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Abstract The amphiphilic copolymer poly(vinylbenzyl
thymine-co-styrene-co-maleic anhydride) (PSVM) was
synthesized by radical copolymerization of styrene,
vinylbenzyl thymine, and maleic anhydride. Its chemical
structure was proven by using 'H nuclear magnetic res-
onance spectroscopy. PSVM was used as a host to pre-
pare a composite consisting of carbon nanotubes and
gold nanoparticles by in-situ reduction. The morphology
of the nanocomposites was studied by transmission elec-
tron microscopy. A glassy carbon electrode coated with
this composite is shown to be a viable sensor for the
determination of dopamine (DA), paracetamol (PAT)
(both at a pH value of 7), and uric acid (UA) (at
pH 6). Two linear relationships exists between ampero-
metric current and analyte concentrations. For DA, the
linear analytical ranges are from 0.1 to 200 uM and
from 200 to 1000 uM. For PAT, the ranges are from
0.1 to 200 uM and from 200 to 1000 uM. For UA, the
ranges are from 0.05 to 1000 uM. The respective limits
of detection (for S/N = 3) are 56, 27 and 50 nM. The
sensor is highly sensitive, stable, reproducible, and
selective.
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Introduction

Dopamine (DA) is a crucial neurotransmitter in the brain [1, 2]
and reports have indicated that some diseases, such as epilep-
sy, schizophrenia, and Parkinson’s disease, are related to an
imbalance in DA concentration [3, 4]. Paracetamol (PAT) is
the main component of commonly used analgesics and anti-
pyretics, and is the preferred type of acetanilide drug.
However, excess PAT in the human body can cause severe
damage to the liver [5]. Uric acid (UA) is the main metabolite
of purine metabolism in the body. An imbalance in UA pro-
duction and excretion caused by metabolism disorders can
induce an increase in body fluid acid, thereby affecting the
normal operation of cell bodies and increasing the risk of
various diseases such as high UA and gout [6, 7]. Therefore,
establishing an accurate and sensitive analytical method for
detecting DA, PAT, and UA levels is necessary. Methods for
detecting DA, PAT, and UA include high-performance liquid
chromatography [8], spectrometry [9—12], chemilumines-
cence [13], capillary electrophoresis [11, 14], and electro-
chemical sensors [15]. However, most of these methods can
be time-consuming and expensive and they involve tedious
preprocessing steps [16]. Electrochemical sensors are often
the preferred option, providing high selectivity and sensitivity
as well as accurate and rapid analysis results, rendering them
useful tools for analysis and detection [17].

As a fundamental factor affecting sensing performance,
carbon materials, particularly carbon nanotubes (CNT), have
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attracted considerable attention in the field of electrochemical
sensing because they exhibit excellent electrical properties
and mechanical strength. Metal nanomaterials can improve
the catalytic performance of an electrode by increasing the
effective surface area of the sensor, thereby providing a sen-
sitive detection platform for electroactive species [16, 18-20].
Among all metal nanomaterials, Au-based nanomaterials are
the most widely used for modifying electrodes because they
exhibit high stability and electro catalytic activity as well as
excellent conductivity and rapid electron transfer properties
[16, 19, 20]. Specifically, CNT—Au nanoparticle composites
have been of interest in electrochemical sensor applications
for detecting electroactive molecules [21].

In the preparation of CNT—Au composites, the dispersion
of CNT in solvents is an obstacle for their further applications
due to the poor solubility and processability. Poor dispersion
of the CNT in most solvents results from stronger van der
Waals attractions between nanotubes than the interaction be-
tween the solvent segment and the nanotubes [22]. The de-
struction of van der Waals attraction becomes possible by
addition of the third element capable of preferentially
interacting with the nanotubes, which therefore provides elec-
trostatic repulsion or steric repulsion forces to overcome a
short range attraction between two nanotubes [23, 24].
Amphiphilic copolymers with hydrophobic-hydrophilic prop-
erties are being actively researched to develop functional ma-
terials such as composites of polymer—CNT or polymer—Au.
Many CNT—Au nanocomposites based on amphiphilic copol-
ymer have been reported [24-26]. On the basis of these ob-
servations, it remains a desirable goal to develop efficient
strategies for the preparation of CNT/Au nanocomposites
through noncovalent assembly.

