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Graphical Abstract

Highlights

e MnO; nanosheets/IL-graphene/GCE electrode was used to detect theophylline.

e MnO; nanosheets/IL-graphene was used as an electrochemical sensing nanocomposite.
e Synergistic amplifying effects resulted from combining MnO, nanosheets/IL-graphene.
e The sensor showed high sensitivity to theophylline using simple DPV.

e The sensor was used for successful theophylline determination in real drug samples.

Abstract

In this study, a novel theophylline (TP) sensor based on MnO3 nanosheets/ionic liquid-
functionalized graphene (MnO; nanosheets/IL-graphene) was fabricated. Cyclic voltammetry
(CV) was used to evaluate the electrochemical behavior of the modified electrode. The

surface concentration of the electroactive species, I, was calculated to be approximately
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2.316 x 1072 mole cm™ for MnO3 nanosheets on the modified electrode. The resulting
system was suitable for electrochemical sensing because of the combined advantages of
MnO; nanosheets and IL-graphene. The differential pulse voltammetric (DPV) results
indicated a high ability of the MnO; nanosheets/IL-graphene/GCE to catalyze the oxidation
of TP and, hence, to detect it. DPV determination of TP gave linear responses over the
concentration range from 1 to 220 uM, and the detection resolution limit was 0.1 uM.
Furthermore, the applicability of the MnO; nanosheets/IL-graphene/GCE for analysis in real

samples was successfully demonstrated.

Keywords: MnO; nanosheets; lonic liquid; Graphene; Theophylline; Electrochemical sensor

1. Introduction

Theophylline (TP) is a compound mainly used to treat emphysema, bronchial asthma, cardiac
difficulty breathing and bronchitis [1]. Pharmacological action of TP is related to its serum
concentrations [2], and the range in which the chemical is effective and safe. Moreover,
when taken orally, its absorption is poor because of various factors in the body and multiple
differences between individuals. High levels of TP in the blood can lead to poisoning the
patient [3]. Because of this, it is crucial to have a method which can detect TP in a simple,
rapid, and efficient way. Currently there are some methods for detecting TP, such as liquid
chromatography-mass spectrometry (LC-MS) [4], thin-layer chromatography (TLC) [5], high
performance liquid chromatography (HPLC) [6], high performance capillary electrophoresis
(HPCE) [7], and electrochemical methods [8,9]. Electrochemical measurements, which are

continuous, simple, and efficient, are already widely used for detecting xanthine alkaloids.



For instance, Zen and coworkers determined trace amounts of TP in tea and drug
formulations using a Nafion®/lead-ruthenium oxide pyrochlore chemically modified
electrode [10]. The results of 15 successive repeated measurement-regeneration cycles
showed a relative standard deviation of 1.3% for 10 umol/L TP, indicating that the electrode

renewal gives a good reproducible surface.

Graphene is a material with excellent electron conductivity [11] because electrons can
move freely in its planes due to the presence of m trajectory. Because of its conductivity and
wide potential window, using graphene in modified electrodes promotes electron transfer
[12]; this leads to materials with excellent electrocatalytic properties [13]. Agglomeration,
however, can occur in graphene during the liquid reduction process [14], which is required
for graphene to be functionalized to maintain its inherent properties. Functionalized
graphene can retain the excellent properties of graphene, while the functional groups may
impart graphene with additional properties [15]. Because of their wide range of solubilities
and the introduction of surface charge, ionic liquid-functionalized graphene (IL-graphene)
sheets were prepared [16], and the materials showed good dispersibility and long-term
stability in various solvents. In addition, IL-graphene based electrochemical sensors have
been widely reported in the literature for detecting various types of compounds, such as

nitrite [17], NADH [18], hydrogen peroxide [19], and glucose [20].

