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HIGHLIGHTS

e An ultrasensitive and portable
microfluidic electrochemical immu-
nosensor for SOX-2 cancer biomarker
detection was developed.

e Selectivity and sensitivity were
improved by a physical-chemical
channel treatment in order to obtain
a hydrophilicity functional platform.

e The gold electrode was modified by
using a dynamic hydrogen bubble
template method, resulting in a gold
nanoporous electrode.

e SOX-2 present in the sample was
detected by a type sandwich
immunoassay.
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AE: Auxiliary electrode.
RE: Reference electrode.
WE: Working electrode.

ABSTRACT

An ultrasensitive and portable microfluidic electrochemical immunosensor for SOX-2 cancer biomarker
determination was developed. The selectivity and sensitivity of the sensor were improved by modifying
the microfluidic channel. This was accomplished through a physical-chemical treatment to produce a
hydrophilic surface, with an increased surface to volume/ratio, where the anti-SOX-2 antibodies can be
covalently immobilized. A sputtered gold electrode was used as detector and its surface was activated by
using a dynamic hydrogen bubble template method. As a result, a gold nanoporous structure (NPAu) with
outstanding properties, like high specific surface area, large pore volume, uniform nanostructure, good
conductivity, and excellent electrochemical activity was obtained.

SOX-2 present in the sample was bound to the anti-SOX-2 immobilized in the microfluidic channel,
and then was labeled with a second antibody marked with horseradish peroxidase (HRP-anti-SOX-2) like
a sandwich immunoassay. Finally, an H,0; + catechol solution was added, and the enzymatic product
(quinone) was reduced on the NPAu electrode at +0.1 V (vs. Ag). The current obtained was directly
proportional to the SOX-2 concentration in the sample. The detection limit achieved was 30 pg mL~’, and
the coefficient of variation was less than 4.75%. Therefore, the microfluidic electrochemical immuno-
sensor is a suitable clinical device for in situ SOX-2 determination in real samples.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, the study of tumor biomarkers has become
essential to detect and control different kinds of cancer [1]. Bio-
markers are molecules found in various fluids, such as saliva,
serum, tissues, among others, and they allow to control if the bio-
logical conditions of the patient are normal or abnormal. In this
way, the monitoring of the biomarkers concentration can serve as a
powerful tool for rapid detection of a disease, as well as helps to
control the evolution of the patient’s condition during the treat-
ment, thus improving the chances of recovery [2].

SOX-2 is a protein also known as SRY-box 2 (Sex determining
Region Y-box 2) and is a transcription factor whose function is
essential to maintain the self-renewal of undifferentiated embry-
onic stem cells. The SOX-2 protein is encoded by a gene that has no
introns and belongs to the family of SOX HMG-box transcription
factors related to SRY, which are involved in the regulation of em-
bryonic development, in the cell differentiation, and in the induc-
tion of stem cells pluripotentiality [3,4]. Several mutations in this
gene have been associated with a severe malformation in the eye
structure called anophthalmia. It has also been determined that
ectopic expression of SOX-2 could be related to abnormal differ-
entiation of colorectal cancer cells [5], as well as to overexpression
in breast [6], ovarian [7], lung [8], esophageal [9], prostate [10],
pancreatic [11], testicular [12], and skin/neck/head squamous cell
carcinoma, among others [13,14].

Taking into account the issues mentioned above, the develop-
ment of a sensitive, selective, fast, and portable device to detect
SOX-2 in human serum samples is imperative. SOX-2 determination
can be accomplished by commercial enzyme immunoassays
(ELISA), but they have disadvantages such as long analysis time,
require specialized labor, are expensive, and do not have adequate
sensitivity for SOX-2 determination in real samples [15].

Electrochemical immunosensors can be classified as non-
labeled (or label-free) and labeled (or sandwich-type) immuno-
sensors [16]. So far, two label-free electrochemical immunosensors
have been reported for the SOX-2 biomarker determination. Aydin
and Sezgintiirk developed a disposable immunosensor for SOX-2
detection based on an indium tin oxide (ITO) electrode modified
with carboxyethylsilanetriol (CTES) for the anti-SOX-2 antibody
immobilization. An insulating layer was formed owing to the
antigen-antibody interaction, and such layer prevents the interfa-
cial electron transfer kinetics between a redox probe and the
electrode, producing an increase in the electron-transfer resistance
which is proportional to the target analyte concentration [17]. Also,
Ozcan and Sezgintiirk developed an immunosensor using an in-
dium tin oxide-polyethylene terephthalate (ITO-PET) working
electrode, which was subsequently modified with 11-
cyanoundecyltrimethoxysilane (11-CUTMS). Then, the anti-SOX-2
was immobilized, and the SOX-2 was indirectly detected by EIS
using Ks[Fe(CN)g]/K4[Fe(CN)g] as a probe [18].

