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In the present work, we demonstrated the non-enzymatic theophylline (TP) detection using nanostruc-
tured Polypyrrole (Ppy) and Cholesterol (Ch) flakes coordinated nanocomposite coated on Glassy Carbon
Electrode. The higher active surface area and good mechanical stability of the Ppy integrated Ch composite
exhibited better oxidation towards TP. The electron transfer across hydrogen bonding is of fundamental
importance in enhancing the biochemical process in this biosensor system. Further, the scan rate anal-
ysis confirmed the quasi-reversible diffusion controlled electrochemical process. The differential pulse

I;Z{%‘;ﬁgle voltammetry report of the electrocatalyst shows a linear response of TP in the concentration range 1M -
Theophylline 1 mM with detection limit of 720 nM (S/N =3a/b). The proposed electrochemical sensor exhibited intrigu-
Cholesterol ing sensing properties with good selectivity, reproducibility towards TP detection without any surface

fouling. The overall analysis confirmed that the prepared nanocomposite modified electrode has quan-
tified better accuracy towards target molecule without the aid of any bio receptors and binders in tea

Square wave voltammetry

leaves and human urine samples.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, conducting polymers in biosensors are pro-
foundly explored due to their excellent biocompatibility and good
conductivity observed throughout the redox process [1,2]. In the
last few decades, different nanostructured CPs based composites
with their interesting behaviors have received enormous attention
for the construction of biosensors using the synergistic effect [3].
Polypyrrole is one of conducting polymers that demonstrated out-
standing sensitivity and good versatility because of the presence
of conjugated double bonds along the backbone of the polymer
chain, hydrophilicity, and high electron affinities. However, the
major obstacle for using Ppy based biosensors is poor adherence
to electrode surface [4,5]. But this disadvantage might be over-
come by doping the counter ions such as inorganic cations, anions,
molecules, and the incorporation of metal oxides or new template
molecules [6].

Cholesterol is an essential component of cell membrane. The
conformational lengths of the side chain along with hydrophilic
and lipophilic functional moieties provide intermolecular contacts
with biological molecules [7]. For example, different lipids were
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synthesized, based on Ch for drug delivery application and also
experimental results indicated the copolymer with Ch established
self-assembly with excellent fluorescence behaviour [8]. Recently,
Ch demonstrated good bio-functionalization ability with cyclodex-
trin and Ch based derivatives exhibited the highest antibacterial
activity against E. coli with moderate antifungal activity against C.
albicans and A. flavus [9]. According to recent studies, the selfassem-
bly nature and biocompatibility of Ch with polymers observed
potential application in anticancer, drug delivery, genomics and no
in biosensor. However, no reports so far using Ch based composite
for the fabrication of TP biosensor. In this work, the physiologi-
cal molecule Ch is used for surface modification and the protective
hydrophobic layer over the surface of Ppy cationic polymer pro-
vides enhanced stability. Also, Ch forms integrity by successful
linkage of hydroxyl group with amine in polypyrrole. The pre-
pared eco-friendly Ch based nanocomposite exhibited preferred
bio-adhesion by a special biophysical mechanism for the effective
enzyme free TP sensing.

Theophylline (TP) is one of the most clinically monitored,
methylated derivatives of xanthine, used in respiratory stimula-
tors for the treatment of acute and chronic asthmatic conditions
[10]. The useful plasma level of TPs for the effective bronchodila-
tion action is 20-100 .M concentration range and beyond this the
drug becomes toxic causing tachycardia, nausea, arrhythmia, and
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convulsions [11]. So, the TP’s narrow therapeutic index needs alert
observation to restrict its toxic side effects.