The deposition of metal or metallic oxide nanomaterial on graphene or graphene oxide
(GO) can greatly increase the spacing of layers to improve the dispersibility of graphene and
also add the characteristics of a metal composite material [21]. Manganese dioxide (MnQ3)

nanomaterial is widely used in electrochemistry because of its superior conductivity,
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electrochemical performance, and relatively high potential [22]. MnO; is often used together
with carbon materials such as carbon nanotubes [23], graphene [24], and GO [25], which
enhance MnQO; activity and stability; moreover, a synergistic effect on the electrochemical
performance of the nanomaterials is also observed. Lee and coworkers reported a template-
free and simple synthesis process for flexible reduced graphene oxide (RGO)/MnO; paper
electrodes [26]. The electrochemical capacitors were fabricated with RGO/MnO; and had an
areal capacitance of 897 mF cm™2, an energy density of 11.5 uWh cm™, and a capacitance
retention of 84% over 3600 cycles. Despite these promising results, there are currently
relatively few studies on GO and MnO; nanocomposites for electrochemical biosensors

[27,28].

In this paper, we combined IL-graphene and MnO; nanosheets to fabricate an electrode
which could be used as effective sensor for TP electroanalysis. Combining the benefits of IL-
graphene and MnO; nanosheets for electrochemical sensing applications, a remarkable
synergistic increase of the electrochemical performance was achieved. The electrochemical
properties and the pH effect of the sensing platform were evaluated using electrochemical
techniques. The results revealed that the MnO nanosheets/IL-graphene/GCE had excellent
electrocatalytic activity toward TP oxidation. TP concentrations lower than micromolar could

be detected with the prepared electrochemical sensor.

2. Experimental

2.1 Chemicals and materials



GO was purchased from Nanjing XFNano Materials Technology Company (Nanjing,
China). TP, 1-methylimidazole, 2-bromoethylamine hydrobromide, manganese chloride
tetrahydrate, tetramethyl ammonium, and hydrogen peroxide were obtained from Sigma
(Shanghai, China). KsFe(CN)s, KaFe(CN)s, KCl, and acetic acid were purchased from Sinopharm
Chemical Reagent Co.,Ltd (Beijing, China). All reagents were analytical grade and used as
received. Nanopure deionized and distilled water (18.2 MQ cm™) was used in all of the

experiments.

2.2 Apparatus

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed on a
CHI660D electrochemical system (Chenhua Instruments, Shanghai, China) equipped with a
personal computer for data storage and processing. The measuring unit was a conventional
three-electrode system, with a GCE as the working electrode, an Ag/AgCl/KCl (saturated)
electrode as the reference, and a platinum wire as the counter electrode. Transmission
electron microscopy (TEM, JEOL 2010F, 200 kV) was used to study the morphology and
microstructure of MnO; nanosheets. Scanning electron microscopy (SEM) was performed on
an S-4800 electron microscope (Hitachi, Ltd., Japan). All of the experiments were conducted

at room temperature.

2.3 Preparation procedure

IL-graphene was prepared according to Niu's method [29], while MnO; nanosheets were
prepared from manganese chloride and hydrogen peroxide [30]. Tetramethyl ammonium

solution (12 mL, 1.0 M in water) mixed with hydrogen peroxide (2 mL, 30 wt % in H,0) was



added to the aqueous solution (10 mL) and contained 0.563 g manganese chloride
tetrahydrate within 15 s. The resulting dark brown suspension liquid was stirred over night
at room temperature. After washing with water three times, MnO; nanosheets were
obtained. To calculate the concentration of the MnO; nanosheets in water, the absorption
spectra at 380 nm were measured, and the concentration was calculated using the Beer-

Lambert Law. The molar extinction coefficient was 9.6 x 10> M1 cm™™ [31].

The prepared IL-graphene (1mg mL*?) was mixed with MnO; nanosheets (20.8 mM) in
a 1:1 volume ratio. The solution was sonicated using ultrasound to obtain a homogeneous
suspension. The composite was then washed with water three times, and MnO;

nanosheets/IL-graphene was obtained.

