more straight-
forward fabrication as well as more cost-effective. Carneiro
et al. have developed such a device on a polyvinyl chloride
(PVC) substrate and used it for microRNA detection.”
Wahyuni and his group have developed another similar device
on PVC substrates to detect uric acid in human urine.”” To the
best of our knowledge, an electrochemical paper-based device
with all three-carbon electrode systems has not been developed
for exosome detection. The critical principle of paper-based
device fabrication is to make the paper both hydrophobic and
hydrophilic, via surface amphiphilic treatment, so that biologi-
cal samples, including chemicals, can be locally introduced on
the paper substrate. Wax and polymer printing are commonly
used on paper substrates due to the simplicity of
fabrication.>*"*® However, polymers or wax can cause over-per-
meation in the melting step, resulting in inconsistent pat-
terns.”® As electrochemical assays require uniform electrode
systems to prevent batch-to-batch variation, consistent fabrica-
tion methods are crucial. Recently, we reported the parafilm
hot pressing technique for the fabrication of paper-based
devices.”” This method offers a simple (requiring only two
steps), fast (taking only five minutes per device), and low-cost
(less than 0.01 USD per device) fabrication process. Moreover,
the pattern mask can be easily drawn by the software and
made by laser cutting in less than a minute.

Herein, we report a simple, low cost, electrochemical paper-
based approach for detecting ovarian cancer cell-derived exo-
somes from total exosome populations. Exosomes are isolated
from cell culture media, spiked into phosphate buffered saline
(PBS), and subsequently characterized by NTA. Paper-based
carbon electrodes (PCEs) are immobilized with a universal tet-
raspanin biomarker antibody (i.e., CD9). Subsequently, PCEs
are exposed to the total exosomes from prepared samples. The
sandwich immunological assay captures ovarian cancer-
derived exosomes via the interaction between previously
coated surface-bound anti-CD9 and subsequently loaded
ovarian cancer-specific CA125 antibodies. Differential pulse
voltammetry (DPV) is performed to observe faradaic current
produced in subsequent steps of binding biomolecules in the
presence of a [Fe(CN)s]’*~ redox system. The stepwise
addition of subsequent biomolecules on the PCEs hinders the
diffusion of [Fe(CN)e]>~'*~ ions at the electrode interface due
to the adsorbed biomolecules, leading to the attenuation of
the DPV current response. This DPV response after exosome
binding corresponds to the amount of captured exosome
targets and serves as a proof-of-concept for detecting and
quantifying cancer cell-derived exosomes.

2. Materials and methods
2.1. Chemicals and reagents

Chromatography filter paper (CHR, Whatman, UK) was used
as our device platform. We utilized Parafilm (Bemis Company,
US) to make the paper substrate hydrophobic. During the fab-
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rication process, a gloss laminate pouch with 80 um thickness
served as the patterning mask (front and back support).
Carbon conductive paint (RS Components, UK) was used to
prepare the carbon ink for the carbon electrode.
Electrochemical assays were performed with 5 mM K;Fe(CN)s
(PA025-500G, Chem Supply, Australia) and 5 mM K,Fe(CN)g
(PA039-500G, Chem Supply, Australia) prepared in PBS, which
is 1x PBS (137 mM NaCl, 10 mM phosphate, and 2.7 mM KCl,
pH 7.4), unless specified.

For exosome preparation, OVCAR3 (ovarian cancer cells,
ATCC, USA) and Met-5A (human epithelial cells, ATCC, USA)
were cultured to produce exosomes. RPMI-1640 media (11875-
093, Gibco, Thermo Fisher Scientific, Germany), Foetal Bovine
Serum (FBS, A3160901, Gibco, Thermo Fisher Scientific,
Germany) and exosome-depleted Foetal Bovine Serum
(exosome-free FBS, A25904DG, Gibco, Thermo Fisher
Scientific, Germany) constitute the cell culture medium. 1%
Penicillin and Streptomycin (PenStrep, 15140-122, Gibco,
Thermo Fisher Scientific, Germany) was added into the cell
culture medium to prevent bacterial and fungal contami-
nation. TrypLE (12604-021, Gibco, Thermo Fisher Scientific,
Germany) was used for trypsinization during the subculturing
process. HBSS (14175-095, Gibco, Thermo Fisher Scientific,
Germany) was used as a buffer to wash the cells. Exosomes
were isolated with total exosome isolation kits (4478359,
Invitrogen, Thermo Fisher Scientific, Germany).

