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We report results of studies relating to the fabrication of nontoxic, biocompatible serine functionalized
nanostructured zirconia (serine/nZrO,) for oral cancer detection. The hydrothermally synthesized ZrO,
nanoparticles (~4.5 nm) have been characterized using X-ray diffraction (XRD) and transmission electron
microscopy (TEM). The cytotoxicity studies of serine/nZrO, carried out using MTT assay on the HEK 293
human cell line reveal biocompatibility of the serine/nZrO,. The serine functionalized nZrO, are
electrophoretically deposited onto a hydrolysed indium tin oxide (ITO) coated glass electrode (serine/
nZrO,/ITO). Furthermore, monoclonal antibodies (anti-CYFRA-21-1) were covalently immobilized onto
the serine/nZrO,/ITO electrode and BSA was been used for blocking of the non-specific binding sites.
The fabricated BSA/anti-CYFRA-21-1/serine/nZrO,/ITO immunoelectrode was used for label free, non-
invasive and efficient detection of an oral cancer biomarker (CYFRA-21-1). The electrochemical response

studies of this immunoelectrode exihibited a wider linear detection range (0.01-29 ng mL™) with
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Accepted 29th July 2016 a remarkable detection limit (0.01 ng mL™Y) and a quick response time (6 min) for detection of the

CYFRA-21-1 antigen. The results of validation studies conducted on the fabricated immunoelectrode
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Introduction

There is increased interest towards the development of
nontoxic, biocompatible and functionalized nanomaterials for
biomedical applications."” To fabricate a biosensing platform,
it is important that the surface of a desired nanomaterial should
be modified with a functional group like -NH,, -COOH, -OH
etc.®>™ To facilitate surface modification, an additional linker is
required.’ To date various linkers such as 3-aminopropyl trie-
thoxy silane (APTES) and 3-mercaptopropyl triethoxy silane
(MPTES) have been employed for this purpose.>'**> Amongst
these, APTES has been widely used as a linker to obtain a cova-
lent bridge between a nanomaterial and a biomolecule.*
However, the hazardousness of this linker molecule limits its
use in biomedical applications.**** It has been reported that the
fumes of APTES can destroy mucous membranes of the upper
respiratory tract, nerves system, liver and kidney."” Thus the use
of APTES for functionalization of a matrix such as nanoparticles
of metal, metal oxide, nanocomposite etc. may adversely affect
the human health.” To overcome this limitation, a non-toxic
linker may perhaps be advantageous both  for
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agreement with the results obtained via enzyme linked immunosorbent assay (ELISA).

functionalization of a nanomaterial and immobilization of
desired biomolecules.

Amino acids are known to be nontoxic, organic compounds
bearing amine (-NH,) and carboxylic acid (-COOH) as func-
tional groups along with a side chain that is known to be
specific for each amino acid. About 500 different types of amino
acids have been investigated till date and its side chain has been
found to play an important role towards functionalization of
nanomaterials.’® Serine has been found to be a non-toxic,
naturally occurring proteinogenic amino acid bearing -OH,
—-COOH and -NH, functional groups.'”*® The hydroxyl group
(-OH) in the serine molecule makes it a promising linker to
obtain stable functionalization of a desired metal oxide and the
presence of both -COOH and -NH, groups may provide efficient
immobilization of desired biomolecules (antibodies, nucleic
acid etc.).

Cancer is currently a leading cause of mortality worldwide
and it is reported that in 2012 about 8.2 million deaths occurred
due to cancer. Among the various cancers, oral cancer is the 6™
most common death causing disease in the world.’ It occurs on
the floor of mouth, lips, sinuses, cheeks, throat etc.* Certain
genes such as P16, APC and p53 get altered resulting in
uncontrolled growth of cells leading to oral cancer.”® At an early
stage, most of patients do not exhibit any symptoms. However,
with the passage of time, symptoms such as mouth ulcer, loss of
teeth and hoarse voice appear. The conventional techniques
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such as biopsy, brush cytology, laser-capture micro dissection,
toluidine blue staining and tissue reflectance are being
currently used for the diagnosis of oral cancer.”** Most of these
techniques are invasive, expensive, highly painful and require
expertise for sample collection as well as analysis. There is an
urgent need for the availability of a non-invasive biosensor for
detection of oral cancer at an early stage.

