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Abstract—A label-free approach was employed to selectively detect tetracycline using manganese tungstate (MnWO,)
nanowafers and functionalized carbon nanofiber-modified glassy carbon electrode (GCE). MnWO, nanowafers were
synthesized hydrothermally and characterized along with functionalized carbon nanofibers (f-CNFs). Cyclic voltamme-
try and differential pulse voltammetry were employed to detect tetracycline, and the sensor exhibited linear ranges of
detection of 1.75-109.25 uM and 109.25-409.25 uM, respectively. The limit of detection was found to be 0.24 uM (S/
N=3) with a sensitivity of 9.91 pA pM ' cm 2. Interference studies were carried out with ciprofloxacin (Cip), penicillin
(Pen), and amoxicillin (Amox). The modified electrode (MnWO,/f-CNF/GCE) was found to provide sensitive and
selective detection of tetracycline in the presence of interfering agents.
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INTRODUCTION

Tetracyclines are a group of antibiotics used to treat bacterial
infections in animals, owing to their low cost and broader spec-
trum of activity. However, their increased use has caused trace lev-
els in human foodstuffs that pose several health threats. Also, the
widespread usage has led to severe bacterial resistance in animals
and humans [1]. Yet, in spite of its drawbacks, tetracycline is pre-
ferred widely over its counterparts because of its low toxicity, low
production cost, minimal side effects, and easy oral absorption [2].
The inhibitory concentration of tetracycline in human blood serum
and urine is known to be ~0.5 ug mL™ [3]; hence, selective and sen-
sitive detection is imperative. Because of its immunomodulatory
properties, tetracycline is used with steroids to treat systemic and
local bacterial infections in animals and aquaculture. Studies have
shown that compared with oxytetracycline, tetracycline is excreted
more slowly in the urine [4]; hence, its detection in minute quanti-
ties is necessary.

The active materials employed in this study, namely MnWO,
and functionalized carbon nanofibers (f-CNFs), are used in several
interesting applications. Metal oxides are important candidates for
various applications, including catalysis, adsorbents, superconduc-
tors, semiconductors, functional ceramics, and antifungal treatment.
Among the metal oxides, manganese-tungstate-based materials
have been extensively used in energy and catalytic applications be-
cause of their photoluminescence and redox properties [5]. MnWO,
has been used mainly as an active material for energy storage, and
a few studies have demonstrated its photocatalytic activity [6], effec-
tiveness for sensing heavy metal ions [7], oxidation of short-chain
alkanes [5], and bio-imaging [8]. Carbon based materials have found
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unparalleled usage in many industries due to their unique proper-
ties and advantages, including good electrical conductivity, high
surface area, fast electron transfer rates, and good electrochemical
windows. Carbon nanofibers, particularly f-CNE, are emerging com-
pounds with high aspect ratio, high strength, low density, metallic
conductivity, and good chemical and environmental stability [9].
Carbon nanofibers have been employed in various applications, in-
cluding supercapacitors [10], biosensors [11], water treatment [12],
and hydrogen storage [13].

As summarized in Table 1, several approaches have been em-
ployed in modified electrodes, such as metal nanoparticles [14],
conducting polymers [15], carbon [16], and quantum dots [17], for
sensing tetracycline; however, in most studies, sensing was per-
formed in acidic pH. The modified electrode developed herein func-
tions optimally at neutral pH. Many researchers have used aptamers
to detect tetracycline and have achieved very low detection limits
and wide linear ranges with reasonable sensitivities. In general,
aptamer-based sensors suffer from nuclease degradation and poor
serum stability in biological media (blood and serum); thus, it is
challenging to employ such sensors in real-time medical applica-
tions. Using noble metals for detecting tetracyclines also has disad-
vantages because of their high cost and tedious electrode prep-
aration.

