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ARTICLE INFO ABSTRACT

Keywords: A selective and cost-effective biosensor based on catalase immobilized antimonene quantum dots modified
Antimonene quantum dots glassy carbon electrode (Cat@AMQDs-GCE) is designed for the first time to determine hydrogen peroxide
Catalase

(H»05). Antimonene quantum dots (AMQDs) are synthesized by a single step method, characterized by various
analytical techniques and applied to the electrochemical sensing of hydrogen peroxide. Catalase enzyme specific
for H,0, reduction is immobilized onto AMQDs to facilitate its detection by cyclic voltammetry and ampero-
metry. Concentration, scan rate, pH, stability and selectivity are optimized. Linearity of Cat@AMQDs-GCE is
determined as 0.989 with limit of detection as 4.4 uM. Amperometric measurements show recovery of 95 to
103.4% for H,0, from human serum samples. Cat@AMQDs-GCE is electrochemically stable up to 30 cycles,
reducing the cost of analysis. Cat@AMQDs-GCE shows good selectivity in presence of ascorbic acid, dopamine,
leucine and glucose. Prepared electrode is also applied for the quantitative determination of H,O, from ovarian
cancer serum. CA 125 concentration is previously determined by Elecsys CA 125 II Assay. Results demonstrate
that concentration of H,0, increases with increasing levels of CA125 in serum.

Electrochemical sensing
Hydrogen peroxide
CA125

Ovarian cancer

1. Introduction

According to recent reports, cancer has become the leading cause of
death in women throughout the World. There were estimated 3.5 mil-
lion annual deaths among females worldwide in 2012 and this number
is expected 5.5 million by 2030 [1]. Breast, ovarian and cervical can-
cers are increasing due to environmental, hormonal and virus factors.
These causative factors are associated with oxidative stress (OS) which
increases by the formation of reactive oxygen species (ROS) [2]. Ana-
lysis of epidemiological and experimental data shows the production of
ROS creating imbalance between oxidants and antioxidants defense
mechanism. Chronic oxidative stress causes mutation in genes by
changing the expression of cancer related genes which lead to cancer
[3]. ROS comprise of highly reactive hydroxyl radical, hydrogen per-
oxide, singlet oxygen and superoxide anion radical [4-6].

Hydrogen peroxide is an important component of living cells having
role in the host defense system and biosynthetic oxidation reactions.

H,0, at lower concentrations functions as signaling component in
living organisms [7]. It is fast moving and can pass through cell and
nuclear membranes [8]. Balance of H,O, inside the living body is
maintained by an enzyme called catalase [9]. H,O, itself is a reactive
metabolite rather than a free radical. Its lower concentration is even
toxic to living cells [10]. It is further linked to DNA damage, mutation
and instability of genetic material. Studies reveal that H,O, induces
apoptosis, cell proliferation, enhanced angiogenesis and metastasis
[11]. Chemical antioxidants interact with antioxidant enzymes and
protect living cells against oxidative stress. In oxidative phosphoryla-
tion, hydrogen peroxide is produced from superoxide which is further
reduced to water and oxygen [12]. This detoxification results from the
combined action of multiple enzymes like superoxide dismutase which
catalyzes the first step and catalases and peroxidases which remove
hydrogen peroxide [13].

H,0, is the by-product of oxidative enzymes [14]. A specific and
sensitive technique for its detection is necessary. Detection of tumor
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biomarkers like H>O, has role in medical diagnoses of tumor-linked
diseases [15]. Numerous methods have been reported for the detection
of hydrogen peroxide including fluorescence [16], flow cytometry [17],
chemiluminescence [18], and colorimetric assay [19]. Commercial kits
have been used in clinical immunoassays however with limitations.
Electrochemical techniques are developed for the measurement of hy-
drogen peroxide with real-time analysis and direct measurement
[20-22]. Biosensors determine H,O, selectively and sensitively by
transferring electron from proteins like cytochrome c¢ (cyt c) [23],
myoglobin (Mb) [24], horseradish peroxidase (HRP) [25], and he-
moglobin (Hb) [26]. Moreover, electrodes modified with inorganic
materials detect H,O, due to their stability and better electron transfer
[27]. Inorganic materials used for hydrogen peroxide sensors include
silver nanoparticles [28], carbon based nanocomposites [29], palla-
dium nanoparticles on graphene oxide nanosheets [30], CuO nano-
flowers [31], TiO, nanoparticles [32], Pd/PEDOT nanocomposite [33],
CuO@Cu,0 nanowires embedded into poly(vinyl alcohol) [34], cerium
oxide nanoparticles [35], Se/Pt nanocomposite [36] and poly-
ethyleneimine-capped silver nanoclusters [37].