2.4 Preparation of the modified electrode

First, the GCE was polished to a mirror-like surface using 0.3 um and 0.05 pum y-alumina
slurries. The GCE was successively washed with ethanol and water in an ultrasonic bath and
dried in air before use. 5 pL of the MnO; nanosheets/IL-graphene solution was dripped onto
the surface of the GCE and slowly dried in ambient conditions to form the MnO;
nanosheets/IL-graphene-modified GCE (MnO; nanosheets/IL-graphene/GCE). This was then
rinsed with water for the physical removal of the adsorbed species before use. The TP
sensing strategy is illustrated in Scheme 1. CV was performed to characterize the different
modified electrodes in 0.1 M acetate buffer solutions orin a 1.0 mM Ks[Fe(CN)e]/Ka[Fe(CN)e]
(1:1) solution containing 0.1M KCI. Finally, the DPV signals were recorded in the range of 0.6

Vto 1.6 V (increment: 0.005 V; amplitude: 0.05 V; pulse width: 0.1 s; sampling width: 0.02;



pulse period: 0.1 s). In all of the electrochemical experiments, the soaking time before
measurement was 2 s.
Scheme 1
3. Results and discussion
3.1 Morphology and characterization

Fig. 1

The stability of MnO; nanosheets is shown in Fig. S1A. After standing statically for 15
h, the suspension solutions of MnO, nanosheets were unchanged (Fig. S1A picture a), which
indicated that the stability was excellent. The morphology of the MnO, nanosheets was
examined using TEM. Fig. S1B shows the typical TEM images of the MnO; nanosheets, and
the flexible flake-like morphology is evident. The surface morphologies of the different
nanomaterials were investigated using SEM. Fig. 1 shows the typical image of IL-graphene (A
and B), MnO; nanosheets (C and D), and MnO; nanosheets/IL-graphene (E and F). IL-
graphene showed the characteristic crumpled and wrinkled structure (Fig. 1 A and B), and
the MnO; nanosheets showed a lamellar and plate-like structures (Fig. 1 C and D). After
mixing the two materials together, the MnO; nanosheets/IL-graphene nanocomposite
presented a uniform distribution structure, indicating the successful attachment of the
materials (Fig. 1 E and F). The FT-IR spectrum of IL-graphene is shown in Fig. S2. The peaks at
2935cm™ and 2843cm™ (b and d) were ascribed to the CH3(N) and CHz(N) stretching
vibrations, respectively. In particular, the stretching vibration of the C-N bonds in the
imidazole ring was clearly observed at 1637 cm™ [32], further indicating the successful

synthesis of the MnO; nanosheets/IL-graphene. The MnO; nanosheets/IL-graphene was



further examined using X-ray photo-electron spectroscopy (XPS), and the results are shown
in Fig. S3. The XPS spectrum (A) showed the presence of four elements: C, N, O, and Mn. The
C1s spectrum (B) showed three main types of carbon bonds: C-C (284.6 eV), C-N (285.9 eV),
and epoxyl-carbon (287.7 eV) [33]. In addition, the N1s band appeared at 401.7 eV (Fig. 2C)
with a lower binding-energy shoulder at 397.9 eV, which clearly confirmed the presence of
IL-graphene. The Mn2ps/2 and Mn2p1/2 spectrum (Fig. S3D) showed the presence of MnO;
[34]. Fig. S4 shows the Raman spectra of IL-graphene (curve a), the MnO, nanosheets (curve
b) and the MnO; nanosheets/IL-graphene nanocomposite (curve c). The Raman spectrum of
IL-graphene exhibited a slightly increased D/G intensity ratio relative to that of GO [33], and
this may suggest a decrease in the average size of the sp? domains in IL-graphene. The
Raman spectrum of the MnO; nanosheets was not clearly observed, and the Raman
spectrum of the MnO; nanosheets/IL-graphene did not change compared to IL-graphene,
which implied that the structure of IL-graphene did not change in the formation process.
Elemental analysis (Table S1) showed that the imidazole cation was synthesized within the

surface of GO and still existed after the formation of the nanocomposite.