In this study, we employed a label-free sensor using hydrother-
mally synthesized manganese tungstate nanowafers with a glassy car-
bon electrode (GCE) modified with functionalized carbon nano-
fibers. The sensor can effectively detect tetracycline at micromolar
levels (low detection limit of 0.24 uM) using differential pulse vol-
tammetry (DPV). Sensitive techniques such as DPV were utilized
to ascertain the effect of current and other parameters for the detec-
tion of tetracycline. DPV is preferred over cyclic voltammetry (CV)
and linear sweep voltammetry (LSV) because of its selectivity to-
wards redox processes [18]. MnWO, can be synthesized from cost-
effective precursors using a hydrothermal process and can be em-
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Table 1. Analytical parameters of reported systems for tetracycline detection

Modified electrode Method Linear range (uM) LOD (uM) Reference
PtNPs/C/GCE cv 9.99-44.0 428 [14]
MWNTs-GNPs/MIP/GCE CvV 2-90 0.09 [15]
MIOPPy-AuNP/SPCE DPV 1-20 0.65 [30]
Anti-TET/PGA/MWCNTs/GCE EIS 1%¥107°-1 3.7%10°" [32]
Au/g-C;N,/GCE cv zéjg 0 0.03 [33]
Biotinylated-ssDNA/Streptavidin/SPAuE SWv 0.01-10 0.01 [34]
MWCNTs-COOH/GO/CPE AdSDPV 20-3100 0.36 [35]
FeZn/MMT/GCE DpPV 0.3-52 0.10 [36]
GCE-Gr-AuNP CA 29-153 162 [37]
0-1
BNQDs Fluorescence 5550 0.019 [38]
Ag@SiO,/CdTeQDs-DNA-Aptamer Fluorescence 0.2-400 0.016 [39]
CuCDs Fluorescence 2-32 0.17 [40]
AgNCs Fluorescence 1.12-230 0.47 [41]
MnWO,/f-CNF/GCE DPV 1.75-409.25 0.24 This Work

*LOD-limit of detection, DPV-differential pulse voltammetry, PtNP-platinum nanoparticles, C-carbon, MIOPPy-molecularly imprinted
overoxidized polypyrrole, PGA-poly(L-glutamic acid), MIP-molecularly imprinted polymer, MWCNT-multiwalled carbon nanotubes, GNP-
gold nanoparticle, CV-cyclic voltammetry, CNF-carbon nanofibers, SPAuE-screen printed gold electrode, SWV-square wave voltammetry,
PtNPs/C-platinum nanoparticles/Carbon, COOH-MWCNTs-carboxyl functionalized multiwalled carbon nanotubes, CS-complementary
strands, GR-SPCE-graphene screen printed carbon electrode, GO-graphene oxide, AdSDPV-adsorptive stripping differential pulse voltam-
metry, FeZn/MMT/GCE-IronZinc/montmorillonite/glassy carbon electrode, CA-Chronoamperometry, BNQDs-boron nitride quantum dots,
Ag@SiO,/CdTeQDs-silver@silicondioxide/cadmiumtellurium Quantum dots, CuCDs-copper doped carbon dots, AgNCs-silver nanoclusters.

ployed without any further additives, decoration, or processing. The
active materials, i.e., MnWO, nanowafers, were initially tested with
many analytes for sensor applications. With tetracycline the active
material produced two sensitive and selective peaks in DPV analy-
sis and hence was chosen to study the detection of tetracycline on
glassy carbon electrodes. MnWO, is an electrochemically active
material with excellent redox properties. This is the first study to
employ MnWO, as a sensor electrode for detecting a potentially
important drug - tetracycline. Sensitive techniques such as DPV
were utilized to ascertain the effect of current and other parame-
ters for the detection of tetracycline. The developed sensor performs
best at neutral pH, a favorable condition for detecting analytes in
biological media. Also, the sensor is effective against potential inter-
ferents like ciprofloxacin, penicillin and amoxicillin.

