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A dual-mode electrochemical biosensor is successfully developed for simultaneous detection of two different
kinds of breast cancer biomarkers, namely cancer antigen 15-3 (CA 15-3) and microRNA-21 (miRNA-21), for the
first time. The sensor composes of a poly(3-aminobenzylamine)/two-dimensional (2D) molybdenum selenide/
graphene oxide nanocomposite modified two-screen-printed carbon electrode array (dual electrode), function-
alized individually with 2,3-diaminophenazine-gold nanoparticles and toluidine blue-gold nanoparticles. Both
kinds of the redox probe-gold nanoparticles are employed as signaling molecules and supports for immobilization
of anti-CA 15-3 antibodies and capture DNA-21 probes, respectively. Due to the good conductivity and high
surface-to-volume ratio of the nanocomposite, high amount of the antibodies and capture probes can be
immobilized on the modified dual-electrode, giving the efficient duplex detection. Consequently, the biosensor
provides good selectivity, and high sensitivity for the dual target analyte detection. The experimental results
show that this label-free biosensor exhibits good linear responses to the concentrations of both target analytes
with the limits of detection (LODs) of 0.14 U mL ™! and 1.2 fM for CA 15-3 and miRNA-21, respectively. This
assay strategy has a great potential to be further developed for the simultaneous detection of a variety of miRNAs
and protein biomarkers for point-of-care (POC) diagnostic applications.

1. Introduction

Breast cancer is one of the major causes of cancer-related death in
woman worldwide [1,2]. The detection of breast cancer markers is
significant for cancer screening, identifying the level of disease, and
measuring response of the therapy [3,4]. Cancer biomarkers are bio-
molecules including secreted proteins, tumor-associated antigens, and
nucleic acids (mutated DNA/RNA, mRNA, or microRNAs) [5,6]. These
biomarkers are produced in the human body and their expression levels
change during the tumor progression [7]. Due to the complexity of
humoral immune responses in the human body, the assay of a single

biomarker offers insufficient clinical information, which results in a
poor prognosis [8]. Therefore, the development of highly sensitive, ac-
curate, and multiplex biomarkers detection and profiling at the begin-
ning of tumor promotion is required [9,10]. Recently, proteomic and
genomic biomarkers have been employed to detect irregular gene ex-
pressions and mutations during cancer development [11]. Cancer anti-
gen 15-3 (CA 15-3) is an acid glycoprotein with a high molecular weight
of 300-450 kDa, which is found in patients suffered with a breast cancer
[12,13]. Normally, the concentration of CA 15-3 in healthy human
serum is typically less than 30 U mL™!. If the serum level of CA 15-3
increases, high risk of breast cancer can be predicted [14]. Therefore,
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the simple and sensitive detection and identification of CA 15-3 level in
serum has become an important approach for breast cancer analysis.
Besides the protein marker, microRNA (miRNA), a short-chain and
endogenous nonprotein-coding RNA is another significant breast cancer
marker related to gene expression [15] It has been reported that the
level of miRNA-21 expression in breast cancer patients is much higher
than that of the normal people [16]. The assay of both CA 15-3 and
miRNA-21 is a promising candidate for efficient breast cancer diagnosis.
Moreover, the early stage of breast cancer is confirmed by the over-
expression level of such biomarkers [17]. Thus, the versatile, simulta-
neous analysis of the multiple biomarkers supports the accurate
diagnosis and achievement of right treatment for patients [18,19]. This
can be developed to point-of care (POC) diagnosing for many kinds of
diseases and monitoring their treatments.

Many biosensors have been established for the simultaneous detec-
tion of multiple tumor markers with different signal transductions such
as surface plasmon resonance [20], fluorescence [21], electro-
chemiluminescence [22], resonance light scattering [23], and electro-
chemical [24] techniques. Among them, electrochemical technique
provides ease of operation including high specificity and sensitivity.
Electrochemical sensors have shown several benefits, such as simulta-
neous detection, versatility, simple instrumentation, rapid detection,
accurate quantification, low cost, good selectivity, and high sensitivity
[25]. Previously, the biosensors for protein/RNA multi-analyte detec-
tion using both capture antibody and nucleic acid probe have been
successfully developed [19,26,27]. However, the development of the
stable, and rapid procedure toward label-free electrochemical technique
is challenging. Electrochemical active species based on enzymes [28,
29], metal tags [30,31] or redox dyes [32,33] are commonly used as
labels. Among these signaling particles/molecules, redox dyes such as
anthraquinone, 2-3-diaminophenazine (DAP), methylene blue, tolui-
dine blue (TB), and Prussian blue have attracted great interest due to
their well-defined and strong voltammetric peaks at different potentials
positions [34-38] that can be employed for signal molecules in multi-
plex immunosensor.

