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a b s t r a c t

In the present work, a chemically modified electrode has been fabricated utilizing Bi2O3/ZnO nano-
composite. The nanocomposite was synthesized by simple sonochemical method and characterized for
its structural and morphological properties by using XRD, FESEM, EDAX, HRTEM and XPS techniques. The
results clearly indicated co-existence of Bi2O3 and ZnO in the nanocomposite with chemical interaction
between them. Bi2O3/ZnO nanocomposite based glassy carbon electrode (GCE) was utilized for sensitive
voltammetric detection of an anti-biotic drug (balofloxacin). The modification amplified the electroactive
surface area of the sensor, thus providing more sites for oxidation of analyte. Cyclic and square wave
voltammograms revealed that Bi2O3/ZnO modified electrode provides excellent electrocatalytic action
towards balofloxacin oxidation. The current exhibited a wide linear response in concentration range of
150e1000 nM and detection limit of 40.5 nM was attained. The modified electrode offered advantages in
terms of simplicity of preparation, fair stability (RSD 1.45%), appreciable reproducibility (RSD 2.03%) and
selectivity. The proposed sensor was applied for determining balofloxacin in commercial pharmaceutical
formulations and blood serum samples with the mean recoveries of 99.09% and 99.5%, respectively.
© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fluoroquinolones are an important anti-bacterial group of drugs
which have been developed recently and widely used for treatment
of numerous bacterial infections [1]. Many newer fluoroquinolones
have been used extensively for clinical purpose due to their broad
spectra of activities and good oral absorption [2]. They are divided
into four generations. The amendment of the drug to a suitable
class is based on its pharmacological activity. Among various flu-
oroquinolones, balofloxacin (BLF) is a new fluoroquinolonewhich is
chemically designated as 1-cyclopropyl-6-fluro-8-methoxy-7-(3-
methylaminopiperidin-1-yl)-4-oxoquinoline-3-carboxylic acid. In
University.
, King Abdulaziz University,
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its structure, the 7th place of fluoroquinolone ring is replaced with
methylaminopiperidine and the 8th site is tailored with a methoxy
group. BLF exhibits a broad antibacterial spectrumwhich lies in the
range of gram-positive to gram-negative bacteria. It shows signs of
admirable anti-bacterial action in opposition to gram-positive
bacteria like multi-drug-resistant Staphylococci and Pneumococci.
It gets metabolized in the kidneys to give glucuronide and N-des-
methyl derivative [3].

Several analytical means have been developed to determine and
analyze BLF in biological fluids and commercial dosages, such as
high performance liquid chromatography (HPLC) [4,5], reverse
phase-HPLC (RP-HPLC) [6], RP-HPLC coupled along fluorescence
detector [7], HPLC-electrospray ionization mass spectroscopy [3]
and UV-spectrophotometric method [8,9]. However, these tech-
niques involve complicated preconcentration or multi-solvent
extraction owing to the intricacy of real samples and small con-
centration of the analyte, usually time-consuming, and the need of
expensive instrumentation and toxic solvents [10,11]. As compared
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to these techniques, electroanalytical systems have extensively
been applied to study a broad range of drug molecules for their
ease, less expenditure, and moderately little analysis time [12,13].
Additionally, with the help of electrochemistry one can elucidate
the electrode mechanism [14]. Redox properties owned by organic
molecules are able to provide insights into their metabolic outcome
or in vivo redox progression or pharmacological activity. Another
important benefit of electroanalytical methods is the use of
chemically modified electrodes which are quite stable at ambient
conditions and have been proved to overcome the disadvantages of
using bare electrode [15,16].

To produce admirable sensors by means of chemically modified
electrode, it is necessary to pursue appropriate electrode modifi-
cation materials which possess superior electrical conductivity and
better electrocatalytic ability [17]. Nowadays, electrode surface
modification with nanostructure materials has been the focus of
interest as it leads to amplification in electrochemical response of
working electrode by enhancing the electron transport rate and
reducing the overpotential for analyte detection. These electrodes
significantly augment the selectivity in determination of drug
molecules based on an electroanalytical approach [18].