Poly(styrene-co-vinylbenzyl thymine-co-maleic anhy-
dride) (PSVM) was synthesized through free radical polymer-
ization and employed to produce a MWCNT/PSVM/Au
nanocomposite. The nanocomposites were characterized
through transmission electron microscopy (TEM) and subse-
quently employed to modify a glassy carbon electrode (GCE)
to determine DA and PAT (at physiological pH 7) and UA (at
physiological pH 6) levels in a phosphate buffer (PB). The
experimental results indicated that the modified GCE showed
high sensitivity, excellent stability, reproducibility, and selec-
tivity for detecting DA, PAT, and UA. The respective limits of
detection were estimated to be as low as 56, 27, and 50 nM
(S/N =3).

Experimental
Chemicals and reagents

Styrene (St), maleic anhydride (MA), and dimethyl sulfoxide
(DMSO) (Shanghai Chemical Reagent Co., Ltd.,http:/www.
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sinoreagent.com) were used as received. VBT was
synthesized from thymine and vinylbenzyl chloride (Acros
Organics, http://acros.lookchem.com), as described previously
[27, 28]. Azobisisobutyronitrile (AIBN) (AnalaR, Aladdin,
http://www.aladdin-e.com) was recrystallized twice from
methanol before use. HAuCl,, NaBH, (Shanghai Chemical
Reagent Co., Ltd.,http://www.sinoreagent.com) and
multiwalled carbon nanotubes (MWCNTSs) (Chengdu Organic
Chemicals Institute, Chinese Academy of Sciences,
http://timesnano.cnpowder.com.cn) were used as received.
The desired pH value of phosphate buffer (0.1 M PB) was
obtained by adjusting with 0.1 M K,HPO,4 and 0.1 M
KH,PO4. DA, PAT and UA (Adamas, Shanghai, China,
http://www.adamas-beta.com) were used after dissolving in PB.

Apparatus

The proton nuclear magnetic resonance (‘H-NMR) spec-
trum was recorded using a Bruker Avance Digital 400-
MHz spectrometer (Germany, www.bruker.com) with
tetramethylsilane as an internal reference in DMSO. TEM
images were obtained using a JEM-2100 transmission elec-
tron microscope (JEOL, Tokyo, Japan, www.jeol.
de/electronopticsen/index.php) with an accelerating voltage
of 200 kV. Differential pulse voltammetry (DPV) and a cy-
clic voltammetry (CV) curves were determined using a
Epsilon electrochemical workstation (BAS, USA, www.
basvs.com). All voltammetry measurements were carried
out at the room temperature.

Synthesis and characterization of PSVM

An amphiphilic copolymer was synthesized through the free
radical copolymerization of VBT, St, and MA (Fig. 1). A
mixture of St (0.33 g), VBT (0.76 g), and MA (0.61 g) was
combined with tetrahydrofuran (THF) to form a co-mono-
mer, and AIBN (41 mg) was used as an initiator. The mix-
tures were stirred for 24 h at 65 °C in N, atmosphere. The
products were dissolved in THF and then poured into excess
toluene while undergoing vigorous agitation to produce the
copolymers. PSVM was characterized through 'H-NMR
spectroscopy.

Preparation of CNT/au nanocomposites

The preparation of CNT/Au nanocomposites involved two
steps: the synthesis of an MWCNT/PSVM suspension and
preparation of MWCNT/PSVM/Au composites. In a typical
process, 20 mg of pristine MWCNT was dispersed into 50 mL
of DMSO solution containing 20 mg of PSVM, ultrasonicated
for 60 min to obtain a black dispersion solution, and subse-
quently stirred for an additional 12 h. The suspension was
treated through repeated filtration and washing with DMSO
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Fig. 1 Synthetic route of

amphiphilic copolymer PSVM oﬂo + é +

to remove unbound PSVM. The resulting MWCNT/PSVM
hybrids were irradiated using a 365-nm ultraviolet lamp, and
then redispersed in 50 mL of DMSO. Subsequently, 1 mL of
HAuCl, aqueous solution (25 mM) and 7.5 mL of fresh
NaBH, aqueous solution (10 mM) were added to the afore-
mentioned suspension with vigorous stirring at room temper-
ature for 12 h. Finally, the MWCNT/PSVM/Au nanocompos-
ites were collected by three circles of centrifugation
(10,000 rpm, 9240 g and 20 min) and washing, and eventually
redispersed into 50 mL of DMSO.

