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Aixue Li *ab and Liping Chen*ab

Salicylic acid (SA) is an important phytohormone. It plays an essential role in regulating many physiological

processes of plants. Most of the conventional methods for SA detection are based on in vitro processes.

More attention should be paid to develop in vivo methods for SA detection. In this work, Pt nanoflowers

and GO were simultaneously electrodeposited and reduced on a Pt wire microelectrode in one step. The

Pt nanoflowers/ERGO modified Pt microsensor demonstrated high sensitivity and selectivity for SA. SA

could be detected from 100 pM to 1 mM with a detection limit of 48.11 pM. Then this microsensor was

used to detect SA in the stem of sunflower seedlings under different salt stresses in vivo. The result

showed that with the increasing concentration of salt, SA levels decreased. Our result was also

confirmed by UPLC-MS and gene expression analysis. To the best of our knowledge, this is the first

report of in vivo detection of SA in plants using the Pt nanoflowers/ERGO modified Pt microelectrode. It

is foreseeable that our strategy could pave the way for the in vivo detection of phytohormones in plants.
1. Introduction

Salicylic acid (SA) is an important phytohormone, which widely
exists in both monocot and dicot plants.1 As a signal molecule,
it plays an essential role in regulating many physiological
processes of plants, including owering, seed germination, heat
production, membrane permeability, defence responses, etc.2

The level of SA varies from ng to mg per gram of fresh weight in
different plant species, and it will change under biotic and
abiotic stresses for enhancing plants stress toleration.3

Further studies on the synthesis, transport and molecular
mechanisms of SA require the accurate quantitative analysis of
SA. Nowadays, there are many technologies for detecting SA
level in plants, such as high performance liquid chromatog-
raphy (HPLC),4 gas chromatography-mass spectrometry (GC-
MS),5 enzyme linked immunosorbent assay (ELISA) and uo-
rescence spectrometry6,7 etc. But in these methods, SA is
measured in vitro using plant samples, such as roots, stems and
leaves. The plant samples need to undergo complex pre-
processing, where complex and expensive instruments are
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always required, and some biological information may be lost
during this process. In addition, the collections of plant
samples always result in great damage and even death, while
many plant materials are very precious and rare. More impor-
tantly, an in vivo detection of SA would providemore instant and
accurate information about the response mechanism of plants
under different environmental conditions. Therefore, it is very
important to develop in vivo method for the detection of SA.

To date, there are only a few reports for the in vivo detection
of SA, such as colorimetry,8 bioluminescence,9 reverse ionto-
phoresis10 and electrochemical sensors.11 Colorimetry and
bioluminescence methods were mainly used to map the spatial
distribution of SA in plant tissues. Reverse iontophoresis has
been used to assay the level of SA in basil leaves in situ, but it
needed an 8 hours extraction period for collecting the sap of the
plants, which couldn't reect the instant information of SA
under changed environment. Sun et al.11 detected the change of
SA in tomato leaves in vivo using a paper-based electrochemical
sensor, which indicated that electrochemical sensor could be
used for in situ and in vivo detection of SA in plants. However, it
seems that this sensor is more suitable for the leaves, while not
suitable for the stems or roots of the plants.

In recent years, microelectrode has attracted much interest
due to its unique characters, such as smaller size, rapid
response time, increased signal-to-noise ratio, and less
requirement for support electrolyte, etc.12,13 Additionally, the
small size of microelectrode makes it ideal for in vivo applica-
tion in plants, especially for the stems or roots of plants. For
example, Pt microelectrode has been successfully used to
monitor the H2O2,14–17 NO and pH15 in plants in vivo. However,
This journal is © The Royal Society of Chemistry 2018
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up to date, there are few reports about the application of
microelectrode in detecting of phytohormone in plants in vivo.

