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In this contribution, a poly (diallyldimethylammonium chloride) functionalized reduced graphene
oxide (PDDA-RGO) was synthesized via a simple one-pot hydrothermal approach using urea as
reducing agent. The synthesized PDDA-RGO was carefully characterized via various techniques
including scanning electron microscopy, transmission electron microscopy, X-ray powder diffraction,
Raman spectroscopy and Fourier transform infrared spectroscopy. The synthesized PDDA-RGO was
then used as an electrode surface modifier for electrochemically determination of acetylsalicylic acid.
Cyclic voltammetry and differential pulse voltammetry were used as determination techniques.
Various determination parameters were optimized as well. Moreover, the application of the proposed
sensor was successfully applied for acetylsalicylic acid determination in human urine samples.
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1. INTRODUCTION

Acetylsalicylic acid, acetylsalicylic acid, is the prototype of the salicylates, which is widely
used as an antiseptic agent, antiinflammatory agent, germicide and antipyretic in clinical and
pharmaceutical industry. It showed very promise curative effect in many kinds of degenerative
diseases including certain types of cancer, senile cataracts and cardiovascular and cerebrovascular
diseases. It can be also used as a pain killer and fever reliever. Due to the widespread use of this drug,
overdose become a serious problem. Therefore, development of a reliable method for acetylsalicylic
acid detection is essential. To date, different approaches have been successfully proposed for detecting
acetylsalicylic acid and its related metabolites. These methods including high-performance liquid
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chromatography (HPLC) [1], UV-Vis spectrometry [2], spectrofluorimetry [3], flow injection analysis
[4] and fluorescence detection [5]. Each of these methods has its own advantages as well as its
limitations. For example, HPLC operation requires highly trained technical staff. The instrument of the
flow injection analysis is expensive. In contrast, electrochemical approach is an alternative way for
acetylsalicylic acid detection due to its simplicity, low-cost, high accuracy and low detection limit.
However, acetylsalicylic acid is weak electrochemical active material, common electrode cannot be
used for effectively detection. Accordingly, this area remains a large challenge to construct a simple,
low-cost, high sensitivity electrochemical sensor for acetylsalicylic acid determination in biological
fluids.

Graphene is a 2-dimensional single carbon atoms network, which got lots of attentions after it
has been isolated from graphite in 2004 [6]. Graphene has been found many distinct properties such as
outstanding electronic conductivity, extreme large surface area and superior eletcorcatalytic
performance. Many studies already showed the graphene could serve as an excellent electrode surface
modifier for constructing electrochemical sensors [7-13]. However, graphene has poor dispersibility in
many Kkinds of solvents, which make it harder to interact with other substances. In order overcome this
problem, poly (diallyldimethylammonium chloride) (PDDA) has been used for functionalizing
graphene. Recent study showed the PDDA is capable for reducing graphene oxide (GO), an oxide form
of graphene, under hydrothermal condition. Based on the excellent solubility of the GO, we expect the
PDDA functionalized reduced GO (RGO) could serve as a promise electrode surface modifier for
acetylsalicylic acid detection.

In this work, we prepared a PDDA functionalized RGO (PDDA-RGO) using a simple and
facial one-pot hydrothermal method using urea as reducing agent. As-synthesized PDDA-RGO was
characterized using different techniques to confirm the formation and analysis of its properties.
Subsequently, a sensitive electrochemical sensor for acetylsalicylic acid detection was fabricated by
PDDA-RGO modified glassy carbon electrode (GCE).

2. EXPERIMENTS

2.1 Chemicals and materials

Acetylsalicylic  acid, synthetic graphite (average diameter <30 um), poly
(diallyldimethylammonium chloride) (20 wt. % in H,0), glucose, urea, ascorbic acid were purchased
from Sigma-Aldrich and used without further purification. KH,PO, and K,HPO, were used for making
phosphate buffer solution (PBS).