Interestingly, electrochemical biosensors’ surfaces coated with the
functional two-dimensional (2D) nanomaterials such as molybdenum
diselenide (MoSey), molybdenum disulfide (MoS;), tungsten diselenide
(WSey), graphene, and graphene oxide (GO) have been reported with
improved sensitivity for cancer analysis [38-43]. They provide high
density of surface active sites resulting in increased detection sensitivity
and making them ideal for construction of the devices [39]. The
outstanding physiochemical properties of MoSe; such as fast charge
transfer and large specific surface area, have made it a good choice for
such sensing application [40]. Meanwhile, GO is another ideal material
for the device fabrication due to its high surface area, high aqueous
dispersibility and modification capability. Moreover, it is low cost,
production scalability, ease of processing, and good biocompatibility
[41,42]. Additionally, GO can react with various nanomaterials and
conductive polymers or their derivatives to form novel nanocomposites
[43,44]. It has been reported that the polyaniline derivatives can be used
as electrochemical sensing matrices and improve stability of bio-
molecules immobilization on their surface [45-47]. Furthermore, gold
nanoparticles (AuNPs) is frequently applied in this field because of their
high conductivity and biocompatibility which can provide uniform
electroactive sites, and large surface area for immobilization of bio-
molecules [48].

Herein, a novel dual electrochemical biosensor based on two
different dye-AuNPs coated onto a poly(3-aminobenzylamine)/two-
dimensional (2D) molybdenum selenide/graphene oxide (P3ABA/2D-
MoSe,/GO) nanocomposite modified two-working area screen-printed
carbon electrode (2SPCE) array (dual electrode) for simultaneous
determination of CA 15-3 protein and miRNA-21 has been developed.
The nanocomposite on a 2SPCE array with a highly effective surface area
is employed as the new platform, which allows deposition of DAP-AuNPs
and TB-AuNPs for detection of CA 15-3 and miRNA-21, respectively. The
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sensing surface is further constructed via the immobilization of capture
biomolecules, anti-CA 15-3 antibodies and DNA-21 capture probes,
respectively, on the dual-electrode platform. The antibodies/DAP-
AuNPs and DNA probes/TB-AuNPs sitting on each composite-modified
working area of the platform are utilized as distinct signaling redox
species to produce analytical responses. The CA 15-3 and miRNA-21
biomarkers are used as model analytes in the proposed proof-of-
concept experiments. The present dual biosensor for the detection of
both CA 15-3 and miRNA-21 shows wide ranges of linear responses,
good multiplex ability, high sensitivity, high selectivity, acceptable
reproducibility, and satisfied stability. This developed biosensor shows
potential in accurate breast cancer diagnosis and can be further devel-
oped for the analysis or POC testing of other diseases.

2. Experimental section
2.1. Chemicals, reagents and apparatus

Chemicals and reagents, and apparatus are listed in Sections S1 and
S2 (Supporting information), respectively.

2.2. Preparation of nanomaterials

Graphene oxide was prepared from graphite powder according to the
modified Hummer’s method [49]. The preparation of 2D-MoSe, was
according to the modified procedure of the literature [50]. A portion of
0.5 g of bulk MoSe; powder was added into 0.4 mL of N-methyl-2--
pyrrolidone. The mixture was ground in an agate mortar for 1 h. To
remove the solvent, the resultant viscous mixture was dried in an oven at
60 °C overnight. The 2D-MoSe, powders were obtained. To make the 2D
nanocomposite, the graphene oxide and 2D-MoSey powders at 4.0 mg
mL~! were dispersed separately in deionized water and mixture of iso-
propanol: deionized water (90:10 v/v), respectively under sonication for
1 h. The graphene oxide dispersion was mixed with the MoSe; nanosheet
dispersion in a sonicator for 1 h and kept with a total concentration of
4.0 mg mL~L. The graphene oxide/2D-MoSe; composite dispersion was
used to further fabricate a signaling nanocomposite-coated 2SPCE array.
Two kinds of dye-AuNPs were prepared by mixing 180 L of 10% w/v
HAuCly solution and 20 pL of 100 mM TB or DAP in 0.010 M PBS (pH
7.4) on thermomixer at 400 rpm and at the temperature of 25 °C for 4 h
[24]. The resulting composites were separated and washed with
deionized water by centrifugation at 7000 rpm for 3 times. For future
use, each nanocomposite was re-dispersed and adjusted with deionized
water to a 200-uL volume. The morphologies of the nanomaterials are
described in Section S5 (Supporting information).