As the environment for in vivo detection is very complex,
complicated and complex method for fabrication of the micro-
sensor is not suitable. It has been reported that electrochemically
reduced graphene oxide (ERGO)–metal nanocomposite lms can
be obtained by direct electrodepositionmethod.18,19 Thismethod is
green and fast, and the prepared nanocomposite lms exhibit
excellent catalytic activity. In this work, Pt nanoowers (PtNF) and
ERGO were successfully fabricated on a Pt wire microelectrode by
one step electrodeposition method. Then this PtNF/ERGO modi-
ed Pt microelectrode was used to detect SA in the stem of
sunower seedlings under salt stress in vivo. To the best of our
knowledge, this is the rst report for in vivo detection of SA in
plants using the PtNF/ERGO modied Pt microelectrode. It may
open the opportunity for application of microelectrode in detect-
ing of phytohormone in vivo in plants. Our result was also
conrmed by UPLC-MS and gene expression analysis.

2. Materials and methods
2.1. Chemicals and materials

Hexachloroplatinic acid hexahydrate (H2PtCl6$6H2O), SA, methyl
jasmonate, malic acid, succinic acid, citric acid, indole acetic acid
and abscisic acid were purchased from Sigma-Aldrich Co. LLC.
The monolayer graphene oxide (GO) (diameter: 500 nm to 5 mm)
was obtained from Nanjing XFNANO Materials Tech Co. Ltd. All
other chemicals used were analytically grade and purchased from
Beijing Chemical Works. All aqueous solutions were prepared
with ultrapure water. The SA stock solution (0.01 M) was dis-
solved by 0.01 M PBS (pH ¼ 7.0) with 0.2% ethanol. It was stored
under 4 �C and diluted freshly by PBS before use.

2.2. Preparation of the Pt nanoowers/ERGO modied Pt
(PtNF/ERGO/Pt) microelectrodes

Pt wire microelectrode (0.5 mm in diameter) was purchased from
Tianjin Ida Heng Sheng Technology Development Co., Ltd (Tian-
jin, China). The microelectrode was immersed in concentrated
nitric acid solution for 10 min to remove the impurities. Then, it
was polished in turn with 0.3 and 0.05 mm alumina powder, and
ultrasonic cleaning with deionized water and ethanol. Aer drying
by N2, the Pt microelectrode was voltammetry cycled in 0.1 M
sulfuric acid with the potential from �1.5 to 1.5 V for 30 cycles.

The cleaned Pt wire microelectrode was potential scanned in
GO aqueous suspension (0.1 M carbonate buffer at pH 9.0) con-
taining H2PtCl6 under the potential window from 0 to �1.5 V at
a scan rate of 25mV s�1. The resulted PtNF/ERGO/Pt wire electrode
was rinsed by deionized water and dried by nitrogen. Then it was
wrapped with insulating tape, leaving 2 mm in length for sensing.

The ERGO/Pt and PtNF/Pt electrode was also prepared in
0.1 M carbonate buffer contain optimal concentrations of GO or
H2PtCl6 for control.

2.3. Characterization

The surface morphology of the different modied Pt wire elec-
trodes were characterized by scanning electron microscopic (SEM,
This journal is © The Royal Society of Chemistry 2018
JEOL JSM-6700F). The X-ray diffraction (XRD) analysis of the
differentmodied Pt electrode was carried out on a SmartLab XRD
system using Cu Ka as the radiation source at an operating voltage
of 40 kV. Pt sheet was used as the substrate to simulate the Pt wire.

2.4. Preparation of plant samples and homogenate

A homogenous seeds of sunower (LD5009) were obtained from
Beijing Kafry Technology Co., LTD. Aer seed germination, the
seedlings with consistent growth were selected and trans-
planted into half-strength Hoagland solution. Aer 15 days
hydroponic culture in an illuminating incubator (10 h/14 h of
light/dark period, 25 � 2 �C and 60% humidity), the sunowers
were randomized into three groups (each group contained 20
plant samples) and treated by different salt stress for 10 h
through introducing different levels of NaCl (0, 50 and 100 mM)
into the Hoagland solution.