In general, label-free immunosensors have lower sensitivity and
selectivity compared to sandwich-type immunosensors. Besides,
the analytical performance of the sandwich-type immunosensors
could be improved [16]. In this way, microfluidic devices with
electrochemical detection are an exciting approach due to their
benefits, such as robustness, low samples, and reagents consump-
tion, short analysis time, simplicity, portability, and low detection
limit [19]. Furthermore, the microfluidic channel surface can be
modified in order to improve the selectivity and sensitivity of the
determinations, and this can be accomplished by a physical-
chemical treatment to generate functional groups that can serve
as a functional platform for the biomolecules immobilization

[20,21].

In the present work, we have developed the first microfluidic
electrochemical immunosensor for SOX-2 cancer biomarker
determination in real samples. The gold electrode surface was
modified with a gold nanoporous (NPAu) layer by using a dynamic
hydrogen bubble template (DHBT) method based on the production
of hydrogen bubbles simultaneously with the metal ions reduction/
deposition [22]. The hydrogen bubbles evolution provides a dy-
namic template for the metal electrodeposition, creating three-
dimensional nanoarchitecture porous materials. The electrodepo-
sition parameters such as time and potential strongly influence the
pore size and film density [23]. Hence, detection platforms with
outstanding properties, including high specific surface area, large
pore volume, uniform nanostructure, unique biocompatibility,
good conductivity, and excellent electrochemical activity, can be
fabricated by fine control of the experimental conditions [24]. The
physical-chemical modification performed in the microfluidic
channel was studied by Infrared spectroscopy (IR), and the NPAu
film was further characterized by Scanning electron microscopy
(SEM), Energy dispersive spectrometry (EDS), Cyclic voltammetry
(CV), and X-ray diffraction (XRD).

2. Experimental
2.1. Materials and reagents

All reagents used were of analytical reagent grade. HAuCly,
bovine serum albumin (BSA), 3-aminopropyl-triethoxysilane
(APTES), glutaraldehyde (GLU), and catechol were acquired from
Sigma-Aldrich, St. Louis, USA. Phosphate buffer saline (PBS pH
7.00), H0,, acetic acid, and H,SO4 were purchased from Merck
(Darmstadt, Germany). SU-8 (3025 series) photo resin and Sylgard
184 Poly(dimethylsiloxane) (PDMS prepolymer + curing agent)
were obtained from Clariant Corporation (Sommerville, USA) and
Dow Corning (Midland, USA), respectively. The enzyme immuno-
assay for the quantitative determination of SOX-2 was purchased
from Abcam (USA) and used according to the manufacturer’s in-
structions. All the other reagents employed were of analytical grade
and were used without further purification. Aqueous solutions
were prepared by using purified water from a Milli-Q system.

2.2. Apparatus

Amperometric and voltammetric measurements were per-
formed using a PGSTAT128 N potentiostat from Methrohm Autolab
(Metrohm, Netherlands), with a NOVA 1.11 electrochemical analysis
software. Electrochemical measurements were carried out using an
electrochemical cell obtained by sputtering, as it can be seen in
section “2.3. Microfluidic device fabrication”, with a three-
electrodes system (gold auxiliary and working (GE) electrodes,
and a silver reference electrode), at room temperature. All the po-
tentials were referred to Ag. Sputtering metal deposition was car-
ried out in an SPI-Module Sputter Coater (Structure Probe Inc, West
Chester, PA). The electrode thickness was controlled with a Quartz
Crystal Thickness Monitor model 12,161 equipment (SPI-Module,
Structure Probe Inc, West Chester, PA).

The NPAu surface morphology was investigated by scanning
electron microscope images using a Jeol-JSM 7401F (FEG) (Jeol,
Japan) instrument equipped with an Energy Dispersive Spectros-
copy analysis FEI Helios Nanolab 660 module. The NPAu crystallo-
graphic orientation was studied by X-ray diffraction in a BrukerD2
Phaser X-ray diffractometer, equipped with a Cu Ko source
(A = 1.5418 A) (Bruker, UK). PDMS functionalization was studied by
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Infrared spectroscopy using a Bruker alpha ECO-ATR equipment
(Bruker, UK).