2.2. Paper-based electrochemical device fabrication

The electrochemical paper-based device was fabricated follow-
ing a modified protocol of our previous published
method.”””?® In brief, the laminate pouch was designed by
CorelDraw software (Core]lDRAW2019, Corel Corporation Inc.,
Canada) and patterned as a mask using a laser cutting
machine (Rayjet 50 Laser Engraver, Trotec laser, Austria)
(Fig. 1a). Parafilm, patterning laminate mask, and CHR paper
were orderly layered, and then covered with aluminium foil to
form the paper substrate (Fig. 1b). Subsequently, the layered
substrate was placed into a hot press machine (Specac, UK)
with a pressure of 3.8 MPa, temperature of 80 °C and
3 minutes of pressing time. Under the hot-pressing conditions,
parafilm was melted and permeated into the paper through
the patterning mask (Fig. 1c). The carbon electrodes were
formed by adding 20 pL of optimal carbon ink as discussed in
section 3.1 on the substrate surface. The subsequent electrode
area formation was governed by the patterning mask (Fig. 1d).
The carbon electrodes were then dried at room temperature
for 2 hours. An additional parafilm pressing step was per-
formed to cover the connecting electrode and to define a
specific working area (Fig. 1€). The paper was pressed with the
following parameters: a pressure of 2.5 MPa, a temperature of
80 °C and 3 minutes of pressing time. Since the working area
was well-defined by the parafilm hot pressing step, the solvent
can only wet the working carbon electrode area. Before using
the paper-based device for electrochemical assay, excess
carbon which did not adhere to the paper substrate was
removed from the surface of the substrate by allowing 100 pL
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Fig. 1 Schematic diagram of the fabrication process with parafilm hot pressing for an electrochemical paper-based device with a three carbon-
electrode system. (a) The patterning mask was cut with laser cutting. (b) Parafilm, patterning mask, and CHR paper were orderly stacked to create
hydrophobic/hydrophilic patterns. (c) Parafilm was melted and pressed through a patterned laminate mask for making hydrophobic (blue colour)
and hydrophilic (white colour) areas. (d) Optimal carbon conductive ink was added onto the hydrophilic area to create the carbon electrodes
(counter, working and reference). The pores of the paper matrix are filled with the ink as shown in SEM images. (e) Subsequently, the working area
was defined by additional parafilm pressing. The PCEs were inserted into custom-made connectors to support the connection of working, reference,
and counter electrodes with the potentiostat to perform the electrochemical assay. The scale bar represents 1 cm.

of deionized (DI) water to soak into the working electrode area
for 20 minutes, with subsequent removal of excess water by a
pipette. Further drying of PCEs was performed by drying and
blotting onto a paper towel. The PCEs device was inserted into
the custom-made box connector for electrochemical analysis.

2.3. Electrochemical measurement

All electrochemical experiments were performed on a CHI660E
potentiostat (CH Instruments, USA). Electrochemical pro-
perties of PCEs were investigated by cyclic voltammetric experi-
ments of the [Fe(CN)¢]>”*~ redox couple. The potential
window of the working electrode was varied from —0.3 to 0.5 V
with the designated scan rates (10-500 mV s™*) and electrolyte
concentrations (1-25 mM of [Fe(CN)]*"*~ redox couple elec-
trolyte solution in PBS). For differential pulse voltammetry
(DPV) experiments, the assay was performed by scanning from
—0.3 to 0.5 V with a pulse width of 50 ms and an amplitude of
50 mV in 5 mM [Fe(CN)s]*~*~ redox couple solution in PBS.