Xiaolin Cuia et al., demonstrated TP detection using Surface-
Enhanced Raman Spectroscopy technique which holds advantages
of increased sensitivity and simultaneous detection of analytes.
But limited reusability, degradation of analytes along with time
and limited selectivity restricts it applicability [12]. RNA aptamers
based composite with resins for TP detection based on single
molecule photo bleaching technique was investigated by Shi Gang
Liu et al. This route excellently provides high sensitivity, but prob-
lems arises with high-end instrumentation along with numerous
steps and loss of fluorescence after bleaching makes this one
complicated [13]. Similarly, Yuan-Ting Li et al., used MIP-SERS
nanoprobe for the TP detection, which deals the same complica-
tions in reusability, selectivity and degradation making a demand
for eliminating the errors [14]. Lucia Bartella et al., proposed fast
screening of caffeine, theobromine and TP based on Tandem Mass
Spectrometry and PS-MS analysis. Although this protocol produces
accurate results with high precision and selectivity, this method
lacks in pre-sample preparation, using of organic solvents, high
operational cost with limited sample throughput and less favor-
able sample concentration [15]. On the other hand, electrochemical
technique is found attractive due its cost and simplicity recently.
Yingchun Duan et al., demonstrated a novel electrochemical sen-
sor for quantifying TP by electro spinning process which comprises
complex steps [16]. Similarly, Rwaida et al., used tert-Butyl cal-
ixarene tetra kis(N, N-dimethylacetamide) as a sensing ionophore
in the presence of MWCNTs-CuO nanohybrid. However, in the
above said electrochemical route the materials itself will limit its
application because they involve toxic solvents making this as non-
ecofriendly sensing platform for TP detection [17].

In this work, we have demonstrated enzyme free biosen-
sor by a facile polymerization route without involving any cross
linker, initiator tedious instrumentation, high temperatures, toxic
chemicals.The aim of this work is to explore the electrochemical
performance of this new composite by synergetic effect and exhib-
ited high sensitive biosensor.The performance of the bioelectrode
system was also evaluated to the quantification of TP in a human
urine sample and tea leaves with satisfactory results, as shown in
scheme 1.

2. Experimental section
2.1. Reagents and materials

All chemicals were of analytical grade. The purity/assay of all
chemicals are: Polypyrrole and Ch- 98 %, Thiouria- 99.0 %, Xanthine,
Caffiene, dyphylline, theobromine, methyl orange, Ferric chloride-
98 %, theophylline- 98.0 %, sodium dihydrogen phosphate 98 %,
disodium hydrogen phosphate 99.0-100.50 % and were purchased
from Sisco Research Laboratories. TP- 98 % was received from Alfa
Aesar. 0.1 M phosphate buffer solution (PBS) with different pH val-
ues was prepared by mixing the stock solutions of NaH,PO4- 98.0
% and NapHPO4- 99.0- 100. 50 % and then TP was freshly prepared
using PBS. All the solutions were prepared with ultra pure water
from a Millipore system. Glassy Carbon Electrodes (GCE) working
electrodes procured from Zensor Technologies, India.

2.2. Instruments and measurements

The electrochemical behaviour of prepared samples was stud-
ied using a Biologic SP-150 electro-chemical work station (France).
The three electrode system consisting of working glassy carbon
electrode (0.07 cm~2), Ag/AgCl (3.0 M KCl) reference electrode and
platinum wire auxiliary electrode in a electrochemical cell, filled
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with 10mL of PBS at room temperature. During the CV and EIS
measurements, the electrolyte solution was constantly kept with
nitrogen atmosphere in a background solution of 1 mM [Fe (CN) g]
3-/4-in0.1 MKClat 50 mVs™! scanrate and recorded in the frequency
region 100 kHz to 1 Hzatan applied DC potential 230 mV and ampli-
tude of +5 mV. The Raman spectra were carried out, in air at room
temperature by laser Raman spectrometer (model STR 500 mm
focal length, SEKI Japan). Powder X-ray diffraction (XRD) analysis
was performed on a Bruker Germany D8 instrument. UV analysis
was performed with a Shimadzu UV-1700 photometer. The func-
tional groups of the prepared samples were identified from Fourier
transform Infrared (FT-IR) spectra recorded by Thermo Nicolect
380 instrument. The morphology of the samples was checked by
scanning electron microscopy (SEM) and Energy-dispersive X-ray
spectroscopy (EDS) was analyzed using Carl Zeiss EVO 18 instru-
ment.