A syringe pump was used to introduce the solutions in the
microfluidic device (Pump System Inc., USA). Absorbance was
measured with a Datamed Multiskan FC Thermo Scientific UV/VIS
spectrophotometer (Datamed Brasil, Sao Paulo). All pH measure-
ments were made with a Metrohm 827 pH lab (Metrohm Brasil, Sao
Paulo).

2.3. Microfluidic device fabrication

The microfluidic device development involves three steps: i)
The fabrication of microfluidic PDMS channels itself, ii) The depo-
sition of metal electrodes on a glass plate, and iii) The sealing
process between the PDMS device and the glass plate with the
sputtered electrodes (Scheme 1). The microfluidic channel was
fabricated by micro molding of liquid PDMS (Sylgard 184) on a

A)

i
i

Demolding

\\
External
access
connection

50 um thick SU-8 mold (master) predefined on a silicon wafer
(Scheme 1, A and B). The microfluidic channel geometry was
designed in a CAD software and transferred to the SU-8 (3025 se-
ries) by conventional photolithography. The PDMS was prepared
with elastomer and cure agent in a 10:1 ratio. After that, it was
poured on the SU-8 mold. The material was then subjected to a
vacuum degassing treatment to remove bubbles, followed by a
curing step (at 80 °C for 30 min). After that, the cured PDMS was
demolded from the SU-8 master and, after opening the outlet holes,
it was ready to be attached to the glass plate with the electrodes.
This was done by introducing the PDMS piece and the glass plate to
a plasma treatment under N,O atmosphere for 1 min, followed by
the surfaces contact (Scheme 1, C). This leads to a secure, leak-free
seal. The final step was a tube connection for the external fluid
access (Scheme 1, D). The final device size was 5 x 5 cm? (Scheme 1,
E).

Note that the microfluidic electrochemical immunosensor was

PDMS

/ Molding

B)

C)

Glass Substrate
with Electrodes

Scheme 1. Fabrication step sequence of the microfluidic immunosensor: A) SU-8 master with a thickness of 50 um and the micro channels geometry, B) PDMS molding, C)
Demolding and sealing on a glass plate containing Au and Ag electrodes, D) Tube connection for fluid input and output, and E) Final fabricated immunosensor.
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manufactured according to a procedure previously reported [25]
with some modifications (see Scheme 2). For the electrodes fabri-
cation, a metal sheet patterned mask was employed. Firstly, the
mask was positioned near to the output, followed by 20 nm tita-
nium sputtering deposition in order to improve the metal adhesion
to the glass. Then, layers of silver (100 nm) and gold (100 nm) were
sputtered over the glass plate for the reference and working/
auxiliary electrodes, respectively. Finally, the metal mask was
removed, leaving the gold and silver electrodes on the glass. The
electrode geometric area was 0.011 cm?.

2.4. NPAu/GE preparation

Immediately after the microfluidic device sealing, the NPAu
electrodeposition was carried out through a potentiostatic DHBT
method by applying a fixed — 4 V potential for 150 s in a 1 mmol L~!
HAuCly + 0.5 mol L~! H,S04 solution through hydrodynamic con-
ditions (50 pL min~! flow rate). The electrodeposition parameters
(potential and time) were optimized according to a procedure
previously reported [26], as it can be seen in the section “3.3.
Optimization of experimental parameters”. Later, the electro-
deposited NPAu films were washed several times with water until
pH: 7. The NPAu film was characterized by SEM, EDS, CV and XRD.

2.5. SOX-2 antibody immobilization in microfluidic channels
surface

After the gold electrode modification, the PDMS was treated in
order to modify the microfluidic channel with the SOX-2 antibody.
The functionalization process was performed according to a pre-
viously reported procedure with some modifications [27]. An
APTES solution (10% APTES:10% H»0:80% Ethanol) was pumped
into the microfluidic channel at 50 pL min~' flow rate for 12 h,
followed by several washing steps with water and ethanol. In this
step, the APTES binds to the channel surface modified with hy-
droxylic groups, in a silanization process. Then, the channel was
dried with argon gas.