Homogenates of stems of sunower seedling was prepared
by homogenized the plant materials thoroughly with 0.5 g of
crystalline silica. The homogenates were centrifuged at
10 000 rpm (10 min, 4 �C), and the supernatant solutions were
collected and transferred to new tubes. The homogenates were
prepared freshly before each measurement.

2.5. Electrochemical measurements

All the electrochemical experiments were performed on a CHI
760e electrochemical working station. A two-electrode system
was employed for the measurements. The modied Pt micro-
electrode was used as working electrode. A Ag/AgCl wire was
used as reference/counter electrode, which was prepared by
chloridizing Ag wire at 0.6 V in 0.1 M hydrochloride acid for
about 30 min. Cyclic voltammetry (CV) was conducted from
0.6 V to 1.4 V at 50 mV s�1. Differential pulse voltammetry (DPV)
was conducted from 0.6 V to 1.4 V, and the parameters were:
0.02 V of increasing potential, 0.02 s of pulse width, 0.05 V of
amplitude, 1 s of pulse period, and 0.02 s of sampling width.

For in vivo detection of SA in the stem of sunower seedlings,
the stem of the seedlings were punched with a puncture needle
to obtain two holes. The working electrode and Ag/AgCl elec-
trode were placed into the holes respectively. For different
plant, the electrode was placed approximately the same site as
possible.

2.6. Ultra-performance liquid chromatography-mass
spectrometric (UPLC-MS) measurements

For the UPLC-MS (Water Acquity I-Class, Waters Corporation,
MA, US; Thermo Q-Exactive, Thermo Scientic, MA, US)
measurements, the stem samples of the seedlings were
collected and ground in liquid nitrogen immediately aer 10
hours salt treatments. 1 g of ground sample was added 2ml 4 �C
precooled methanol (80%) and extracted overnight at 4 �C. The
extract was mixed with 1 ml of CHCl3. Then the solution was
vibrated at 900 rpm for 4 min at 4 �C. Aer centrifuging at
14 000 rpm for 5 min at 4 �C, the supernatant was collected and
dried by nitrogen at room temperature. The prepared sample
was dissolved in 1 mL of methanol and ltrated by a 0.22 mm
microporous membrane before UPLC-MS measurements.
RSC Adv., 2018, 8, 23404–23410 | 23405
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2.7. Gene expression analysis

To conrm the result of in vivo detection of SA, semi quantita-
tive RT-PCR analysis was performed for SA-related gene def and
HaAC1. Total RNA was extracted from stem samples of
sunower seedlings (0.1 g fresh weight) with OminiPlant RNA
Kit (DNase I) (ComWin Biotech, Beijing, China) according to the
protocols. BioRT cDNA First Strand Synthesis Kit (Bioer,
Hangzhou, China) was used to synthesis the rst-strand cDNAs
from 2 mg total RNA. RT-PCR was performed with 1 mL generated
cDNA. PCR amplications conditions: initial denaturation,
95 �C for 5 min; 30 cycles of amplication, 94 �C (30 s), 58 �C (40
s), and 72 �C (40 s); nal extension, 72 �C for 7 min. 6 mL of the
PCR product was separated on agarose gel (1.5%).

The primers used for def were: F: 50-GTGAGAAGG
CAAGCCAGACA-30 and R: 50-TCAAGGTTTGGCTGTCGCCT-30

(AF364865, referred to Hu et al., 2003).20 The primers used
for HaAC1 were: F: 50-CACCACCAGGGAAATGATG-30 and R: 50-
TGCGGACAACTGAGAACAACA-30 (AF030301). G-Marker
(EU112625) (F: 50-GCTGTGGCCCTTGTGTTG-30 and R: 50-
CGCAGACCGATAGGATACCATT-30) was used as control for the
comparison of amounts of cDNA in each reaction.
3. Result and discussion
3.1. Characterization of the PtNF/ERGO/Pt microelectrodes