2.3. Preparation of modified electrodes

The procedure for electrode modification and electrochemical mea-
surements are described in Sections S3 and S4 (Supporting information),
respectively. The morphological properties of the modified electrodes
are also described in Section S5 (Supporting information).

2.4. Construction of dual immunosensor-DNA bioplatform

Our dual biosensor is divided into two parts involving immunosensor
and DNA-based biosensor. The simultaneous detection of CA 15-3 pro-
tein and miRNA-21 is achieved by monitoring both immunoreaction and
hybridization, respectively. The fabrication and optimization of the
sensor and its multiplex detection were evaluated at room temperature.
The principle of proposed dual biosensor is demonstrated in Fig. S3. For
the detection of CA 15-3 protein, 2.5 pL of DAP-AuNPs solution was
dropped on the first nanocomposite-modified working SPCE of an array
and then dried in air at the room temperature. For the activation of
terminal carboxylic groups of anti-CA 15-3 antibodies, 50 uL of 0.40 M
EDC/0.10 M NHS (1:1 v/v) solution and 50 L of 60 pg mL ™! anti-CA 15-
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3 solution were mixed on thermomixer at 400 rpm [51]. 2.5 uL of
activated anti-CA 15-3 antibodies solution was incubated onto the
modified electrode in a humidity chamber for 1 h. The unbound anti CA
15-3 antibodies were removed from the modified electrode by rinsing
with 10 mM PBS (pH 7.4) for 3 times. To avoid non-specific adsorption
of proteins, free surface sites of the electrode were blocked with 2.5 uL of
0.5% w/v BSA solution for 30 min and the electrode was washed with
PBS solution for 3 times. For the measurement of miRNA-21, the capture
DNA-21 solution was prepared by mixing 10 uL of 0.2 mM TCEP-HCI in
10 mM Tris EDTA solution and 10 pL of 20 uM capture DNA-21 at 400
rpm for 2 h to break S-S bond. 2.5 uL of TB-AuNPs was dropped on to the
second nanocomposite-modified working SPCE and then left in the air at
room temperature. Furthermore, 2.5 pL of the capture DNA-21 solution
was immobilized onto the resultant modified SPCE in the humidity
chamber for 2 h. After the incubation of capture DNA-21, the capture
DNA-21/TB-AuNPs/nanocomposite-modified SPCE was gently rinsed
with 1 xPBS to remove unbound capture DNA-21 probes for 3 times. 2.5
uL of 20 uM MCH blocking solution was coated on to the
nanocomposite-modified SPCE containing the capture DNA 21 and
TB-AuNPs for 30 min and then washed with PBS for 3 times. The stock
target miRNA-21 solution was prepared in hybridization buffer (1 x
SSC) solution. For the simultaneous detection of both CA 15-3 and
miRNA-21, the quantitation was carried out using 2.5 pL droplets of
target CA 15-3 and miRNA-21 solutions in the immunoreaction and
hybridization on the first and second electrodes, respectively for 1 h.
Consequently, the both array electrodes were rinsed with PBS several
times to remove unbound miRNA-21 and CA 15-3, followed by elec-
trochemical measurement. The electrochemical responses of two redox
dyes before and after immobilization of target protein and miRNA were
recorded by DPV technique in 0.01 M PBS buffer (pH 7.4).