MATERIALS AND METHODS

1. Reagents

Manganese(II) acetate tetrahydrate (C,H,MnO,-4H,0), sodium
tungstate (Na,WO,), and carbon nanofibers (CNFs) were purchased
from Sigma Aldrich. Ethylene glycol, tetracycline, penicillin, cipro-
floxacin, amoxicillin, ethanol, sulfuric acid, nitric acid, and hydro-
chloric acid were purchased from Merck Chemicals. All the chemicals
were of analytical grade and were used as received. Because tetra-
cycline undergoes photolytic degradation [19], the antibiotic solu-
tions were prepared right before each experiment. Phosphate-buffered
saline (PBS) buffers were prepared using sodium hydrogen phos-
phate, potassium dihydrogen phosphate, sodium chloride, and potas-

sium chloride, all obtained from Merck Chemicals. All the solutions
were prepared using dejonized (DI) water, and all the experiments
were carried out at room temperature (25+1 °C).
2. Electrode Materials Synthesis

The hydrothermal method was employed to synthesize the pre-
cursor (MnWO,) from the starting materials, manganese(II) ace-
tate tetrahydrate and sodium tungstate [20]. A 50 mM solution was
prepared by dissolving 0.61 g of C,;H,MnO,-4H,0 in ethylene gly-
col (50 mL) and stirring the solution continuously for 30 min. There-
after, 0.82 g of sodium tungstate was added to the above solution
and stirred again for 30 min at room temperature. This mixture
was then transferred to an autoclave and heated at 150 °C for 12 h.
The resultant material was washed with an equal volume of etha-
nol and water and thermally annealed at 500 °C for 4 h. Function-
alized CNFs were prepared using CNF obtained from Sigma
Aldrich. CNF (1 g) was dispersed in a mixture of nitric and sulfu-
ric acid (1 : 3). This mixture was refluxed at 60 °C for 12 h, washed
with water, and then with acetone and ethanol. The resultant func-
tionalized CNFs were dried and kept in a vacuum oven at 60 °C
until further use.
3. Electrochemical Studies

All the electrochemical studies, including cyclic voltammetry
(CV), amperometry, and DPV, were performed using an Autolab
PGSTAT302N (Metrohm, Netherlands). The working electrode was
a modified GCE (3 mm, CH Instruments, USA), while the refer-
ence electrode was a saturated calomel electrode (SCE). A Pt wire
was used as the counter electrode (CH Instruments, USA) in a three-
electrode arrangement. The GCE was polished with 0.50 and 0.03
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pm alumina powder on microcloth pads, cleaned with ethanol and
DI water several times, and dried by purging with nitrogen for
30 min before each use. The working electrode was modified with
MnWO,/f-CNF for the detection of tetracycline in all the meas-
urements and is denoted as MnWO,/f-CNF/GCE. All the reported
potentials are vs. SCE.
4. Electrochemical Sensor Construction

The preparation of the GCE is crucial to achieve good sensitiv-
ity, stability, and reproducibility of the sensor. After the pretreat-
ment, the GCE was modified with a slurry of MnWO, and {-CNF
in1:1,1:2, and 1:3 ratios (w/w) in DI water. Various loadings
(2-10 pL) of this slurry were drop-cast onto the GCE. The slurry,
composed of 2-10mg MnWO, and 1-10mg {-CNE was soni-
cated for 30 min to obtain uniform dispersion. The modified elec-
trode was dried at 60 °C in a vacuum oven for 10 min and stored
in a desiccator before use.
5. Sensor Optimization

The sensor performance was optimized by varying several param-
eters, such as the concentrations of starting materials and their
ratios and pH. In the DPV measurements, the pulse width, pulse
amplitude, scan rate, and other parameters were varied to study
their effect on the performance of the sensor. In the chronoamper-
ometric measurements, the potential was varied from 04V to
0.7 V to study its effect on the performance of the sensor and to
find the optimum current for tetracycline detection.