2.2 GO synthesis

Graphene oxide (GO) was prepared with the modified Hummers method with little
modification [14, 15]. Briefly, graphite (4 g) was added into 100 mL of concentrated H,SO, and
followed adding 2.5 g NaNOgs. Then, KMnO, (15 g) was added into the above solution under stirring.
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The reaction was maintained below 20 °C. 200 mL water was then slowly added into above solution
until boiling and maintained at this state for half hour and then stopped by adding excess water and
H.0, solution. Low concentration of HCI was used for washing sample. BaCl, was used as indicator
for determining the sample was neutralized. Then, the solid sample was centrifuged and dried in an
oven. The surface negatively charged oxygen containing groups on GO make it could simply disperse
into water.

2.3 PDDA-RGO synthesis

PDDA-RGO was synthesized using a one-pot hydrothermal approach. Briefly, 2 mL PDDA
was added into 10 mL GO (1 mg/mL) and went 2 h bath sonication. 20 mg urea was then added into
the mixture and further sonicate for 1 h. The whole mixture was then transferred into a 50 mL Teflon-
lined stainless steel autoclave. The autoclave was then heated at 120 °C for 10 h. After naturally cool
down, the result dispersion was centrifuged at washed by water and ethanol twice. RGO without
PDDA functionalization was also prepared using a similar approach except adding PDDA.

2.4 Characterization

The structure and morphology of the sample was studied by a scanning electron microscopy
(SEM, ZEISS, SUPRA 55) and a transmission electron microscopy (TEM, JEOL JEM-2100). The
crystal phase information of the sample was studied by a X-ray powder diffraction (XRD, Bruker, D8-
Advanced) in the 26 of 5° to 60° using Cu Ko (A = 0.1546 nm) radiation. A Raman spectroscopy with
514 nm laser light (Renishaw, RM1000) was also used for analyzing carbon crystal state of the
samples. UV-vis spectroscopy was used for analysis of optical property of samples. Fourier transform
infrared spectroscopy (FTIR, Thermo Scientific, Nicolet iS5) was used for analyzing surface
functional groups of the samples. Thermogravimetric analysis (TGA, Netzsch TG 209) of samples was
tested in N, condition from 30 to 700 °C with a heating rate of 10 °C/min.

2.5 Electrochemical measurement of acetylsalicylic acid

For electrochemical measurement, a glassy carbon electrode (GCE) was polished by different
size of alumina powder dispersion. The GCE surface modification was according to following
procedures: 5 uL modifier dispersion (1 mg/mL) was dropped on the GCE surface and the solvent was
evaporated in a fume hood. The electrochemical determination experiments were carried out at an
electrochemical workstation (CHI 660a) using three electrodes system, which a GCE as working
electrode, a platinum electrode as the auxiliary electrode and an Ag/AgCI (3M KCI) as the reference
electrode. Bare GCE (without any modification) was used as the control group. RGO dispersion and
PDDA-RGO dispersion were used for modifying the GCE surface and denoted as RGO/GCE and
PDDA-RGO/GCE, respectively. The CV measurements were carried out at scan range between 0.4-1.1
V with scan rate of 50 mV/s. The EIS measurements were carried out in 0.1 M PBS (pH = 8.0)
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containing 5 mM Fe(CN)¢** (1:1) with 0.1 M KCI. The DPV measurements were carried out at scan
range between 0.5-1.0 V. The modulation time was set as 0.05s with a time interval of 0.2s and a step
potential of 0.2mV/s. The accumulation potential measurements were carried out at the 0.1 M PBS
with 1 mM acetylsalicylic acid using different constant potentials. For interference study, different
interference species including glucose, 4-nitrophenol, paracetamol, uric acid ascorbic acid and H,0;
were added into the PBS containing 1 mM acetylsalicylic acid. DPV method was then conducted for
current response measurement.