3. Results and discussion
3.1. Electrochemical properties of nanocomposite-modified electrodes

As compared to the electrochemical properties of the bare SPCE,
Fig. 1a shows that the CVs of the electrodes modified with different
materials are evaluated in 0.10 M KCI solution containing 5 mM [Fe
(CN)6]4’/ 3- at a scan rate of 50 mV s~ 1. All electrodes reveal a pair of
well-defined redox peaks of [Fe(CN)6]4’/ 3 (Fig. la). Peak currents
slightly increase by coating SPCE with 2D-MoSez nanosheets, which
indicates the inherent conductive behaviour of selenium in 2D-MoSe,
structure (Fig. 1a-blue curve) [40]. After the graphene oxide is covered
on SPCE, the peak current response increases compared to that of the
bare SPCE (Fig. la-red curve). This results from the high reactivity of
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high quality graphene oxide, which the electrode-surface modification
with graphene oxide can increase current response and encourage the
quicker electron transfer process [52-54]. After the SPCE and graphene
oxide-modified SPCE are modified with P3ABA, the peak currents in-
crease, indicating that the P3ABA film is successfully deposited onto
both SPCEs (Fig. la-pink and green curves). This conducting polymer
derivative improves the electrochemical reactivity and compatibility at
the electrode/electrolyte interface, resulting in faster electron transfer
kinetics and electrochemical response. In the same way, the highest peak
current is observed after the P3ABA is deposited on graphene oxi-
de/2D-MoSey-modified SPCE (Fig. 1a-orange curve). The EIS spectra of
the modified electrodes in contact with 0.10 M KClI containing 5.0 mM
[Fe(CN)5]4’/ 3- are shown in Fig. 1b. The semicircles at high-frequency
region correspond to resistances of the charge transfer (R.). Generally,
the R value is an important factor reflecting the interface properties of
the modified electrodes’ surfaces. The R, value of the bare SPCE is 101
Q. After the P3ABA, 2D-MoSe,, graphene oxide, P3ABA/graphene oxide
and P3ABA/2D-MoSe;/graphene oxide films are covered on the SPCEs,
it decreases to ca. 89, 78, 60, 58, 54 Q, respectively, due to the good
nanomaterials’ conductivity. The nanomaterials offers better charge
transfer process at the electrolyte/electrode interface. The modification
of electrode surface leads to a decrease in R, value that in turn governs
the electrode kinetics. It is probably attributed to topological features of
the electrode surface after the modification, which causes the fractal
dimension of porous or rough surfaces-electrodes [55]. The surface
morphological characters of the modified electrodes would result in
lowered and/or distorted semicircle and the depression of the semicircle
center in the EIS spectra due to the capacitance dispersion [55-57]. EIS
result agrees well with those of the CV measurement, signifying suc-
cessful preparation of the three-component nanocomposite-modified
2SPCE array. The electrode array with the best conductive properties
would be served for further modification with dye-AuNPs and bio-
molecules (anti-CA 15-3 and DNA-21 capture probe) for fabricating a
novel, label-free, highly sensitive, and duplex biosensor.

3.2. Construction of the dual biosensor

Since a 2SPCE array is employed to construct the proposed label-free
immuno- and DNA-based biosensor, they are connected via the array
structure for detection of CA 15-3 protein and miRNA-21 biomarkers
within a single run. Fig. 2 demonstrates the fabrication of the sensing
surfaces and the corresponding DPV curves of the modified electrodes
with different modification steps, measured in contact with 10 mM PBS
(pH 7.4). For a nanocomposite-modified 2SPCE array without deposited
redox dye species-AuNPs (DAP-AuNPs and TB-AuNPs), no obvious peak
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Fig. 1. (a) CVs curve and (b) Nyquist plots of bare SPCE and GO-, 2D-MoSe,-, P3ABA-, P3ABA/GO-, and P3ABA/2D-MoSe,/GO-modified SPCEs in contact with

0.10 M KCl solution containing 5 mM [Fe(CN)6]3’/ 4
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Fig. 2. DPVs of (1) bare nanocomposite-modified 2SPCE array and (2) dyes-AuNPs-, (3) anti-CA 15-3/ and capture DNA-21 probe/dyes-AuNPs-, (4) BSA/anti-CA 15-

3/ and MCH/capture DNA-21 probe/dyes-AuNPs-, and (5) CA 15-3/BSA/anti-CA 15-3/ and miRNA-21/MCH/capture DNA-21 probe/dyes-AuNPs-coated nano-
composite-modified 2SPCE arrays in 10 mM PBS solution (pH 7.4).
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is observed (curve 1). After DAP-AuNPs and TB-AuNPs are coated on the
nanocomposite-modified 2SPCE array, distinct anodic current peaks of
DAP and TB located at — 0.80 V and 0.4 V, respectively, are observed
(curve 2). This indicates that the nanocomposite is a good electro-
chemically reactive support for DAP and TB of the AuNPs-based nano-
composites and performs well-defined redox processes. After
immobilization of anti-CA 15-3 antibodies and DNA-21 capture probes
onto DAP-based and TB-based nanocomposites of the modified 2SPCE
array, respectively, the peak currents of DAP and TB decrease (curve 3)
because the electrode-assembled anti-CA 15-3 antibodies and DNA-21
probes hinder their electron transfer processes at each SPCE of the
array. Then, to get rid of the left non-specific adsorption/surface active
sites, both current peaks further decline after BSA and MCH blocking
agents are attached on the nanocomposite-modified SPCEs coated with
anti-CA 15-3/DAP-AuNPs and DNA-21/TB-AuNPs, respectively (curve
4). After the target CA 15-3 and miRNA-21 are captured with their
corresponding probes, significant decreases in both DPV peaks are
observed (curve 5). This is attributed to the specific target-probe binding
and target miRNA-probe hybridization which also hinder electron
transfer processes of both dyes.

