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a b s t r a c t

A disposable electrochemical sensor for the determination of indole-3-acetic acid (IAA) based on
nanocomposites of reduced graphene oxide (rGO) and poly(safranine T) (PST) was reported. The sensor
was prepared by coating a rGO film on a pre-anodized graphite electrode (AGE) through dipping–drying
and electrodepositing a uniform PST layer on the rGO film. Scanning electron microscopic (SEM) and
infrared spectroscopic (IR) characterizations indicated that PST–rGO formed a rough and crumpled com-
eywords:
ndole-3-acetic acid
educed graphene oxide
oly(safranine T)
lectropolymerization
lectrochemical sensor

posite film on AGE, which exhibited high sensitive response for the oxidation of IAA with 147–fold
enhancement of the current signal compared with bare AGE. The voltammetric current has a good linear
relationship with IAA concentration in the range 1.0 × 10−7–7.0 × 10−6 M, with a low detection limit of
5.0 × 10−8 M. This sensor has been applied to the determination of IAA in the extract samples of several
plant leaves and the recoveries varied in the range of 97.71–103.43%.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Indole-3-acetic acid (IAA, Scheme 1A), the first identified auxin
n the 1930s, is released by the terminal bud of a shoot and acts
s a true chemical messenger regulating some important biologi-
al processes of plants, e.g., division, elongation and differentiation
f cells [1]. The determination of IAA in plant is therefore of great
ignificance for exploring its biological roles. Up to date, a vari-
ty of techniques have been employed for the detection of IAA,
ncluding chemiluminescence [2,3], liquid chromatography [4–6],
as chromatography [7], capillary electrophoresis [8–10], spec-
rofluorometric method [11] and enzyme-linked immunosorbent
ssay [12]. These techniques are either sensitive or selective to the
etermination of IAA, but generally suffer from the disadvantages
f complex instruments and being time-consuming.

Alternatively, the unsaturated heterocyclic moiety of IAA pro-

ides a chance for the determination of IAA by electrochemical
ethods with high sensitivity, rapid response, low cost and sim-

le apparatus. However, it is difficult for the determination of IAA
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∗∗ Corresponding author at: Key Laboratory of Analytical Chemistry for Biology
nd Medicine (Ministry of Education), College of Chemistry and Molecular Sciences,
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due to its poor electrochemical activity. Recently, a variety of sens-
ing carbonaceous materials, such as carbon fiber [13], graphite
[14,15], carbon nanotube [16,17] and boron-doped diamond [18],
are employed for the determination of IAA. Unfortunately, the elec-
trochemical detection of IAA was usually performed at a relatively
positive potential with a wide peak shape in acidic media, which
significantly suppress the sensitivity and selectivity of the sensors.
Thus, the development of new carbonaceous-based catalysts of IAA
has become important for constructing high-performance electro-
chemical sensors.

Graphene, emerging as a true two-dimensional material,
has attracted considerable attention in both experimental and
theoretical scientific communities because of its interesting
physical/chemical properties (e.g., high surface area, excellent
conductivity, easy production and functionalization, and good
biocompatibility) [19]. The applications of graphene or graphene-
based nanocomposites in electrochemical sensors with high
sensitivity and selectivity are widely reported, such as H2O2
[20,21], NADH [22,23], trinitrotoluene [24,25], glucose [26],
biomolecules and drugs [27,28] sensors. In addition, several works
have demonstrated that graphene usually exhibits better electro-
analytical [29–31] or electrochemical performance [32] than the
extensively used carbon nanotubes (CNTs).
In this work, a disposable electrochemical sensor based on
reduced graphene oxide (rGO) and poly(safranine T) (PST) for high-
sensitive determination of IAA was reported. This IAA sensor was
prepared by simple dipping–drying and electrodeposition meth-
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Table 1
Comparison of analytical performance at different modified electrodes for the electrochemical determination of IAA.

Sensing materials Sensitivity (�A/�M) Linear range (�M) Detection limit (�M) Peak potential (V) Ref.