RESULTS AND DISCUSSION

1. Electrode Materials Characterization

MnWO,, synthesized by the hydrothermal process, and {-CNF
were characterized using scanning electron microscopy (SEM),
Fourier-transform infrared (FTIR) spectroscopy, and X-ray dif-
fraction (XRD). The SEM images (Fig. 1) confirm the nanowafer-
like morphology of MnWO, (Fig. 1(a)) and the mixed fiber and
tubular morphology of the f-CNFs (Fig. 1(b)) and MnWO,/f-CNF
composite (Fig. 1(c)). Additional SEM images at higher magnifica-
tion are shown in Fig. S1 in the Supplementary Information (SI).
The SEM images of the composite show that the structure of the
starting materials remained intact when mixed and sonicated into
a slurry at different MnWO, and f-CNF ratios (1:1,1:2,and 1: 3).
The SEM images of MnWO, show a porous structure and flake-
like nanowafers with wall thicknesses of 20-30 nm. The nanowa-
fers comprised a network of nanoparticles. The f-CNFs exhibited
an overlapped and highly elongated fiber-like morphology. The
length of the fibers ranged from a few nanometers to several microm-
eters, and their diameter ranged from 50 to 120 nm. The particles
of the MnWO,/f-CNF composite, as seen in Fig. 1(c), were well
dispersed, showing the same structure and morphology as the
starting materials (MnWO, and f-CNF). The structural integrity
was dlearly maintained, facilitating the detection of the antibiotic
(tetracycline) with good sensitivity.
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Fig. 2. (a) FTIR and (b) XRD patterns of MnWO, and f-CNF samples.
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The FTIR spectra in Fig. 2(a) show the vibrations of MnWO,,
f-CNF and the composite. All the peaks in the FTIR spectra in the
mid-infrared region corresponding to low frequencies are sharp
and dlear. The broad band obtained near 3,500-3,200 cm™ indicates
the vibration of the O-H bond in the surface-hydrated MnWO,.
Weak bands were also observed at 1,637 cm™', corresponding to
the H-O-H deformation vibration of the surface hydroxyl group.
The sharp peaks observed at 883 and 772 cm™" indicate the sym-
metric and asymmetric stretching vibrations of the short bond of
the W-O moiety present in the terminal WO, groups. The vibra-
tions at 740 and 578 cm™ were assigned to the asymmetric stretch-
ing vibrations of the longer W-O bond in the W,0O, chain. The in-
plane deformation modes of the longer W-O bonds are indicated
by the peaks at 459 and 552 cm™". The band at 428 cm™" can be
assigned to the in-plane deformation vibrational modes of the W-
O bond in the terminal WO, groups [21]. The FTIR spectrum of
f-CNF is shown in Fig. 2(a). For the acid-treated {-CNE strong
vibration peaks were observed at 1,782 cm™", corresponding to the
C=0 stretching of the acid carbonyl group. The broad peak around
3,300cm™ corresponds to the vibration of the O-H bonds from sur-
face hydration. The peak at 1,647 cm™' corresponds to adsorbed
water molecules on the surface. The peak at 2,969 cm™ indicates
CH stretching vibration, and the peak at 1,381 cm™ is derived from
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-CH bending vibration. The peak at 1,049 cm™" indicates the C-O-
C stretching of the acid functionality on the f-CNE and the peak
at 878 cm™' belongs to the anomeric vibration of carbon [22]. Fig.
2(a) shows all of the above peaks for f-CNE The FTIR spectra of
MnWO,/f-CNF contained all the peaks corresponding to the vibra-
tion of MnWO, and f-CNE respectively.