Nanostructure metal oxides have brought in enormous interest
for fabrication of electrochemical sensors for biological and phar-
maceutical analysis [19e21]. Among metal oxides, zinc oxide (ZnO)
nanoparticles have gained considerable attention for broad band
gap (3.37 eV), large excitonic energy, no toxicity, good electron
communication asset, good electrochemical activities and high
mechanical strength [22]. In recent times, ZnO has been well
thought-out as a hopeful material in terms of biosensor relevance
for the reason that it has a higher isoelectric point (9.5) and bio-
compatible nature, and is abundantly present [23]. Due to these
interesting properties, use of ZnO nanostructures has been re-
ported for fabrication of electrochemical sensors and biosensors as
reported in previous literature. Moyo et al. [22] discussed the
electrochemical study of an anti-bacterial agent triclosan by
merging the benefits of nano-zinc oxide and multiwalled carbon
nanotubes (MWCNT). They reported higher oxidation current and
reduced overpotential at nano-ZnO/MWCNT modified electrode.
The detection limit achieved by them was 1.3 mg/L. The practical
applicability was tested in tap water samples with acceptable re-
coveries. Karami and Sheikhshoaie [24] fabricated a tyrosine sensor
using reduced graphene oxide (rGO) and ZnO as modifiers in car-
bon paste electrode. Square wave voltammograms revealed that
presence of rGO/ZnO nanocomposite led to an increase in con-
ductivity and hence the oxidation peak current. Tyrosine could be
detected at its lowest limit of 0.07 mM and showed linear response
in a wide concentration range of 0.1e400 mM. The sensor exhibited
fair applicability for tyrosine detection in serum samples and water
samples without interference from species like fructose, glucose,
alanine, Kþ, Br�, and thiourea [24]. In another report by Karimi-
Maleh et al. [25], simultaneous electrochemical determination
was executed for levodopa and piroxicam at ZnOePd/CNTs modi-
fied glassy carbon electrode (GCE). The presence of nanocomposite
escorted to improve the oxidation signal of levodopa by 70 times
and piroxicam by 41.5 times due to its high conducting ability.
Balasubramanian et al. [26] described electrochemical analysis of
sulfamethoxazole (anti-biotic) using graphitic carbon nitride (g-
C3N4) and ZnO nanocomposite which was prepared sonochemi-
cally. The sensor modified with g-C3N4/ZnO nanocomposite
showed excellent electrocatalytic activity due to synergism be-
tween them. A detection limit of 6.6 nM was attained for sulfa-
methoxazone with practical ability in real samples. Unfortunately,
some inherent characteristics of ZnO confine its broad-scale ap-
plications [27]. Therefore, to prevail over these flaws and accom-
plish improved electrocatalysis activity, ZnO is combined with
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other metal oxide nanomaterials to form mixed oxide nano-
composites. In particular, ZnO and Bi2O3 based nanocomposites
have been reported to demonstrate distinct catalytic and electrical
properties as a result of synergy between ZnO and Bi2O3 [28,29].

It is well known that Bi2O3 is a flexible material with an open
array of applications owing to its small energy band gap (~2.1 V),
superior surface area, fairly good conductor and photoconductivity
[30,31]. The use of bismuth based nanoparticles as modifiers for
electrode stimulated curiosity in the past decade for its excellent
electron mobility [32]. Bi2O3 is also an environmentally-friendly
material and a fine substitute of mercury in electrochemical anal-
ysis. Amongst a choice of metal oxides, bismuth oxide is proposed
to boost the electroanalytical act of the sensors for determination of
various metal ions and organic compounds including pharmaceu-
tical drugs [33e36]. Thus, ZnO and Bi2O3 nanoparticles offer
various functions for electroanalysis and are being reported to
enhance the electrocatalytic and conducting properties due to their
nanoscale dimensions, which assists the electrical contact between
analyte and electrode surface. In view of this, high prospect of
strengthening the electrochemical response in co-existence of both
nanomaterials inspired us to combine ZnO and Bi2O3 and use the
composite for electrode surface modification.

Considering the above discussion, the present paper reports the
synthesis and characterization of Bi2O3/ZnO nanocomposite and
fabrication of GCE with the nanocomposite to build up a novel
voltammetric sensor for electrochemical determination of an anti-
biotic drug BLF. First, ZnO nanostructures were hydrothermally
synthesized. Then, Bi2O3/ZnO nanocomposite was mixed via an
ultrasonication approach. The Bi2O3/ZnO nanocomposite was
proved to be responsible for enhancement in electrochemical
oxidation of BLF in comparison to individual Bi2O3 and ZnO. To our
finest understanding, no work has been reported on fabrication of
GCE with Bi2O3/ZnO nanocomposite and its utilization for electro-
chemical analysis of BLF. Due to synergistic electrocatalytic activity
of Bi2O3 and ZnO, this sensor offers a novel and proficient protocol
for sensitive and selective analysis of drugs in pharmaceutical
samples.

2. Experimental

2.1. Reagents and chemicals

BLF standard compound (99%, HPLC grade), zinc acetate anhy-
drous (Zn(O2CCH3)2), cetyl trimethyl ammonium bromide (CTAB)
and Bi2O3 nanoparticles were obtained from Sigma Aldrich Co.
NaOH, absolute ethanol and dimethyl formamide (DMF) were
purchased from Fisher Scientific (India). BLF tablets (B-Cin 50 mg)
were purchased from a local pharmacy shop. A stock solution of
0.01 mM BLF was prepared with methanol in a 100 mL volumetric
flask and kept at 4 �C. Working solutions were prepared freshly by
transferring suitable aliquots from stock solution and diluting them
with BR buffer solution [37]. All other aqueous solutions were
configured in de-ionized water (18.2 MU$cm) generated from Elga
purification system (UK). The reagents used in experimentation
were of analytical grade quality and consumed with no additional
refinement.