Preparation of the electrochemical sensor

The bare GCE was polished to a mirror-like surface by using
0.5 uM of Al,O3 powder. The GCE was then rinsed ultrason-
ically three times with deionized water and ethanol, and then
dried in N, atmosphere. 6 pL of MWCNT/PSVM/Au disper-
sion was dropped onto the clean GCE surface and dried in N,
atmosphere at room temperature. Following this process, the
GCE was modified by the MWCNT/PSVM/Au. The resulting
sensor was termed a MWCNT/PSVM/Au/GCE sensor and
deemed ready for electrochemical measurements. For compar-
ison, an MWCNT/PSVM/GCE sensor was prepared through
the same method.

The electrochemical sensing test of the modified GCE was
performed using an Epsilon electrochemistry workstation con-
nected to a three-electrode system. With the modified GCE as
the working electrode, Pt wire electrode as the counter elec-
trode, and saturated calomel electrode as the reference elec-
trode, CV and DPV curves were plotted.

Fig. 2 TEM images of a
MWCNT/PSVM hybrids and b
MWCNT/PSVM/Au nanocom-
posite, the mass ratio of HAuCly
precursors to MWCNTs was 0.1:1

AIBN -(CH-CH-CHz-CH)r-n-(CH-CH-CHz-CH)-n
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Results and discussion
Choice of materials

The amphiphilic copolymer PSVM contained St and VBT
units, which allowed PSVM to be assembled onto MWCNT
sidewalls by 7t-7t stacking interactions, resulting in the for-
mation of MWCNT/PSVM hybrids. In the meantime, VBT
units were anchored to the AuNPs surface with N—Au co-
valent bonds, yielding MWCNT/PSVM/Au nanocomposites.
Moreover, VBT can provide hydrogen bonds with the mol-
ecules (DA, PAT, UA), which would be favor to improving
the detection effect of nanocomposites. Therefore, PSVM
not only endowed good dispersion of MWCNTs but also
provided a unique environment for the in situ generation
of AuNPs and the detection of molecules that can form
hydrogen bonds.

"H NMR spectrum of the copolymer PSVM

Polymer structures were characterized by 'H NMR. As shown
in Fig. S1, all peaks can be assigned in the VBT and PSVM
spectra, indicating PSVM was successfully synthesized (The
detailed discussion on "H NMR was shown in the ESM).

Characterization of MWCNT/PSVM/au nanocomposites
The surface morphologies of the MWCNT/PSVM hybrids

and MWCNT/PSVM/Au nanocomposites were characterized
through TEM. As displayed in Fig. 2a, the MWCNT/PSVM
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Fig. 3 a DPV curves and b a

calibration plots recorded with
MWCNT/PSVM/Au/GCE in

pH =7 PB containing of different
concentrations of dopamine:

0.1 uM—-1 mM and paracetamol:
0.1 uM—1 mM. All measurements
were carried out in 0.1 M PB with
scan rate of 20 mV s ™'

iaAm™)

DA

EIV(ss. SCE)

-0.2 0.0

hybrids with cylindrical nanostructures tended to disperse ef-
fectively. Aminofunctional MWCNTs were formed through
the m—7t stacking interactions of MWCNT and PSVM.
Fig. 2b displays the cylindrical structure of the MWCNTSs,
and indicated that the AuNPs were distributed effectively on
the surface of the MWCNTs. The aminofunctional MWCNTs
were anchored to the in situ synthesized AuNPs surface with
N-Au covalent bonds. Thus, AuNPs are strongly tethered to
the surface of the MWCNTs. Moreover, PSVM undergo a
photodimerization reaction of the pendant thymine units when
exposed to 365-nm ultraviolet irradiation. The photodimers
created cross-linked networks and wrapped on the MWCNT
surface to further improve the stability of MWCNT/PSVM/
Au nanocomposites.