For non-invasive detection; saliva, urine, sweat and tears can
be used as analytical samples that are known to comprise of
various biomarkers.* In the saliva of oral cancer patients, many
biomarkers such as interlukin-1 (IL-1), interlukin-6 (IL-6),
interlukin-8 (IL-8), endothelin-1 (ET-1) protein and mRNA, has-
miR-200a and CYFRA-21-1 are secreted.”*”® Efforts have been
made to fabricate non-invasive biosensor based on salivary
biomarker for oral cancer detection. Li et al. used salivary tran-
scriptome (RNA) for detection of oral cancer, wherein salivary
RNA was isolated from saliva supernatant and amplified using
T7 RNA polymerase via quantitative polymerase chain reaction
(qPCR).*®> Wang et al. developed a magnetic controllable elec-
trochemical RNA biosensor for ultra sensitive and specific
detection of salivary miRNA. They used magnetic controlled gold
electrode and magnetic beads based enzymatic catalysis ampli-
fication for miRNA detection.*® Yang et al. reported electro-
chemical biosensor for detection of trace level of salivary IL-8
protein.** Choudhary et al. developed salivary CD 59 biomarker
based immunosensor for oral cancer detection.*” It may be noted
that these biomarkers are secreted at very low concentration
(~pg mL ') necessitating detection by tagging of biomolecules
making the whole process highly complex.

CYFRA-21-1 is an acidic protein salivary biomarker which
represents a fragment of 40 kD of cytokeratin 19.** The physio-
logical range of CYFRA-21-1 secreted in human saliva is in the
range, 0-18 ng mL ™ '. In a normal person its concentration is up
to 3.8 ng mL~". However, in oral cancer patients its concentration
increases to 17.46 + 1.46 ng mL™". The specific cut-off concen-
tration (3.8 ng mL ") can be used to classify cancerous from non-
cancerous subjects.””*® Efforts have recently been made for the
diagnosis of oral cancer via CYFRA-21-1 detection. Kumar et al.
reported fabrication of an electrochemical biosensor based on
APTES functionalized nanomaterials that does not cover the
whole physiological range (i.e. 0 to 17.46 + 1.46 ng mL™ ") of
CYFRA-21-1 secreted in saliva of oral cancer patients.*’

We report results of the studies relating to application of
functionalized metal oxide (nZrO,) with non-toxic serine
molecules for fabrication of the biosensing platform for non-
invasive oral cancer biomarker (CYFRA-21-1) detection. This
fabricated immunosensor covers the entire physiological range
of CYFRA-21-1 biomarker secreted in saliva samples with
improved biosensing characteristics. The obtained results have
been validated via gold standard technique ie ELISA for
protein molecules.

Materials and methods
Chemicals

Zirconium ethoxide, serine, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and 1-(3-(dimethyl-
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amino)-propyl)-3-ethylcarbodiimide hydrochloride (EDC) were
purchased from Sigma Aldrich. Sodium hydroxide pellets,
cetyltrimethylammonium bromide (CTAB), sodium mono-
phosphate, sodium  diphosphatedihydrate, = N-hydroxy-
sulfosuccinimide (NHS), sodium chloride, potassium
ferricyanide and potassium ferrocyanide were procured from
Fisher Scientific. All chemicals were of analytical grade and were
used without any further purification. Fresh phosphate buffer
saline (PBS) solution of pH 7.0 was prepared using sodium
monophosphate (0.05 mol L") and sodium diphosphatedihy-
drate (0.05 mol L") using Milli-Q water having resistivity of
18 MQ cm and stored at 4 °C. The HEK 293 cell line was
purchased from National Centre for Cell Science (NCCS, Pune,
India). The CYFRA-21-1 and anti-CYFRA-21-1 were obtained
from Ray Biotech, Inc., India. These biomolecules were further
diluted by using PBS buffer of pH 7.0. CYFRA-21-1 ELISA Kit was
purchased from KinesisDX, USA.

Instrumentation

Phase and crystallinity of synthesized nZrO, were determined
using X-ray diffraction (XRD) [Bruker D-8 Advance] measure-
ments. For this purpose, a monochromatic X-ray beam with
Cu-Ko. radiation (A = 1.5406 A) was used. Fourier transform
infrared spectroscopy (FT-IR, Perkin-Elmer, model 2000)
studies were conducted to investigate the functionalization of
nZrO, with serine and protein immobilization on serine/nZrO,/
ITO electrode. For morphological studies, we performed trans-
mission electron microscopy (TEM) and high resolution trans-
mission electron microscopy (HR-TEM) (Tecnai G2 20 twin
microscope with accelerating voltage of 200 kV) studies. To
investigate the hydrophilic/hydrophobic behaviour of ITO,
APTES/nZrO,/ITO, serine/nZrO,/ITO and anti-CYFRA-21-1/
serine/nZrO,/ITO electrodes, the contact angle studies were
carried out using Data Physics OCA15EC instrument. Electro-
chemical studies were done by differential pulse voltammetry
(DPV) and cyclic voltammetry (CV) techniques in PBS buffer
using an Autolab Potentiostat (Netherlands).