3.3. Optimization of device fabrication conditions

In this study, the dual immunosensor-DNA biosensor device is
developed using the modified array consisting of two working electrodes
for simultaneous and individual electrochemical detection of CA 15-3
and miRNA-21. To obtain the best sensor, the optimization of fabrica-
tion conditions is required. The amount of the immobilized anti-CA 15-3
and capture DNA-21 probes on the surfaces of the developed
nanocomposite-modified SPCE-based dual biosensor is one of the key
factors affecting detection sensitivities of the target analytes. Moreover,
the experimental parameters including antibodies’ and DNA probes’
anchoring time, and detection time of both protein CA 15-3 and miRNA-
21 were also investigated to achieve the best biosensing efficiency.
Fig. 3a and d show effect of the antibody and DNA probe concentrations
on the device performance. After incubation of the redox dyes-AuNPs/
nanocomposite-modified 2SPCE array with the capture antibody (anti-
CA 15-3) and DNA probe (DNA-21) solutions, the electrodes were
washed with PBS many times and used in the optimization via the
multiplex detection of CA 15-3 and miRNA-21. The concentrations of
anti-CA 15-3 and DNA-21 were varied from 20 to 100 pg mL~! and from
0.10 to 10 pM with the incubation times for the probes immobilization
of 1 and 2 h, respectively, while the immunoreaction/hybridization time
for this optimization is 1 h. Consequently, the detection was performed
simultaneously. In general, decreases in the responses due to the
numbers of target CA 15-3 and miRNA-21 captured on a nanocomposite-
modified 2SPCE array, are dependent on the anti-CA 15-3 and DNA-21
probe contents. If the amounts of surface-bound probes are higher, the
amounts of both captured target analytes are higher, causing the larger
current differences before and after targets’ binding. As displayed in
Fig. 3a, 100 UmL™! CA 15-3 is detected by the dual biosensor using
anti-CA 15-3 with the concentrations from 20 to 100 ug mL™'. The
change in peak current (Ai) increases with raising the anti-CA 15-3
concentration from 20 to 60 pg mL™! and then reaches the constant
level (ca. 12.4 pA) from the concentration of 60 pg mL ! onward,
indicating the saturated immobilization of anti-CA 15-3 antibodies.
Therefore, the optimal anti-CA 15-3 concentration of 60 ug mL™! is
selected for the fabrication of the immunosensor. To optimize the con-
centration of the DNA-21 capture probe for electrode-surface immobi-
lization via detection of the hybridization reaction of miRNA-21/DNA-
21 duplex, the biosensors employing a gradient of DNA-21 probe con-
centrations are constructed. As shown in Fig. 3d, by increasing the
concentration of the DNA-21 probe from 0.10 to 10 uM, the detection of
10 pM miRNA-21 by the fabricated biosensor is tested. It is found that
the Ai value increases up to 5 uM (ca. 15.3 pA), and then no significant
change is observed because of saturation of DNA-21 probe molecules on
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the electrode surface. At the saturation point, dual biosensor does not
capture more targets due to the same quantities of probes immobilized
on the both array SPCE surfaces. Therefore, at high probe concentra-
tions, the current does not change significantly. The DNA-21 probe
concentration of 5 uM is selected to fabricate another part of the dual
biosensor.