Carbon fiber 0.0182 1.48–21.00 – 0.97 (vs. Ag/AgCl) [13]
Graphite 2.55 0.05–2.00 0.02 0.66 (vs. SCE) [14]
Graphite–polyurethane 0.003 ± 0.0045 1.3–94.7 0.15 0.88 (vs. SCE) [15]
Nano Au/MWNTs/chitosant 0.14 5.0–200.0 8.33 0.78 (vs. SCE) [16]
MWNT – 0.1–50.0
Boron–doped diamond – 5.0–50.0
PST–rGO 9.95 0.1–7.0
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included two steps: firstly, IAA was preconcentrated onto the sur-
Scheme 1. Chemical structures of IAA and safranine T.

ds, which can produce PST–rGO composite film with surface
roperties similar to GO-based nanocomposites [33]. Moreover,
his sensor exhibited a lower oxidation potential and a higher sen-
itivity for the determination of IAA compared with most of the
revious works (Table 1), which was successfully employed for the
etermination of IAA in plant samples and testified by high per-
ormance liquid chromatography method. The present work not
nly proposed a simple method for the further functionalization
f graphene by organic dyes, but also demonstrated that graphene
ay have predominant advantages over CNTs for constructing elec-

rochemical sensors of special analytes, including easy production,
acile surface modification, high-density surface active sites and
xcellent solvent dispersion.

. Experimental

.1. Chemicals and materials

Graphite powder (specpure), safranine T (ST) and N,N-
imethylformamide (DMF) (analytical reagent) were purchased
rom Sinopharm Group Chemical Reagent Co., Ltd, China. Mul-
iwalled carbon nanotubes (MWNTs) (Nanotimes Co., Chengdu,
hina) were dispersed into 70% HNO3 with sonication and refluxed
t 120 ◦C for 14 h to eliminate impurities such as metal catalyst and
morphous products. IAA (Aldrich) was dissolved into methanol to
repare 1.0 × 10−3 M standard stock solution, which was diluted by
ethanol to desired concentrations before use. Na2HPO4–C4H2O7

uffer was prepared from 0.2 M Na2HPO4 and 0.1 M C4H2O7 water
olution, using NaOH and HCl to adjust the final pH. All other chem-
cals were of analytical grade and used without further purification.
he water used was re-distilled.

.2. Apparatus

Cyclic voltammetry (CV), differential pulse voltammetry (DPV)
nd linear sweep voltammetry (LSV) were carried out with a CHI
60A electrochemical analyzer (Chenhua Instruments, China). A
onventional three-electrode system, consisting of a PST–rGO/GE,

saturated calomel reference electrode (SCE) and a platinum wire
uxiliary electrode, was employed.

Field emission scanning electron microscopy (SEM) images
ere performed on Sirion 200 field scanning electron microscope
0.02 0.68 (vs. SCE) [17]
1.22 0.93 (vs. Ag/AgCl) [18]
0.05 0.49 (vs. SCE) Our work

(FEI, Holland). Fourier transform infrared spectroscopy (FTIR) spec-
tra were measured with EQUINOX 55 (Bruker, Germany).

The high performance liquid chromatography-ultraviolet
(HPLC-UV) analysis was conducted on an Agilent 1100 series
HPLC-UV system (Agilent Technologies, USA) according to the
report [4]. A C18 column (Lichrospher-ODS, 5-�m particle size,
200 mm × 4.6 mm) was used for the separation. The HPLC was
performed by using methanol-buffer solution (containing 50 mM
NaAc/HAc, pH = 3.5) (v/v = 40/60) with the flow rate of 1 mL min−1

as the mobile phase. The UV wavelength was set at 254 nm.

2.3. Synthesis of reduced graphene oxide

Graphite oxide (GO), prepared from natural graphite flakes by
a modified Hummer’s method [34], was reduced by NaBH4 in a
steam bath to produce the reduced graphene oxide (rGO) [35]. At
last, 4.0 mg rGO was dispersed in 2.0 mL water with sonication for
2 h to prepare the aqueous suspension of rGO.

2.4. Preparation of the IAA sensor

Graphite electrodes (GEs) were made according to our previous
work from pencil leads (diameter 0.7 mm, black lead of degree HB,
comprising about 19 wt% clay and 81 wt% graphite, purchased from
a local market) [36]. A GE was anodized at +1.80 V for 240 s in a
pH 8.0 Na2HPO4–C4H2O7 buffer, and then scanned between 1.20
and 1.80 V until stable cyclic voltammograms were obtained. The
resulting anodized GE (AGE) was rinsed with water before further
use.