Preparation and functionalization of zirconia nanoparticles
with serine

The solutions containing 0.1 M zirconium ethoxide, 1 M
sodium hydroxide and 0.1 M of CTAB in 50 mL of deionized
water were separately prepared. 10 mL of CTAB solution was
added to zirconium ethoxide solution and constantly stirred
(300 rpm) at 40 °C for 2 h. Further, 1 mL of sodium hydroxide
solution was added drop-wise in the above reaction mixture and
kept under constant stirring for another 2 h. Further, the
prepared solution was kept in the water bath for 1 h at 60 °C
after which it was immediately kept under running tap water.
Next, the solution was transferred to a Teflon vessel comprising
of hydrothermal pressure assembly. This assembly was further
kept in an oven at 170 °C for 17 h. After cooling, the precipitate
obtained from the reaction was washed with deionized water
through the centrifugation process until pH of the solution
became neutral. Subsequently, the obtained slurry was dried at
80 °C over night and annealed at 400 °C for 3 h. The obtained
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product was crushed into fine further
characterization.

For functionalization of the synthesized zirconia nano-
particles, serine was used. A dispersed suspension of 100 mg of
nZrO, in 25 mL of isopropanol was prepared after which 20 mg
of serine was added. 10 mL of deionized water was later added
to the above mixture and kept at room temperature with
constant stirring (300 rpm) for 48 h. To remove the unbound
serine molecules, the suspension was filtered using Whatman
paper and washed thoroughly with deionized water. Thus ob-
tained slurry was dried at 100 °C for 7 h. The product was finely

crushed and stored in a dry place until further use.

powder for

Cell proliferation study

The cytotoxicity of serine/nZrO, and APTES/nZrO, was evalu-
ated in vitro on HEK 293 cell line by MTT colorimetric assay.
This assay involves reduction of yellow colored MTT dye into
purple colored formazan product by mitochondrial succinate
dehydrogenase enzyme in live cells. The obtained formazan
crystals were further solubilized in a buffer and the intensity of
the color was measured spectrophotometrically at 540 nm on an
ELISA plate reader. The cells were seeded in a 96 well plate at
initial cell density of 10> cells per well and incubated at 37 °C in
a humidified 5% CO, atmosphere. When the cells attained 70%
confluence, both serine/nZrO, and APTES/nZrO, were added to
the wells at concentration of 10 pg mL™" to 250 ug mL~". The
cells were incubated for 48 h in CO, incubator. After 48 h of
incubation MTT assay was carried out, briefly 200 pL of MTT
solution (0.5 mg mL ™" in DMEM) was added to each well. The
cells were incubated for 2 h. After 2 h the supernatant was
aspirated and the buffer (100 pL isopropanol containing 0.06 M
HCI and 0.5% SDS) was added to each well to solubilize the
formazan crystals. The absorbance of this colored solution was
measured at 540 nm on an ELISA plate reader (MRX Dynatech
laboratory, US). Untreated cells were taken as control with 100%
viability and wells with MTT reagent without cells were used as
blank to calibrate the spectrophotometer to zero absorbance.
The relative cell viability (%) compared to control cells was
calculated by [abs]sampie/[abs]contror % 100. All the experiments
were carried out in triplicate.

Fabrication of biosensing platform

We prepared a solution containing 2 mg mL ™" serine func-
tionalized zirconia nanoparticles (serine/nZrO,) by dispersing it
in acetonitrile with mild ultrasonication. Thin film of serine/
nZrO, was electrophoretically deposited onto pre-hydrolyzed
ITO coated glass electrode using a two electrodes system,
where ITO coated glass electrode worked as an anode and
platinum wire as cathode, placed parallelly at a distance of 1 cm
in a glass cell. Prior to application of the optimized DC potential
(i.e. 50V for 35 s), 50 pL of magnesium nitrate solution (10~> M)
was added to get surface charge on serine/nZrO,. The serine/
nZrO, film deposited on to ITO was washed with PBS buffer to
remove any unbound serine/nZrO, molecules.