3. RESULTS AND DISCUSSION

3.1 Characterization of PDDA-RGO

Figure 1. SEM images of (A) GO, (B) RGO and (C) PDDA-RGO. TEM image of (D) PDDA-RGO.

The structure and morphology of GO, RGO and PDDA-RGO was analysed using SEM. Figure
la-c shows the SEM observations of GO, RGO and PDDA-RGO samples. It can be seen that the GO
(Figure 1A) shows sheet like winkle structure and well dispersibility on the substrate without any
aggregation. After chemical reduction process, RGO (Figure 1B) exhibits obvious re-stacking effect
due to the loss of surface negatively charges. The re-stacking effect could highly reduce the specific
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surface area of the material, which provides less chance for interacting with other substances. In
contrast, PDDA-RGO (Figure 1C) remains a well dispersibility without clear re-stacking effect due to
the surface protection of PDDA. The presence of PDDA not only could prevent the natural force of
graphene layers stacking together, its surface positive charges also provide repulsion between the
sheets, which is favourable for forming a stable suspension. The fine morphology of the PDDA-RGO
was also observed using TEM and presents in Figure 1D. The observation of PDDA-RGO showed a
general flake-like structure of graphene, indicating the surface functionalization did not change the
morphology of the graphene.

The reduction of GO was firstly confirmed using UV-vis spectroscopy. As shown in Figure 2A,
the UV-vis spectrum of GO shows a characteristic absorbance peak located at 230 nm, which ascribed
to m-m* transitions of aromatic C—C bonds [16].
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Figure 2. (A) UV-vis spectra of GO and PDDA-RGO. (B) FTIR spectra and (C) Raman spectra of
GO, RGO and PDDA-RGO.
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Figure 3. (A) XRD pattern of GO and PDDA-RGO. (B) TGA curve of PDDA-RGO.

After reduced by urea under hydrothermal condition, this peak shifted to 271 nm, indicating the
surface oxygen containing group removal. The reduction of GO was also confirmed by FTIR study.
Figure 2B shows the FTIR spectra of GO, RGO and PDDA-RGO. A series of characteristic peaks
were observed on the GO. The peaks at 1718, 1589, 1420 and 1030 cm * can be assigned to the COOH
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groups of C=O0 vibration, C=C stretching, C—OH mode vibration and C—O stretching, respectively
[17-19]. After urea reduction under hydrothermal condition, the spectrum of RGO showed much
weaker intensity of these characteristic peaks, some of these peaks even vanished, suggesting the GO
indeed reduced. On the other hand, two new peaks located at 833 and 1510 cm “can be observed at the
FTIR spectrum of PDDA-RGO sample, corresponding to the N—C bond present in PDDA molecules,
suggesting the successful surface functionalization process [20, 21].

Because Raman spectroscopy is highly sensitive to the carbon state, thus provide a clear
characterization for analysis the change of the GO. Figure 2C shows the Raman spectra of GO, RGO
and PDDA-RGO. Two characterization peaks located around 1568 and 1337 cm™* were clearly
observed in the three spectra. The first peak (G band) can be ascribed to the graphite band, which due
to the first-order scattering of E,y phonons by sp? carbon atoms. The second peak (D band) can be
ascribe to the diamondoid band, which due to the breathing mode of k-point photons of Ay symmetry
[22-25]. The intensity ratio of two band can be used for analyzing the carbon state of graphene. As
shown in the figure, the intensity ratio between D band and G band increases after urea reduction
process, further suggesting the GO has been reduced under hydrothermal condition using urea as
reducing agent [26]. Moreover, the G band of PDDA-RGO exhibits a small blue-shift, indicating the
electron transfer from RGO to the adsorbed PDDA [20, 27-29].