2.2. Synthesis of ZnO nanoparticles

In a usual synthesis procedure, 0.5 g of Zn (O2CCH3)2 was added
to 60 mL of saturated CTAB solution and was stirred for about
30 min. After that, 10 mL of 2 M NaOH solution was supplied and a
white aqueous solution was formed. This resultant solution was
moved into a Teflon lined vessel and set aside in an oven at 120 �C
for 20 h. The product was subjected to several washings and
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annealed at 500 �C for 2 h to obtain white powder of ZnO
nanoparticles.
2.3. Characterizations

For phase detection of the prepared nanocomposite, X-ray
diffraction (XRD) examination was made at room temperature on
Rigaku Ultima IV diffractometer. The surface morphology and
elemental analysis of the nanocomposite was examined through
field emission scanning electron microscopy (FESEM) technique
using Jeol JSM-7600F (Jeol, Japan) together with energy-dispersive
X-ray spectrometer (EDAX) from Oxford Instruments (Japan). High-
resolution transmission electron microscope technique (HRTEM)
was executed on JEM-ARM200F (Jeol, Japan). Fourier Transform
infrared (FTIR) was procured on a PerkinElmer FTIR spectrometer
(UK) and X-ray photoelectron spectroscopy studies (XPS) were
achieved on PHI5000Versa Probe II (PHI, USA).
2.4. Fabrication of GCE with Bi2O3/ZnO nanocomposite

For the preparation of nanocomposite, Bi2O3 and ZnO nano-
particles were dispersed in DMF at the ratio 1:1 (optimized). This
dispersion was sonicated for a period of 2 h to get a homogenous
suspension. At first, the surface of GCE was polished using 0.3 mm
alumina slurry on a Buehler cloth and washed repeatedly until a
clean and shiny surface appeared. Then, modified electrode was
fabricated via simple drop-coating of 5 mL nanocomposite suspen-
sion on the surface and allowed to dry in air. A uniform coating of
yellow color was formed on GCE surface and the resultant electrode
was denoted as Bi2O3/ZnO/GCE. For comparison studies, Bi2O3/GCE
and ZnO/GCE were also prepared individually.
2.5. Electrochemical measurements

All the electrochemical measurements including electro-
chemical impedance spectroscopy (EIS), cyclic voltammetry (CV)
and square wave voltammetry (SWV) were executed on AUTOLAB-
PGSTAT 302 N Potentiostat equippedwith conventional 3-electrode
cell assemblage with Pt wire (counter electrode), Ag/AgCl (refer-
ence electrode) and modified GCE (working electrode). The com-
plete electrochemical set-up was provided by Metrohm
(Switzerland). Before recording any measurement, pure N2 gas was
purged into solution containing BLF for a few minutes to get rid of
any oxygen from the solution.
Fig. 1. XRD pattern of ZnO, Bi2O3 and Bi2O3/ZnO nanocomposite.
2.6. Preparation of samples for analysis (tablet sample and human
blood serum sample)

The commercially obtainable B-Cin 50 mg were made into fine
powder by grinding completely. Appropriate amount was weighed
and dissolved in methanol, followed by sonication for 30 min. This
solution was centrifuged and filtered to obtain a clear stock solu-
tion. Aliquots from this stock solution were further diluted with
0.2 M Britton-Robinson (BR) buffer to obtain the required concen-
trations of BLF working solution and proposed analytical procedure
was applied for analysis of drug under optimum conditions.

The human blood serum sample was prepared by centrifugation
for 15 min at 5000 rpm and then 1 mL of the supernatant was
diluted further using 0.2 M BR buffer solution. Then aliquots from
this solution were added to voltammetric cell for analysis. Three
different concentrations were measured (100 nM, 300 nM and
500 nM) for recovery tests using SWV method.
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3. Results and discussions

3.1. Structural and morphological characterizations

3.1.1. XRD analysis
The X-ray diffractogram of Bi2O3, ZnO and Bi2O3/ZnO nano-

composite is presented in Fig. 1. The XRD spectrum of Bi2O3
nanoparticles shows main diffraction peaks at 2q ¼ 27.9⁰, 30.3⁰,
31.8⁰, 32.7⁰, 46.28⁰ and 55.56⁰ corresponding to plane (201), (211),
(002), (220), (222) and (421), respectively. The data can be well
matched with JCPDS card number 01-078-1793 for tetragonal
structure of b-Bi2O3. For the as-synthesized ZnO nanoparticles, XRD
pattern shows diffraction peaks at 2q ¼ 31.7⁰, 34.4⁰, 36.2⁰, 47.5⁰,
56.5⁰, 62.8⁰, 66.3⁰, 67.9⁰, 69.1⁰, 72.5⁰, 76.9⁰, 81.3⁰ and 89.6⁰, which can
be indexed to planes (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), (202), (104) and (203), respectively. No addi-
tional peaks were noticed in the diffraction pattern of ZnO, thus
confirming formation of pure ZnO nanoparticles. The pattern cor-
responds to hexagonal zincite structure matching well with JCPDS
card number 01-075-7917. In XRD pattern of Bi2O3/ZnO nano-
composite, spectrum shows the diffraction peaks of both Bi2O3 and
ZnO nanoparticles. This confirms the successful formation of Bi2O3/
ZnO nanocomposite. As observed, the diffraction pattern of nano-
composite is shifted to a minute extent with slight changes in lat-
tice as compared to pure Bi2O3 and ZnO nanoparticles. This might
be due to interaction between components in the composite. To
further calculate the average crystallite size, Debye Scherrer equa-
tion was used [38] as shown below:

D¼ Kl
FWHM ðCos qÞ (1)

where K is a dimensionless number of the order of unity, known as
the Scherrer constant. Its actual value depends on no less than three
factors: the definition of “breadth”, the crystallite shape and the
crystallite-size distribution [39]. l is the X-ray wavelength
(CuKa ¼ 1.54 Å), FWHM is the full width at half maxima of highest



Fig. 2. Low magnification, high magnification FESEM image, and EDAX spectra of (AeC) Bi2O3 nanoparticles, (DeF) ZnO nanoparticles, and (GeI) Bi2O3/ZnO nanoparticles.
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intensity signal (in radians) and q corresponds to Bragg’s angle (in
degrees). Using the above equation, the average crystallite size of
Bi2O3, ZnO nanoparticles and Bi2O3/ZnO nanocomposite was found
to be 77.8 nm, 39.7 nm and 46 nm, respectively.

3.1.2. FESEM and EDAX analysis
The structural and morphological investigations of the prepared

materials were carried out using FESEM as shown in Fig. 2. The
micrographs were obtained at two different magnifications (low
and high magnification) for each material. Figs. 2A and B (low and
high magnification images) show FESEM micrographs of Bi2O3
nanoparticles with spherical morphology having particles size in
the range of 90e210 nm. EDAX graph of the same confirmed the
presence of only Bi and O in their elemental form (Fig. 2C). From
Figs. 2D and E, the surface structure of the as-synthesized ZnO can
be observedwhere disks and rod type structures are present having
a diameter in nano-range but the length up to a fewmicrons. Fig. 2F
shows EDAX spectrum with Zn and O as elements, thus indicating
synthesis of pure ZnO nanoparticles. Interestingly, on formation of
nanocomposite, we obtained a difference in morphological char-
acteristics as compared to individual components as shown in
Figs. 2G and H. We observed that Bi2O3 nanoparticles are well
distributed among ZnO rods and disks. However, it was also noticed
Table 1
Elemental composition of Bi2O3/ZnO nanocomposite.

Element Weight (%) Atomic (%)

O K 11.17 39.73
F K 2.90 8.68
Zn L 47.16 41.04
Bi M 38.76 10.55
Totals 100.00
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that Bi2O3 spheres had lost their sole geometry. Formation of
nanocomposite was further evidenced from EDAX spectrum
(Fig. 2I) and elemental composition (Table 1), which demonstrates
the existence of Bi, Zn and O as elements, indicating high purity of
the products.

3.1.3. HRTEM analysis
Typical TEM and HRTEM images along with selected area elec-

tron diffraction (SAED) patterns of Bi2O3 nanoparticles and Bi2O3/
ZnO nanocomposite are exposed in Fig. 3. Fig. 3A shows TEM image
of Bi2O3 nanoparticles with a spherical shape while the HRTEM
image, as shown in Fig. 3B, depicts the lattice fringes with d-spacing
of 3.45 Å corresponding to (210) plane of b-Bi2O3. Fig. 3D displays
the morphology of Bi2O3/ZnO nanocomposite where we can clearly
see the existence of nearly spherical nanoparticles of Bi2O3 sur-
rounded with some disks and rod like nanostructures of ZnO.
Further, the HRTEM image (Fig. 3E) shows interface between Bi2O3
and ZnO nanostructures with sub-atomic resolution where atom-
to-atom spacing (d-spacing) of 3.45 Å for b-Bi2O3 and 2.60 Å for
ZnO can be seen. So, the composite material consists of both Bi2O3
and ZnO nanostructures. The SAED patterns for Bi2O3 (Fig. 3C) and
Bi2O3/ZnO (Fig. 3F) show that both samples are polycrystalline in
nature. It is clearly visible in the SAED patterns of Bi2O3 nano-
structures that the d-spacing is a bit larger, which is in well
agreement of its HRTEM image, whereas in Fig. 3F, the existence of
two different ranges of d-spacing corresponding to, b phase of
Bi2O3 spheres and ZnO disks and rods, is an indication for the for-
mation of Bi2O3/ZnO nanocomposite.

3.1.4. FTIR analysis
In addition, the functional interaction between Bi2O3 and ZnO

nanoparticles was further exemplified using FTIR technique. Fig. 4
shows FTIR spectrum of ZnO nanoparticles showing band around



Fig. 3. TEM, HRTEM, and SAED pattern of (AeC) Bi2O3 nanoparticles, and (DeF) Bi2O3/
ZnO nanocomposite.

Fig. 4. FTIR spectra of ZnO, Bi2O3 and Bi2O3/ZnO nanocomposite.