The surface morphology of electrodes was characterized by SEM.
As shown in Fig. 1A, the surface of the bare Pt microelectrode is
smooth and clean. When the ERGO was formed on the Pt
microelectrode (Fig. 1B), the typical crumpled and wrinkled
structure of ERGO can be observed. When the PtNF was formed
on the Pt microelectrode (Fig. 1C), a densely and uniformly
Fig. 1 SEM images of the bare Pt electrode (A), ERGO/Pt electrode (B), P
a partial enlargement of the PtNF/ERGO/Pt electrode. (E) XRD patterns o

23406 | RSC Adv., 2018, 8, 23404–23410
distributed ower-like Pt nanostructure with the diameter of
200–500 nm can be observed. When the Pt and GO was co-
deposition and co-reduction on the Pt microelectrode, ower-
like Pt nanostructure are dispersed in the lamellar ERGO, con-
structing a porous network structure (Fig. 1D). The diameters of
the PtNF range from 50–100 nm. It has been reported that GO or
RGO can be used to disperse and prevent the growth of the
nanostructures, because they could be regarded as unconven-
tional polymeric surfactant,21–23 so smaller size and better
dispersion were observed for the PtNF with the attendance of
ERGO. And ERGO can also provide anchoring site for metal
nanostructures or its precursors.24,25 Moreover, the irregularly
shaped PtNF and untidy ERGO can enhance the surface area and
catalytic activity of the Pt microelectrode greatly.2,26

The XRD pattern of (a) bare Pt, (b) EGRO/Pt, (c) Pt NF/Pt and
(d) Pt NF/EGRO/Pt was shown in Fig. 1E. For the bare Pt (a), the
peaks at 2q of 39.8�, 46.3�, and 67.8� are assigned to the (111),
(200), and (220) planes of the Pt particles. The peak at 2q of 67.8�

is very strong, which might be ascribed to the preferred orien-
tation of block as we used the Pt sheet to simulate the Pt wire. For
the EGRO/Pt (b), a weak peak originating from graphene sheets
(002) is also appeared at 2q of about 25�, which conrms the
reduction of GO into ERGO.27 For the Pt NF/Pt (c), the intensity of
peaks of 39.8�, 46.3�, and 67.8� are changed compare to the bare
Pt sheet (a), indicating the formation of Pt crystals.28 As expected,
a peak at 2q of 25� also appears for the Pt NF/EGRO/Pt.
3.2. Feasibility of the PtNF/ERGO/Pt microelectrode for
detecting SA

The feasibility of the modied PtNF/ERGO/Pt microelectrode
for detecting SA was tested by cyclic voltammetry (CV) and
tNF/Pt electrode (C), and the PtNF/ERGO/Pt electrode (D), the insert is
f (a) bare Pt sheet, (b) ERGO/Pt, (c) PtNF/Pt, (d) PtNF/ERGO/Pt.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (A) CV and (B) DPV curves of the bare Pt electrode (a), ERGO/Pt
electrode (b), PtNF/Pt electrode(c), PtNF/ERGO/Pt electrode (d) in the
presence of 500 mMSA, and the PtNF/ERGO/Pt electrode (e) in the PBS
without SA.
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differential pulse voltammetry (DPV) methods. For CV curve of
500 mM SA (Fig. 2A), a single oxidation peak appeared around
1.15 V by the bare Pt microelectrode in the PBS buffer (curve a),
which is probably attributed to the electrochemically active
phenol group of SA.11 The oxidation peak was increased when the
ERGO/Pt microelectrode (curve b) and the PtNF/Pt microelec-
trode (curve c) were used, indicating the PtNF and ERGO can
respectively enhanced the catalysis effect of SA. The oxidation
peak of SA was signicantly increased when the PtNF/ERGO/Pt
microelectrode was used (curve d), indicating that the integra-
tion of high density Pt NF with the layered ERGO can induce
more active sites and construct an electrical network, which
greatly increased the catalytic capacity to SA. No oxidation peak
was observed in the absence of SA using the PtNF/ERGO/Pt
microelectrode (curve e). In the DPV curve (Fig. 2B),
similar trends as that of CV curves were observed for the
Fig. 3 Optimization of the modification process with different concentra