2.4. Exosome sample preparation

The exosome sample was prepared following our previous
studies."®?*?° OVCAR3 and Met-5A cell lines were cultured
with RPMI-1640 base media supplemented with 10% FBS and
1% PenStrep. Both cell lines (after reaching 70-80% conflu-
ence) were washed three times with HBSS to remove the waste
and conditioned media before replacing the cultured cells
with exosome-free media (RPMI-1640 consisting of 10%
exosome-depleted FBS). The conditioned media was collected
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after a 60-hour incubation and was centrifuged at 2000g for
30 min to remove debris and dead cells. The exosome isolation
kit was incubated with the exosome-conditioned media with
the ratio of 1:2 by volume to precipitate the exosomes as
suggested by manufacturer protocol. After overnight incu-
bation, the mixture was centrifuged at 10000g for 1 hour.
Then, the exosome pellet was acquired by discarding the
supernatant. The pellet was resuspended in PBS and kept at
—80 °C for further use.

2.5. Exosome quantification using nanoparticle tracking
analyser (NTA)

The purified exosomes (from OVCAR3 and Met-5A cell lines)
were quantified using nanoparticle tracking analysis
(NanoSight NS300, Malvern, UK). The isolated exosome
samples were diluted with filtered PBS and loaded by syringe
pumps into the sample chamber. The NTA software tracks
micro- to nanoscale particles moving under Brownian motion
and employs the Stokes-Einstein equation to calculate particle
size, determining the concentration and size distribution of
the particles.

2.6. Assay preparation and exosome detection

The sandwich immune assay on PCEs for detecting exosomes
is schematically depicted in Fig. 2. The assay protocol is
slightly modified and optimized from our previous
studies.®*® The working electrode of the PCEs was incubated
with 5 pL of 0.1 mg mL™" of Anti-human CD9 for 20 min and
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Fig. 2 Schematic diagram of the sandwich immunological assay for cancer cell-derived exosomes detection. (a) The exosomes were extracted
from the cell culture media and spiked in PBS buffer. CD9 antibodies were immobilized on PCEs by protein adsorption on the paper matrix. Total
exosome populations were captured via their immune interaction with surface-bound CD9 antibodies. Ovarian cancer cell-derived exosomes were
sub-populated by using CA-125 antibodies. (b) DPV signal depicting the stepwise attachment of each layer on the PCEs surface.

the device was dried at 37 °C for 20 min. To prevent non-
specific adsorption, 5 pL of 2% BSA was subsequently incu-
bated for 20 min, and the device was dried at 37 °C for 20 min
5 pL of exosome sample was added and incubated for 30 min
to allow the direct capture of surface immobilized/functiona-
lized CD9 antibodies. Subsequently, 5 pL of 50 pg mL™" of
ovarian cancer-specific anti-CA125 antibody was loaded onto
the sensing layer to bind with the exosome membrane.
Electrochemical analysis was performed by placing PCEs in
custom-made box connectors and linking the connector with a
potentiostat. DPV signal was obtained by adding 50 pL of
5 mM K;Fe(CN)s and 5 mM K,Fe(CN)y solution to cover all
electrodes in the working area. In each step, the electrodes
were washed three times with PBS by pipetting over the
working area, and excessive PBS was absorbed by placing a
paper towel under the PCEs. The relative change of current (%
I) was obtained using the following relationships:

%I P = (Ipare — Icpo)/Ipare X 100 (1)
%I®* = (Icpe — Insa)/Icpo % 100 (2)
%I™° = (Ipsa — Itxosome)/Insa x 100 (3)

Pl “A12% = (Igyosome — Icar2s)/Texosome X 100 (4)

where %I, %I®*, %I**°, and %I°*'*® are percentage current
changes after incubating CD9, blocking with BSA, loading exo-
somes, and adding CA125, respectively. Ipare; Icpo, IBsa,
Tpxosomes aNd Icapps are peak current for the [Fe(CN)g]*™/*~
redox couple at bare, anti-CD9/bare, BSA/anti-CD9/bare, and
anti-CA125/exosomes/anti-CD9/bare electrodes, respectively.