S. Ansari, M.S. Ansari, S.P. Satsangee et al. Journal of Pharmaceutical Analysis 11 (2021) 57e67
652 cm�1, which is due to ZneOeZn anti-symmetric and sym-
metric stretching vibrations. The band observed at 893 cm�1 arises
owing to stretching vibration of ZneOH of ZnO. The peak appearing
at 3016 cm�1 is due to OeH stretching vibrations of absorbed H2O
molecules [40]. The additional peaks appearing at 1217 and
1730 cm�1 can be ascribed to the stretching vibrations of CeO and
C]O of the absorbed CO2 molecules [41]. In FTIR spectrum of Bi2O3
nanoparticles, band was observed at 850 cm�1, which was credited
to stretching mode of vibrations in BieOeBi. The peaks observed in
the range of 400e600 cm�1 and at 1385 cm�1 are characteristic of
Bi2O3. The FTIR spectrum of Bi2O3/ZnO nanocomposite also shows
bands in the region of 400e600 cm�1 which corresponds to metal-
oxygen-metal (M-O-M) vibrations [42]. Furthermore, the charac-
teristic peaks of the twometal oxides (Bi2O3 and ZnO) can be clearly
seen from the spectrum with shifts in peak intensities, which
indicate that there is interaction between the two metal oxides
resulting in the formation of nanocomposite successfully.
3.1.5. XPS analysis
XPS study was implemented to establish the presence of ele-

ments and valence states in Bi2O3 and Bi2O3/ZnO nanocomposites.
The complete scan XPS spectrum (Fig. 5A) confirms the occurrence
of Zn 2p, Bi 4f and O 1s core levels. Fig. 5B shows Bi 4f high-
resolution XPS spectrum for Bi2O3, where signals at 158.5 eV and
163.8 eV can be ascribed to Bi3þ 4f7/2 and Bi3þ 4f5/2, respectively
[43]. The O 1s spectrum for Bi2O3 can be deconvoluted into three
signals as shown in Fig. 5C. The spectrum reflects the most intense
peak at 531.7 eV which corresponds to BieO bond while the signal
at 532.8 eV is associated with surface adsorbed molecules [44].

In case of Bi2O3/ZnO nanocomposite, Bi 4f high resolution XPS
spectrum (Fig. 5D) shows the abovementioned two peaks (158.5 eV
and 163.8 eV) with slight upward shift at 159 eV and 164.1 eV,
respectively [43]. This positive shift might be indicative of the ex-
istence of strong interactions between ZnO and Bi2O3 nano-
structures [45,46]. This might be attributed to fractional electron
transfer from Bi to ZnO. A similar phenomenon is also reported in
other literature [47,48]. There are two small signals at 157.7 eV and
162.9 eV, which are ascribed to Bi0 4f7/2 and Bi0 4f5/2, respectively
[49]. Therefore, small amount of bismuth is present in its metallic
form along with Bi3þ chemical state. The O 1s spectrum (Fig. 5E) for
Bi2O3/ZnO nanocomposite sample shows three signals at binding
energy values, 529.7 eV for lattice oxygen in ZnO (OeZn2þ), the
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signal at 530.9 eV corresponds to oxygen in Bi2O3 (OeBi3þ) and the
peak appearing at higher binding energy values of 532 eV, is due to
surface adsorbed oxygen species. The peak profiles and binding
energies of Zn2þ were observed from Fig. 2F, where Zn 2p3/2 and Zn
2p1/2 in the composite material occur at 1021.8 eV and 1044.9 eV,
respectively. The entire spectra encompass a shift downward of
0.6 eV as compared to the typical peak site of Zn 2p3/2 at 1022.4 eV
[43]. The signals are endorsed to the lattice zinc in ZnO. Thus, the
characterization results including XRD, FESEM, HRTEM, FTIR along
with XPS tool are evident for the existence of ZnO and Bi2O3
nanoparticles in the composite.
3.2. Electrochemical characterizations

3.2.1. Role of surface area and impedance
CVwas employed to investigate the redox behavior of Bi2O3/ZnO

nanocomposite modified sensor using 1 mM K3Fe (CN)6 (0.1 M KCl)
as a redox probe. Fig. S1A shows cyclic voltammograms of bare GCE,
Bi2O3/GCE, ZnO/GCE and Bi2O3/ZnO/GCE at 0.05 V/s scan rate. At
bare GCE, two well defined oxidation and reduction peaks were
observed, and the peak current values increased further at Bi2O3/
GCE and ZnO/GCE. However, a remarkable enhancement in current
values was noticed at Bi2O3/ZnO/GCE along with negative shift in
peak potential. This clearly demonstrates that Bi2O3/ZnO/GCE acts
as an efficient electron transfer mediator.

To calculate the electroactive surface area (A) at bare and each
modified GCE, Randles Sevcik equation was used as displayed
below [50]:

Ip ¼2:69� 105 AD1=2n3=2v1=2C (2)

Here A ¼ electroactive surface area (in cm2), C ¼ concentration
of K3[Fe(CN)6] (in mol/cm3), the number of electrons transferred is
denoted by symbol n which is 1 for K3[Fe(CN)6], D stands for
diffusion coefficient which is 7.65 � 10�6 cm2/s for K3[Fe(CN)6] and
v is the scan rate (V/s). Cyclic voltammograms were witnessed at
varying scan rates (0.01e0.1 V/s) for Bi2O3/ZnO/GCE as shown in
Fig. S1B and from the slope of graph of Ip vs. v1/2 (Inset of Fig. S1B), A



Fig. 5. (A) XPS survey spectra of Bi2O3 and Bi2O3/ZnO, (B, C) XPS core level spectra of Bi 4f, and O 1s in Bi2O3, and (DeF) XPS core level spectra of Bi 4f, O 1s, and Zn 2p in Bi2O3/ZnO
sample.