The solution comprising of 15 uL of anti-CYFRA-21-1 (50 pg
mL™"), 7.5 uL of EDC (0.4 M) and 7.5 uL of NHS (0.1 M) was
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prepared. 30 pL of this solution was uniformly spread onto
serine/nZrO,/ITO electrode by drop-casting and kept in a humid
chamber at room temperature (25 °C) for the formation of
covalent bond between -COOH group present on Fc region of
anti-CYFRA-21-1 and -NH, group of serine molecules. The
prepared immunoelectrode (anti-CYFRA-21-1/serine/nZrO,/
ITO) was washed with PBS to remove any unbound antibodies.
Lastly, 10 pL of BSA (2 mg dL ') was used for blocking non-
specific active sites of the immunoelectrode. The fabricated
BSA/anti-CYFRA-21-1/serine/nZrO,/ITO immunoelectrode was
washed with PBS and stored at 4 °C until further use.

Collection of saliva samples of oral cancer patients

The saliva samples of oral cancer patients were obtained after
ethical approval by the Institutional Review Board of Rajiv
Gandhi Cancer Institute and Research Centre (RGCIRC) Delhi
(India) and Institutional Ethical and Biosafety Committee, DTU.
We also took written consent of patients prior to collection of
the saliva samples. Thereafter we took saliva samples of seven
oral cancer patients from RGCIRC. We collected un-stimulated
saliva samples after rinsing the mouths of patients with 5 mL
deionized water and expectorated these into sterilized tube.
These samples were centrifuged at 2800 rcf (25 °C) for 30 min.
The supernatant was collected in sterilized Eppendorf and
stored at —20 °C till further usage.?®

Results and discussion

X-ray diffraction (XRD) and transmission electron
microscopic (TEM) studies

Synthesized whitish nano powder was characterized through
XRD technique in the range of 26 angle from 20 to 70°. The
peaks obtained at 24.5°, 28.2°, 41.5°, 45.2°, 50.5°, 54.2°, 57.0°,
and 66.1° indicate the presence of monoclinic phase of zirconia
molecules in plane of (011), (—111), (—121), (—202), (—221),
(003), (—113) and (—132) respectively (JCPDS no. 37-1484). The
peaks seen at 30.3°, 34.9°, 60.1° and 63.0° reveal the presence of
tetragonal phase of zirconia molecules in plane of (101), (002),
(211) and (202) respectively (JCPDS no. 80-2155). These results
revealed the synthesis of mixed phase (monoclinic and tetrag-
onal) of zirconia nanoparticles (Fig. 1a).

The average crystallite size “D” of synthesized nanoparticles
was estimated to be ~4.5 nm using the Debye-Scherrer equa-
tion (eqn (1))

D =0.94/8 cos § (1)

where 1 = 1.540 A is the wavelength of the target Cu-Ka,  is the
Bragg's diffraction angle, and ( is the full width at half
maximum (FWHM) of the diffraction peak.

The morphology of the synthesized zirconia nanoparticles
was investigated via transmission electron microscopy (TEM)
(Fig. 1b and c). These zirconia nanoparticles were dispersed in
ethanol and drop cast on a carbon coated copper TEM grid and
dried at room temperature. The TEM image indicates formation
of the uniform spherical shape of nanoparticles. Further, the
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Fig. 1 (a) XRD pattern (b) TEM (c) HR-TEM images and (d) particle size distribution of zirconia nanoparticles.

particle size was investigated by histogram fitted with the
Gaussian function and was calculated to be ~4.5 nm (Fig. 1d).

Fourier transform infrared (FT-IR) spectroscopic studies

Fig. S11 shows FT-IR spectra of the serine amino acid. The peaks
observed in between 1010 to 1300 cm ™" are due to presence of
C-0 bond of carboxyl group. A broad peak obtained in 1520 to
1680 cm ™' range is due to bending of N-H bond present as
primary amine in serine that helps in the formation of covalent
bond with carboxylic groups of biomolecules. Peak obtained at
1465 cm™ ' represents C-H bond. The broad peak obtained in
between 2780 to 3680 cm " is due to cumulative effect of the
bonds such as C-H stretching, free -OH group present in the
serine molecules.** Fig. 2 shows FT-IR spectra of the zirconia
nanoparticles (curve a) and serine functionalized zirconia
nanoparticles (serine/nZrO,, curve b). In both curve a and curve
b, the characteristic peak present at 550 cm ' is due to
symmetric stretching of the Zr-O bond.* Furthermore, in curve
b, the band seen in the region, 1010 to 1300 cm ™" is due to C-O
of carboxyl group. The 1590 cm ™" is due to bending of the N-H
bond present on the serine molecules indicating successful
functionalization of zirconia nanoparticles via serine mole-
cules.*® The intensity of the peak found at 3400 cm ™" is due to
cumulative effect of N-H and O-H groups present in the serine
molecules.® And the extra peaks found at 1470 and 2980 cm ™"