2.3. Polypyrrole nanospheres synthesis

The typical synthesis of the preparation of Ppy is as follows.
Briefly, 0.5 g FeCl; was mixed with 5 mM methyl orange solution
(60 mL) and vigorous stirring for 30 min. Subsequently, 210 w1 pyr-
role monomer was added drop by drop for 10 min and left under
static condition for 36 h at —5 °C. The obtained black precipitate was
filtered, then washed with de-ionized (DI) water, ethanol and dried
in a vacuum oven for 12 h at 45 °C. Then the optimized amount of
0.2g Ch and 0.3 g Ppy was taken in eppendorf tube, added 1 mL
DI water and sonicated for 3 h. Then the mixture was used for the
electrochemical studies.

2.4. Tea sample

The practical application of the Ppy-Ch modified electrode was
tested by measuring the concentration of TP in tea leaves. The
exactly weighed 50 mg of tea leaves was added with DI water in
a 50 mL of beaker, stirred with heat to 80°C for 15 min. Then the
tea sample was filtered and cooled to room temperature. Finally,
the sample was diluted to 50 mL by DI water for the detection of
TP.

2.5. Human urine sample

The human urine sample was collected from healthy female and
diluted by 10 times using pH 7.0 PBS. Then, 100 .l diluted urine
sample was added to 20 mL PBS and used for the electrochemical
studies.

3. Results and discussion
3.1. Structural analysis

3.1.1. XRD analysis

The comparative crystal structure characterization of Ppy, Ch,
Ppy-Ch hybrid material was performed by XRD, as depicted in
Fig. 1A. The diffracted peak of Ppy around 25° can be assigned to
amorphicity, which indicates short range arrangement chain [18].
The average size of the Ppy microsphres was estimated to be 58 nm
using the Scherrer formula. The multiple characteristic peaks with
different intensities of Ch flakes exhibited triclinic structure with
broad peak at12°, 14°,15°,16° [19,20] which are in good concord
with JCPDS data [07—0742]. The phase and structural change of the
hybrid sample were well observed and further the peak shift along
with intensity variation also supports the composite formation. In
the composite the semi-crystallinity is not only improved the con-
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Scheme 1. Illustration of preparation of Ppy-Ch hybrid structure for TP detection.
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Fig. 1. (A) XRD patterns (B) Raman spectra (C) UV patterns (D) FTIR spectra of Ppy, Ch, Ppy-Ch hybrid structure in PBS (pH 7).
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ductivity but also mechanical stability enhanced which is useful for
efficient detection of TP [21].

3.1.2. Raman study

The Raman scattering study was performed by inelastic colli-
sion of photons to detect new chemical bonds formed in the hybrid
materials, shown in Fig.1B. The pure Ppy depicts an important peak
at 1589 cm~! which can be ascribed to C=C backbone stretching,
and the peak at 1393 cm™! further support the stretching mode of
polymeric material [22]. The Raman spectrum of pure Ch with sharp
peak in the spectrum found at 2906 cm™! due to the C—H stretching
modes with additional peaks at 1680 cm™!, C=C stretching modes
and at 1440 cm~! the CH, scissoring mode respectively [23]. In
the Ppy-Ch hybrid, the intensity variation and peaks of Ch shift in
composite confirms the composite formation.