Figure 3 A displays the XRD pattern of GO and PDDA-RGO. As observed in the figure, the
GO displays a characteristic peak located at 11.2° with an interlayer spacing of 0.77 nm [30]. After
reduction by urea under hydrothermal condition, this peak shifted to 22.9°, further confirming the
successful removal of surface oxygen containing groups [31]. Figure 3B shows thermogravimetric
curve of PDDA-RGO. A small weight loss was observed below 100°C due to the water evaporation.
Weight loss between 200 to 300°C can be ascribed to the decomposition of PDDA. The major weight
loss was observed at the temperature range between 450 to 550°C, corresponding to the decomposition
of RGO to amorphous carbon.

3.2 Electrochemical determination of acetylsalicylic acid using PDDA-RGO modified GCE
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Figure 4. (A) Electrochemical impedance spectra of bare GCE, RGO/GCE and PDDA-RGO/GCE in 5
mM K3Fe(CN)g+0.1 M KCl solution. (B) CVs recorded at a bare GCE, RGO/GCE and PDDA-
RGO/GCE with 1 mM acetylsalicylic acid and without acetylsalicylic acid in the 0.1 M PBS
(pH 7.0). Scan rate: 50 mV/s
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The electron transfer ability of bare GCE, RGO and PDDA-RGO modified GCE was
investigated by and electrochemical impedance spectroscopy (EIS). Figure 4A shows the Nyquist plots
of bare GCE, RGO and PDDA-RGO. It can be seen that the bare GCE shows the largest semicircle,
indicating the bare GCE owing the highest electron transfer resistance. After modification with RGO,
the RGO/GCE shows a smaller semicircle than that of bare GCE, indicating the increased electron
transfer performance due to the excellent electro-conductivity. In contrast, the PDDA-RGO/GCE
shows a further decreasing of semicircle diameter, indicating the PDDA surface functionalization
prevented the re-stacking effect of the graphene, which could further lower the electron transfer
resistance of the electrode. The differences of the EIS performance in three electrodes indicate the
PDDA-RGO may have the higher electro-conductivity due to the fast electron transfer rate.

Figure 4B displays the CV profiles of bare GCE, RGO and PDDA-RGO modified GCE toward
detection of 1 mM acetylsalicylic acid at scan rate of 50 mV/s. It can be seen that the GCE shows on
clear oxidation peak in the scan range, indicating the acetylsalicylic acid cannot oxidase in this
potential range using commercial GCE. While at RGO/GCE, a clear oxidation peak can be observed
in the potential of 0.98 V with 32 pA. This current response can be ascribed to the excellent
conductivity and electrocatalytic activity of RGO. In contrast, the PDDA-RGO/GCE shows a further
decreasing of over potential with higher current response, suggesting the PDDA surface
functionalization not only further lower the electron transfer resistance of the electrode but also
enhance the electrocatalytic property of the modifier. Based on the EIS and CV characterizations, the
enhancement of the electrochemical activity of PDDA-RGO modified GCE was confirmed.
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Figure 5. Effects of (A) accumulation potential and (B) time on PDDA-RGO/GCE in 1 mM
acetylsalicylic acid in the 0.1 M PBS (pH 7.0).

In order to optimize the detection parameters, we investigated the effect of accumulation
potential and period. As shown in Figure 5A, the accumulation potential could greatly affect the final
current response. As can be seen that the current response gradually increases from 0 to 0.3 V and then
reachs to the maximum. Therefore, 0.3 V was chosen as optimized accumulation potential. On the
other hand, accumulation time also could clearly affect the current responses. As shown in Figure 5B,
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the current response increased from 0 to 60 s and then remained in a same level. Therefore, we chose
60 s as accumulation time in this study.

Differential pulse voltammetry (DPV) was employed for determining acetylsalicylic acid under
the optimum experimental conditions due to its high sensitivity and selectivity compared with CC. As
shown in the Figure 6, the oxidation current response of the PDDA-RGO/GCE gradually increases
along with the acetylsalicylic acid concentration increasing from 5 uM to 2 mM. The obtained linear
equation can be expressed as I (uA) = 0.2487C (uM) + 6.4175 (R? = 0.9984). Based on the signal to
noise of 3, the detection limit of the PDDA-RGO/GCE towards acetylsalicylic acid can be estimated as
1.17 uM. Table 1 shows the comparison of our proposed acetylsalicylic acid sensor with several
reported electrochemical sensors. Results showed that theour proposed PDDA-RGO/GCE had a
superior performance towards acetylsalicylic acid detection, especially had a wide detection range.
Therefore, our proposed acetylsalicylic acid electrochemical sensor can be potentially used for
practical application.