77040 | RSC Aadv., 2016, 6, 77037-77046

are due to presence of CH, bending and C-H stretching vibra-
tions of serine molecules, respectively.**

Cytotoxicity studies

The cytotoxicity of a nanomaterial plays an important role in the
fabrication of biosensing platform. To investigate the toxicity of
functionalized nanostructured zirconia (serine/nZrO, and
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Fig. 2 FTIR spectra of (a) nZrO, nanoparticles and (b) serine func-
tionalized nZrO, nanoparticles (serine/nZrO,).
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Fig. 3 (i) % cell viability and (ii) morphology of HEK 293 cell line with different concentration of serine/nZrO, and APTES/nZrO..

APTES/nZrO,), MTT assay was conducted on HEK 293 cell lines.
The results of MTT assay reveal that serine/nZrO, does not
exhibit any significant cytotoxicity on HEK 293 cell line in the
concentration range 10 to 250 pg mL ™" Fig. 3(i) shows the
comparative cell viability on samples of serine/nZrO, and

This journal is © The Royal Society of Chemistry 2016

APTES/nZrO,. The results indicate increased detrimental effect
of the APTES functionalized zirconia beyond 10 ug mL ™" on cell
viability where as in the case of the serine functionalized
zirconia the cell viability was found to be more than 95% up to
250 pg mL™' concentration. Fig. 3(ii) depicts the cell

RSC Adv., 2016, 6, 77037-77046 | 77041
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Fig. 4 Contact angle measurements of (a) ITO (b) APTES/nZrO,/ITO
(c) serine/nZrO,/ITO and (d) anti-CYFRA-21-1/serine/nZrO,/ITO
electrodes.

morphology of HEK 293 cell line on exposure to different
concentrations. It is observed that cell morphology remains
unchanged for the serine/nZrO, film with respect to control cell
line. On the other hand, cells degrade progressively in case of
APTES/nZrO,. These results reveal that serine/nZrO, exhibited
higher biocompatibility.

Contact angle studies

The value of contact (CA) of hydrolyzed ITO electrode was
determined to be 66.22° indicating highly hydrophobic nature
of ITO (Fig. 4a). The CA of APTES/nZrO,/ITO was measured as
63.13° (Fig. 4b) indicating slightly hydrophilic nature with
respect to the ITO. The CA of electrophoretically deposited
serine functionalised zirconia nanoparticles (serine/nZrO,/ITO)
found out to be 18.97° indicated rapid change in the hydro-
philic behaviour (Fig. 4c) as compared to that of the APTES/
nZrO,/ITO electrode. This improved hydrophilic behaviour of
serine/nZrO,/ITO electrode provided highly favourable micro-
environment for anti-CYFRA-21-1 immobilization. After immo-
bilization of anti-CYFRA-21-1 onto serine/nZrO,/ITO (Fig. 4d)
electrode, the CA value decreased to 14.92° indicating further
increase in hydrophilic nature of the anti-CYFRA-21-1/serine/
nZrO,/ITO immunoelectrode due to the covalent attachment of
the anti-CYFRA-21-1 on serine/nZrO,/ITO.

Electrochemical studies

For electrochemical studies, the phosphate buffer saline (PBS)
containing 5 mM [Fe(CN)e]> ™ was used as an electrolyte. The
effect of pH on the electrochemical response of BSA/anti-
CYFRA-21-1/serine/nZrO,/ITO immunoelectrodes was investi-
gated using cyclic voltammetry (CV) at a scan rate 50 mV s~ .
The maximum peak current was obtained at pH 7.0 (Fig. S27).
This could perhaps be attributed to the biological entities that
are present in their natural form at neutral pH. However, in case
of acidic or basic medium they perhaps got denatured due to
the interaction of H" or OH™ ions on the amino acid sequence of
antibodies.*”