3.2 Electrochemical behavior of MnO; nanosheets/IL-graphene/GCE

Fig. 2

The formation of the MnO3 nanosheets/IL-graphene/GCE composite was also verified
by measuring the CV of the modified electrode in an acetate buffer solution (pH 5). As
shown in Fig. 2, during the positive potential scan, an oxidation peak was observed at 0.91V
, which can be attributed to the oxidation of Mn?* to Mn** ions. A reduction peak was

observed at 0.63 V during the cathodic scan, and this corresponded to the reduction of Mn**



back to Mn?* ions. According to the electrochemical-chemical-electrochemical (ECE)
mechanism, the oxidation of Mn?* in low acidic or neutral media is given by the equation

[35]:

Mn2* + 2H,0 —PASO, + 4H* + 2e”

Fig. 3

During the fabrication process, investigation of barrier changes on the electrode surface
was required. For this purpose, CV measurements of 1.0 mM [Fe(CN)s]3>/*" solutions were
performed using different working electrodes; more specifically, a bare GCE, IL-
graphene/GCE, MnO3 nanosheets/GCE, and MnO3 nanosheets/IL- graphene/GCE were
investigated in an acetate buffer (pH 6.5). As depicted in Fig. 3, the cyclic voltammogram of
the bare GCE showed an oxidation peak current of 8.978 pA and a reduction peak of -9.050
MA (curve a). When IL-graphene was immobilized on the same electrode, the oxidation and
the reduction currents increased to 11.53 and 12.17 pA respectively (curve b). This was
because IL-graphene has an imidazole cation which has the ability to interact with the
[Fe(CN)s]37*" ion via strong electrostatic interactions. On the MnO2 nanosheets/GCE (curve
c), there were not well defined oxidation-reduction peaks, because the negative charge of
the MnO3 nanosheets repelled the [Fe(CN)s] 374~ anion. However, the oxidation and
reduction currents of 9.126 pA and 17.50 pA, respectively, were still observed with the
MnO; nanosheets/IL-graphene/GCE electrode; this can be ascribed to the uniform
distribution structure and consequently to the easier electron transfer at the
electrode/solution interface. These data confirmed that the modified sensing interface was

successfully developed.



3.3 Effects of scan rate

Fig. 4

To investigate the reaction kinetics, the MnO2 nanosheets/IL-graphene/GCE was
scanned using CV at various rates in a 0.1 M acetic acid buffer solution (pH=5), and the
results are shown in Fig. 4. As the scan rate increased, the redox peak current increased
correspondingly. Moreover, both the cathodic and anodic peak currents increased with an
increase in the scan rate from 0.01 to 0.1 Vs™. In addition, there was a linear correlation
between the scan sweep rates (v) and the anode (Epa) and cathode (Epc) peak potentials (see
inset of Figure 4). These results indicate that the electrochemical redox of MnO;
nanosheets/IL-graphene/GCE behaved as a typical adsorption-controlled process and as a
surface-limited reaction. The surface concentration of the electroactive species, I, can be

calculated from the slope of the plot of I,a vs. scan rate using the following equation [36]:

I = n?F2vAl/4RT

where A is the surface area, and v is the sweep rate. The value of I’ was calculated to be

approximately 2.316 x 1071° mole cm™.

3.4 The effect of pH

Fig. 5

The electrochemical redox behavior of the MnO; nanosheets/IL-graphene/GCE was
investigated using CV in different buffering systems, with pH values varying from 2.0 to 7.0,
and the results are shown Fig. 5. The CV curves showed that pH has a significant effect on
the electrochemical process. Because MnOOH is unstable in acidic media, the oxidation peak

current (oxidation of MnOOH to MnO;) was largely reduced and nearly disappeared as seen
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in Fig. 6 (a). At the same time, as the medium acidity decreased, the oxidation peak currents
(Ipa) increased. The maximum current was observed with a pH of 5, and for higher pH values,
the current decreased. Based on these results, a pH 5 buffer was chosen as the optimal pH

value in this experiment.