Fig. 6. Nyquist plots from EIS at bare GCE, Bi2O3/GCE, ZnO/GCE and Bi2O3/ZnO/GCE in
5 mM K3 [Fe (CN)6] in 0.1 M KCl solution. Inset: Corresponding equivalent circuit [Rs (Q
[Rct W])].
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was calculated to be 0.027, 0.054, 0.081 and 0.27 cm2 for bare GCE,
Bi2O3/GCE, ZnO/GCE and Bi2O3/ZnO/GCE, respectively. Thus, we see
that the electroactive surface area is amplified by 10 times at
nanocomposite modified GCE in contrast to bare GCE.

Experiments were further extended to employ EIS measure-
ments using 5mMK3[Fe (CN)6] solution. To examine the capacity of
electron transfer at each electrode, we obtained the Nyquist plots as
shown in Fig. 6. The higher frequency region in these plots repre-
sents a depressed semi-circle while the lower frequency region
shows a linear portion with somewhat slight curve. The electrical
circuits compatible with Nyquist plots are displayed as Inset in
Fig. 6 which consisted of four elements, namely, solution resistance
(Rs), double layer capacitance (Qdl), charge transfer resistance (RCT)
and Warburg impedance (W). The depressed semi-circle region in
Nyquist plots is associated with charge transfer resistance and the
linear portion represents diffusion limited process. On observing
Nyquist plots, we see that the semi-circle portion is the largest for
bare GCE and the least for Bi2O3/ZnO/GCE. Thus, charge transfer
resistance offered by nanocomposite modified sensor got reduced
owing to its conducting behavior. Further, values of Rct were eval-
uated and found to be 14.6, 8.85, 7.10 and 4.04 kU for bare GCE,
Bi2O3/GCE, ZnO/GCE and Bi2O3/ZnO/GCE, respectively.
3.2.2. Electrochemical behavior of BLF at Bi2O3/ZnO/GCE
To determine the role of individual material and the possible

synergism between them, cyclic and square wave voltammograms
were recorded at bare GCE, Bi2O3/GCE, ZnO/GCE and Bi2O3/ZnO/
GCE in 0.2 M BR buffer (pH 4.5) for 300 nM of BLF. Fig. 7A shows
cyclic voltammogram of BLF with an irreversible oxidation peak
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which increases successively from bare, Bi2O3, and ZnO to Bi2O3/
ZnO/GCE. Thus, it is obvious that oxidation peak current was higher
at Bi2O3/ZnO/GCE as compared to bare and other modified elec-
trodes. These results can also be verified by analyzing Fig. 7B, which
shows square wave voltammograms of BLF at each electrode. This



Fig. 7. (A) Cyclic voltammograms and (B) square wave voltammograms for determi-
nation of BLF (300 nM) at pH 4.5 in 0.2 M BR buffer at bare GCE and modified GCE.

Fig. 8. (A) Cyclic voltammograms of 300 nM BLF in 0.2 M BR buffer at Bi2O3/ZnO/GCE
at varying pH values (2.5e6.5); Inset: Cyclic voltammograms of 300 nM BLF in 0.2 M
BR buffer at Bi2O3/ZnO/GCE at varying pH values (7.9e12). (B) Plot of Ep (V) vs. pH
values.
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significant enhancement in current at Bi2O3/ZnO/GCE can be
ascribed to synchronized overture of Bi2O3 and ZnO nanoparticles,
which also divulged the subsistence of synergistic effects in the
Bi2O3/ZnO/GCE electrode. These synergistic actions can be related
to the increased superficial area and excellent electron transfer
abilities of ZnO and Bi2O3 nanoparticles. Moreover, addition of ZnO
nanoparticles provided higher conductivity due to the existence of
oxygen vacancies and other donor type point defects [51]. There-
fore, the electron transfer of BLF on Bi2O3/ZnO/GCE increased.

3.2.3. Effect of pH
The pH of solution is an imperative chemical factor as it changes

the reduction and oxidation potential of the analytes, gives infor-
mation regarding involvement of protons in surface reaction be-
tween the electrode material and analyte. Therefore, pH
dependency on electrochemical behavior of 300 nM BLF at Bi2O3/
ZnO/GCE was explored in 0.2 M BR buffer in pH range of 2.5e12.
Fig. 8A shows the cyclic voltammogram for influence of pH on
analyte oxidation potential and peak current. We can see that the
peak potential shifted negatively with respect to increment in pH
values, which indicates that protons are occupied in oxidation
process of BLF at Bi2O3/ZnO/GCE. The BLF exhibited a good oxida-
tion signal at pH 4.5 which was chosen as optimum pH for further
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experimental investigations. In addition, peak potential (Ep) vs. pH
plot was drawn as shown in Fig. 8B and the linear regression
equation can be presented as:

EpðVÞ¼ �0:0631pHþ 1:3321
�
R2 ¼0:9859

�
(3)

As observed, the peak potential of BLF illustrates a linear relation
with pH and moves towards more negative potentials with a slope
of about 63.1 mV/pH. The obtained experimental value lies in close
proximity with Nernstian value of 59 mV, which is suggestive of an
equivalent number of electrons and protons participating in charge
transfer process [52].
3.2.4. Influence of scan rate
The oxidative behavior of BLF at Bi2O3/ZnO/GCE was studied by

investigating the effect of scan rate variation (5e100 mV/s) on
oxidation peak current of BLF. Valuable information could be gained
using the relationship of peak current and scan rate. Fig. S2A shows
that oxidation peak current (Ip) improved progressively with the



Fig. 9. (A) Square wave voltammograms of BLF at different concentrations
(150e1000 nM) in 0.2 M BR buffer at pH 4.5. (B) Plot of Ip (mA) vs. concentration (nM).