With keeping the constant concentrations of the antibodies and DNA
probe at the optimized values and the immunoreaction/hybridization
time of 1 h, the effect of incubation times for the immobilization of the
anti-CA 15-3 and DNA-21 on the sensor sensitivities was studied. Time
range from 30 to 120 min for immobilization of the activated antibodies
is demonstrated in Fig. 3b. The Ai value of the detection of 100 U mL™?
CA 15-3 increases quickly with extending incubation time to 60 min and
then reaches a plateau, thus implying a saturated binding between the
antigen and the antibody on electrode surface due to limited binding
sites of the electrode surface or limited amounts of the antibody. This
means that after 60 min, the immobilization of antibody is complete and
the anti-CA 15-3 antibody cannot further bind. So, 60 min is the optimal
time for the immobilization of anti-CA 15-3. Furthermore, the DNA-21-
immobilization time from 30 to 100 min is studied as shown in Fig. 3e.
According to this figure, the time for complete hybridization between
DNA-21 capture probe and miRNA-21 target is still kept at 1 h. The Ai
value from binding with 10 pM miRNA-21 increases with increasing the
immobilization/incubation time until 120 min and it thereafter is con-
stant indicating that at this point, the electrode surface is full decorated
by the DNA-21 capture probes. This incubation time cause completion of
DNA-21 capture probes attachment on the sensing surface. In compar-
ison with anti-CA 15-3 anchoring time, the time required for immobi-
lization of capture DNA-21 probe is longer since the antibody is
activated whilst DNA-21 capture probe is attached via automatically
formed S-Au bonds. Therefore, the optimized immobilization time of
120 min is used throughout the whole sensing experiment.

Additionally, the incubation times for the CA 15-3/anti-CA 15-3
immunoreaction and miRNA-21/DNA-21 hybridization are critical fac-
tors to affect the devices’ quality. The constant Ai values indicate the
complete immunoreaction/hybridization. As observed in Fig. 3c, the
time was varied from 15 to 60 min for the determination of 100 U mL™?
CA 15-3 by our developed biosensor. It is found that the Ai response
increases up to the 30 min. After that, the current response does not
change due to the saturated capturing of CA 15-3 on the electrode sur-
face. Thus, 30 min is chosen for the sensing of CA 15-3. Moreover,
various hybridization times, including 15, 30, 60, and 120 min were
used for detection of 10 pM miRNA-21 by the dual biosensor. The hy-
bridization time of target miRNA-21 is evaluated in Fig. 3f. The Ai value
reaches the maximum when the hybridization time exceeds 30 min, and
then remains constant. Consequently, the incubation time of 30 min is
applied for miRNA-21 detection.

3.4. Multiplex capability of the dual biosensor

The multiplex capability of this electrochemical biosensor was
investigated by the single-run detection of both CA 15-3 and miRNA-21
employing our dual biosensor. The simultaneous detection were
controlled under the optimized experimental conditions. The recogni-
tion of each array SPCE in contact with solutions in the presence and/or
absence of protein CA 15-3 and/or miRNA-21, was studied by differ-
ential pulse voltammetry (DPV). Without both target analytes, two
baseline current peaks of the fabricated dual biosensor, located at the
applied potentials of — 0.78 V and 0.40 V, are observed (Fig. 4a—c, black
line). After the dual sensor is soaked with the solution containing both
100 UmL™! CA 15-3 and 10 pM miRNA-21, both DPV current peaks
considerably decrease as can be seen in Fig. 4a (red line). After incu-
bation with the solution containing 100 UmL™' CA 15-3 without
miRNA-21, a reduced DPV peak at the potential of — 0.78 V was
observed and the peak height at the potential of 0.40 V does not change
significantly (Fig. 4b, red line). On the other hand, only DPV current
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Fig. 4. Cross-reactivity investigation of the electrochemical dual biosensor by simultaneous detection of both targets. The measured DPV responses of DAP and TB
confined on the dual biosensor with presence of 0 U mL~! CA 15-3+0 pM miRNA-21 (black), and (a) 100 U mL~! CA 15-3 + 10 pPM miRNA-21 (red), (b)
100 UmL™! CA 15-3 4+ 0 pM miRNA-21 (red), and (c) 0 U mL ™" CA 15-3 + 10 pM miRNA-21 (red). (d) DPV responses of the proposed biosensor after incubation
with different concentrations of CA 15-3 and miRNA-21 and corresponding calibration curves of the duplex assay toward CA 15-3 (e) and miRNA-21 (f) in 0.10 M

PBS solution (pH 7.4).

peak at the potential of 0.40 V declined obviously when the sensor is
immersed in 10 pM miRNA-21 solution at the absence of CA 15-3
(Fig. 4c, red line). In Fig. 4a and b, the peak heights at the position of
— 0.78 V are identical when immunoreaction occurs with 100 U mL ™
CA 15-3, whilst in Fig. 4c, the peak height at the potential of 0.40 V is
insignificantly different from that in Fig. 4a due to similar hybridization
of miRNA-21 and DNA-21. This confirms that each sensing element on
each SPCE of the dual biosensor recognizes their own corresponding
targets with no cross binding and non-specific adsorption. It is plausible
that the cross reactivity between two target analytes or current addi-
tivity to each other is negligible. Therefore, the simultaneous multi-
analyte bioassay with high precision and accuracy can be achieved by
the proposed dual biosensor.