3.5 Amperometric sensing of TP

Fig. 6

To investigate the potential electrocatalytic activity of the MnO, nanosheets/IL-
graphene/GCE system for TP oxidation, DPV was performed. Electrochemical experiments
were carried out both in the absence and in the presence of TP. As shown in Fig. 6, the
electrochemical properties of GCE and the MnO3 nanosheets/GCE were compared with
those of the modified electrode in a 0.1 M acetic acid buffer (pH=5) in the absence and in
presence of TP (1 mM concentration). With the bare GCE electrode the MnO;
nanosheets/GCE oxidation peaks of 1.581 pA at 1.12 V and 0.3638 pA at 1.08 V were
detected with the 1 mM TP solution, and the current increased to 3.143 pA when the
modified electrode was employed. No obvious signal was observed with either electrode in
the absence of TP. The significant increase in the current was due to the improved
electrocatalytic properties of the MnO; nanosheets. Indeed, the superior catalytic properties
of the MnO; nanosheets were indicated by the reduced overpotential and the enhanced TP
oxidation signal. These data showed that such material was suitable for the electron transfer
between TP and the working electrode; moreover, it promoted the electrochemical

regeneration of the TP electron exchange.
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Based on the obtained results, a possible reaction mechanism for the TP oxidation with

MnO2 nanosheets is shown below [36]:

2MnOOH —2#n0; + 2e + 2H*

Q o
H
\N N \N OHH
MnO, +2H,0 + )\ | /> — > MnOOH + )\ )
o) ril N o ,i, N

Fig. 7

To optimize the electrocatalytic response for TP oxidation, the effect of pH was
investigated. DPV was performed in acetic acid buffer at various pH with 5 mM TP, as shown
in Fig. 7. The oxidation between TP and MnO; was significantly affected by pH. The MnO;
nanosheets/IL-graphene/GCE electrode showed electrocatalytic activity for pH between 3
and 8. The maximum TP oxidation current was observed at pH 3; the peak potential,
however, was too high at this pH. The second highest maximum current was obtained with

pH 5. Therefore, pH 5 was considered the optimum pH value for TP detection.

Additionally, the DPV response of the MnO; nanosheets/IL-graphene/GCE electrode
was measured with different concentrations of TP (Fig. 8). As shown in the figure, a well-
defined peak was observed with the successive addition of 1 uM TP, which demonstrated
that the MnO; nanosheets on the modified electrode were stable and efficient catalysts.
Under the optimal conditions, the TP oxidation peak current (lpa) increased with
concentration in the range from 1 uM to 220 uM. The DPV current maximum shown in Fig. 8
was fitted using linear regression equations. Two fittings were performed depending on the

TP concentration range: one for TP content between 1 and 10 uM, and one for TP content
12



between 10 and 220 uM. According to this, the detection resolution limit was 0.1 uM (S/N =
3). To further confirm the advantages of the MnO; nanosheets/IL-graphene/GCE for TP
determination, Table S2 shows the comparison of this method was compared with other
non-electrochemical methods and illustrates that MnO2 nanosheets/IL-graphene/GCE had
excellent sensitivity and a wide linear range.

Fig. 8

To evaluate the potential effect of foreign species on the determination of 50 uM TP, a
systematic study was carried out under the above optimized conditions. The peak currents
of TP in the absence and presence of foreign species were measured using DPV. The results
are listed in Table S3. It was found that 10-fold concentrations of Fe3*, Ba%*, AI**, Ni?*, Cu?*,
C0s%, PO4*, and NOs; 2-fold concentrations of phenol, hydroquinone, catechol, resorcinol,
guanine, and caffeine did not interfere with the oxidation signal of TP (signal change below

5%).