In this study, an electrochemical sensor based on Cat@AMQDs-GCE
is developed and used as an enzymatic biosensor for the quantitative
detection of H,O,. Antimonene quantum dots, used for the first time in
sensing applications, are selected due to its inherent anticancer prop-
erties. Some other types of quantum dots include black phosphorous
[38,39], Ag>S [40] and copper nanoclusters [41] which have been re-
cently used in sensing applications. AMQSs have been previously re-
ported for other applications including Li storage [42], NIR photo-
thermal therapy [43], SPR sensors [44] and as bi-dimensional materials
[45]. Higher surface area of AMQDs and immobilized catalase can be an
effective combination for sensing of hydrogen peroxide. The im-
mobilized catalase has electrocatalytic activity towards H,O, reduction.
Developed sensor is also applied to determine H,O, from CA125
ovarian cancer serum samples. CA125 level in ovarian cancer patients is
determined by Cobass E411 Assay. The study proves higher tumor stage
associated with the higher level of CA125 which is directly related to
higher production of H,0, in ovarian cancer samples.

2. Experimental
2.1. Chemicals and reagents

Powdered antimony-100 mesh, hydrogen peroxide, ascorbic acid,
leucine, dopamine, glucose and ethanol were purchased from Sigma
Aldrich. 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N(methoxy
polyethylene glycol) (DSPE-PEG) was obtained from Avantipolar Lipid.
All the chemicals were of analytical grade and used without any further
pretreatment.

2.2. Synthesis of antimonene quantum dots

Antimonene quantum dots (AMQDs) were synthesized by the com-
bination of probe and bath sonication techniques through fling or in-
terjection in ethanol [43]. 500 mg antimony powder was taken in a
beaker and 20 mL ethanol was added. Mixture was sonicated for 10 h in
ice bath with power set as 500 W, for 6 h at 300 W and for 5h at 500 W.
Mixture was then centrifuged for 20 min at 3000 rpm. The supernatant
contained AMQDs which were characterized and used for electro-
chemical analysis.

2.3. Electrochemical sensing of hydrogen peroxide by Cat@AMQDs-GCE

Redox activity of Cat@AMQDs-GCE was recorded by cyclic vol-
tammetry (AUT50296, Autolab Potentiostat) using three electrodes
system; reference electrode, platinum wire and working electrode in a
glass cell of volume 100mL [46]. Ag/AgCl was used as reference
electrode. Modified glassy carbon electrode with Cat@AMQDs was used
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as working electrode for H,O, sensing. Working electrode was cleaned
by sonication for 15 min. Procedure was repeated thrice with soap and
distilled water and dried in oven. AMQDs (5 mg) and catalase (5mg)
were mixed in the ratio of 1:1 (w/w) and grinded to obtain homogenous
pastein 2 mL ethanol and filled in electrode. Solution of different con-
centrations of H,O, was prepared in PBS (pH 7). All the measurements
were made at room temperature.

2.4. Elecsys CA 125 II assay

The Elecsys CA 125 II tumor marker assay is a specific immunoassay
based on two monoclonal antibodies (OC 125 and M 11), available at
Fujirebio Diagnostics. Blood samples of 14 ovarian cancer patients were
collected in commercial sample collection tubes. Sandwich Elisa prin-
ciple was applied for the detection of CA125 antigen. The assay was
applied for 18 min. 20 pL plasma sample was taken for 1st incubation.
1mg.mL~"! biotinylated monoclonal CA 125 specific antibody (M11;
mouse) preserved in 100 mmol.L~! phosphate buffer formed sandwich
complex with monoclonal CA 125 specific antibody (OC 125; mouse)
labeled aslmg.L™ " preserved in 100 mmol.L ™' phosphate buffer ru-
thenium complex at pH 7.4. In 2nd incubation, solid phase was attached
to 0.72mg.mL~' streptavidin coated microparticles complex using
streptavidin and biotin interactions. This mixture of microparticles
bound to solid phase was aspirated into the measuring cell, followed by
magnetic capturing of microparticles onto the surface of electrode.
Removal of unbound substrate was done by ProCell/ProCell M.
Chemiluminescent emission was induced by applying voltage to the
electrode. Photomultiplier detector measured the emission intensity
and calibration curve was automatically drawn with two point cali-
bration. Results were evaluated and CA 125 level was determined from
the curve.