Scheme 1. Plausible oxidation mechanism of balofloxacin.
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increase in scan rate (v) and a linear relationwas obtained between
Ip and v1/2 (Fig. S2B). The regression equation can be given as:

IpðAÞ¼69:573 v1=2ðV=sÞ�4:3899
�
R2 ¼0:9938

�
(4)

This indicates that the electrochemical behavior of BLF at Bi2O3/
ZnO/GCE is a diffusion process. To further confirm this, a plot of log
Ip and log v was obtained as shown in Fig. S2C which gave a linear
relationship with regression equation as shown below:

log IpðmAÞ¼0:705 log vðV=sÞ þ 2:1535
�
R2 ¼0:9985

�
(5)

For a diffusion peak, the slope value must be 0.5 and for an
adsorption peak it must be 1, but here we obtained an intermediate
slope value of 0.7, which suggests a mixed diffusion-adsorption
process [53].

Further, we observed an up-shift in peak potential (Ep) with
rising scan rate and we plotted a linear graph between Ep and log v
(Fig. S2D) which can be expressed as:
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EpðVÞ¼0:1045 log v ðV=sÞ þ 1:1401
�
R2 ¼0:9912

�
(6)

According to Laviron’s equation [54], relationship between Ep
and n can be described as follows:

Ep ¼E0 þ
�
2:303 RT

anF

�
log

 
RTk0

anF

!
þ
�
2:303 RT

anF

�
log v (7)

where E⁰ is the formal redox potential, a stands for transfer coef-
ficient, k⁰ is the standard rate constant of the reaction in s�1 and n is
the number of electrons involved in electrode reaction. From the
slope of Ep versus log v, the value of an was calculated to be 0.56.
Typically, for a complete irreversible diffusion-controlled electrode
process, we assume a value to be 0.5. Bard et al. [55] equation was
used for calculation of a.

a¼ 47:7
Ep � Ep

�
2

(8)

Using the above equation, a was calculated to be 0.63 which is
close to the theoretical value and this value relates to a diffusion-
controlled irreversible anodic process. In turn, the number of
electrons was also calculated using Eq. (1) and was found to bez 1.
In the outlook, proportions of electrons to protons concerned in the
reactions was calculated approximately as 1:1. Thus, we can say
that 1 electron and 1 proton were transferred in the oxidation of
BLF at Bi2O3/ZnO/GCE. Based on above results, a plausible oxidation
mechanism has been proposed for BLF (Scheme 1) [56].
3.2.5. Analytical performance and method validation of Bi2O3/ZnO/
GCE

In order to see the practicability of the investigated method for
the quantification of BLF, the relationship between oxidative peak
current and concentration was assessed using SWV technique at
Bi2O3/ZnO/GCE. As shown in Fig. 9A, peak current response
increased by raising the concentration and a linear correlation was
acquired between peak current and concentration over the range of
150e1000 nM (Fig. 9B), which obeys the following linear regression
equation:
IpðmAÞ¼0:013 ðnMÞ þ 10:556

�
R2 ¼0:9964

�
(9)

The limit of detection (LOD) was calculated using 3 S/m and
limit of quantification (LOQ) was estimated as 3 S/m. Here, S rep-
resents standard deviation and m represents slope of calibration
plot. Thus, LOD was found as 40.5 nM with sensitivity of 12.85 nA/
nM and LOQ was found to be 135 nM. The present work has also
been compared with other analytical methods in terms of LOD and



Table 2
Comparison of the present method with other reported methods.

Method LOD Linear range Refs.

HPLC-electrospray ionization (ESI)-MS 0.02 mg/mL 0.03e3 mg/mL [3]
RP-HPLC-fluorescence 0.078 mg/mL 0.078e20.00 mg/mL [57]
IL-DLLME followed by the HPLC method 0.01 mg/mL 0.04e10.0 mg/mL [58]
Bi2O3/ZnO/GCE 40.5 nM or 15.77 ng/mL 150¡1000 nM This work
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linearity range of concentration (Table 2) [3,57,58]. It can be
concluded that the present work offers LOD and working linearity
comparable to other methods.

The developed method was validated in terms of reproduc-
ibility, stability and interference. To estimate the reproducibility
and stability of the Bi2O3/ZnO/GCE sensor, four individual elec-
trodes were fabricated under identical conditions, and experienced
for the electrochemical detection of 300 nM BLF in 0.2 M BR buffer
(pH 4.5) utilizing SWV technique. A relative standard deviation
(RSD) of 2.03% was attained with four different electrodes, vali-
dating that the preparation of the electrode had significant
Table 5
Determination of BLF in pharmaceutical tablet and human blood serum using the propo

Sample Standard added (nM) Sta

B-Cin tablet (50 mg) 100 98.
300 298
500 494

Blood serum 100 99.
300 296
500 501

a [standard found/standard added] � 100.
b Amount found represents the average of six observations (n ¼ 6).

