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ig A nanohybrid based on reduced graphene oxide functionalized by poly(amido-amine), multi-walled

20 carbon nanotubes and Au nanoparticles (RGO-PAMAM-MWCNTs-AuNPs) for simultaneous

21 electrochemical determination of ascorbic acid (AA), dopamine (DA) and uric acid (UA) was reported in

29 10 this paper. The RGO-PAMAM-MWCNTs-AuNPs-modified electrode showed a high selectivity towards

23 the oxidation of AA, DA, and UA, and resolve their overlapped oxidation peaks into three well-defined

24 peaks. The RGO-PAMAM-MWCNTs-AuNPs nanohybrids were characterized by scanning electron

25 microscopy (SEM). Several important parameters that control the performance of the electrochemical

26 sensor were investigated and optimized. Under the optimal condition with differential pulse voltammetry

27 15 (DPV) method, the linear response ranges for the determination of AA, DA, and UA are 20 pM~1.8 mM,

28 10 uM~0.32 mM, and 1 pM~0.114 mM in the co-existence systems, respectively. The corresponding

29 detection limits are 6.7 uM, 3.3 uM and 0.33 uM (S/N = 3), respectively.

30

31 Introduction nanomaterials such as graphene and carbon nanotubes (CNTs) are

32 ) o ) ~ sothe most widely used as modifiers, due to their large
It is well known that ascorbic acid (AA), dopamine (DA) and uric electrochemical active surface area and good catalytic activity

33 20 acid (UA) always coexist in the extra cellular fluids of central [11-15]. But owing to the m-m interaction between individual

34 nervous system anq serum in m'amm'als, and they are .crucial graphene, graphene is easy to form irreversible agglomerates or

35 molecules for physiological reactions in human metabolism. In even restock to form graphite. The long and tortuous multi-walled

36 detail, as a common anti-oxidant, AA plays a great role in the i carbon nanotubes (MWCNTS) can bridge adjacent graphene to

37 met.abollc process of human bodlgs. It can efﬁc1eptly scavenge restrain their aggregation efficiently [16]. Besides, only

38 25 toxic free rachcals and other reactive oxygen species fgrmed in MWCNTSs or graphene modified electrode can not detect AA and

39 cell metabohsrp [1-3]. DA plays a valuable part in renal, DA selectively [8-10,17], so it is necessary to functionalize

40 hormonal, cardiovascular and central nervous systems. Lack ?f carbon materials. For instance, boron-doped carbon nanotubes
DA would result in neurological disorders such as Parkinson’s  , were used to modify glassy carbon electrode (GCE) as sensitive

41 disease and schizophrenia [4-6]. UA is the main final product of method for detecting dopamine [18]. Besides, Bao and co-

42 30 purine metabolism'in .the human body. Abnormal concentration workers reported an electrochemical method for simultaneous

43 levels of UA indicate some diseases, such as gout, detection of AA, DA and UA based on the graphene oxide-

44 hyperuricaemia and L.esch-Nyan' syndrome [7,8]. In the past half templated polyaniline microsheets [19].

45 century, electrochemical techniques have led to considerable Recent years, dendrimers have been studied in the presence of

46 1ntere§t for .detectlon and .quantlﬁ(.:gtl.on of AA, DA and UA; due metal nanoparticles in both aqueous and nonaqueous systems [20-

47 35 to thel.r rapid response, high sensitivity, low expense 'and simple 23]. Among various dendrimers, poly(amido-amine) (PAMAM)

48 operation [9]. Nevertheless, AA and UA normally exist together dendrimers are the most frequently studied one [24]. PAMAM
with DA in biological sample;, apd they. are oxidized gt nearby dendrimers are the regular tree-like highly branched

49 potentials [10]. Therefore, it is highly difficult to achieve their ., macromolecules, which have multiple branch ends available for

50 simultaneous detection. ) ) further synthesis. Besides, PAMAM dendrimers have unique

51 40 To simultaneously detect AA,'DA and UA, various materials properties such as a high density of active groups, good structural

52 such as polymers, carbon materials and metal complexes have homogeneity and good biocompatibility [25-29]. The

53 been used to modify electrodes [9]. Among them, carbon-based combination of metal nanoparticles with PAMAM can prevent