3. Results and discussion
3.1. Synthesis and characterization of antimonene quantum dots (AMQDs)

Cancer must be addressed appropriately and timely to decrease the
burden of disease and to confront gender inequalities [47]. Detection of
hydrogen peroxide as tumor marker is important in clinical research.
Catalase being the specific enzyme only catalyzes H,0, into water and
oxygen [48]. Mechanism of action of catalase is unique where one
molecule of H,0, oxidizes the co-factor of catalase, followed by the
transfer of bound oxygen from second molecule, resulting in re-
generation of co-factor. Reaction process is given in Eq. (1).

Catalase

2H202 - 2H20 + 02 (1)

Catalysis of hydrogen peroxide is based on electron transfer me-
chanism. AMQDs act as accelerator and facilitator for electrons transfer.
In Cat@AMQDs-GCE, catalase offers functional specificity and AMQDs
work as electrochemical transducers facilitating the electrons transfer
and signals.

Synthesized quantum dots are characterized by TEM, AFM, SEM,
EDS, FTIR and XRD. TEM images of AMQDs demonstrate that particles
are irregular shaped with size less than 20 nm (Fig. 1A). Similar pattern
and particle sizes (8-12 nm) are observed in AFM (Fig. 1B). SEM image
shows irregular morphology with slight agglomeration which can
happen upon drying the particles on conductive carbon tape for SEM
analysis (Fig. 1C). EDS analysis verifies the composition of AMQDs
showing 98.33 atomic percent of antimony (Fig. 1D). X-ray diffraction
is performed for the qualitative analysis in diffraction range of 5-120°
[26] which shows the crystallinity of material with characteristic peaks
at 24, 29.5, 40, 42, 48.5 and 52 (Fig. 1E). FTIR analysis reveals peaks at
412 cm ™! and 1097 em ™! for the antimony (Fig. 1F) [43].
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Fig. 1. Characterization of antimonene quantum dots (A) TEM (B) AFM (C) SEM (D) EDS (E) XRD and (F) FTIR.

3.2. Electrochemical performance of Cat@AMQDs-GCE

Electrochemical characterization of Cat@AMQDs-GCE is done using
cyclic voltammetry (CV). Fig. 2A shows the CV curves for standardi-
zation of modified electrode in 0.1 M potassium ferrocyanide con-
taining 0.1 M KCl solution. Red line shows the conductivity of bare GCE
in potassium ferrocyanide solution. No prominent oxidation and re-
duction peaks observed in bare GCE. Black curve shows the voltam-
metric response of Cat@AMQDs-GCE in potassium ferrocyanide solu-
tion. A broad oxidation peak is observed at potential +0.7 V. Two
reduction peaks at potential —0.9 V and — 0.3 V show redox activity of
Cat@AMQDs-GCE. The enzyme modified electrode is then applied for
the sensing of H,0,. Fig. 2B shows the redox activity of modified
electrode in 0.1 M PBS (pH 7) and also in 1 mM solution of H,O, in PBS.
No oxidation reduction is observed in PBS without hydrogen peroxide
whereas oxidation and reduction peaks are observed at potential
+1.0V and —0.9V respectively in 0.1 M PBS containing 1 mM H50,.

Cat@AMQDs-GCE is applied in various pH conditions (4, 5, 6, 7 and
8) to check the pH effect on sensing of hydrogen peroxide and results

are shown in Fig. 3A. With the increase in pH from 4 to 7, current
produced by 1 mM solution of H,O, in 0.1 M PBS also increases. Above
pH7, current decreases and at pH9, electrode material is unstable
(Fig. 3B). pH7 is thus chosen to study the other CV parameters for
sensing of Hy0,. This further demonstrates that Cat@AMQDs-GCE
works best under physiological conditions and can be useful for the
determination of hydrogen peroxide in real biological samples.