This journal is © The Royal Society of Chemistry 2022

3. Results and discussion

3.1. Paper-based carbon electrodes for electrochemical assay
fabrication

PCEs acquire three electrically isolated electrodes with
minimal resistive characteristics to be used in electrochemical-
based biosensors. The fabrication of electrochemical PCEs
devices consists of a two-step strategy which includes (i) hydro-
phobic patterning and (ii) electrode painting. For hydrophobic
patterning, the paper matrix was filled with parafilm to define
a boundary for creating the electrode area. Subsequently, con-
ductive ink was manually dropped onto the hydrophilic area to
make the designated geometric area of the working electrode
(Fig. 1). In addition to the requirement of using low resistant
conducting ink, the uniformity of conductive ink dispersal
onto the paper substrate is also important to achieve reprodu-
cible electrochemical responses. Conductive ink with adequate
viscosity can disperse throughout the paper substrate.
However, highly viscous ink cannot adequately penetrate the
paper matrix.>! This leads to the deposition of more ink on the
surface of the substrate. The ink with high viscosity can be
washed away more easily during the washing/cleaning step of
the sensor fabrication. In our case, the optimal electro-
chemical response with the relative standard deviation (%RSD)
of around 15% was achieved with the dilution ratio of 1:1.
Hence, this ratio was the optimal composition for fabricating
PCEs devices for all subsequent electrochemical experiments.

3.2. Electrochemical characterization

To check the electrochemical performance of PCEs, cyclic vol-
tammograms of [Fe(CN)e]>~/*~ redox system at designated scan
rates and analyte concentrations were studied. As shown in
Fig. 3a, the magnitude of the peak currents (ip, and iy, Ipa =
oxidation peak current and i, = reduction peak current) and
peak separation (AE = |Ep, — Ep|, where E,, = oxidation poten-
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tial and Ep. = reduction potential) increased with increasing
the scan rate from 10 to 500 mV s~'. The magnitude of the
peak current increases linearly with the square root of the scan
rate (R> values were 0.9950 and 0.9961 for oxidation and
reduction processes, respectively; Fig. 3b). These results indi-
cate that the electron-transfer process at PCEs is diffusion-
controlled. Moreover, the magnitude of oxidation and
reduction peak currents also increase with increasing concen-
trations of [Fe(CN)e]> ™~ redox system from 1 to 25 mM in PBS
(Fig. 3c). The peak currents increased linearly with the analyte
concentration (R> values were 0.9865 and 0.9810 for oxidation
and reduction processes, respectively; Fig. 3d). In conclusion,
cyclic voltammetric studies of PCEs demonstrated quasi-
reversible, diffusion-controlled electron transfer kinetics for
the [Fe(CN)e]>~"*~ redox system. These results are in-line with
the other studies.”™*

3.3. Exosome detection assay

Fig. 2a illustrates the overall protocol for electrochemical
detection of cancer cell-derived exosomes. Briefly, the exosome
samples collected from cell lines were prepared in PBS. The
PCEs were first coated with anti-CD9, a generic exosomal
membrane antibody.*> The total exosome population within
the sample consisting of normal, and cancer cell-derived exo-
somes was incubated on the anti-CD9-coated electrode
surface. Ovarian cancer cell-derived exosomes from the
samples were sub-populated by using CA-125 antibodies.*®

3736 | Analyst, 2022, 147, 3732-3740

Characterization of the subsequent surface blocking by the
sequential attachment of the biomolecules was observed using
DPV in the presence of a [Fe(CN)s]**~ redox system. The
addition of subsequent biomolecular layers on the electrode
surface results in the attenuation of the current in DPV (see
ESI S17), indicating the successful binding of biomolecules on
PCEs (Fig. 2b). The detection system was further characterized
using electrochemical impedance spectroscopy (EIS) measure-
ment (see ESI S27). The charge transfer resistance (R.) at the
electrode surface increased with the increasing biomolecule
layers, determining the successful stepwise binding of coating
antibodies, exosomes and detecting antibodies on the elec-
trode surface (Fig. S27).

We used cell culture samples extracted from CA125(+)
OVCAR3 ovarian cancer cell lines and CA125(—) Met-5A epi-
thelial cell lines to demonstrate exosome detection. Exosome
concentration and size distribution were quantified by
Nanosight NS300 analysis. In Fig. 4, the most particles that
were more than 80% of the whole population from the pre-
pared samples were among the range of typical exosome size,
which is 50-180 nm. The concentration of exosomes in
OVCAR3 and Met-5A cell-derived exosome samples was esti-
mated to be 2.47 x 10° and 9.15 x 10® exosomes per mL,
respectively. The OVCAR3 cell-derived exosome sample was
used to prepare a designated concentration of exosomes
(2.47 x 10® to 2.47 x 10° exosomes per mL) via spiking in PBS.
For electrochemical detection, 5 pL of exosome samples were