Table 4
Influence of excipients on oxidation behavior of BLF.

Foreign species Concentration (mM) Signal change (%)

Glucose 60 1.05
Starch 60 �1.32
Lactose 60 �0.14
Sucrose 60 0.63
Ascorbic acid 60 3.7
Gum Acacia 60 2.80
Uric acid 60 0.83
Folic acid 60 �1.9
Pyridoxine 60 1.45
Cobalamine 60 1.3
Naþ 150 �1.87
Ca2þ 150 �1.2
Kþ 150 �1.49
CO3

2� 150 2.79
NO3

� 150 1.3

Table 3
Reproducibility and repeatability results at Bi2O3/ZnO/GCE in presence of 300 nM
BLF.

Sensor Sensor reproducibility

Average current (mA) RSD (%)

Sensor I 13.04a 1.87
Sensor II 13.56a 2.04
Sensor III 12.87a 2.23
Sensor IV 13.34a 1.99
Average 13.20b 2.03

a Average of six replicates.
b Average of four sensors.
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reproducibility. In addition, to illustrate the repeatability of the
prepared Bi2O3/ZnO/GCE electrode, six recurring measurements
were conceded in presence of 300 nM BLF. The RSD of voltammetric
responses on the Bi2O3/ZnO/GCE was 2.12% (Table 3).

Additionally, long-term stability tests over a 2-week period
were taken using prepared electrode. The Bi2O3/ZnO/GCE was
stored up in a desiccated place at room temperature (25 �C) and the
voltammetric results confirmed that peak current response of the
modified electrode lost only 4% of the initial current response with
RSD 1.45% after storage for 2 weeks. These results designate that
Bi2O3/ZnO/GCE has good reproducibility and stability; thus the
proposed method is satisfactory for BLF determination.

The possible interferences of some inorganic ions, vitamins and
amino acids on the determination of 300 nM BLF were studied by
SWV. The results showed that 500-fold surplus of ordinary ions like
Naþ, Ca2þ, Kþ, CO3

2� and NO3
� and 200-fold excess of common

excipients, such as glucose, starch, lactose, sucrose, ascorbic acid,
gum acacia, uric acid, folic acid, pyridoxine and cobalamine did not
interfere with the determination of BLF and signal changes
observed were less than 5%, indicating that the proposed electrode
is highly selective (Table 4).
3.2.6. Analytical application (B-Cin tablet and blood serum sample)
The present research is provoked to prepare an electrode ma-

terial for real sample analysis. Hence, the Bi2O3/ZnO/GCE sensor
was exposed for real sample studies using BLF tablets and human
blood serum. BLF contents were determined in formulation B-Cin
50 mg. The sample preparation is described in Experimental sec-
tion. Three different concentrations were prepared as 100, 300 and
500 nM. Then, recovery tests were carried out by transferring each
into the electrochemical cell and standard addition method was
applied at optimal parameters using SWV method. The obtained
results summarized in Table 5 displayed that the sensor shows
exceptional recovery with RSD less than 2%. Hence, the method is
reliable for direct determination of BLF.
4. Conclusions

A novel and simple strategy for the selective and sensitive
determination of BLF at Bi2O3/ZnO/GCE is presented in this work.
The results from characterization studies including XRD, FESEM,
HRTEM, and FTIR along with XPS tool are evident for the existence
of ZnO and Bi2O3 nanoparticles in the composite with chemical
sed method at Bi2O3/ZnO/GCE.

ndard foundb (nM) Recovery (%)a RSD (%)

73 ± 0.47 98.73 0.81
.8 ± 0.77 99.6 0.39
.8 ± 0.63 98.96 0.59
12 ± 1.23 99.12 0.91
.7 ± 0.66 98.9 0.32
.9 ± 1.02 100.4 0.75
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interactions between them. From all the electrochemical results,
the Bi2O3/ZnO nanocomposite was found to have high electro-
catalytic activity towards BLF oxidation with reduction in over-
potential and enhancement in current signals, which can be
ascribed to synchronized overture of Bi2O3 and ZnO nanoparticles.
The main advantages of the present study are the ease of fabrica-
tion of electrode, its reproducibility, selectivity and achievement of
low LOD. The present study did not involve much use of chemicals.
Most of the solutions were made in aqueous solvents. But it was
also noticed that the sensor displayed good stability for two weeks.
The fabricated electrode provided a lower electron transfer resis-
tance (Rct¼4.04 kU) and high surface area (0.27 cm2), which pro-
moted a faster electron transfer process. Awide linear responsewas
exhibited by Bi2O3/ZnO/GCE in the concentration range of
150e1000 nM with detection limit of 40.5 nM and sensitivity of
12.85 nA/nM. The sensor showed less than 5% signal change in the
presence of various interfering species. In addition, the developed
sensor was applied to BLF tablets and human blood serum for
practical application and was proved to be a good sensing platform
for real sample analysis.
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