Scan rate is optimized for the best redox conditions of 1 mM H,0, at
scan rates 0.01 mV/s to 0.06 mV/s in 0.1 M PBS (pH 7) (Fig. 4A). Cur-
rent increases constantly by increasing the scan rate. Minimum current
is noted for 0.01 mV/s and maximum at 0.06 mV/s showing linearity
between current and scan rate (Fig. 4B). There is also direct relation
between current and potential for produced current because of reduc-
tion and oxidation at various scan rates. Maximum reduction current
and minimum oxidation current are noted at 0.01 mV/s while minimum
reduction current and maximum oxidative current at 0.06 mV/s. R*
values for reduction and oxidation are 0.9305 and 0.9829 respectively.

Concentration effect of hydrogen peroxide at Cat@AMQDs-GCE is
also optimized. Fig. 5A shows CV results in concentrations of 1 to 6 mM.
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Fig. 2. (A) Cyclic voltammetric behavior of potassium ferrocyanide at bare glassy carbon electrode and Cat@AMQDs-GCE (B) Cyclic voltammetry of Cat@AMQDs-
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Oxidation peak current increases by increasing analyte concentration.
Maximum current is observed at 6 mM while least oxidation peak
current is at 1 mM concentration of H,O, in 0.1 M PBS of pH7. Fig. 5B
indicates direct relation between concentration of hydrogen peroxide
and current. The modified electrode has linear dependency of
R? = 0.98999.

Effect of interferences is tested by adding interfering species in
1 mM H,0, solution. Ascorbic acid and glucose are added first in same
concentration as of H,O, and then their concentrations are increased
two times as compared to H,O,. Oxidation peak of H,O, becomes less
prominent by adding interfering species, however there is one other
peak detected at potential —0.4 V (Fig. S1). This peak may be due to
presence of ascorbic acid. Cat@AMQDs-GCE has good selectivity for
H,0, sensing.

Stability of modified electrode is evaluated by setting 30 cycles of
cyclic voltammetry for 1 mM H,0, in 0.1 M PBS of pH 7 (Fig. S2). After
passing thirty cycles, both oxidation and reduction peaks are obtained
at same potential as for the first cycle. Electrode material can thus be
reused efficiently with high reproducibility.
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3.3. Amperometric analysis of H202 by Cat@AMQDs-GCE

Amperometry checks the effect of change in concentration of target
analyte on Cat@AMQDs-GCE. Current response increases with the in-
creasing concentration (from 50 to 300uM) of hydrogen peroxide
under potential —0.1V in 0.1 M PBS (pH 7) and attains a steady state
(Fig. 6A). The calibration curve is linear for current to the concentration
of H,0, with R? 0.9791 and limit of detection (LOD) as 4.4 uM
(Fig. 6B). Cat@AMQDs-GCE has better sensing ability as compared to
some previous studies (Table S1).

Interference effect of other species is optimized by applying the
amperometric method to know the selectivity of Cat@AMQDs-GCE.
Ascorbic acid (AA), leucine, dopamine (DA), and glucose are used as
interfering species. Fig. S3 shows no obvious change of current with
these species.

3.4. Recovery analysis of H,O, by Cat@AMQDs-GCE

The applicability of Cat@AMQDs-GCE to real samples is evaluated
by determining the recovery of spiked hydrogen peroxide in human
serum. Serum is diluted twenty times with PBS solution of pH7.
Recovery of hydrogen peroxide is measured in the serum by spiking
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Fig. 6. (A) Amperometric response of Cat@AMQDs-GCE with different concentrations of H,O, in 0.1 M PBS of pH 7 (applied potential: —0.5V to +0.5V). (B)

Corresponding linear graph.
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Table 1
Results of standard addition and recoveries from human blood serum.