3.5. Analytical performance of the dual biosensor

To evaluate the device analytical performance, under the optimized
condition, the DPV curves of the dual biosensor after specifically and
simultaneously capturing CA 15-3 and miRNA-21 at various concen-
trations of 0-500 U mL ™! and 0-1000 pM, respectively, are measured at
room temperature (Fig. 4d). The decreases in DPV response peaks for the
multiplex detection are observed, which are proportional to the amount
of target biomarkers. It is noted that amounts of insulating layers formed
together with immunocomplexes and hybridization products (miRNA-
21/DNA-21 duplexes) increase with increasing the target concentra-
tions. Thus, electron transfer blockage of both dyes is raised, resulting
the reduced current responses. Correspondingly, Fig. 4e demonstrates
the great linearity between the current response and the logarithm of the
CA 15-3 antigen concentration, and Fig. 4f also reveals the good linear
relationship between the current intensity and the logarithm of the
concentrations of the miRNA target. The limits of quantification (LOQs)
and the limits of detection (LODs) are evaluated from the calibration

plots using the equations; LOQ is 10SDpjankx/m and LOD is 3SDpjank/m,
where SDypank is the standard deviation of the blank and m is the slope of
the calibration plot [58,59]. It is found that the calculated LOQs are
0.47 UmL™! and 4.1 fM for the detections of CA 15-3 and miRNA-21,
respectively. In case of CA 15-3 detection, the LOD is found to be
0.14 U mL™! while the LOD of miRNA-21 is 1.2 fM. When considering
the cut-off level of CA 15-3 (25 U mL™}) in the clinical evaluation, the
LOQ is sufficient for quantification of this biomarker. Thus, the fabri-
cated dual biosensor is beneficial in the breast cancer diagnostics.

3.6. Selectivity, reproducibility and stability of the dual biosensor

To evaluate the specificity of the dual biosensor, the simultaneous
detection of both targets is carried out to obtain the current responses
regarding all the solutions. Interfering substances such as AFP, IgG,
GM2, Glu, AA, UA, and BSA are selected as the interferences to evaluate
the selectivity of the immunosensor. As shown Fig. 5a, the selectivity of
the biosensor is tested using 25 U mL ™! CA 15-3 target protein and PBS
is used as the blank. The interference study for immunosensor part is
divided into two groups. The first group involves individual in-
terferences (100 ng mL™!) without the presence of the target protein.
The second group involves the incubation of the sensing surface with
25U mL™! CA 15-3 solutions containing individual interfering sub-
stances or their mixture (100 ng mL~1Y). The current responses of the
first group are slightly different from that of the blank (PBS) with the
current variation less than ca. 3.3%. The response values of the second
group does not significantly change as compared to that of the solution
containing only CA 15-3. Moreover, the variation of analytical response
produced by the interference substances contained in the matrix
together with the target biomarker of interest is less than ca. 1.0%.
Although individual interference causes higher variation of baseline
response, in practical use the detection employs the analytical response



C. Pothipor et al.

(2)

Colloids and Surfaces B: Biointerfaces 210 (2022) 112260

(b) (¢)

50
304
-
K
<
= 9 2
= < 201 z
- ~ =
£
30 10- &
0-
N N I\ &
Q,‘}o “;\« &~ &
&
& <& B\
S & .;Ss

Fig. 5. (a) responses of the anti-CA 15-3 immobilized DAP-AuNPs/nanocomposite-modified SPCE toward the detection of blank, 100 U mL~! CA 15-3, 100 ng mL~!
individual interferences (AFP, IgG, GM2, Glu, AA, UA, and BSA), 100 U mL ! CA 15-3+ each interference (100 ng mL™1), and 100 U mL ™! CA 15-3+ all interference
mixture (100 ng mL~! each), (b) responses of the DNA probe immobilized TB-AuNPs/nanocomposite-modified SPCE toward the detection of blank solution, 100 pM
miRNA-21, and 100 pM individual oligonucleotide interferences (single base mismatched target (MM1), triple bases mismatched target (MM3), non-complementary
miRNA-21, and miRNA-155), and (c) stability test of the biosensor over 5 weeks for duplex detection of CA 15-3 and miRNA-21.