3.1.3. UVstudy

The UV- absorption spectroscopy study of Ppy, Ch and Ppy-Ch
hybrid samples was examined and as shown in Fig.1 (C). A dis-
tinct weak spectra at 334 nm and broad shoulder at 464 nm, could
be interpreted to m*-1 transition of Ppy [24]. And then, the small
absorption peak around 207 nm represents the —C=C— band sup-
porting the presence of Ch [25]. Also, the —C=C— bands attached
to one or two tertiary carbon atoms, as a result absorbance around
334-375 nm, informing successful preparation of Ppy-Ch compos-
ite.

3.1.4. FTIR spectra

The IR spectroscopy gives a ‘fingerprint’ of substance with
respect to their molecular formation. The FTIR spectral analysis
was carried out to confirm the chemical bonds and functional
groups present in the samples (Fig. 1D). The peaks at 1545 cm~! and
1451 cm! as a result of C—N and C—C stretching while the peaks
centered at 2921 cm~! and 1645 cm~! accredited to C—H stretch
vibration indicate the presence of the Ppy backbone chain [26,27].
The observed wave number for C—H out-of-plane bending mode
at 800cm™! and the sharp peak at 1055cm~! can be attributable
to ring deformation of Ch. The weak peak at 1378 cm~! is credited
to the CH, and CH3 bending vibration of Ch and 1464 cm~! due to
asymmetric stretching. The hydrogen bond formation as a result of
electrostatic interaction is responsible for the shift in characteristic
peak at 2899 cm~! and further the observed broad and intense band
(Fig. 1D) nearly at 3400 cm~! confirming the composite formation
[28].

3.2. Morphology analysis

Morphology of the prepared samples is summarized in SEM
images shown in Fig. 2. In the inset Fig.2A displays slightly
agglomerated the morphology of Ppy microspheres and its size is
calculated using Dynamic Light Scattering technique as 1.9 wm. The
micrograph of Ch flakes is seen with irregular size in Fig. 2B. This
flake structure may actually be useful to binding with Ppy via H,
bonding. Fig. 2C shows the Ppy microspheres surrounded to the
Ch surface which could increase specific surface area and provide
more binding sites for analyte interaction. As a result, better elec-
tron conductivity and electrocatalytic activity for the detection of
TP is witnessed. EDS spectrum for elemental analysis of Ppy-Ch
hybrid formed are of C- 85.9 %, O- 13.9 % and Cl- 0.3 % and shown
in Fig.2D.
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3.3. Electrochemical characterization

3.3.1. CV behaviour of the Ppy-Ch hybrid structure in [Fe(CN)g]
3-/4= solution

CV analysis was performed to explore the stepwise modification
of electrodes in a solution containing 1 mM K3Fe(CN)g/K4Fe(CN)g
(1:1) and 0.1 M KCI to monitor the redox behaviour of electroac-
tive species over a wide potential range (Fig. 3(A)). The CV at the
bare GCE (18.85 jLA) shows a well defined couple of redox peaks
by the ferricyanide ion. After the electrode modification with Ppy
(33.71 pA), the curve changed drastically. As seen in Ch-GCE, when
the Ch was drop casted on the electrode surface, a decrease in
peak current was recorded indicating that the Ch sample had par-
tially blocked the electron transfer. Interestingly at the Ppy-Ch/GCE
due to larger curve area, a well improved charge transport process
responses with high current (47.69 wA).This happens because of
successful electrostatic interaction between positively charged Ppy
with negatively charged Ch and faster charge transfer rates favor-
able for rapid diffusion of electrons by providing a low diffusion
length. Further, the electrochemical active surface area of different
materials such as bare, Ppy, Ch and Ppy-Ch modified electrodes is
also calculated by using Brown-Anson model formula and their val-
ues: 3.9 nmol/cm?, 6.05 nmol/cm?, 2.54 nmol/cm?, 7.54 nmol/cm?
respectively and these results supports maximum surface area of
the composite helps for good redox process in ferrocyanide solu-
tion.