An AGE was firstly immersed in 2.0 mg mL−1 rGO suspension
for 30 min, taken out from the solution, dried in the air. Then
potentially swept in 0.5 mM ST with the electrolyte of 100 mM
H2SO4 and 100 mM KNO3 from −0.90 to 1.70 V at a scan rate of
50 mV s−1 for 20 cycles. The prepared PST–rGO film modified AGE
was carefully rinsed with water and air dried, which was denoted
as PST–rGO/AGE or IAA sensor. The IAA sensor can be renewed by
cyclic sweeping in a pH 8.0 Na2HPO4–C4H2O7 buffer for 20 cycles
in the range of 1.20–1.80 V.

The fabrication of PST–MWNT or PST–GO film modified AGE
was similar to that of PST–rGO except that the suspension of rGO
was replaced by 2.0 mg mL−1 MWNTs in DMF or 2.0 mg mL−1 GO in
water. The resulting electrodes were denoted as PST–MWNT/AGE
and PST–GO/AGE, respectively.

2.5. Determination of IAA

Unless otherwise stated, a pH 8.0 Na2HPO4–C4H2O7 buffer was
used as the electrolyte for IAA analysis. The analytical procedure
face of PST–rGO/AGE at 0.00 V for 300-s stirring. Then, differential
pulse voltammograms from 0.00 to 1.00 V were recorded, and the
oxidation peak current at 0.49 V was measured.
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(not shown), the redox peaks in Fig. 3A should arise from the
electrochemical reactions of IAA or its products. Interestingly,
when the potential sweep starts at 0.55 V, a potential giving no
chance for the peak Ia to oxidize completely, peak IIa completely
Fig. 1. SEM images of GE (a), AGE (b), rG

. Results and discussion

.1. Characterizations of PST–rGO film by SEM and FTIR

The PST–rGO film on AGE was characterized by SEM (Fig. 1).
t is clear that the surface of GE is completely covered by sheet-
ike graphite particles (a), and the anodized treatment causes slight
oarsening of the electrode surface (b). By a simple immersion and
rying procedure, a compact and crumpled film of rGO is formed on
GE with plenty of particle-like protuberances (c), which is similar

o rGO films reported by Guo [32]. The electropolymerization of PST
n rGO/AGE produces a slightly rougher surface but with similar
urface morphology to rGO/AGE (d), suggesting the formation of a
niform and ultrathin PST film. In contrast, PST only forms a mirror-

ike smooth surface on AGE, which was decorated with some rigid
arge particles (e).

ST (Scheme 1B) is a water-soluble cationic dye. The oligomers
nd polymer chains of PST can be formed on the electrode surface
hrough a simple and controllable electropolymerization method.
auliukaite et al. revealed that the electrosynthetic mechanism of
ST includes the formation of dications and their reaction with
ther monomer molecules of ST, together with deprotonation [37].
TIR was employed to characterize the synthesis and the structure
f the PST–rGO composite (Fig. 2). As shown in curve a, the spectra
f rGO show only a few IR features with the peaks at 3442 cm−1

(O–H) and 1641 cm−1 ı(HOH) [38]. In contrast, ST (curve b) and
ST–rGO (curve c) possess some characteristic IR absorptions: (i)
he wide stretching vibration of N–H in ST at 3405 cm−1 [39],
hich overlaps with the peak at 3442 cm−1 of rGO and leads to
strong peak at 3440 cm−1 on PST–rGO; (ii) the aromatic stretch-

ng vibration of C C and the NH2 scissoring of ST at 1639 cm−1 and
607 cm−1 [39] overlap with the absorption of rGO at 1641 cm−1

orming an enhanced peak at 1639 cm−1 on PST–rGO; (iii) the peaks
t 1530 and 1493 cm−1 on curve g are caused by aromatic �(C C),

hich shift to 1546 and 1514 cm−1, respectively when the poly-
er of ST is synthesized [39]; (iv) the asymmetric CH3 deformation

f PST–rGO at 1462 cm−1 has a slight positive shift compared to
T (1456 cm−1) [39]. These FTIR data demonstrate the deposi-
E (c), PST–rGO/AGE (d) and PST/AGE (e).

tion of PST on rGO, which are well accord with the structure of
PST [37].