Fig. S31 shows results of the CV studies conducted onto ITO,
serine/nZrO,/ITO, anti-CYFRA-21-1/serine/nZrO,/ITO, and BSA/
anti-CYFRA-21-1/serine/nZrO,/ITO electrode, respectively in
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PBS solution (50 mM, pH 7.0, 0.9% NaCl) containing 5 mM of
[Fe(CN)e]>~/*~ at a scan rate of 50 mV s* in the potential range,
—0.8 V to 0.8 V. The magnitude of peak current obtained for
serine/nZrO,/ITO electrode (0.049 mA) was lower than that of
the bare ITO electrode (0.052 mA), indicating decreased elec-
tron transfer between solution and the serine/nZrO,/ITO inter-
face. Further, the peak current measured for anti-CYFRA-21-1/
serine/nZrO,/ITO immunoelectrode was 0.051 mA. Increase in
peak current of the anti-CYFRA-21-1/serine/nZrO,/ITO immu-
noelectrode could be due to serine/nZrO,/ITO electrode that
acted as a mediator on the electrode surface. This perhaps led to
significant decrease in the electron tunneling distance between
the antibodies and the electrode resulting in higher peak
current. Besides this, the electrostatic interaction between the
free sites of the antibodies (-NH, terminal) and the redox
species perhaps resulted in fast electron diffusion toward the
immunoelectrode.®® BSA was used to prevent non-specific
binding site of the fabricated immunoelectrode. After BSA
immobilization, the magnitude of peak current decreased to
0.034 mA due to non-specific adsorption of BSA onto the
exposed serine/nZrO, sites of the anti-CYFRA-21-1/serine/
nZrO,/ITO immunoelectrode.

Interfacial kinetics of the serine/nZrO,/ITO and BSA/anti-
CYFRA-21-1/serine/nZrO,/ITO electrodes surface was investi-
gated using scan rate, varying from 40 to 150 mV s~ " (Fig. S4 and
S5t). The magnitudes of anodic (I,,) and cathodic (I,c) peak
currents increased linearly indicating that the electrochemical
reaction was a diffusion control process.** The slopes and
intercepts could be determined using eqn (2)-(5).

Ipc(serine/anOZ/ITO) = [5446 HA N mV7] X (Scan rate [mV Sil])l/z]

+113.85 pA, R* = 0.999 (2)
Ipa(serine/anOZ/ITO) = _[3883 UA S mvil X (Scan rate [mV Sil])llz]
— 146.61 pA, R* = 0.999 (3)

Le(BSA/anti-CYFRA-21-1/scrine/nzr0,1TO) = [35.77 pA's mV~!
x (scan rate [mV s~'])/?] + 82.91 pA, R* = 0.999

(4)
Ia(BSA/anti-CYFRA-21-1serine/nzrOy1TO) = —[28.84 pA's mV~!
x (scan rate [mV s~'])""?] — 71.71 pA, R* = 0.999
(5)

The results of scan rate studies of both BSA/anti-CYFRA-21-1/
serine/nZrO,/ITO and serine/nZrO,/ITO electrodes revealed that
the oxidation peaks shifted more towards the positive potential
and similarly reduction peak shifted toward more negative
potential. The difference of cathodic peak potential (Ep.) and
anodic peak potential (Ep,) showed a linear relationship with
increasing scan rate as given by eqn (6) and (7) (inset a and b of
Fig. S4 and S5%) indicating a facile electron transfer from the
medium to electrode.’®

AE(V)serinemzroyiro = [0.016 VsmV ™" x (scan rate [mV s~'])""?]
+0.109 V, R* = 0.999 (6)

This journal is © The Royal Society of Chemistry 2016
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AE,(V)BSAfanti-CYFRA-21-1serine/mzro,11o = [0.031 Vs mV~!
x (scan rate [mV s~'])"2] + 0.164 V, R* = 0.999

)

Response time studies

To determine the incubation time required to interact CYFRA-
21-1 with BSA/anti-CYFRA-21-1/serine/nZrO,/ITO immunoe-
lectrodes we conducted response time studies at a regular time
interval of up to 30 minutes (Fig. S61) using DPV. We observed
that current response increased from 0 to 6 minutes after which
it became nearly constant. This result showed that about 6
minutes were required for complete interaction between
CYFRA-21-1 with BSA/anti-CYFRA-21-1/serine/nZrO,/ITO
immunoelectrode. For further electrochemical studies we gave
6 minutes for incubation prior to each measurement.