This journal is © The Royal Society of Chemistry 2018
different modied electrodes. An oxidation peak with much
higher peak height also appeared at the similar potential for the
PtNF/ERGO/Pt microelectrode in the presence of SA (Fig. 2B,
curve e).
3.3. Optimization of conditions for detection in solution

The concentration of GO and H2PtCl6$6H2O and the scan cycles
of electrodeposition were optimized as they are the key factors
in the electrodeposition process. As shown in Fig. 3A, with the
increase of the concentration of GO from 0 to 1 mg ml�1, the
peak current of SA increases. While further increasing the
concentration of GO, the peak current of SA decreases. So the
optimal concentration of GO is 1 mg ml�1. The optimal
conditions for H2PtCl6$6H2O and scan cycles are 10 mM and 45
cycles respectively as can be seen from Fig. 3B and C.
3.4. Performance of PtNF/ERGO/Pt microsensor

The modied electrode was used to detect different concentra-
tions of SA standard solution using DPV method. As shown in
Fig. 4A, with the increasing concentrations of SA, the peak
current of SA increases correspondingly. There is a decent linear
relation between the peak currents and the logarithm value of
the concentrations of SA from 100 pM to 1 mM (Fig. 4B). And the
equation is Ipeak (mA) ¼ 0.45LNCSA (nM) + 1.05, the
correlation coefficient is 0.9807. The detection limit of this
sensor is 48.11 pM (S/N ¼ 3.0). The sensing performance of the
PtNF/ERGO/Pt microsensor for SA is compared with the
previous reports. As shown in Table S1,† the developed sensor
in this work is superior to most electrochemical sensors existed
for SA.2,11,29–33

Selectivity is an important parameter to evaluate the
performance of the sensor. Therefore, the possible interference
in the seedling stem sap was examined by the proposed sensor
under the same condition. As shown in Fig. 5, an oxidation peak
around 1.15 V is observed for SA. Besides, a weak peak near
+0.8 V is observed for indole-3-acetic acid with the same
concentration, which is consistent with previous report.11

However, it does not interfere with the detection of SA. Other
components including malic acid, citric acid, succinic acid,
abscisic acid andmethyl jasmonate don't show any responses in
the DPV curve. This result suggests the high selectivity of the
proposed microsensor. The RSD was 15% for 8 different PtNF/
tions of GO (A), H2PtCl6 (B), and different scan cycles for deposition (C).

RSC Adv., 2018, 8, 23404–23410 | 23407
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Fig. 4 (A) DPV curves of SA with concentrations of 0.1, 1.0, 5.0, 10.0,
25.0, 50.0, 75.0, 100.0, 200.0, 300.0, 1000 nM (from a to k in turn)
detected by the PtNF/ERGO/Pt electrode. (B) The calibration curve of
the DPV peak current and the logarithm value of SA concentrations in
PBS buffer. The average values and standard deviations were obtained
based on five results.
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ERGO/Pt microelectrodes in the presence of 500 mM SA. There is
still 86% sensing ability remained for the microsensor aer
storage at 4 �C for three weeks, indicating that this microsensor
is highly stable.

In order to obtain a standard curve which is more suitable to be
applied in the living plants,34 the DPV responses of modied
electrode for SA was also detected in 10% homogenate of
sunower stems diluted by 0.1M PBS (Fig.S1†). As shown in Fig. 6,
the linear equation is I 0peak ðmAÞ ¼ 0:088LNC0

SA ðnMÞ þ 0:993 for
SA from 10 pM to 500 nM. The detection limit is 3.3 pM (at S/N of
3.0), and correlation coefficient is 0.9811.
Fig. 5 DPV responses of 500 mM methyl jasmonate (a), malic acid (c),
succinic acid (d), indole-3-acetic acid (e), citric acid (f), abscisic acid (g),
and salicylic acid (b) detected by the PtNF/ERGO/Pt electrode.