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Exosome quantification by NTA. (a) Exosome distribution derived
from CA125(+) OVCAR3. The total concentration of exosomes present in
the 1:4 diluted sample is 4.93 + 0.16 x 10°® exosomes per mL. (b)
Exosome distribution derived from CA125(-) Met-5a. The total concen-
tration of exosomes presents in the 1: 4 diluted sample is 1.83 + 0.65 X
10°® exosomes per mL.

seized on the anti-CD9 coated PCEs. We observed an increas-
ing relative change of DPV signal after loading exosomes
(%I™°). The peak current decreases with increasing concentration
of exosomes, resulting from blocking the electron transfer
process of [Fe(CN)¢]**~ redox couple via the increased concen-
tration of non-conducting biomolecules attached at the sensing
electrode/solution interface (Fig. 5). The relative standard
deviation (%RSD) of DPV results shows the reproducibility of
<10% for the sample (n = 3). The linear equation for DPV current
change %I™° was fitted to be y = 11.21x + 4.483 (R* = 0.9797) with
exosome concentrations from 2.47 x 10% to 1.23 x 10° exosomes
per mL (inset of Fig. 5). The limit of detection (LOD) was esti-
mated by the linear equation. Briefly, the LOD concentration was
determined by three times of standard deviation of blank
samples divided by the slope of the equation. The LOD of our
method was estimated to be 9.3 x 10” exosomes per mL. The LOD
assessed by this study is comparable to commercial screen-
printed carbon electrodes (LOD is ~10°-10° exosomes per mL for
breast cancer-derived exosomes)"® and lateral flow immunological
assays (LOD is ~10%-10° exosomes per mL).**

To validate the assay specificity and to evaluate the false
positive DPV response resulting from non-specific adsorp-
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tion,"" control experiments were performed using the follow-
ing conditions: (1) the exosome target was extracted from the
CA125(-) Met-5A sample (i.e., NTA analysis results showed that
the concentration of exosomes in these samples was 9.15 x 10°
exosomes per mL). (2) the exosome target was replaced with
PBS. (3) PBS was used in all steps of the assay fabrication.
When the CA125(+) OVCAR3 exosomes were replaced with
CA125(—) Met-5A exosomes, the DPV current change %I°*'*®
was reduced by 4.60% (Fig. 6a (II)). In the second control
experiment, when the exosome target was replaced with PBS
(i.e., the absence of exosomes), the DPV current change %
I°A1%° was attenuated by 4.40% (Fig. 6a (III)). The changes in
the faradaic current for both these control experiments are
almost identical (Fig. 6a (II) versus 6a (III)) and almost 2-fold
lower than that of the CA125(+) OVCARS cell-derived exosomes,
indicating that the assay is suitable for discriminating between
CA125(+) OVCAR3 and CA125(—) Met-5A cell-derived exosomes
(Fig. 6a (I) versus 6a (II)). PBS was used in all incubation steps
instead of using antibodies and exosomes in the third control
experiment. The DPV current change decreased by 3.21%
(Fig. 6a (IV)). The data shown in Fig. 6a (II), (III), and (IV) indi-
cates that our assay is affected by the nonspecific adsorption
of biomolecules. These results are in-line with the other paper-
based electrochemical devices.">'**® It is worth noting that in
addition to nonspecific adsorption, after incubation with PBS
sample following with subsequent washing, the DPV response
of the PCEs device also decreases the relative peak current in
the same range from 3-5% shown in Fig. 6a (IV), Fig. 6b, and
Fig. S1.f This may be attributed to the diminishing and dete-
riorating surface area of the PCEs. Thus, the background
signal from nonspecific adsorption and PBS incubation, as
well as subsequent washing, are included as relative current
change calculated on the same device.