54 75 the aggregation of metal nanoparticles [30,31]. PAMAM and

55 Key Laboratory of Luminescence and Real-time Analytical Chemistry, cysteamine-capped gold nanoparticles (AuNPs) have been used

56 45 Ministry of Education, College of Chemistry and Chemical Engineering, to modify GCE for detecting UA in human serum without AA

57 Southwest University, Chongqing, 400715, People’s Republic of China. interference [32]. ) )

58 E-mail: yqgchai@swu.edu.cn (Y.Q. Chai), yuanruo@swu.edu.cn (R.Yuan); Based on abqve Obsewatlon, herein, PAMAM and AuNPs are

oo Fax: +86-23-68253172; Tel: +86-23-68252277 soused to functionalize reduced graphene oxide (RGO) and
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MWCNTs to form a nanohybrid (RGO-PAMAM-MWCNTs-
AuNPs) for the simultaneous electrochemical determination of
AA, DA and UA. This strategy provides an efficient and
promising platform for the sensing devices due to the integration
of the excellent performance of AuNPs, PAMAM dendrimers,
RGO and MWCNTs.

o

3
AuCl; : ;‘,
reduced by AA T
Y Lf.,a-'-‘-,;a:
RGOPAMAM/ RGO/PAMAM/
MWCNTs/Au MWCNTs

Scheme 1. Preparation of RGO-PAMAM-MWCNTs-AuNPs
nanohybrid material.

1w Experimental methods

Chemicals
Graphene oxide (GO) was purchased from Nanjing Xianfeng
nano Co. (Nanjing, China). Multi-walled carbon nanotubes
(MWCNTs, 95% purity) were supplied by Chengdu Orangic
15 Chemicals Co. Ltd. of the Chinese Academy of Science
(Chengdu, China). Gold chloride (HAuCl,) and dopamine (DA)
were obtained from Sigma Chemical (St. Louis, MO, USA).
Ascorbic acid (AA) and uric acid (UA, 99% purity) were
obtained from Aladdin Chemistry Co. Ltd (Chengdu, China).
20 Poly(amido-amine) dendtimer (PAMAM, G3.5-COOH) was
purchased from Weihai CY Dendrimer technology Co. Ltd.
(Weihai, China). Other chemicals and solvents were of analytical
grade and used as received. Ultrapure water (specific resistance
of 182 M Q cm) was used throughout this study. Phosphate-
»s buffered solutions (PBS 0.1 M) at various pH were prepared
using 0.10 M Na,HPO,4 and 0.10 M NaH,PO,. The supporting
electrolyte was 0.10 M KCL

Apparatus

30 Electrochemical measurements were carried out with a CHI660A
electrochemical workstation (Shanghai Chenhua Instrument, Co.,
China).The three-compartment electrochemical cell contained a
modified GCE &=4 mm) as the working electrode, a saturated
calomel electrode (SCE) as reference electrode, and a platinum

3s wire as auxiliary electrode. The surface morphologies were
evaluated by scanning electron microscopy (SEM S-4800,
Hitachi, Japan). All measurements were carried out at room
temperature.

40 Preparation of RGO-PAMAM-MWCNTs-AuNPs nanohybrid
material
The hybrid material was prepared as follows. Firstly, 2 mg GO
was dispersed in 2 mL ultrapure water. 50 pL PAMAM solution

(1 mg/mL) was added, and the mixture solution was subjected to
45 ultrasonic condition for 10 min and then continually stirred over

night at room temperature. By this step, the resulting mixture

solution turned from transpicuous to non-transparent. Next, the

mixture was heated to 60 [ under continual stirring. Then 4 mL

AA solution containing 0.084 g AA was added into the mixture.
so After 12 h, the color of mixture changed from dark yellow to
black, indicating that reduced graphene oxide-PAMAM (RGO-
PAMAM) compound was synthesized. The production was
centrifuged and washed using ultrapure water. The sediment was
resuspended in ultrapure water and 2 mL MWCNTs suspension
(1 mg/mL) was dropped into the solution to form a homogeneous
suspension under ultrasonic condition for 30 min and stirring for
2 h. Subsequently, 100 pL 1% HAuCl, was added in the mixture
under continual stirring for 30 min. Then, AA solution was added
dropwise. After heated in water bath to 6001 for another 12 h
under continual stirring, the mixture was centrifuged and washed
to obtain RGO-PAMAM-MWCNTs-AuNPs, which was
resuspended in ultrapure water and stored at 4 “C for further use.
Other compared materials including RGO, RGO-PAMAM and
RGO-PAMAM-Au nanoparticles (RGO-PAMAM-AuNPs) were
prepared with similar method.