The information obtained from the XRD studies showed the crys-
talline structure, phase purity, and grain size of MnWO, synthe-
sized by the hydrothermal method. The XRD pattern of MnWO,
is shown in Fig. 2(b). Several sharp peaks indicate the crystalline
nature of the MnWO, nanowafers. The peaks at 26=15.2°, 18.3°,
23.6°, 29.9°, 35.9°, 37.1°, 40.4°, 44.1°, 48.2°, 49.3°, 53.2°, 60.7°, 64.5",
and 67.6° correspond to the (010), (100), (011), (111), (002), (200),
(102), (211), (022), (220), (221), (113), (041), and (004) crystal planes
of MnWO,, respectively. The lattice parameters deduced from the
Debye Scherrer formula suggest a monoclinic structure with an
average grain size of 9.4 nm. Fig. 2(b) also shows the XRD pattern
of the acid-functionalized CNE, in which the sharp peaks at 26.1°,
42.5°, 44.1°, and 54.3° correspond to the (002), (100), (101), and
(004) planes, respectively [23]. The calculated structural parame-
ters matched well with the JCPDS card number (80-0133) for
MnWO,. The XRD pattern of the MnWO,/f-CNF showed all the
peaks corresponding to MnWO, and showed a more pronounced
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Fig. 3. (A) CV’s of (a) bare GCE, (b) MnWO,-modified GCE, and (c) MnWO,/f-CNF/GCE-modified electrode in the presence of 100 1M tet-
racydline, (B) CV’s of MnWO,/f-CNF/GCE electrode with various loadings from 2 to 10 jig mL ' in the presence of 100 uM tetracy-
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in the presence of 100 LM tetracycline, and (D) peak current vs. square root of scan rate at 0.65V and 0.85 V.
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peak at 26=26.1°, corresponding to the f-CNF moiety.
2. CV Measurements

Fig. 3(A) shows the cyclic voltammograms of the bare GCE,
MnWO,/GCE, and the composite MnWO,/f-CNF/GCE in the
potential window from —0.2 to 1.0V, all acquired at a scan rate of
10mV s in the presence of 100 uM tetracycline in PBS 7 buffer
as the electrolyte. All cyclic voltammetry experiments were car-
ried out after 20 cycles at 40mV s~ in PBS (pH 7) to stabilize the
current response, as shown in Fig. S2(SI). The current response for
the oxidation of tetracycline on the modified electrode was nearly
ten times greater than that of the bare GCE and MnWO,-modi-
fied electrodes. The composite showed higher activity than that of
the bare GCE and MnWO,-modified electrode, indicating its suit-
ability as a sensor. The sensor was tested for various loadings of
the active material by CV analysis and the results are shown in Fig
3(B) and explained in detail in the “Effect of loading” section. The
effect of the tetracycline concentration on its detection by the
MnWO,/f-CNF/GCE-modified electrode was studied by CV, and
the results are presented in Fig. S3(SI). The results show that the
current response increased almost monotonically with the tetracy-
cline concentration. The CV results show two faint peaks corre-
sponding to the oxidation of tetracycline at 0.65 V and 0.85 V. The
scan-rate dependence of the composite electrode was studied from
5to 100mV s ' in the presence of 100 uM tetracycline in 0.1 mM
PBS 7 buffer, and the results are shown in Fig. 3(C). The cyclic vol-
tammograms are influenced by diffusion-limited and kinetically
controlled processes. If a redox process is solely influenced by dif-
tusion, the peak potential will be generally independent of the scan
rate. On the other hand, if the electrode kinetics plays a predomi-
nant role, the scan rate affects the entire voltammetric response, in
particular, the location of the peak potential. We plotted the cur-
rent vs. square root of scan rate for tetracycline oxidation, and this
reaction seems to be quasi-reversible in relation to the oxidation of
tetracycline. But the MnWO, as a redox active material exhibits
redox peaks in the CV results. The peak current vs. square root of
the scan rate plots displayed in Fig. 3(D) shows the linear relation-
ship expected for diffusion controlled processes [24], indicating
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the oxidation of tetracycline is diffusion-controlled at the modi-
fied electrodes. The peak potentials shifted to more positive val-
ues with increasing scan rate, but unlike other systems reported in
the literature [25], the peaks remained sharp at all scan rates and
were not broadened. For consistency in the measurements, a scan
rate of 10mV s~ was selected for all CV measurements. Two charac-
teristic peaks were observed at 0.65 and at 0.85 V (vs. SCE), corre-
sponding to the oxidation of tetracycline. Related studies by Calixto
etal. (at pH 7) [26] agree well with this finding. The oxidation peak
at 0.65 V corresponds to the conversion of the phenolic moiety to
a benzoquinone moiety, and the oxidation peak at 0.85V corre-
sponds to the conversion of the dimethylamine moiety to N-dimeth-
ylated products, which in turn corresponds to the adsorption peak
observed for the composite electrode [27]. The peak position for
the oxidation of tetracycline using the MnWO,/f-CNF modified
electrode with an electrolyte at pH 7 represents a significant shift
to a lower pH. This is significant because the oxidation of tetracy-
cline mainly occurs at acidic pH and only a few papers have re-
ported tetracycline oxidation at neutral pH. It suggests that it is
possible to analyze tetracycline in biological samples which exists
in neutral pH values. Furthermore, the modified electrode exhib-
ited a reversible peak due to the oxidation of MnWO, at 0.15V at
higher scan rates and at neutral pH [28]. Pseudocapacitive behav-
ior was also observed at high scan rates, indicating the suitability
of this modified electrode for energy storage applications.
3. Effect of MnWO, and f-CNF Loading