We performed a serial dilution of CA125(+) OVCAR3 exo-
somes in PBS to prepare the designated concentration of exo-
somes (2.47 x 10% to 2.47 x 10° exosomes per mL) via spiking in
PBS (2.47 x 10° to 2.47 x 10° exosomes per mL) to investigate the
sensitivity of the assay for detecting ovarian cancer-cell derived
exosomes in bulk exosome populations. The exosome samples
were captured by CD9 antibodies and sub-populated by CA125
antibodies. An increase in DPV current change (%I°*'*®) with
increasing concentration of CA125(+) OVCAR3-derived exosomes
was observed. The current changes for 2.47 x 10® to 2.47 x 10°
exosomes per mL were linearly fitted to be y = 4.154 + 4.407 (R?
=0.9974) (inset of Fig. 6b). The detection limit was calculated by
the linear equation as described above. The LOD of CA125(+)
OVCAR3-derived exosomes was estimated to be 7.1 x 10® exo-
somes per mL. The LOD is comparable to the conventional
screen-printed carbon electrode (LOD is ~10°~10° exosomes per
mL for breast cancer-derived exosomes).*?

3.4. Translational potential of our low-cost electrochemical
device

We believe that the 3-carbon electrode system on our paper-
based device offers many advantages compared to convention-
al electrochemical paper-based devices/assays. The hot-press-
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(1:10 to stock = 2.47 x 108 to 2.47 x 10° exosomes per mL). Inset shows the linear calibration plots between % current relative changes after loading
different exosome concentrations (1: 10 to stock = 2.47 x 10® to 2.47 x 10° exosomes per mL) compared to BSA obtained from the prior step. Error
bars represent the standard deviations for three individual replicates.
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Fig. 6 Assay specificity and sensitivity. (a) The bar graph of average value of % current relative changes after loading anti-CA125 measured for the
detection of exosomes derived from (I) CA125(+) OVCARS3, (Il) CA125(-) Met-5A, (Ill) PBS (in the absence of exosomes) (IV) control experiment which
the assay was treated with PBS in all steps (in the absence of CD9 and CA125). Inset presents the DPV signal of current changes after adding anti-
CA125 (bold lines) and samples (dash lines). (b) DPV signal of current relative changes after loading anti-CA125 obtained for the detection of
exosome derived from CA125(+) OVCAR3 spiked in PBS (1:10 to stock = 2.47 x 108 to 2.47 x 10° exosomes per mL). Inset represents the linear
relationship of average value of the % current relative changes after adding anti-CA125 responding to exosome concentrations. Each data represents

the average of three devices (n = 3) and the error bars represent the standard deviation for three individual replicates.

ing method allows rapid and straightforward substrate fabrica-
tion, requiring only 10 minutes of pressing time. The assay
fabrication was completed after an additional 2 hours, which
included the addition of the carbon electrodes to the substrate
(via drop casting with ink) and washing and drying steps to
remove excess carbon. This paper-based device fabrication
could circumvent additional steps as all electrodes are carbon
electrodes. Avoiding using silver/silver chloride keeps the cost
of fabrication and devices minimum. Our assay only required
a 1-hour incubation time, and it produced an electrochemical
response within 10 minutes (inclusive of post-incubation,
washing, and electrolyte addition steps). Additionally, our

3738 | Analyst, 2022,147, 3732-3740

assay required a relatively small sample volume of 5 pL due to
the small working electrode area. In contrast, ELISA takes up
to 100 pL of sample and usually takes a longer time to yield a
result. The principle of the exosome detection method out-
lined in our assay is not limited to ovarian cell-derived exo-
somes, as the immunosensor could be altered to detect any
protein-based biomarkers by simply replacing the detecting
antibodies specific to the desired biomolecular targets. Our
device’s total exosome detection limit (9.3 x 10” exosomes per
mL) lies within the range of exosomes present in human
plasma and serum, varying from 10® to 10'® exosomes per mL
depending on isolation methods.*>?” In addition, our

This journal is © The Royal Society of Chemistry 2022
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detection protocol does not require any tedious surface modifi-
cation, and the entire substrate is disposable, as well as being
ultra-low-cost (PCEs <0.05 USD per device).

4. Conclusion

We have developed a simple, disposable, low-cost paper-based
(three-carbon electrode) electrochemical device for the detection
of cancer cell-derived exosomes (CA125(+) OVCAR3) from a total
exosome population. We have demonstrated that our method
specifically detects approximately 10® exosomes per mlL from
isolated samples. We expect this method to be an alternative
approach for exosome quantification with the potential to be
further developed for point-of-care diagnostics. Our assay could
interest other researchers working in protein marker detection.
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