Response studies

The electrochemical response of the BSA/anti-CYFRA-21-1/
serine/nZrO,/ITO immunoelectrode was measured as a func-
tion of CYFRA-21-1 concentration (0.01-29 ng mL™ ') with
incubation time of about 6 minutes. Three electrodes system
was used for this purpose, wherein the immunoelectrode
worked as the working electrode, Ag/AgCl as reference electrode
and platinum wire as counter electrode in phosphate buffer
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saline (PBS, 50 mM, pH 6.0 and 0.9% NaCl) containing 5 mM
[Fe(CN)]>’*~ as a mediator. It was found that peak current
increased on interaction of the antigens with antibodies at the
electrode/electrolyte interface (Fig. 5). The sequence of CYFRA-
21-1 protein (Accession: AAF27048.1, cytokeratin 19 fragments,
Homo sapiens) is known to contain 14 residues of tyrosine (Y)
molecules. During an electrochemical reaction, these tyrosine
molecules undergo oxidation and release electrons resulting in
increased peak current.*®** The increased concentration of
amino acids due to increased concentration of CYFRA-21-1
antigen is likely to result in enhanced antigen-antibody inter-
action onto serine/nZrO,/ITO electrode leading to increased
peak current.” The plot between peak current and CYFRA-21-1
concentration shows linearity between 0.01 to 29 ng mL™"
with regression coefficient of 0.997 and follows eqn (8):

I, = [29.44 mA mL ng ') x (conc. of CYFRA-21-1 (ng mL"))]
+0.042 mA, R* = 0.997 (8)

The sensitivity of the BSA/anti-CYFRA-21-1/serine/nZrO,/ITO
immunoelectrode was found to be 0.295 pA mL ng . The
proposed biosensor shows enhanced linear detection range
(0.01 to 29 ng mL ') as compared to the previously proposed
biosensor. Increase in linear detection range may be due to
increased loading of anti-CYFRA-21-1 on the serine/nZrO,/ITO
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Fig. 5
(0.01-29 ng mL™Y), (b) magnified view of peak current response, (c) calib

Concentration of CYFRA-21-1 (ng mL")

(a) DPV response studies of BSA/anti-CYFRA-21-1/serine/nZrO,/ITO immunoelectrode as a function of CYFRA-21-1 concentration

ration curve between the magnitude of peak current and concentration

of CYFRA-21-1 (hg mL™%) and (d) A control experiment of serine/nZrO2/ITO electrode as a function of CYFRA-21-1 concentration (0.01-29 ng

mL™Y).
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20 min 0.08 ng mL™*

2-16 ng mL~*

BSA/anti-CYFRA-21-1/ 0-18 ng mL~!

APTES/ZrO,/ITO

CYFRA-21-1

(protein)

Saliva

Non-invasive No

CV

43

15 min 0.21 ng mL™*
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(protein)
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CvV

9
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(protein)
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0.01 ng mL™* Present work

6 min
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BSA/anti-CYFRA-21-1/ 0-18 ng mL~!

serine/nZrO,/ITO

CYFRA-21-1

(protein)

Saliva

Non-invasive No

DPV
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electrode as compared to that of the APTES/nZrO,/ITO electrode
(Table 1). Scheme S1} shows the schematic of serine/nZrO,/ITO
with APTES/nZrO,/ITO indicating that the average bearing of
anti-CYFRA-21-1 by serine/nZrO,/ITO electrode is more (more
than six times) as compared to that of APTES/nZrO,/ITO elec-
trode. These results reveal that the serine/nZrO,/ITO can hold
more number of biomolecules of anti-CYFRA-21-resulting in
increased linearity.

A control experiment was carried to investigate the electro-
chemical response of serine/nZrO,/ITO electrode as a function
of CYFRA-21-1 concentration. We did not observe (Fig. 5d) any
significant electrochemical response with increased CYFRA-21-
1 concentration. The results indicate that the serine/nZrO,/ITO
electrode surface did not interact with the antigen molecules
revealing the electrochemical response remained unchanged.

Interference studies

A number of biomolecules including sodium carboxymethyl
cellulose (NaCM) [10 mg mL™"], glucose [7 mg mL™"], potas-
sium chloride (KCl) [8.38 mM], calcium chloride (CaCl,) [1.13
mM], sodium chloride (NaCl) [20 mM], carcinoembroyonic
antigen (CEA) [4-16 ng mL '], etc. are known to be present in
human saliva of oral cancer patients. To investigate its effect on
the electrochemical response of BSA/anti-CYFRA-21-1/serine/
nZrO,/ITO immunoelectrodes, we conducted interferents
studies (Fig. S7t). Firstly, we measured the electrochemical
response of BSA/anti-CYFRA-21-1/serine/nZrO,/ITO immunoe-
lectrode towards the CYFRA-21-1 (0.01 ng mL™") using differ-
ential pulse voltammetry (DPV). Thereafter we added NaCM,
glucose, KCl, CaCl,, NaCl and CEA one by one in same solution
containing CYFRA-21-1 and measured the response via DPV. We
did not observe any significant changes in the peak current (%
RSD < 1%) indicating that the fabricated immunoelectrode
showed high selectivity towards the CYFRA-21-1 biomarker.