Optimization of detection conditions

To achieve the best performance of the determination, the
following parameters were optimized: (a) pH value; (b) Au
loading; (c) scan rate. Corresponding data and figures are
given in the Electronic Supporting Material (ESM) as
Fig. S2 and S3. The following experimental conditions were
found to give best results: (a) pH value of 7 for DA and PAT,
pH value of 6 for UA; (b) with Au loading; (c) scan rate of
20mVs

Determination of DA, PAT, and UA

DPV generally has superior detection sensitivity and resolu-
tion compared with those of other electrochemical

E/V(vs. SCE)

0.2 0.4 0.6 00 02 04 06 08 1.0
¢, /mM

measurement methods [29, 30]. Under optimal conditions,
the simultaneous detection of DA and PAT as well as the
single detection of UA on the MWCNT/PSVM/Au/GCE sen-
sor was performed using the DPV method. Conventionally,
we defined the oxidation current negative. Fig. 3a illustrates
the DPV curves of DA and PAT at various concentrations,
wherein the concentrations of both species changed simulta-
neously, causing a linear increase in their peak currents. As
displayed in Fig. 3b, the peak current was linearly related to
both the DA and PAT concentrations over two ranges: 0.1-200
and 200-1000 uM. The linear equations and correlation coef-
ficient (R*) were shown in Table 1. The detection limits of DA
and PAT were estimated to be 56 and 27 nM (S/N = 3), re-
spectively. The decrease in the slopes for both DA and PAT
were assumed to be the result of the slower increase in the DA
and PAT peak currents resulting from the adsorption-
controlled process being transformed into a diffusion-
controlled process at the electrode surface. Similar phenome-
na have been reported by in previous research [28].

Likewise, as illustrated in Fig. 4(a-b), the peak current in-
creased linearly with the UA concentration increasing, and the
regression equation was shown in Table 1. The corresponding
limit of detection was calculated to be 50 nM (S/N = 3). All
these indicated that the MWCNT/PSVM/Au/GCE sensor ex-
hibited excellent detection performance. As shown in Table 2,
MWCNT/PSVM/Au/GCE sensor showed a comparable and
even better detection effects compared with other modified
electrodes for detecting DA, PAT and UA.

The highly electro catalytic activity of the MWCNT/
PSVM/Au/GCE sensor can be attributed to the possibility that

Table 1 The determination

effects of MWCNT/PSVM/Au/ Analyte Linear range Linear regression equation Correlation coefficient LOD (nM)
GCE sensor on DA, PAT and UA (M) R? (S/IN=3)
DA 0.1-200 JAm %)= 62.6 CmM) + 1.73 0.9850 56
200-1000 J(Am %) =439 CmM) + 13.2 0.9907
PAT 0.1-200 JAm )= 9.77 CmM) + 1.07 0.9946 27
200-1000 J(Am %) =391 CmM) + 2.34 0.9986
UA 0.05-1000 J(Am %) =9.62 CmM) + 0.96 0.9948 50
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Fig. 4 a DPV curves and b a b
calibration plots recorded with 0.0 095
MWCNT/PSVM/Auw/GCE in 20 1007, /
pH = 6 PB containing of different ’ z
concentrations of uric acid: o 401 & i
0.05 uM—1 mM. All s 't 6o- 080
measurements were carried « 607 < ’
out in 0.1 M PB with scan rate = A = 40-
of 20mV s~ -8.01 s

2.0

-10.01 0.0 02 04 0.6
E/V(vs. SCE)
0.0 0.2 0.4 0.6 00 02 04 06 08 10

E/V(vs. SCE)

a thymine group in the PSVM interacted with these molecules
(DA, PAT and UA) through hydrogen bonds, activating the
hydroxyl and amine groups and accelerating the charge trans-
fer kinetics of the molecules on the electrode surface.
Furthermore, the electro catalytic effect of the AuNPs and
m—interactions between the MWCNTs and the molecules on
the electrode surface can promote the charge transfer of DA,
PAT, and UA molecules.

Reproducibility, stability, and selectivity

To evaluate the reproducibility of the MWCNT/PSVM/Au/
GCE sensor, seven repeated measurements were performed
under identical experimental conditions. As illustrated in
Fig. S4(a-b), the DPV curves recorded for the 0.1 M PB
(pH 7) solution containing a mixture of DA (25 uM) and
PAT (25 uM), and the 0.1 M PB (pH 6) solution containing
UA (200 uM) demonstrated a relative standard deviation
(RSD) of 1.8%, 0.5%, and 0.8% for the DA, PAT, and UA
(n = T7), respectively, indicating that the MWCNT/PSVM/Au/
GCE sensor exhibited excellent reproducibility. The storage
stability of the MWCNT/PSVM/Au/GCE sensor was studied
by exposing the electrode to air at room temperature and