The stepwise assembly of the bioelectrode was monitored to
study the interfacial properties of the electrode surface using EIS,
Fig.3(B). From high frequency semicircle, the value of R¢; at the elec-
trode surface was calculated. The impedance curve of the bare GCE
shows 96 2 with a small semicircle representing the diffusional
limiting step. As shown in curve b, with increased in semicircu-
lar diameter depicts 720 €2 for Ppy. The very large semicircle was
observed for deposition of Ch (curve c) indicating successful coat-
ing on the electrode in which the electron transfer was hindered
by the ferrocyanide solution to reach the electrode surface. Also,
the blocking and polarization of electron transfer is responsible for
high resistance [29]. On the other hand, in the Ch-Ppy compos-
ite, the diameter of the high frequency semicircle was significantly
decreased with a lowest R value of 86 2 (curve d), implying that
Ch may play an important role by maintaining its crystallinity and
accelerated the electron transfer rate. The EIS results confirmed
different layers formation on the electrode surface and found con-
sistent with that of CV analysis, thus validating the successful
fabrication of the Ppy-Ch/GCE. [30].

The blank CV investigation of Ppy/GCE and Ppy-Ch/GCE modified
electrodes in 0.1 M KCl containing 1 mM Fe(CN)g—3/~* at different
scan rates 10-100 mV/s was performed, Fig.S1 A.B. A subsequent
increased in redox peak currents was observed with increasing
scan rate value for both electrodes and also the peak currents are
proportional to the square root of the scan rate (inset of Fig.51)
informing diffusion controlled electron transfer process. It is very
well observed that the slope of the hybrid Ppy-Ch sample is steeper
confirming better electrocatalytic activity.

3.3.2. Electrocatalytic oxidation of TP

The electron transfer behaviour of different modified electrodes
was investigated using CV method in PBS. No significant redox
peaks for TP were noticed in the modified electrodes except Ppy-
Ch/GCE surface as seen in Fig. 3C. i.e. the oxidation of TP in PBS
shows a well-defined oxidation peak at 1.089V for Ppy-Ch/GCE.
The oxidation peak can be attributed to electro-catalytic activity of
Ch with Ppy modified electrode by enhancing the electron transfer
process and also the composite plays a suitable mediator role to
shuttle electron between modified surface and redox probe. This
phenomenon might be caused by the fast electron transfer in the
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Fig. 2. SEM images of (A) Ppy nanospheres (B) Ch flakes (C) Ppy-Ch hybrid and (D)EDS spectrum of hybrid structure.

compact structure by the amine group of Ppy and hydroxyl group
of Ch in the composite with amine, O and N groups of TP.

The linear relationship between oxidation peak current (ipc)
and scan rate!/2 is shown in (Fig. S2). The oxidation peak current
increased gradually with increase of scanrate. In the scanrate range
10mV-90mV s~! the linear relationship was established between
Ip and v, which can be expressed as: I (rA) 0.637 mV s~ +20.24
(R=0.995), and indicated that the oxidation of TP on Ppy-Ch sur-
face was diffusion controlled, as shown in Fig. S1B. The selection of
correct pH value has great influence on the biosensor fabrication.
So the pH range 3.0-9.0 at the Ppy/Ch GCE was investigated on the
anodic peak current and potential of TP in PBS, by CV. The peak cur-
rents of TP increased with increasing solution pH until it reached
about 7.0, beyond the current decreased with the further increase
in pH. Based on these results, the peak currents are strongly depen-
dent on pH signaturing the participation of H* ions in the oxidation
of TP. As seen in Fig. 3(D), the H* in the oxidation process of Ppy/Ch
system generates the maximum current response at pH 7 and grad-
ually decreases its catalytic activity when the pH is increased to
base values. Based on these physiological results, pH 7 is optimized
for further investigation.