After that, a 5% GLU solution in PBS pH 8.00 was pumped into
the channel for 2 h, followed by a washing step with PBS pH 7.00.
GLU acts as a crosslinker and binds the aldehyde group with the
amine group of the APTES, leaving free an aldehyde group to react

AE: Auxiliary electrode.
RE: Reference electrode.
WE: Working electrode.

with the amine groups of the antibodies. Then, the channel was put
in contact with the SOX-2 antibody (dilution 1:200 in 0.1 mol L™!
PBS pH 7.00) for 12 h at 4 °C. Finally, the channel was rinsed with
0.1 mol L~! PBS pH 7.00 and stored at 4 °C. The immobilized anti-
body was stable for at least 1 month. The modification channel step
was followed by IR. As it can be seen in Fig. 1 A), the PDMS IR
showed the typical peaks at 797 cm~! (—CH3 rocking and Si—C
stretching in Si—CHs), 1018—1072 cm~! (Si—O—Si stretching),
1256 cm~! (CH3 deformation in Si—CH3), and 2965 cm™! (asym-
metric CHj stretching in Si—CH3s), in agreement with the literature
[28,29]. The oxygen plasma generates a significant number of hy-
droxyl groups in the PDMS surface, as it can be observed by the
broad band corresponding to the O—H stretching at 3382 cm™! in
the IR spectrum (Fig. 1 B). The typical amine group peaks at 690,
1321-1381, 1483, 1560, and 3200 cm~' (N—H, N—O) were noticed
in the IR spectrum after the APTES/PDMS modification. Moreover,
after the GLU modification step, the typical carboxylic (C—0, O—H)
and carbonyl (C=0) peaks were noted at 952, 1112, 1719,
2937 cm L,

2.6. Analytical procedure for SOX-2 determination

The microfluidic electrochemical immunosensor was applied to
SOX-2 determination in five spiked samples. All solutions were
injected at 5 uL min~' flow rate. The procedure involved the
following steps (Scheme 2).

Firstly, and in order to avoid unspecific bindings, a blocking
treatment was performed using 1% BSA in 0.1 mol L~ PBS pH 7.00
for 2 min, followed by a washing step with 0.1 mol L~! PBS pH 7.00
for 2 min. Then, the sample (previously diluted 100-fold with
0.1 mol L' PBS pH 7.00) was pumped for 5 min, followed by a
washing step to remove the non-binding material. In this step, the
SOX-2 protein present in the sample binds to the anti-SOX-2 anti-
body immobilized in the PDMS surface. Later, the SOX-2 protein
binds to a second antibody labeled with horseradish peroxidase
(HRP-anti-SOX-2), which was pumped for 5 min. Finally, the sub-
strate solution (1 mmol L™! H,0, + 1 mmol L' catechol in
0.1 mol L™! acetic/acetate buffer pH 4.50) was pumped, and the
enzymatic product (quinone) was detected in the NPAu/GE
at + 0.1 V by amperometry. For instance, Fig. S1 shows a typical
response of the NPAu/GE sensor coupled to the microfluidic

——\ (/ \( \( Anti-SOX-2/PDMS

® l SOX-2
Y
)l s T

=l
Yy ¥

+0.1V

Scheme 2. Microfluidic electrochemical immunosensor for SOX-2 determination in real samples.
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Fig. 1. A) Infrared spectroscopy study of the PDMS functionalized with 3-aminopropyl-triethoxysilane (APTES), and Glutaraldehyde (GLU), and B) Same spectra, but separated to

allow better evaluation.

electrochemical immunosensor. The potential was selected ac-
cording to the voltammograms recorded in a catechol solution,
where the anodic oxidation of catechol to quinone (Ep, = + 0.40 V)
and the subsequent reduction process (Epc = + 0.33 V) can be
observed in such reversible electrochemical process (Fig. 4 B).
Hence, + 0.10 V is a suitable potential to detect quinone, the
enzymatic product of the catechol oxidation.

Before each analysis, the immunosensor was put in contact with
a 0.1 mol L~ glycine pH 2.00 desorption buffer for 5 min, followed
by a washing step with a 0.1 mol L~! PBS pH 7.00 solution. This
procedure unbinds the SOX-2 protein bound to the anti-SOX-2
antibodies, allowing to perform a new determination. The device
can be used without significant loss of sensitivity for 1 month. The
microfluidic immunosensor was stored in 0.1 mol L™! PBS pH
7.00 at 4 °C when not in use.