Samples Added conc. (mM) Found conc. (mM) Recovery (%)
1 1 0.95 95
2 5 4.87 97
3 10 9.89 98
4 15 15.29 101
5 20 20.68 103.4
Table 2

Levels of CA125 (obtained from Elecsys CA 125 II Assay) and H,O, (calculated
after sensing by Cat@AMQDs-GCE) from serum samples of ovarian cancer pa-
tients.

Sample no. CA125 Current (uA)  Conc. of Scan rate  Potential
(units/mL) H,0, (M)  (mV/s) window (V)
1 5.1 3.56 5.31 0.01 -15t0 +1.5
2 11.6 5.73 8.95 0.01 -15t0 +1.5
3 13.6 7.89 12.02 0.01 —15to +1.5
4 15.7 10.05 17.34 0.01 -15to +1.5
5 40.9 14.14 25.12 0.01 -1.5t0 +1.5
6 58.6 14.76 25.98 0.01 -15to0 +1.5
7 83.0 16.31 28.47 0.01 -15to +1.5
8 109.8 18.47 32.09 0.01 -15to0 +1.5
9 188.9 22.80 39.2 0.01 —1.5to +1.5
10 367.3 27.97 48.0 0.01 —15to +1.5
11 386 29.30 51.39 0.01 -15to0 +1.5
12 461 31.46 55.65 0.01 -15t0 +1.5
13 667.6 33.63 59.77 0.01 —15to +1.5
14 1061 44.04 78.06 0.01 -15to0 +1.5

different concentrations of standard hydrogen peroxide (Fig. S4). The
detection results are listed in Table 1. Recoveries from different serum
samples are in the range of 95% to 103.4%.

3.5. Quantitative determination of H,O, from serum samples of ovarian
cancer patients

Finally, Cat@AMQDs-GCE is used for the quantitative determina-
tion of hydrogen peroxide from serum samples of ovarian cancer pa-
tients. Before electrochemical analysis, fourteen samples are tested by
Elecsys CA 125 II Assay to determine the level of CA125 in serum
samples. All the samples have different levels of CA125 (Table 2). After
assessing the CA125 levels in all serum samples, concentration of H,O5
is measured by cyclic voltammetry using Cat@AMQDs-GCE under op-
timized experimental conditions (potential range of —1.5V to 1.5 V). It
has been reported previously that concentration of hydrogen peroxide
is directly related to CA125 levels and H,O, concentration indifferent
types of cancers is in micro or submicromolar levels [49,50]. From the
obtained current values, concentration of hydrogen peroxide in each
sample is calculated. With increasing level of CA125 in serum samples,
concentration of H,O, also increases (Table 2). Maximum hydrogen
peroxide concentration is detected in the sample having CA125 level
1061 units.mL ™~ '. 46 units.mL ™! of CA 125 is considered normal con-
centration in serum sample, above that is the indication of benign
cancer. The results indicate that cancer stage can be predicted by de-
tecting hydrogen peroxide in serum samples through the developed
biosensing method.

4. Conclusion

Hydrogen peroxide is a predictive biomarker of different types of
cancers and also linked to CA125 levels. A novel biosensor is developed
based on antimonene quantum dots (AMQDs) immobilized with cata-
lase to monitor the hydrogen peroxide concentrations. Synthesis of
AMQDs is simple and this material is used for the first time in elec-
trochemical sensing applications. Catalase is specific to hydrogen
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peroxide. After characterization by TEM, AFM, SEM, EDS, XRD and
FTIR, Cat@AMQDs-GCE is used for the electrochemical sensing of hy-
drogen peroxide. Material shows excellent redox behavior for H,O,
with LOD as 4.4 puM, linearity up to 0.989 and recovery of 95% to
103.4%. Cat@AMQDs-GCE works best in physiological pH of 7, ideal
for biological analysis. Modified electrode is selective in the presence of
interfering species such as dopamine, ascorbic acid, glucose and leu-
cine. It is stable up to 30 cycles with no significant change in redox
behavior, demonstrating the reproducibility and reusability. Material is
applied for the quantitative determination of hydrogen peroxide from
ovarian cancer serum samples in which CA125 levels are prediagnosed
by Elecsys CA 125 II Assay. Determined H,O, concentrations are
comparable to the reported concentrations of HO» which translates its
capability as biosensing material in clinical diagnosis.
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