w
o
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Fabrication of the sensor

A GCE was polished to a mirror-like finish with 0.3 and 0.05 um
alumina powder, and further sonicated in ethanol and ultrapure
water, respectively, then dried at room temperature. 10 pL the
suspension of RGO-PAMAM-MWCNTs-AuNPs was dropped
onto the surface of the pretreated GCE and dried in air for 8 h to
obtain RGO-PAMAM-MWCNTs-AuNPs/GCE.

7

S

Results and discussion
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&

SEM characterization
The morphology and microstructure of as-prepared hybrids and
the material were characterized using SEM (Fig. 1). As shown in
Fig. 1a, the image of RGO presents sheet and wrinkled structure.
Fig. 1b displays the SEM of RGO-PAMAM and a misty film on
the sheet of RGO was observed, indicating the formation of
RGO-PAMAM composite. Bright nanoparticles were observed at
the SEM image of RGO-PAMAM-AuNPs (Fig. 1c) and their
sizes were in the range from 50 to 200 nm, confirming that
ss AuNPs are successfully synthesized on RGO-PAMAM
composite. The SEM image of RGO-PAMAM-MWCNTs-
AuNPs is exhibited in Fig. 1d. The gray lamellar structure
belongs to RGO-PAMAM composite, which was fully covered
by MWCNTs, and the bright rotundity spots on both MWCNTs
90 and RGO were the modified AuNPs.
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Fig. 1. SEM images of RGO (a), RGO-PAMAM (b), RGO-
PAMAM-AuNPs (c) and RGO-PAMAM-MWCNTs-AuNPs (d).

Optimization of detection conditions

The pH of the working buffer is very important for the
detection of AA, DA and UA, because the protons took part in
the electrode reaction. The influence of pH on the oxidation of
AA (500 uM), DA (70 uM) and UA (20 uM) was investigated by
differential pulse voltammetry (DPV). From Fig. 2a, we can see
the effect of pH on the peak current. At pH 4.0, the peak currents
of AA and UA are the highest value. Furthermore, the current
resonpse of DA is also strong at this pH. Fig. 2b displays the
influence of pH on the peak potentials. As shown, all peak
potentials of AA, DA and UA decreased with the increase of pH.
Fig. 2c shows the change of the peak sparations of DA-AA and
UA-DA vs. the pH. As observed, the sparations between the peak
potentials of DA-AA and UA-DA were large enough to achieve
the simultancous determination of three analytes at pH 4.0.
Considering the influence of pH on both the peak currents and the
peak separations, pH 4.0 was chosen as the optimal pH for further
experiments. Additionally, the volume of RGO-PAMAM-
MWCNTs-AuNPs suspension dropped onto GCE was also
optimized (data not shown). The electrode modified with 10 pL
of suspension exhibited the best performance when compared to
that in the case of 8 uL and 15 pL of suspension. Thus, 10 pL of
suspension was used to modify the electrode.
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Fig. 2. Effect of pH on (a) the peak current and (b) the peak
potential for the oxidation of 500 uM AA, 70 uM DA, 20 uM UA
in 0.1 M PBS (pH 4.0). (c) The peak sparations of DA-AA and
UA-DA vs. the pH.