3.4. SWV of TP determination

To examine the demonstrable efficiency of the proposed Ppy/Ch
based biosensor, a sensitivity analysis was explored via SWV mea-
surements at various concentrations of the TP. As illustrated in
Fig.4A, the oxidation peak potential was at 1.02V and the peak

current of analyte increased linearly from 6.55 A to 47.59 pA.
The corresponding different TP concentrations versus oxidation
currents, as shown in Fig.4B, demonstrates a good linear relation-
ship over a range of 1uM - 1 mM with the detection limit 720 nM
(S/N=3a/b), and their regression coefficient was 0.997. The equiv-
alent regression equation is y=0.0399x + 7.7046. It is obvious that
the method is quite sensitive and can be concluded that the present
modified electrode shows the lower detection limit towards TP,
demonstrating that the Ppy/Ch/GCE hybrid is a good alternative
for the determination of TP. Furthermore, this Ppy-Ch/GCE elec-
trochemical system explores a simple route as compared to using
complex multistep construction and costly enzymes (Table S3).

3.5. Reproducibility and stability of sensors

A freshly prepared biosensor was subjected to monitor the vari-
ation in its current response towards TP as a function of time and
the number of readings for a period of 7 h, 15 CV measurements of
200 wM TP 0.1 M PBS. The experimental results demonstrated that
the bioelectrode retained 75 % of its initial value after15 measure-
ments. Further, the storage stability of the biosensor was verified
by calculating the change in its current response for a 200 wM TP
solution at regular interval of 1 week for about 1 month, stored at
4°Cin PBS when not in use. It has been found that the bioelectrode
retained 93 % of its initial response after 1 month. The reproducible
behaviour of the biosensor was performed from the response to
200 wM TP at 5 electrodes prepared by uniform procedure. The
biosensor demonstrated good reproducibility with a RSD of 5.4 %,
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as seen in Fig. S6(B). Also, the working stability of the Ppy/Ch/GCE
was investigated by continuous 100 cycles in presence of 200 wM
TP (Fig. S4A). These results indicate that the proposed biosensor has
a good stability and does not undergo any surface entangling.

3.6. Analytical applications

To explore the selectivity of the biosensor towards TP, the effect
of some interfering compounds with 100 fold concentration such

as xanthine, caffeine, dyphylline, theobromine using amperome-
try study was demonstrated in presence of PBS, pH 7, containing
100 wM TP, Fig. S4 (B&C). Further, the selectivity coefficient (SC)
of the fabricated bioelectrode for each interferent was calculated
using the formula, SC=Ic+i/Ic where Ic+i and Ic are bioelectrode
response at 1.01V for TP (100 wM) in the presence and absence of
each interferents, respectively. The results indicate that response
of bioelectrode did not significantly affect the current value by
the presence of these interferents (Fig. S4). These results show no
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remarkable interaction with interferents and also the fabricated
biosensor had good anti-interference ability (Fig. S3; S.Table1). The
fresh tea and normal human urine samples were identified with the
Ppy/Ch/GCE biosensor to monitor its usage for real samples. Stan-
dard addition technique was chosen to quantify the TP content in
them. From the tea sample with known concentrations (200 M-
1 mM), the TP values were calculated using the response current,
shown in Fig. S5(A). Similarly, for urine sample of different con-
centrations (20—400 wM), the TP values were recorded, Fig. S5(B).
As summarized in Table S2, the % recovery values for the spiked
samples inform the reliability of the proposed biosensor and its
effectiveness towards TP analysis in clinical detection.

4. Conclusions

We have fabricated an enzyme free electro chemical biosen-
sor based on Ppy and Ch based biocomposite for TP detection.
The hydroxyl groups of Ch developed the electrostatic interaction
and enriched the stability, thus crystallinity of the composite was
well improved in quantifying the TP. The simple developed biosen-
sor demonstrates an excellent electrochemical oxidation of TP by
bioadhesive nature of Ch. The biofunctionalized material explored
theTP determination of in real samples with satisfactory results.
Therefore, considering the real time application of the designed
bioelectrode, the proposed sensor might be used in food sensor
and pharmaceutical field in future.
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