3.2. Electrochemical behaviors of IAA

The electrochemical behaviors of 1.0 × 10−4 M IAA at
PST–rGO/AGE were investigated by CV (Fig. 3). Clearly, two
oxidation peaks (Ia and IIa) appear in first cycle with the peak
potentials (Ep) at 0.56 V and 0.64 V, respectively. A weak reduction
peak (IIIc) located at −0.05 V appears in the reverse sweep (Fig. 3A).
In the second cycle, a new weak oxidation peak (IIIa) at 0.26 V
is observed, which forms a redox couple with peak IIIc. As no
redox peaks were observed for PST–rGO/AGE in the blank buffer
Fig. 2. IR spectra of rGO (a), ST (b) and PST–rGO hybrid (c).
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Fig. 3. Loopy cyclic voltammograms of PST–rGO/AGE under different conditions:
(A). in 1.0 × 10−4 M IAA from −0.40 to 1.00 V; (B) in blank buffer from −0.40 to
1 −4 −4
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.00 V; (C) in 1.0 × 10 M IAA from 0.55 to 1.00 V; (D) in 1.0 × 10 M IAA from
0.40 to 0.65 V; (D) in 5.0 × 10−6 M IAA from −0.40 to 1.00 V. Scan rate: 100 mV s−1.
he solid and the dash lines stand for the first and the second cycles, respectively.

isappears (Fig. 3B). This result suggests that peak IIa is related
o the oxidation of the product of peak Ia. If the potential sweep
s confined in the range of −0.4–0.65 V, the redox peaks IIIc and
IIa disappear (Fig. 3C), indicating that this redox couple may also
esult from the product of peak IIa. The voltammograms of IAA at
ow concentrations are much different (Fig. 3D), i.e., the peak IIa
nd the redox couple IIIc/IIIa for 5.0 × 10−6 M IAA disappear, which
re well consistent with previous reports [17,40].

.3. Enhanced responses of IAA at PST–rGO/AGE
In order to obtain most sensitive electrochemical response
nd best peak shape for IAA, DPV technique was used. Fig. 4
hows the DPV responses of IAA at different graphite electrodes.

ig. 4. DPV responses of 7.0 × 10−6 M IAA at GE (a), AGE (b), rGO/AGE (c) and
ST–rGO/AGE (e). Curve d responds to the DPV behavior of PST–rGO/AGE in blank
uffer. Inset: the comparison of DPV behaviors of 7.0 × 10−6 M IAA at PST–rGO/AGE,
ST–GO/AGE and PST–MWNT/AGE Accumulation time: 300 s, amplitude: 50 mV,
ulse width: 50 ms, pulse period: 200 ms..
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In a Na2HPO4–C4H2O7 buffer (pH 8.0), 7.0 × 10−6 M IAA yields an
almost indiscernible oxidation peak (i.e., peak Ia) at 0.50 V with a
peak current Ip of 0.46 �A at GE for 300 s accumulation (curve a).
The oxidation peak becomes noticeable at AGE (Ip = 3.91 �A, curve
b), probably due to the enlarged surface area and the introduction
of active sites by anodization. The oxidation current peak Ia sig-
nificantly increases (Ip = 39.49 �A) and peak IIa begins to appear
when a rough and compact rGO film is formed on AGE (curve c),
which are further enhanced (Ipa = 67.56 �A) when an additional PST
film is electrochemically deposited (curve d). Moreover, the oxida-
tion potential of IAA on rGO/AGE hardly changes in comparison
with that on GE, suggesting the same graphitic nature of rGO and
graphite. As peak Ia is more sensitive than peak IIa, peak Ia can be
selected for the electrochemical detection of IAA.

The DPV responses of IAA at PST–GO and PST–MWNT compos-
ites are also examined (inset of Fig. 4). Clearly, both GO and MWNT
apparently enlarge the electrochemical signal of IAA, but their sen-
sitizing effects are not as good as rGO. The better performance of
rGO compared with GO is probably attributed to the stronger accu-
mulation of aqueous-insoluble IAA on more hydrophobic rGO [41].
In the case of MWNT, the interesting promotional performance of
rGO may be correlated with its highly conductivity, metallic con-
ductance and enhanced size effect [30]. Besides these, the unique
two-dimensional structure of rGO is more favorable for the good
adsorption of both ST and IAA on its six-carbon rings via �–�
interaction than one-dimensional MWNT. Moreover, the large scale
production of GO or rGO can be easily achieved in labs all over the
world without the use of special instruments or reagents. Based
on these results, it is clear that rGO or GO is an excellent sens-
ing material for electrochemical sensors, which can form uniform
and compact carbonaceous nanostructures on the electrode surface
with high chemical stability, high surface area and high-density
electroactive sites.