23408 | RSC Adv., 2018, 8, 23404–23410
3.5. In vivo measurements of SA in sunower seedlings
under salt stress

Salt stress is one of the major abiotic environmental factors
which adversely affect plant growth and development. Phyto-
hormones play critical roles in regulating plant responses to salt
stress.35 In this work, the modied PtNF/ERGO/Pt microelec-
trode was used to detect the SA levels in vivo in sunower
seedlings under different salt stress. Fig. 7A is the photograph
for the in vivo detection of SA in sunower seedlings. Fig. 7B
shows the typical DPV results for the in vivo detection of SA in
sunower seedlings. The concentration of SA in the stem part of
sunowers is 256.1 � 0.32 nM, 179.5 � 0.25 nM, and 158.6 �
0.15 nM for 0 mM, 50 mM and 100 mM of NaCl treatments (10
h), respectively, according to the standard curve in 10%
homogenate of sunower stems. This result suggests that with
the increasing concentrations of salt, the SA levels decreases.
This result is consistent with previous studies.31,36 In addition,
the diameter of the microelectrode is only 0.5 mm, only tiny
holes were le aer the detection. And the electrochemical test
is so fast that there is no much inuences were observed on the
following growth of the plants.

In order to verify our result, UPLC-MS method was used to
measure the SA levels in the extracted samples of the stem part
of sunower seedlings aer different treatment of salt stress.
The obtained result is shown in Fig. 7C, it could be found that
the trend of SA levels is decreased with the increasing concen-
trations of salt, which is consistent with those obtained by the
proposed electrochemical sensor.

The expression of SA related gene in sunowers was also
analyzed by RT-PCR method. The product of def is defensin
(PR12 protein). It is a kind of antifungus, which can be
impacted by SA.20 HaAC1 encodes aldoketo reductase, which
also is a marker of SA pathway in sunowers.37 As shown in
Fig. 7D, the expression of HaAC1 gene is down-regulated with
the increasing concentrations of salt. The expression of def gene
is slightly up-regulated for the salt-treated groups, but for the
50 mM and 100 mM of salt treatment, the expression change of
def gene is not obvious. Similar trend of SA levels and the
expression of def and HaAC1gene are also observed for
sunowers when it was attacked by Orobanche Cumana.20
Fig. 6 The calibration curve of the DPV peak current and the loga-
rithm of SA concentrations (0.01, 0.1, 0.5, 1.0, 5.0, 25.0, 75.0, 200.0,
500.0 nM in turn) in a 10% homogenate of sunflower seedling stems
diluted by 0.01 M PBS.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (A) The real image of in vivo detection of SA in a sunflower seedling stem by the PtNF/ERGO/Pt electrode. (B) Typical DPV curves for the in
vivo detection of SA by the PtNF/ERGO/Pt electrode under different salt stress: 0 mM (a), 50 mM (b) and 100 mM (c). (C) UPLC-MS result of SA
levels in the stem of sunflower seedlings. (D) Gene expression analysis of def,HaAC1gene relative to G-Marker in the stem of sunflower seedlings.
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4. Conclusions

In summary, the PtNF/ERGO/Pt microelectrode was developed
to detect SA in the stem of sunower seedlings under different
salt stress in vivo. Our result was consistent with previous
report, and also conrmed by UPLC-MS and gene expression
analysis. This is the rst time for in vivo detection of SA in plants
using microelectrode. The proposed SA microsensor is simple
and practical, and showed high sensitivity and selectivity. It is
foreseeable that our strategy could pave the way for the in vivo
detection of phytohormone in plants.
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