3.6 Application of the probe

The use of the proposed method in real sample analysis was also investigated using
direct analysis of TP in a commercially available drug tablet (25.0 mg per tablet). The effect
of TP concentration was investigated using DPV with 5 repeated responses. The samples
were spiked with a specified concentration of TP, and using the standard addition method,
TP concentration measurements were made in the recovery rate of the spiked samples. The
results are listed in Table 1 and demonstrate that the MnO; nanosheets/IL-graphene/GCE

might be a promising system for detecting TP in real samples.

Table 1.
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4. Conclusions

In summary, a novel electrochemical system was proposed based on a new nanocomposite
made of MnO; nanosheets and IL-graphene as modifiers on the GCE. The MnO;
nanosheets/IL-graphene/GCE exhibited excellent redox response and effective
electrocatalytic activity towards TP oxidation. The electrocatalytic activity of the MnO;
nanosheets led to greatly improved electrochemical sensitivity in TP detection using the DPV
technique. The detection resolution limit of the proposed sensor was 0.1 uM in a
concentration range from 1 uM to 220 uM. Finally, the MnO; nanosheets/IL-graphene/GCE
was also used to detect TP content in drug samples with satisfactory results. This study
offers a new approach for TP sensing and also provides new insight into the application of

MnO; nanosheets in electrochemical sensors.
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Table 1. Method recoveries for TP determination in a commercially available drug (25.0

mg per tablet, Mrrp = 180.16, n = 5).

Sample Spiked Total Found RSD
Found (uM) Recovery (%)

(M) (M) (HM) (%)
5 5.04 10 14.96 99.7 1.2
10 9.98 10 20.05 100.4 1.6
50 50.2 50 100.6 100.8 2.1

100 99.1 50 149.0 99.0 2.9
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Figure captions

Scheme 1 Schematic illustration of the enhanced electrochemical detection strategy for TP

based on MnO; nanosheets/IL-graphene modified on the GCE.

Fig. 1 SEM image of the IL-graphene (A and B), MnO; nanosheets (C and D), and MnO;

nanosheets/IL-graphene (E and F) with different magnifications.

Fig. 2 CV response of the MnO3 nanosheets/IL-graphene/GCE in acetate buffer solutions (pH

5) at a scan rate of 20 mV s7L.

Fig. 3 CVs of 1.0 mM [Fe(CN)g)3/4 in 0.1 M KCl recorded using: (a) the bare GCE, (b) the IL-
graphene/GCE, (c) the MnO; nanosheets/GCE, and (d) the MnO; nanosheets/IL-

graphene/GCE. The scan rate was 100 mV s,

Fig. 4 CV responses of the MnO; nanosheets/IL-graphene/GCE in a 0.1 M acetate buffer
solution (pH 5) at scan rates (from inner to outer) of: 10, 20, 30, 40, 50, 60, 70, 80, 90,

and 100 mV s7*. Inset shows the plot of peak current vs. scan rate.
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Fig. 5 CVs of the MnO2 nanosheets/IL-graphene/GCE in solutions with different pH values

from 2 to 7. The scan rate was 100 mV s™1.

Fig. 6 DPVs recorded using the bare GCE (a and d), the MnO; nanosheets/GCE (b and e), and
the MnO; nanosheets/IL-graphene/GCE (c and f) electrodes in the absence (a, b, and c)

and presence (d, e, and d) of 1 mM TP in a 0.1 M acetate buffer solution (pH 5).

Fig. 7 (A) DPVs of the MnO; nanosheets/IL-graphene/GCE in solutions with different pH

values from 3 to 8 in the presence of 5 mM TP. (B) Peak current maximum vs. pH.

Fig. 8 DPV of the MnO; nanosheets/IL-graphene/GCE in 0.1 M acetate buffer solution (pH 5)
with increasing concentrations of TP. (A from bottom to top: 1, 2, 3, 4, 5, and 6 uM and

B from bottom to top: 10, 50, 70, 100, 150, 200, and 220 uM.)
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