As shown in Fig. 3(B), the effect of various precursor (MnWO,
and f-CNF) loadings on the modified GCE was investigated in the
presence of 100 uM tetracycline in 0.1% bufter (pH 7). MnWO,
to f-CNF ratios of 1:1, 1:2, and 1:3 were used. A slurry of each
mixture was suspended in 1 mL of DI water and ultrasonicated
for 1h. The slurry with various loadings was drop-cast onto the
GCE electrode and subsequently dried at 60 °C for 10 min. The
optimum ratio of the precursor was 1:2 (MnWO,: -CNF). As
the loading of MnWO, : {-CNF (1:2) increased from 2 to 10 pg
mL™, the oxidation current of tetracycline also increased. However,
at 10 ug mL™, the electrode was completely covered, and some
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Fig. 4. (a) CV’s of MnWO,/f-CNF/GCE in the presence of different pH (1, 3, 4, 7 and 9), and (b) dependence of peak potential and peak cur-
rent on pH using MnWO,/f-CNF/GCE-modified electrode in the presence of 100 M tetracycline.
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active material (composite) was found on the Teflon lining of the
GCE. Furthermore, the oxidation peaks of tetracycline were dis-
tinct, with high peak currents at a loading of 8 ug mL™". Hence,
8 g mL™" was selected as the optimum loading for the detection
of tetracycline.
4. Effect of pH

Fig. 4(a) and (b) shows the effect of pH, in the range of 1-9, on
the detection of tetracycline using the modified GC electrode in
0.1 mM PBS solutions. No binder was used for the modified elec-
trodes, and the results were obtained using the as-prepared elec-
trode at various pH values. The peak potential and the corresponding
peak current were plotted against the pH [29]. The results suggest
that the peak potentials corresponding to the characteristic cur-
rent peak decreased monotonically with increasing pH (pH 1 to
pH 9), suggesting the involvement of protons in this reaction. The
involvement of protons in the reaction is indicated by shift in the
redox peak potential with pH. In this case, the peak potential shifted
to more negative values with increasing pH (ie., from 1 to 9). This
indicated that the solution pH and the tetracycline oxidation were
linearly proportional at pH range 1 to 9, also denoting the involve-
ment of protons in the reaction. Another factor which confirms
the above fact is the increasing oxidation peak current from pH 1
to 7, reaching a maximum at pH 7 and then decreasing after pH
7. Also the physiological pH is pH 7, at which most of the inter-
ferents can also be successfully excluded in the determination of
tetracycline. In the pH 7 buffer, the composite electrode exhibited
clear peaks of tetracycline oxidation at 0.65V and 0.85V (as shown
in Fig. 3); hence, the medium at pH 7 was chosen for the detec-
tion of tetracycline in all further studies.
5. DPV Measurements

DPV was employed for rapid tetracycline sensing using the elec-
trode in 0.1 M PBS (pH 7). As shown in Fig. 54, the DPV curves
were recorded at different pulse amplitudes to assess tetracycline
sensing sensitivity. The optimum pulse amplitude was chosen as
25mV and the scan rate was 10 or 50mV s '; these values were

employed for the rest of the DPV measurements.