3. Results and discussion
3.1. NPAu/GE morphology and composition characterization

The NPAu/GE morphology was characterized by SEM at several
magnifications. Fig. 2 A) shows the bare gold electrode surface
image, and a uniform gold nanoporous structure (honeycomb-like
dendritic, HCLD) can be noticed in Fig. 2B) and C). The um-size
porous were produced by the electrogenerated H, bubbles during
the gold electrodeposition, and they act as a dynamic template in
the DBHT method. The HCLD film has an enhanced surface area, a
large quantity of active sites, and a rough surface. Such surface
imperfections/edges increase the electron transfer rate, enhancing
the electrocatalytic activity, and playing an outstanding role in
electrochemistry [26]. Fig. 2 D) shows films with highly-branched
and well-dispersed dendrite structures.

Regarding the NPAu/GE elemental composition and in order to

evaluate the chemical purity, an EDS spectrum was recorded and
the Au typical peaks can be clearly observed in Fig. S2 A). A strong
band characteristic of gold nanocrystals optical absorption
involving the X-rays at 2.13 keV, and a low-intensity band corre-
sponding to gold outer shells at 9.72 keV were noticed. Therefore,
the electrodeposition process produces a high purity NPAu film.

The NPAu crystallographic orientation was characterized by XRD
measurements. The XRD in Fig. S2 B) shows sharps diffraction
peaks at 26 (42.4, 50.2, and 68.8°) corresponding to the (111), (200),
and (220) crystallographic planes. That is a clear evidence of the
nanoporous gold structure formation.

3.2. NPAu/GE electrochemical characterization

In order to analyze the nanoporous gold electrochemical
behavior, CVs of the GE and NPAu/GE were recorded in
0.5 mol L~ H,S0,4 from 0 to +1.7 V at 75 mV s~ ! scan rate (Fig. 3 A).
An increase in the gold oxidation current and the appearance of
anodic peaks at + 1.26 and + 1.45 V, corresponding to Au (110) and
Au (111) crystal planes, can be noticed. Moreover, the remarkable
increase in the reduction peak at + 0.9 V indicates the enhanced
surface area and roughness of the NPAu/GE (black line) compared
to that of the bare GE (red line). The electrochemical surface area
(ECSA) and the roughness factor (Rf) of both GE and NPAu/GE were
calculated [23]. The values were found to be 1.17 cm? and 106 for
NPAu/GE, and 0.11 cm? and 10 for GE, respectively. Hence, these
results reveal a 10-fold enhancement in ECSA and Rf for NPAu/GE in
comparison to bare GE.

Catechol has a reversible electron-transfer process, so this
compound is largely used as a probe to study electrode surface
properties during modification steps. Fig. 3 B) shows CVs recorded
in 0.1 mol L' acetic/acetate buffer pH 4.50 with the bare GE (Blank
- blue line), and in 1 mmol L~ catechol in 0.1 mol L™ ! acetic/acetate



M. Regiart et al. / Analytica Chimica Acta 1127 (2020) 122—130 127

LEI ) n WD 8.0mm

LEI 3.0kV  X5,000

1um WD 80mm

5.0kV  X1,000 10um

LEl 30KV

Fig. 2. SEM micrographs of the A) GE, and B), C) and D) NPAu/GE film at different magnifications.

buffer pH 4.50 with a bare GE (red line) and an NPAu/GE (black
line), at 75 mV s~ ! scan rate. As expected, no faradaic process was
noticed in the voltammogram recorded in supporting electrolyte
(Fig. 3 B), blue line). On the other hand, a well-defined voltam-
mogram characteristics of a diffusion-controlled redox process
involving the couple catechol/quinone was observed for the bare
GE, whereas enlarged peak currents (oxidation and reduction) with
a slight shift to more positive potentials were noticed in the vol-
tammogram recorded with the NPAu/GE. The higher current
response for the voltammogram recorded with the NPAu/GE can be
attributed to the increased electroactive surface area and the
excellent electrical conductivity of the nanoporous structure.
Moreover, the enhanced electrocatalytic activity explained by the
increasing number of active sites (owing to the presence of den-
dritic structures and the porous rough surface) also plays a key role
in the electron-transfer step. As a result, quinone can be detected
according to the reaction shown in Scheme 2 with increased
sensitivity, reinforcing the usefulness of the Au nanoporous
modification.