from the detection in the real matrix containing many kinds of inter-
fering biological substances together with the target biomarker of in-
terest. The matrix also contain many biological substances. It is noted
that the presence of interferences does not provide different responses in
the detection of CA 15-3 compared to that of the detection without
interference, suggesting the satisfied specificity of the immunosensor to
CA 15-3. In the case of miRNA-21 biosensor part, single-base mismatch
(1MM), triple-base mismatch (3MM), and non-complementary miRNAs,
and miRNA-155 are used as interferences as depicted Fig. 5b. The
selectivity test of the biosensor is performed by the detection of all single
miRNA (100 pM) solutions. Again, the reduced response is exactly
observed when the sensor is incubated with 100 pM miRNA-21 solution
due to the miRNA-21/ DNA-21 capture probe hybridization. As
compared to the blank response, no significant change in the response is
observed from the detection of 1MM, 3MM, non-complementary miR-
NAs, and miRNA-155, indicating no formation of hybridization product.
This implies that the prepared sensor exceedingly possesses high spec-
ificity for miRNA-21.

In addition, to investigate the reproducibility of the dual biosensor,
the detection of both analytes by five individual biosensing 2SPCE ar-
rays are tested under the same condition. The concentrations of the
target analytes, CA-153 and miRNA-21, are 1.0 UmL™! and 0.1 pM,
respectively (Fig. S8). Relative standard deviations (%RSD) of the
analytical responses after binding with the same concentrations of CA
15-3 and miRNA-21 are 4.15% and 4.87%, respectively, favoring the
good reproducibility and precision of the dual biosensor. Moreover, to
test the device stability, the prepared dual biosensors are kept at 4 °C
over a period of time from 1 day to 35 days (five weeks) and the
multiplex detection of both analytes is performed for each storage time.
The analytical responses change over the time as shown in Fig. 5c. The
response of the CA 15-3 detection (100 U mL 1) after 5 weeks retains ca.
91% of its initial value. In addition, ca. 81% of the initial response for
detection of miRNA-21 (100 pM) is found when the sensor is stored for 5
weeks. Thus, the performance of this proposed dual biosensor is suffi-
cient for detection of the biological objectives of interest. The knowledge
from this study can be extended in the development of other multiplexed
assays. The developed device meets the requirement of the simultaneous
detection strategy.

3.7. Simultaneous detection by the dual biosensor

For the applicability of the proposed biosensor, a human serum
sample is selected as the biological sample. The serum sample was 50%

diluted with 0.01 M PBS for recovery study [60]. Subsequently, the CA
15-3 and miRNA-21 solutions with three concentrations (5.0, 50, and
100 U mL™! for CA 15-3, and 1.0, 10, and 100 pM for miRNA-21) are
freshly prepared into the diluted human serum. The dual biosensor is
applied to analyze CA 15-3 and miRNA-21 simultaneously in the pre-
pared solutions. Table 1 shows the result of recovery test for the
detection. The percentages of recovery (% recoveries) are in the range of
100.5-109.9% with the %RSD range of 1.13-2.82% for CA 15-3 detec-
tion. For the miRNA-21 determination, the % recoveries are
104.5-110.0% with %RSD values of 4.13-6.26%. Therefore, the pro-
posed nanocomposite-modified 2SPCE biosensor exhibits acceptable
recoveries for the duplex detection of CA 15-3 protein and miRNA-21 in
human serum, which is feasible for clinically analytical applications in
the future.

4. Conclusions

A label-free dual electrochemical biosensor using the newly designed
three-component nanocomposite-modified 2SPCE array is successfully
developed for the simultaneous detection of cancer-associated CA 15-3
and miRNA-21. The nanocomposite improves the electron transfer ki-
netics. The two redox dye/AuNPs composites are used as the signal
generators for the detection of both CA 15-3 and miRNA-21. The pre-
pared DAP-AuNPs- and TB-AuNPs-based nanocomposites possess
favorable bioactivity and act as a support the immobilization of anti-CA
15-3 antibody and DNA-21 capture probe, respectively. Under the
optimal condition, the proposed assay strategy reveals excellent
analytical performance, and the biosensor can perform the analysis at
the femtomolar level (1.2 fM) for miRNA-21 and with the LOD of
0.14 UmL™?! for CA 15-3. The developed biosensor provides not only
fast analytical response time but also simplicity in preparation, high
selectivity, reproducibility, and acceptable stability. Thus, this biosensor
is a useful tool for the early stage breast cancer detection. In addition,
the approach has provided a new avenue for multiplex sensing appli-
cations and held great promise for disease diagnostic with a potential in
developing POC diagnostic devices.
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