monitoring the peak current change of DA, PAT, and UA at
3-day intervals over 15 days. As displayed in Fig. S4c, after
fifteen days, fewer decreases were observed in the peak cur-
rent, and the RSDs of DA, PATs and UA (n = 6) were 2.8%,
1.6%, and 2.6%, respectively. To study the sensitivity of the
sensors, DA, PAT and UA solution containing interfering sub-
stances (Fe**, Ca®*, Li*, Mg®*, Na™ K*, glucose, L-lysine,
cysteine, nitrophenol, ascorbic acid, UA or DA/PAT) and the
individual components were measured by the MWCNT/
PSVM/Au/GCE sensor. As illustrated in Fig. S4d, compared
with the species without interference, the average peak current
of DA, PAT and UA in the presence of interference remained
largely unchanged and average signals change were —4.4%,
—3.1%, —3.8%, respectively. It can be clearly seen that the
MWCNT/PSVM/Au/GCE sensor exhibited outstanding se-
lectivity for DA and PAT determination.

Real sample analysis

To evaluate the practical application of the MWCNT/PSVM/
Au/GCE sensor, serum samples (diluted 100 times with 0.1 M
PB, pH = 7) and urine samples (diluted 50 times with 0.1 M
PB, pH = 6) consisting of DA, PAT and UA were subjected to

Table 2 Comparison of the analytical performance of the different modified electrodes for determination of DA, PAT and UA

Modified electrode Linear response range (M) Limit of detection (M) Reference
DA PAT UA DA PAT UA

Fe;0,@ Au /GS-chitosan /GCE 0.5-50 0.4-32 1-90 0.1 0.05 0.2 [8]
(Fc-S-Au/CNC/graphene/GCE 0.40-645 0.62-482 0.90-1440 0.08 0.102 0.128 [16]
Si0,/MWCNT/func/GC 1.33-4.64 0.67-4.64 0.67-4.64 0.014 0.098 0.068 [31]
PVA/GCE 2-70 - 2-50 1.4 - 0.6 [32]
Chitosan-MWCNT/GC - 1-145 0.1-18.0 - 0.1 0.016 [33]
Cu(tpa)-EGR 1-50 1-100 - 0.21 0.36 - [34]
MWCNT-BPVCM-¢/GCE 5-1000 5-1000 - 23 3.5 - [35]
MoS,/PEDOT/GCE 1-80 - 2-25 0.52 - 0.95 [36]
hnp-PtCu/GCE 0.1-1000 - 5-1000 0.1 - 2.3 [37]
MWCNT/PSVM/Au/GCE 0.2-200, 200-1000 0.2-200, 200-1000 0.05-1000 0.056 0.027 0.05 This work
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Table 3  Determination of DA, PAT and UA on MWCNT/PSVM/Au/
GCE in serum and urine

Sample Added (uM) Detected (uM) Recovery (%)

DA PAT UA DA PAT UA DA PAT UA

Serum® 10 20 50 96 195 - 96 975 -
20 20 50 194 198 - 98.5 99 -
20 10 50 197 101 - 97 101 -
Urine® - - - 263 - - -
50 50 10 - - 366 - - 103
50 50 20 - - 46.8 - - 102.5
50 50 40 - - 66.5 - - 100.5

*bovine serum albumin, diluted 100 times with 0.1 M PB, pH =7
® Human urine, diluted 50 times with 0.1 M PB, pH=6

a concentration analysis by using a standard addition method.
The results were summarized in Table 3 and it was noted that
the relative standard deviation (RSD) were within 4.0%. The
determination of DA, PAT and UA in serum and urine samples
was not interfered with each other. All these indicated that the
modified electrode exhibited practical applicability and
reliability.

Conclusions

In summary, a MWCNT/PSVM/Au nanocomposite was suc-
cessfully prepared using a general in situ approach. The nano-
composite was then employed to modify a GCE. This modi-
fied GCE can be used for the electrochemical detection of DA
and PAT at physiological pH 7 and UA at pH 6 in a wide
concentration range. This fabricated sensor also exhibited
high sensitivity, excellent stability, reproducibility, and selec-
tivity for detecting DA, PAT, and UA. The sensor is highly
reproducible, which may contribute to the development of
nanostructured MWCNTs as advanced electrode materials.
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