3.4. Optimization of detection conditions

3.4.1. Influence of solution pH
Influence of solution acidity on the oxidation behavior of

1.0 × 10−5 M IAA at PST–rGO/AGE in Na2HPO4–C4H2O7 buffers in
the range of pH 2.4–10.0 was tested. The results indicated that the
oxidation current reached the highest at pH 8.0 and kept almost
unchanged at higher pH value. According to the report [14], IAA
(pKa = 4.75) exists in anionic form when pH is higher than 4.75,
so the positive-charged PST film with plenty amido can strongly
attract IAA according to the principle of electrostatic interaction
and therefore lead to the enhanced electrochemical response of
IAA in alkalescent environment. Meanwhile, the oxidation peak
potential showed a good linear relationship with the solution pH
(i.e., Ep/V = −0.036 pH +0.839, R = 0.996), implying that the ratio of
electron-to-proton involved in the oxidation reaction of peak Ia was
2/1. A solution of Na2HPO4–C4H2O7 buffer with pH 8.0 was there-
fore selected as the optimal electrolyte for the detection of IAA in
the following experiments.

3.4.2. Influence of electropolymerization conditions
The optimal electrolytes for electropolymerizing PST film on

rGO/AGE were tested, including a mixture of 100 mM H2SO4 and
100 mM KNO3, 50 mM phosphate buffer (pH 5.5) and 100 mM
KNO3, 50 mM phosphate buffer (pH 7.0) and 100 mM KNO3,
100 mM H2SO4 and 100 mM KCl. The results suggested that

PST–rGO/AGE prepared in 100 mM H2SO4 + 100 mM KNO3 pos-
sessed the most sensitive electrochemical signal of IAA, which well
accorded with a previous report, i.e., ST could form a stable polymer
in acidic media and NO3

− catalysed the polymerization of ST [37].
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Fig. 5. Chronocoulometry of 1.0 × 10−5 M IAA at GE (a), rGO/AGE (b) and
PST–rGO/AGE (c). Insets show the linear relationships between charge (Q) and the
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Fig. 6. DPV responses for IAA of various concentrations at PST–rGO/AGE (from
inner to outer): 1.0 × 10−7, 3.0 × 10−7, 5.0 × 10−7, 7.0 × 10−7, 1.0 × 10−6, 2.0 × 10−6,

ads

where A is the surface area of the working electrode, c is the con-
centration of IAA, Qads is the adsorption charge, and other symbols
have their usual significances. Here, A = 0.224 cm2, c = 1.0 × 10−5 M

Table 2
Influences of some compounds on the determination of 1.0 × 10−6 M IAA.

Interferents Concentration (M) Signal change (%)

Sucrose 5.0 × 10−4 −0.53
Glucose 5.0 × 10−4 −1.97
SO4

2− 5.0 × 10−4 −3.20
PO4

3− 5.0 × 10−4 2.13
Oleic acid 2.0 × 10−4 2.02
Ricinoleic acid 2.0 × 10−4 3.41
Fe3+ 3.0 × 10−5 3.46
Mg2+ 2.0 × 10−5 −2.58
Cu2+ 2.0 × 10−5 3.25
Soluble starch 1.0 × 10−5 −5.40
CO3

2− 1.0 × 10−5 2.94
Br− 1.0 × 10−5 −4.62
Fe2+ 1.0 × 10−5 −3.27
Gibberellic acid 1.0 × 10−5 4.36
Abscisic acid 1.0 × 10−5 −3.26
quare root of time (t1/2) for the oxidation reactions (background subtracted) at GE
a′), rGO/AGE (b′) and PST–rGO/AGE (c′). Initial potential: 0.516 V, final potential:
.616 V, and pulse width: 8 s.