500
500+ 2400

i =300
£ 200
& 100

N

S

)
1

0
0 500 1000 1500 2000

Concentration (pM)

Current (pA)
o (98]
o
i

0
05 06 07 08 09 1.0
Potential (V)

Figure 6. DPV curves of the PDDA-RGO towards addition of acetylsalicylic acid (5-2000uM) in the
0.1 M PBS (pH 7.0). Inset: calibration curve of concentrations of acetylsalicylic acid and
current responses. Modulation time: 0.05s; time interval: 0.2s; step potential: 0.2mV/s.

Table 1. Comparison of our proposed acetylsalicylic acid electrochemical sensor with other reports.

Electrode Linear range (uM) Limit of detection (uM) Reference
Triton X 100-carbon nanotube 2.61-627 0.258 [32]
Pyrolytic graphite electrode 0.02-100 0.016 [33]
PATP-AuUNPs 0.001-0.1 0.0003 [34]
Cobalt hydroxide 100-700 62.8 [35]

PDDA-RGO/GCE 5-2000 1.17 This work
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Figure 7. Anti-interference test using PDDA-RGO/GCE in0.1 M PBS (pH 7.0).

Table 2. Determination of acetylsalicylic acid in tablets and urine samples using PDDA-RGO/GCE.

Sample Spiked (uM) Found (uM) Recovery (%) RSD (%)
Tablet 1 50 50.7 101.4 0.71
Tablet 2 100 99.4 99.4 0.44
Tablet 3 200 202.6 101.3 0.39
Tablet 4 500 497.3 99.5 0.25
Urine 1 50 50.9 101.8 0.33
Urine 2 100 98.5 98.5 0.27
Urine 3 200 203.4 101.7 0.88
Urine 4 500 504.5 100.9 0.91

The anti-interference property of the proposed acetylsalicylic acid electrochemical sensor was
then studied. As shown in Figure7, 10-fold concentrations of glucose, 4-nitrophenol, paracetamol, uric
acid ascorbic acid, H,O; have no influence of the detection performance of towards acetylsalicylic acid
(deviation below 10%). Therefore, our proposed PDDA-RGO/GCE can be selectively used for
determination of acetylsalicylic acid.

The stability test of our prosed acetylsalicylic acid electrochemical sensor was performed by 10
successive determination of 1 mM acetylsalicylic acid in PBS. Results showed the detection current
decreased about 7.2 %, indicating the sensor has acceptable stability.

In order to evaluate the practical performance of the proposed sensor, the fabricated PDDA-
RGO/GCE was used to determine acetylsalicylic acid in human urine samples and tablets. For urine
sample test, the recoveries were investigated by spiking drug free urine with known amounts of
acetylsalicylic acid. The results are summarized in Table 2. The recovery obtained was in the range
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from 97.6% to 104.1 %, indicating the proposed sensor could be successfully used for practical
applications.

4. CONCLUSIONS

In summary, PDDA functionalized RGO was achieved under hydrothermal condition using
urea as reducing agent. This method is simple and could be scaled up. The surface functionalization
and reduction of GO were confirmed using a series techniques including UV-vis spectroscopy, Raman
spectroscopy and FTIR. The prepared PDDA-RGO was then used as an electrode surface modifier for
GCE modification. The fabricated PDDA-RGO/GCE was successfully used for electrochemically
acetylsalicylic acid detection. Except the excellent detection performance, the proposed sensor also
successfully applied for tablets and urine tests.
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