Tetracycline was added to the PBS solution in increasing con-
centrations from 1.75 to 409.25 uM, and the DPV curves were
recorded, as shown in Fig. 5(a); the peak current vs. tetracycline
concentration plot is shown in Fig. 5(b). From the DPV curves, it
is evident that as the concentration of tetracycline increased, the
current increased, indicating the oxidation of tetracycline on the
MnWO,/f-CNF/GCE electrode. Two linear ranges were observed
in the DPV curves, as shown in Fig. 5(b). The regression equation
for the first linear range corresponding to the low concentration
range of 1.75-59.25 uM at 0.65 V (the first oxidation peak for tet-
racycline) is represented as I+, (1LA)=0.007 Cr,+1.438 with a cor-
relation coefficient (R?) of 0.97. The regression equation at 0.85 V
(corresponding to the second oxidation peak for tetracycline) is
Lossv) (A)=0.015 Cyp+1.774, with R*=0.96. The second linear
range observed from the DPV curves corresponds to a concentra-
tion range of 59.25-409.25 uM. The regression equation at 0.65V
is represented as Ip¢sv) (LA)=0.003 Cp+1.637, with R*=0.99, and
the linear regression equation at 0.85 V is g5+, (LA)=0.004 Cr+
2402, with R’=097. The limit of detection (LOD) for tetracy-
cline, determined from the DPV curves, is 0.24 UM, with a sensi-
tivity of 9.91 pA pM " cm ™. A comparison of tetracycline detection
using different sensors, including our present work, is presented in
Table 1. The results show that the composite electrode (MnWO /f-
CNEF/GCE) can detect tetracycline at low concentration with a sig-
nal-to-noise ratio (S/N) of 3. The sensing capability of the com-
posite electrode is attributed to the high surface area and porosity
of the starting materials (MnWO, and {-CNF). The crystallite sites
available in MnWO, also increase the possibility of tetracycline
oxidation, thus allowing low detection limits. The developed mod-
ified electrode performed better than the many modified electrodes
employed previously for detection of tetracycline in terms of lin-
earity and detection limits.

6. Chronoamperometric Measurements
Chronoamperometric (CA) measurements were performed to
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verify the results obtained using the DPV method. Chronoamper-
ometry was performed at various potentials, ie., 0.4, 0.5, 0.6, and
0.7V (as shown in Fig. S5 in the SI). The response showed that at
0.6V, the current was stable and higher than at other potentials.
This technique has also been employed to conduct interference stud-
ies on tetracycline. We also carried out CA measurements using
various concentrations of tetracycline, and the results were consis-
tent with that of the DPV measurements.
7. Reproducibility and Repeatability Studies

Reproducibility and repeatability studies were performed using
the modified electrode in the presence of 100 pM tetracycline; the
results are shown in Figs. 6(a) and 6(b), respectively. The reproduc-
ibility of the DPV response of four different electrodes was tested
with 100 M tetracycline. The DPV curves are superimposable, with
only slight variations in current, suggesting that the developed
electrode is suitable to detect tetracycline effectively. In addition,
the repeatability of the MnWO,/f-CNF/GCE-modified electrode
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was tested in the presence of 100 uM tetracycline, and a clear cur-
rent response was obtained with almost no variation among the
respective DPV measurements. To check the response of the elec-
trode, repeatability studies were carried out just after adding the
analyte, with a 10's response time for all additions. There was a
slight increase in the current measured at the second, third, and
fourth measurements as compared to the first measurement. The
increase may be attributed to the accumulation of the analyte on
the electrodes (the electrode was not replaced during the measure-
ments), which remained constant after the first measurement.
8. Effect of Interfering Agents