DPYV behaviors of AA, DA and UA at the modified electrode
Fig. 3 displays the differential pulse voltammetry of AA, DA
and UA at bare GCE (a), RGO/GCE (b), RGO-PAMAM-
AuNPs/GCE (c) and RGO-PAMAM-MWCNTs-AuNPs/GCE (d),
respectively. At the bare GCE, only two broad oxidation peaks
were observed, indicating that it is impossible to simultaneous
determination of AA and DA on bare GCE. For RGO modified
electrode, the peak of UA was at 0.5 V, but the peaks of AA and
DA were at same potential (0.36 V). At RGO-PAMAM-
AuNPs/GCE, the oxidation peaks of DA and UA were observed
at 0.36 V and 0.49 V, respectively, while the oxidation peak of
AA was unconspicuous and smaller. However, at RGO-
PAMAM-MWCNTs-AuNPs modified GCE, the peaks of AA,
DA and UA appeared at 0.06 V, 0.30 V, 0.43 V, respectively,
indicating that it is possible to achieve the simultaneous
determination of AA, DA and UA. It can be considered that this
RGO-PAMAM-MWCNTs-AuNPs nanohybrid formed a 3D
hierarchical structure, which is caused by 1D MWCNTSs and 2D
RGO. MWCNTs effectively inhibited the stacking of individual
graphene and enhanced the utilization of RGO-based composites.
PAMAM (3.5G) molecules have a large amount of carboxylic
functional groups that could provide a selective interface via
hydrogen bonds with the proton-donating group of AA, DA and

This journal is © The Royal Society of Chemistry [year]
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Fig. 3. DPV curves of bare GCE (a), RGO/GCE (b), RGO-
PAMAM-AuNPs/GCE (¢) and RGO-PAMAM-MWCNTs-
AuNPs/GCE (d) in 0.1 M PBS (pH 4.0) containing 0.50 mM AA,
0.05 mM DA, 0.05 mM UA.

Investigation of the different ratios among MWCNTs, RGO,
PAMAM and AuNPs

In order to investigate the cyclic voltammetry (CV) responses
of the nanohydris with different ratios among MWCNTs, RGO,
PAMAM and AuNPs towards simultaneous detection of AA, DA
and UA, a variety of composites were synthesised. The detailed
ratios of different nanohydrids are mentioned in Table 1.

Table 1 Chemicals ratio of different nanohydrids.

nanohydrids GO/ PAMAM(Img MWCHTs/ HAuCl,
mg /mL)/uL mg (1%)/uL

a 2 50 2 100

b 1 25 2 100

c 2 100 2 100

d 2 50 2 50

e 2 50 5 200

f 2 50 1 100

20

2:

G

30

The morphology and microstructure of the nanohydrids with
different ratios were characterized using SEM (Fig. 4). The SEM
images (a-f) suggested that the nanohydrids (a-f) were
successfully synthetized, respectively. The CV responses of
nanohydrids (a-f) towards coexisting AA (1.00 mM), DA (0.30
mM) and UA (0.40 mM) were displayed in Fig. 5. Curves (a-f)
are the CV responses of nanohydrids (a-f) modified GCE,
respectively. As seen in curve (a), three oxidation peaks were
separated enough to simultaneously detect three analytes.
Furthermore, the peak currents are higher than other cases. Thus,
the RGO-PAMAM-MWCNTSs-AuNPs at the ratio (a) exhibited
better performance on simultaneous determination of AA, DA
and UA than those at other ratios.

Fig. 4. SEM images of the different ratios (a-f) (in Table 1)

3s among MWCNTs, RGO, PAMAM and AuNPs.

a
b
1204 c
—d|
€
604 |—f
<
=
~ 0-
-601
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02 0.0 02 0.4 0.6

E/NV
Fig. 5. Cyclic voltammograms of different nanohydrids (a-f)

40 modified GCE containing 1.00 mM AA, 0.30 mM DA and 0.40

mM UA in PBS (pH 4.0).

Simultaneous detection of AA, DA and UA
The primary aim of the present investigation is to simultaneously

ss determine AA, DA and UA. Fig. 6 displays the DPV curves of

different concentrations of AA, DA and UA in the mixture at the
RGO-PAMAM-MWCNTSs-AuNPs modified electrode. The three
well-separated peaks were obtained, and the peak currents
increased with increasing the concentration of AA, DA and UA

so under optimization of detection conditions. The anodic peak

potentials for AA, DA and UA were observed at 0.06, 0.32 and
0.44 V in the mixture, respectively. Meanwhile a wide peak
between 0.1 V and 0.2 V was observed and it was attribited to the
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the nanohydrid material. In fact, this back signal has no influence
on the simultaneous determination three analytes. Hence, the
experiment results indicated that it is possible to achieve the
simultaneous detection of AA, DA and UA in the mixture
s solution.