The influences of electropolymeric potential range and elec-
ropolymeric cycles on the peak current of IAA were examined. In
he first case, the initial potential changed from −0.7 to −1.0 V and
he final potential was tested from 1.6 to 1.9 V. The results revealed
hat the highest response of IAA on PST–rGO/AGE was obtained in
he potential range of −0.9–1.7 V because the redox of ST can be fin-
shed in this range. In the second case, the cycle number from 10 to
0 was tested and the highest oxidation current of IAA was achieved
or 20 cycles. Fewer cycles with thinner PST film has not enough cat-
lytic ability for IAA oxidation but more cycles may result to a too
hick PST film which can embarrass the electron transfer between
AA and the electrode. Therefore, the electropolymerization of ST
n rGO/AGE was performed in the range of −0.9–1.7 V for 20 cycles.

.4.3. Influence of accumulation potential and time
The accumulation potential has little influence on the electro-

hemical responses of IAA. In this work, 0.00 V was selected by
eason of convenience. The dependence of the oxidation peak cur-
ent of IAA on accumulation time was also tested at this sensor.
he oxidation peak current of 1.0 × 10−5 M MeJA increases quickly
rom 0 to 240 s and slowly from 240 s to 300 s. At an accumulated
ime of 300 s, the peak current of IAA achieves the zenith. The cal-
bration curve gradually tends to a plateau when further increases
he accumulation time, indicating that the adsorption of IAA on this
ensor is saturated. As a result, the accumulation time was selected
s 300 s for the experiment.

.5. Influence of scan rate

The influence of scan rate on the oxidation current of IAA on
ST–rGO/AGE was examined in the range of 25–300 mV s−1. The
esults showed that the oxidation peak current of IAA linearly
ncreased with scan rate, indicating a diffusion-controlled electrode
rocess. Meanwhile, the oxidation peak potential (Ep) positively
hifted with scan rate (�), and the relationship between Ep (V) and
(mV s−1) is in accordance with the following equation [42]:

p = E0′ + RT

˛nF
ln

RTk0

˛nF
+ RT

˛nF
ln � (1)
here k0 is the standard rate constant of the surface reaction, E0′

s the formal potential, ˛ is transfer coefficient of the oxidation of
AA, and other symbols have their usual meanings. According to Eq.
1), the plot of Ep vs. ln � has a good linear relationship, from which
5.0 × 10−6 and 7.0 × 10−6 M. Inset A: the calibration graph. Inset B: the voltam-
mograms of PST–rGO/AGE in 5.0 × 10−8 M IAA (a) and a blank buffer (b). Other
conditions are as Fig. 4.

˛n can be determined from the slop (i.e., 0.027). Assuming ˛ = 0.5,
two electrons are involved in the oxidation of IAA. This, coupled
with the above deduced electron-to-proton ratio, suggested that
one proton may take part in the oxidation process. Obviously, the
oxidation process of peak Ia was probably a two-electron and one-
proton irreversible oxidation reaction. This mechanism was well
consistent with previous reports [17,43].

3.6. Chronocoulometry

Chronocoulometry was used to characterize the oxidation of
1.0 × 10−5 M IAA at GE (a), rGO/AGE (b) and PST–rGO/AGE (c)
(Fig. 5). After the subtraction of the background charge, the plot of
charges (Q) against t1/2 has a linear relationship for the oxidation
reaction for GE (a′), rGO/AGE (b′) and PST–rGO/AGE (c′). According
to the Cottrell equation, the diffusion coefficient of IAA (D) can be
estimated from the intercept and slope of this plot:

Q = Q + 2nFAcD1/2�−1/2t1/2 (2)
Salicylic acid 5.0 × 10−6 4.74
Methyl dihydrojasmonate 1.0 × 10−6 −6.24
Jasmone 1.0 × 10−6 −6.17
Methyl jasmonate 1.0 × 10−6 −6.95
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Table 3
Determination results of IAA in plant leaves.