Fig. 7 shows the results of tetracycline detection in the presence
of interferents amoxicillin, ciprofloxacin, and penicillin. Chrono-
amperometry, with the potential optimized at 0.6 V, was used to
study the effect of the interferents. A 10-pL aliquot of tetracycline
was added to the modified electrode, followed by the addition of
10 pL of penicillin (Pen), amoxicillin (Amox), and ciprofloxacin
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Fig. 6. (a) Reproducibility of differential pulse voltammograms for MnWO,/f-CNF/GCE-modified electrodes (four different electrodes: E1,
E2, E3, and F4) in the presence of 100 1M tetracycline. (b) Repeatability of differential pulse voltammograms of MnWO,/f-CNF/GCE-
modified electrodes (four different times: a, b, ¢, and d) in the presence of 100 uM tetracycline.
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(Cip). The current increased with the addition of tetracycline (Fig.
7(a)). However, with the addition of penicillin and amoxicillin, no
significant change in the current was observed, indicating the selec-
tivity of the electrode to tetracycline. Adding 10 pL of ciprofloxa-
cin caused a slight increase in current; however, the current was
not stable and decreased to the initial point of addition. The cur-
rent increase may be due to the oxidation of the ionizable groups
of ciprofloxacin at physiological pH. Fig. 7(b) shows the current
obtained for the analyte tetracycline (Tet) and interferents (Pen,
Amox, and Clip) at a potential of 0.6 V. The selectivity of the MnWO,/
f-CNF/GCE electrode towards Tet is attributed to the different oxida-
tion potentials of the interferents; for example, the oxidation poten-
tial of amoxicillin is 0.81V [30], that of ciprofloxacin is ~1 V (at
BDD) [31], and that of penicillin is ~0.2 V. Hence, at the chosen
potential, the interferents have very little effect.

CONCLUSIONS

MnWO, waters were successfully synthesized using a facile hy-
drothermal method. The structural, morphological, and electro-
chemical properties of the active materials were analyzed using
XRD, FTIR, FE-SEM, and electrochemical measurements. The as-
synthesized MnWO, and acid-functionalized CNFs were then
made into an ink and drop-casted onto glassy carbon electrodes to
sense tetracycline. The sensor exhibited a low detection limit for
tetracycline with a wide linear range. This sensor functions opti-
mally in neutral pH (PBS, pH 7), unlike other sensors that work in
acidic pH. Also, the sensor exhibits good selectivity towards simi-
lar compounds such as Penicillin, Amoxicillin and Ciprofloxacin.
Hence, the present sensor can be effectively employed to sense tet-
racycline in the food and pharmaceutical industries.
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Fig. S1. SEM of (a), (b) MnWO, (@ 100k and 50k magnification), (c) f-CNF (@ 50k magnification) and (d) MnWO,/f-CNF composite (@

50k magnification).
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Fig. S2. Cydlic voltammograms of MnWO,/f-CNF/GCE modified racycline, (a) 0, (b) 1.75, (c) 4.25, (d) 9.25, (e) 19.25, (f) 39.25,
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for 20 cycles. 309.25, and (m) 359.25 uM, respectively.
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Fig. $4. Differential pulse voltammograms for MnWO,/f-CNF/GCE-
modified electrode at different pulse amplitudes of (a) 10, (b)
25, and (c) 50 mV in the presence of 100 LM tetracycline.
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Fig. S5. Chronoamperometric curves at different potentials (a) 0.4,
(b) 0.5, (c) 0.6 and (d) 0.7 V for MnWO,/f-CNF/GCE mod-
ified electrode in the presence of 100 uM of tetracycline.
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Fig. $6. (a) Bar graph showing the reproducibility of differential pulse voltammograms for MnWO,/f-CNF/GCE-modified electrodes (four

different electrodes: E1, E2, E3, and E4) in the presence of 100 1M tetracycline. (b) Bar graph showing the repeatability of differential
pulse voltammograms of MnWO,/f-CNF/GCE-modified electrodes (four different times: a, b, ¢, and d) in the presence of 100 uM

tetracycline.