The Randles-Sevcik equation describes the effect of scan ate on
the peak current in cyclic voltammetry experiments, and Fig. 3C)
shows the results obtained with the NPAu/GE in 1 mmol L'
catechol +0.1 mol L™! acetic/acetate buffer pH 4.50. The linear
relationship between the redox peak current values and the square
root of the scan rate is shown in Fig. 3 D), which indicates that
catechol oxidation to quinone at the NPAu/GE is a diffusion-
controlled electron-transfer process. This is also confirmed by
analyzing the peak-to-peak separation (around 70 mV) and the
ratio between anodic and cathodic peak current values (close to 1).

3.3. Optimization of experimental parameters for the fabrication of
the NPAu/GE

The experimental parameters for SOX-2 determination were
optimized using a 15 ng mL~! SOX-2 standard solution. The

electrodeposition of the nanoporous gold layer on the gold elec-
trode surface depends on both deposition time (Tqep) and deposi-
tion potential (Egep) parameters, which were optimized to obtain
the best analytical performance. Experiments regarding the Tqep
optimization were performed at Eqep = — 0.4 V, and Tgep was
changed from 25 to 200 s. Fig. S3 A) shows that the current in-
creases when the Tqep increases until 150 s. Current remained
constant for higher Tgep values, hence a Tgep of 150 s was used as
optimum.

Egqep was also optimized from — 0.5 to — 5.0 V at a fixed
Tgep = 150 s. As shown in Fig. S3 B), the current values increased
significantly when the applied potential was more negative up to —
4V, and then remained constant between — 4 and — 5 V. Therefore,
Tdep = 150 s and Egep = — 4 V were used as optimized parameters in
all measurements.

Other important parameters, such as pH buffer, microfluidic
flow rate, among others, were optimized according to a previously
reported article [30]. Parameters like capture antibody concentra-
tion and secondary enzyme marked antibody concentration were
used by following the ELISA manufacture parameters.

3.4. Analytical performance of the microfluidic electrochemical
immunosensor

The immunosensor analytical performance was analyzed vary-
ing the SOX-2 concentration from 0.01 to 50 ng mL™, in compari-
son with the commercial ELISA kit test. a linear correlation was
observed from 0.11 to 30 ng mL~! and 0.94—15 ng mL™! for the
immunosensor (Fig. 4 A) and the ELISA (Fig. 4 B), respectively. The
calibration plots followed the equations Al (nA) = 1.17 + 12.1 Csox-2
with a correlation coefficient of 0.997 for the immunosensor, and
AA (0.D.) = —0.046 + 0.042 Csox2 with a correlation coefficient of
0.995 for the ELISA, where A is the difference between standard and
blank solution signals.

The coefficient of variation (CV %) for the determination of
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Fig. 3. A) CVs of the bare GE (red line) and NPAu/GE (black line) recorded in 0.5 mol L~! H,SO, from 0 to +1.7 V at 75 mV s~ scan rate, B) CVs recorded in 0.1 mol L~" acetic/acetate
buffer pH 4.50 with the bare GE (Blank - blue line), and in 1 mmol L~! catechol in 0.1 mol L~! acetic/acetate buffer pH 4.50, with bare GE (Red line) and NPAu/GE (Black line), at
75 mV s~! scan rate, C) CVs recorded with the NPAu/GE in 1 mmol L~! catechol + 0.1 mol L~ acetic/acetate buffer pH 4.50 at 10, 25, 50, 75, 100, 125, 150, 175, 200 mV s~!, and D)
Dependence of the redox peak current values and the square root of the scan rate (v!/?). (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

10 ng mL~! SOX-2 was below 4.75% for the immunosensor, whereas
such value was 4.92% for the ELISA test (n = 5). These values
demonstrate that our microfluidic electrochemical immunosensor
(MEI) can be used for SOX-2 quantification in human serum sam-
ples. The limit of detection (LD) and the limit of quantification (LQ)
were calculated according to the IUPAC recommendations [31]. For
the immunosensor, the LQ and LD were 0.11 ng mL™' and
30 pg mL~, while for the ELISA, LQ and LD the values were
0.94 ng mL~! and 200 pg mL~L. These results show that the
sensitivity of the electrochemical method is superior in comparison
to the spectrophotometric method.