To investigate the cumulative effect of analytes/ions and
effect of addition of different amount of saliva sample we
prepared artificial saliva samples, we took different quantities
of artificial saliva and observed the peak current response by
BSA/anti-CYFRA-21-1/serine/nZrO,/ITO immunoelectrode
(Fig. S8t). It was found that DPV peak response current
remained unchanged up to 1000 pL of artificial saliva after
which it decreased. This result revealed that presence of ana-
lytes as well as ions did not affect the peak current response up
to 1000 pL. For the electrochemical response studies we took
only 20 pL of each sample so that no false current was
generated.

Real sample analysis

We collected and processed the saliva samples of seven oral
cancer patients. Double-antibody sandwich ELISA technique
was used to quantify the concentration of CYFRA-21-1 protein
biomarker in the processed saliva samples. In the double-
antibody sandwich ELISA, anti-CYFRA-21-1 precoated micro-
titer 96 wells plate were used. After following all the steps,
colorimetric reaction occurred and the absorbance was recor-
ded at 450 nm in ELISA plate reader.
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A series of saliva samples containing CYFRA-21-1 concen-
tration were obtained by ELISA (Table S1t) to validate the
electrochemical response of the fabricated biosensor. It was
found that a reasonable correlation existed between magnitude
of the CV current response of the fabricated immunoelectrode
in the presence of (a) CYFRA-21-1 concentration in saliva
samples determined by ELISA and (b) standard concentration of
CYFRA-21-1 (Table S1, ESIf). The results obtained showed
average %RSD (relative standard deviation) to be 4.4%, indi-
cating high accuracy of the fabricated biosensor for CYFRA-21-1
biomarker detection.

The sensing characteristics of proposed immunosensor are
summarized in Table 1 along with those reported in the
literature.

Reproducibility and shelf life studies

Five different BSA/anti-CYFRA-21-1/serine/nZrO,/ITO immu-
noelectrodes were fabricated and used for the reproducibility
studies. DPV technique was used to study the reproducibility
under similar set of conditions with concentration of CYFRA-21-
1 (0.01 ng mL™'). The immunoelectrodes exhibited high
reproducibility with average standard deviation of up to 1.962%
(Fig. Sot).

The shelf life study of BSA/anti-CYFRA-21-1/serine/nZrO,/
ITO immunoelectrode was investigated by DPV at regular
intervals for up to 60 days. Immunoelectrode was stored at 4 °C
in dark condition when not in use. It was observed that the
fabricated immunoelectrode exhibited 95% of peak current
response up to 45 days after which the peak current decreased
and reached 80% (Fig. S10%) indicating that the fabricated
immunoelectrode showed stability of up to 45 days in
controlled environmental conditions.

Conclusions

We have proposed a new biosensing platform based on non-
toxic serine amino acid as linker molecules for the functional-
ization of nZrO, for fabrication of an efficient, label-free and
non-invasive biosensing platform for oral cancer biomarker
(CYFRA-21-1) detection. The nanostructured zirconia (~4.5 nm)
synthesized via one step low temperature hydrothermal process
and further serine molecules was used for functionalization
through simple chemical process. The serine functionalized
ZrO, (serine/nZrO,) was further electrophoretically deposited
onto ITO coated glass electrode at 50 V for 35 s. Further, the
serine/nZrO,/ITO film was biofunctionalized with anti-CYFRA-
21-1 via EDC-NHS covalent surface chemistry and BSA was
used for blocking of nonspecific binding sites of immunoelec-
trode. The BSA/anti-CYFRA-21-1/serine/nZrO,/ITO electrode
covers the whole physiological range including the lower
secretion level of CYFRA-21-1 secreted in human saliva samples
with linear detection range 0.01-29 ng mL ", sensitivity as 0.295
nA mL ng ', lower detection limit of 0.01 ng mL™*, response
time of 6 minutes and stability up to 45 days. Functionalization
of nanostructured materials with non-hazardous serine mole-
cules opens a new window in fabrication of biosensing platform

This journal is © The Royal Society of Chemistry 2016
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as well as in fabrication of implantable biochip, drug delivery,
gene delivery and in bioimaging systems.
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