Samples This sensor (n = 6) HPLC (n = 6)
Concentration (�M) Recovery (%) RSD (%) Concentration (�M) (n = 6) Recovery (%) RSD (%)

2.26 3.08 105.34 1.06
3.11 4.56 99.47 3.42
2.93 1.87 102.64 2.85

a
0
a
t
A
c
0
w
fi

3

t
c
(
r
5
d
o
r
s

3

m
s
s
a
S
T
g
a
m
s
t
s

3

p
F
p
e
t
s
i
c
(
t
u
A
t
i

[

Cinnamomum camphora 2.79 98.41
Prunus yedoensis Mats. 4.74 101.36
Firmiana simplex 2.08 100.48

nd n = 2, so the deduced values of D are 0.00014, 0.0013 and
.0054 cm2 s−1 for GE, rGO/AGE and PST–rGO/AGE, respectively. In
ddition, Qads can be obtained by differentiating the intercepts of
he plots of Q versus t1/2 in the presence and the absence of IAA.
ccording the equation Qads = nFA� , the values of the surface con-
entration (� ) of IAA at the three electrodes are 0.035, 0.061 and
.20 nmol cm−2 for GE, rGO/AGE and PST–rGO/AGE, respectively,
hich further identify a strong adsorption capacity of the PST–rGO
lm.

.7. Analytical application

The calibration curve of IAA at PST–rGO/AGE was charac-
erized by DPV (Fig. 6). The linear relationship between the
oncentration of IAA (c/�M) and the oxidation peak current
Ip/�A) can be described as Ip = −0.263 + 9.948 c (R = 0.997) in the
ange of 1.0 × 10−7–7.0 × 10−6 M, along with a detection limit of
.0 × 10−8 M for 300 s accumulation at 0.0 V. The relative standard
eviations (RSD) are 2.34% and 6.86% for ten parallel detections
f 2.0 × 10−6 M IAA on the same and different PST–rGO/AGEs,
espectively, suggesting the good reproducibility of this IAA
ensor.

.8. Interferences

The interferences from some potential compounds on the deter-
ination of IAA at this sensor were evaluated. The results (Table 2)

howed that no interference can be observed for 500-fold of
ucrose, glucose, SO4

2−, PO4
3−; 200-fold of oleic acid and ricinoleic

cid; 30-fold of Fe3+; 20-fold of Mg2+, Cu2+; 10-fold of soluble
tarch, CO3

2−, Br−, Fe2+ in determination of 1.0 × 10−6 M of IAA.
he interferences from several phytohormones including 10-fold
ibberellic acid and abscisic acid, and 5-fold salicylic acid were
lso negligible. However, several jasmonic acid-based auxins (e.g.,
ethyl dihydrojasmonate, methyl jasmonate and jasmone) have

light interferences on the determination of IAA, probably due to
he block of electroactive sites on PST–rGO/AGE by these oil-soluble
pecies.

.9. Detection of IAA in plant leaves

To evaluate the applicability of the proposed sensor, leaf sam-
les from Cinnamomum camphora, Prunus yedoensis Mats. And
irmiana simplex were collected for the determination of IAA. The
rocedure for the sample treatment was as follows: 40 g leaves of
ach plant was treated with liquid nitrogen and then pulverized;
he compounds were extracted with 80% frigorific methanol and
eparated by an extraction method [13]. The DPV responses of IAA
n the leaves of P. yedoensis Mats. Are illustrated in Fig. 7. From
urves a and b, it is clear that the oxidation peak current at 0.49 V
O2) increases correspondingly by the addition of a standard solu-
ion of IAA, but the oxidation peak of O1 at 0.32 V almost keeps

nchanged. These results suggest the attribution of peak O2 to IAA.
dditional samples were also measured by similar procedures and

he results were compared with that from HPLC, which are shown
n Table 3. The results obtained by HPLC and IAA sensor are very

[

[
[
[

Fig. 7. Illustration for the determination of IAA in the leaves of Prunus yedoensis Mats.
By a standard addition method. A: DPV of IAA in the leaf extract; b: a+2.4 × 10−6 M
IAA standard solution. Other conditions are as Fig. 4.

close, confirming the applicability of the proposed sensor for the
determination of IAA in real samples.

4. Conclusion

A disposable and sensitive electrochemical sensor of IAA based
on rGO composites was reported. This IAA sensor was fabricated by
a simple dipping–drying and electrodeposition method. The sens-
ing layer possessed a compact and crumpled rGO nanostructured
surface with high surface area and excellent electrochemical activ-
ity. Electrochemical characterizations revealed that the response
of IAA at this sensor was enhanced for 147 fold compared with
the bare electrode, and rGO also exhibited better performance than
widely used GO or CNTs. This sensor has the merits of a wide cali-
bration range and a low detection limit, which has been applied to
the detection of IAA in extract samples of several plant leaves.
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