In order to evaluate the correlation between the results ob-
tained by using the immunosensor and the reference method
(ELISA), SOX-2 concentrations were compared in a wide dynamic
range. (Fig. 4C) shows the straight line with a slope of 0.998, indi-
cating a good correspondence between both methods. Moreover,
the total assay time for SOX-2 quantification was 20 min, less than
the 90 min required to perform the ELISA test. Also, the immuno-
sensor can be regenerated by injection of a desorption buffer and
further washing with 0.1 mol L~! PBS pH 7.00, allowing to use the
device for almost 1 month without significant loss of sensitivity.

The selectivity for SOX-2 determination was studied against a
15 ng mL~! SOX-2 standard solution containing some typical cancer
biomarkers (EPCAM, EGFR, CEA, CA 15—3, Claudin 7 and CD81) in
10-fold concentration. As shown in Fig. 4 D), the presence of such
biomarkers caused less than 3% change in the analytical signal. The

results indicated the strong ability of the immunosensor to avoid
interferences, which is explained by the use of specific antibodies
and the blocking of nonspecific adsorption.

The precision of the microfluidic electrochemical immuno-
sensor (MEI) was studied with five standards solutions (3.76, 10, 15,
20, 25 ng mL~1!) (Table 1). The within-assay precision was assessed
by measuring the response in the same day for each sample (n = 5).
These series of analyses were repeated for 3 consecutive days to
estimate the between-assay precision. The SOX-2 measurement
showed good precision, as the CV % within-assay values were below
4.5% and the between-assay values were below 4.7%.

The evaluation of the analytical applicability of the microfluidic
electrochemical immunosensor (MEI) was conducted by SOX-2
quantification in five spiked samples under the conditions
described in section 2.6. Results were compared with those ob-
tained with the commercial ELISA kit test using the paired t-test.
The results demonstrated that both methods were statistically
equal at a confidence level of 95%, as shown in Table 2. A typical
protocol for human serum samples preparation is described in the
Supplementary material.

4. Conclusions
This is the first microfluidic electrochemical immunosensor

(MEI) for SOX-2 determination. Our analytical approach shows
outstanding analytical parameters and is based on the microfluidic
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Fig. 4. A) Microfluidic electrochemical immunosensor calibration plot, B) ELISA calibration plot, C) Plot of results obtained with the microfluidic electrochemical immunosensor
(MEI) and the ELISA kit for different SOX-2 concentrations, and D) Interference study in the presence of several cancer biomarkers.

Table 1
Within-assay precision and between-assay precision for the SOX-2 microfluidic
electrochemical immunosensor.

Samples*® Within-assay Between-assay

Mean” V% Mean CcV %
3.7 3.6 3.7 3.8 42
10 9.9 35 10.2 3.1
15 15.2 4.5 14.8 4.7
20 21.2 3.9 19.5 42
25 24.7 4.1 254 4.5

3 SOX-2 standard solution (ng mL™").
b Mean of five determinations + S.D.

Table 2

Comparison of SOX-2 concentration values in spiked samples obtained with the
developed microfluidic electrochemical immunosensor and the commercial ELISA
test.

Samples® MEI® ELISA

0.94 0.95 + 0.01° 0.93 + 0.02
1.88 1.95 + 0.05 2.02 + 0.06
3.76 3.65 + 0.03 3.89 + 0.07
7.52 7.39 + 0.07 7.33 £ 0.08
10 9.9+0.1 104 + 0.2

3 SOX-2 spiked samples (ng mL™1).
b Microfluidic electrochemical immunosensor.
¢ Mean of five determinations + S.D.

channel modification by a physical-chemical treatment in order to
obtain an immobilization platform, with high hydrophilicity and
increased surface to volume/ratio, which allows the anti-SOX-2
antibody immobilization. In this way, we increased the selectivity
and sensitivity of the sandwich immunoassay.

Moreover, the sensitivity of the measurements was enhanced by
modifying the gold electrode surface by a dynamic hydrogen bub-
ble template method. The generated gold nanoporous structure
(NPAu) platform has outstanding properties, like high specific
surface area, large pore volume, uniform nanostructure, good
conductivity, and excellent electrochemical activity.

The total assay time employed (20 min) was shorter than the
one required for the commercial ELISA (90 min) frequently used.
The microfluidic electrochemical immunosensor offered several
attractive advantages in comparison with the ELISA, such as high
stability, portability, selectivity, reusability, and sensitivity. In
conclusion, this device could be used for clinical diagnosis and
prognosis of several kinds of carcinomas in human serum samples.
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