1204

1004

/A

801

60+

40— T T T v T T T
0.0 0.2 0.4 0.6

E/NV
Fig. 6. DPV curves of the sensor in 0.1 M PBS (pH 4.0)
containing individual concentration of AA, DA and UA mixture.
o [AA]: 0.03, 0.11, 0.19, 0.26, 0.36, 0.56 and 0.76 mM. [DA]: 10,
30, 50, 70, 110, 150 and 190 uM. [UA]: 1.5, 3.5, 7.5, 11.5, 21.5,
31.5 and 51.5 pM.

In three-fold mixture, the electro-oxidation processes of AA,

s DA and UA in the mixture were also investigated when the
concentration of one species changed, meanwhile those of other
two species are kept constant. Fig. 7 presents the DPV curves at
different concentrations of AA, DA and UA in the presence of
other species kept in constant, respectively. Fig. 7a illustrated the
o DPV response of AA at the sensor in the presence of DA (70 uM)
and UA (10 uM). The linear regression equation was expressed as
I (uA)=51.52+43.13cpo (mM) and correlation coefficient of
R?,4=0.994. The linear response range for AA was 20 pM~1.8
mM. As shown in Fig. 7b, the peak current of DA increases
linearly with the increase in DA concentration from 10 uM to
0.32 mM in the mixture of AA (0.2 mM) and UA (6 uM). The
linear regression equation was [ (pA)=50.84+168.46¢cp, (MM)
and correlation coefficient of R?p,=0.995. Fig. 8c depicted the
DPV response of UA in the presence of AA (0.2 mM) and DA
(50 puM), which indicated a linear relationship in the
concentration range of 1 uM~0.114 mM. the linear regression
equation was expressed as [ (LA)=45.36+940.61cy,y (mM) and
the correlation coefficient of R*;4=0.993. In addition, the
detection limit of AA, DA and UA were found to be 6.7 uM, 3.3
uM and 0.33 uM (S/N = 3), respectively. These results strongly
suggest that AA, DA and UA can be selectively and sensitively
determined at the proposed sensor in their ternary mixture.
Compared with other reported methods (Table 2), this work
exhibited wide linear response ranges and low detection limits for
o simultaneous detection of AA, DA and UA. The reasons may be
ascribed as follows: (1) RGO and MWCNTs have large
electrochemical active surface area, chemical stability and good
catalytic activit. (2) PAMAM (3.5G) molecules possess a large
amount of carboxylic functional groups, which could provide a
s selective interface via hydrogen bonds with the proton-donating

o

=5

s

50

55

60

65

group of AA, DA and UA. (3) MWCNTSs dramatically enlarged
the peak separation among AA, DA and UA and made the surface
of the electrode more porous. (4) the conducting porous layers
may be beneficial to the discrimination of many oxidize or reduce
species at similar potentials. In summary, the modified electrode
illustrated high sensitivity, selectivity and catalytic activity to
simultaneous detection of AA, DA and UA.
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Fig. 7. DPV curves at the sensor in 0.1 M PBS (pH 4.0) (a)
containing 70 uM DA, 10 uM UA and different concentrations of
AA (from inner to outer): 0.02, 0.10, 0.18, 0.26, 0.40, 0.60, 1.00,
1.40, 1.80 mM; (b) containing 0.2 mM AA, 6 uM UA and
different concentrations of DA (from inner to outer): 0.01, 0.02,
0.04, 0.06, 0.08, 0.12, 0.16, 0.24, 0.32 mM; (c) containing 0.2
mM AA, 50 pM DA and different concentrations of UA (from
inner to outer): 0.001, 0.004, 0.006, 0.008, 0.012, 0.016, 0.024,
0.034, 0.054, 0.074, 0.114 mM, respectively.
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Conclusions

In this work, a nanohybrid based on RGO functionalized by
PAMAM and MWCNTs and AuNPs was utilized to modify GCE
for simultaneous electrochemical determination of AA, DA and
UA. The modified electrode resolved their overlapped oxidation
peaks into three well-defined peaks through DPV technique. Due
to the intergration of RGO, PAMAM, MWCNTs and AuNPs, the
sensor showed a high selectivity towards the oxidation of AA,
DA, and UA. The RGO-PAMAM-MWCNTs-AuNPs nanohybrid
material would provide an efficient and promising platform for
the sensing devices.
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