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Laboratory of Laser Technology in Agricultural Sciences, Zhengzhou, China; cState Key Laboratory of Wheat and Maize Crop Science,
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ABSTRACT
A rapid, accurate and novel detection method of plant hormones abscisic acid at ultra-low
concentrations in wheat leaves was proposed in this study. This surface-enhanced Raman
spectroscopy based method developed the substrate with the silver coated gold nanocom-
posites. This substrate exhibited excellent detection of rhodamine6G with an ultra-low con-
centration of 1� 10�12 M. And resulted in high-performance, well homogeneity and
reproducibility against abscisic acid hormone detection with a limit of detection of 1� 10�9

M. This assay further measured abscisic acid hormones from the fresh leaves extract of
wheat with the relative error of 3.72–10.66% compared with enzyme-linked immunosorbent
assay bioassay.
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Introduction

Plant hormones such asauxins, gibberellins, cytoki-
nins, abscisic acid (ABA) and ethylene are trace
chemical compounds that are synthesized within
certain body parts of plants and then transported
to the site of action. Although plant hormones
occur in plants at low concentration (about
0.038–15.2 nM), they can help the plants to tolerate
environmental stress.[1] Specifically, ABA regulates
the physiological responses to environmental
stresses such as drought and cold, effectively regu-
lates the vegetative and reproductive growth of
plant’s root/crown, and significantly improves the
quality and yield of crops.[2] Thus, quantitative
detection of the trace concentrations of ABA in
the plant is critical to deeply understand the
molecular mechanism of plant hormones. A num-
ber of measurements have been developed to
detect the ABA, where the most widely used
approaches include gas chromatography/mass spec-
trometry (GC/MS),[3] Electrochemical immuno-
assay,[4] Chemiluminescence,[5] and capillary
electrophoresis.[6] However, these methods are

typically limited to require tedious sample pretreat-
ment and enrichment, as well as expensive instru-
ments in the lab.

Raman spectroscopy is a powerful vibrational
spectroscopy technique based on inelastic scatter-
ing of light from the molecules of interested.[7]

Raman signal is very weak, its intensity is only
10�30 times of incident light, so Raman spectros-
copy was not widely used for decades after its
discovery in 1928. Until 1977, Van Duyne et al.
discovered the surface-enhanced Raman spectros-
copy (SERS) effect on roughened silver electro-
des, which has become a great breakthrough in
Raman spectroscopy.[8] SERS is capable of identi-
fying specific analyte molecules through their
“fingerprint” Raman signals,[9] where the choice
of suitable substrate based on notable metal
nanomaterials is important for the improvement
of SERS performance. Commonly, SERS sub-
strates with different structures exhibit superior
Raman scattering enhancement attributed by
both electromagnetic mechanism (EM) and
chemical mechanism (CM). EM is mainlyinduced
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by the localized surface plasmon resonance
(LSPR) effect,[10] which is a long term effect with
an enhancement factor up to 1014.[11] CM is
derived from the energy exchange between the
surrounding molecules and photons driven by
the enhanced local electric field,[12] which is a
short-range effect and only happens on the sur-
face of adsorptive metals, and the enhancement
factor is generally 103.[13] Recently, with the mer-
its of high sensitivity, rapid analysis, ultra-low
detection limit, trace amount of sample required,
excellent reproducibility and partially or com-
pletely computerization, SERS has been regarded
as a promising and powerful analytical technique
in the determination of biological molecules.
They have been widely applied in biomedical
field,[14] national defense security,[15] environ-
mental health,[16] new energy development[17]

and other fields.[18] Nevertheless, to the best of
our knowledge, the SERS technique has not yet
been applied to ABA detection.

In the application of SERS quantitative detec-
tion, it is the key that the SERS substrate is simple
to fabricate and can generate uniform hot
spots.[19] Both gold (Au) and silver (Ag) nanopar-
ticles are good SERS substrates, the stability of Au
is well, while the enhanced effect of Ag is stron-
ger. Therefore, the application of Au and Ag
nanocomposites in SERS quantitative detection
became more and more extensive, in particular of
Au@Ag core-shell structures. He et al. used
reporter molecular modified highly monodispersed
single-crystal Au nano-spherical particles (AuNSs)
as cores to prepare core-shell Au@AgNSs, which
exhibited excellent SERS enhancement in the
quantitative detection of aflatoxins.[20] Chen et al.
used four kinds of reporter molecules modified
between the gold and silver core-shell nanostruc-
tures to realize the simultaneous detection of four
inflammatory markers.[21] Most recently, Ag
encapsulated Au (Ag@Au) nanospheres were syn-
thesized to obtain higher SERS signals.[22] In these
Au and Ag nanocomposites substrates, internal
standard molecules such as 4-Mercaptobenzoic
acid (4MBA) are often added between the core
and shell to quantify the concentration of analytes.
The hidden internal standards can provide stable
SERS signal unrelated to the external

environments, laying the foundation for preparing
SERS substrates with built-in calibration capacity.

Recently, our group reported a localized sur-
face plasmon resonance (LSPR) sensor to detect
ABA in plant hormones and the ideal results
were obtained.[23] However, the development of
new plant hormone biosensors is of profound
significance for promoting the implementation of
rural revitalization plan and food security in
China. In this work, the silver coated gold nano-
composites (Au@AgNCs) were synthesized by
controlling the deposition of Ag over Au-4MBA
seeds using the seed mediated growth method,
where the amount of silver nitrate was used to
control the thickness of the Ag shell and 4MBA
was selected as the internal standard molecule.
The morphological and optical properties were
characterized by transmission electron micros-
copy (TEM) image and ultraviolet-visible (UV-
Vis) absorption spectra, respectively. Then the
Au@AgNCs based SERS substrate was used to
quantitatively detect ABA with a concentration
range from 1� 10�9M to 1� 10�4M. This study
is the first time to apply SERS technology for the
quantitative detection of plant hormone ABA.
The research results will provide a certain experi-
mental reference for the development and appli-
cation of Raman spectroscopy in the detection of
plant hormone, and provide a strong research
foundation for the later stage research of more
sensitive and selective quantitative detection of
plant hormone ABA biosensor.

Materials and methods

Materials and instrumentations

Two Tetrachloroauric (III) acid tetrahydrate
(HAuCl4�4H2O), Silver nitrate (AgNO3), L-ascorbic
acid (AA) were purchased from Aladdin Reagent
Co., Ltd (Shanghai, China). ABA powder,
rhodamine6G (R6G, C28H30N2O3), 4-mercaptoben-
zoic acid (4MBA), sodium citrate dihydrate
(C6H5Na3O7�2H2O), polyethylene glycol sorbitan
monolaurate (Tween20) were purchased from
Sigma-Aldrich (USA). Ultrapure water was used
for all solution preparations. All glassware used in
this research were cleaned using aqua regia
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[HCl:HNO3¼ 3:1(v/v)], and rinsed with ultrapure
water for several times before experiments.

Ultraviolet-visible spectra were recorded using
a UV-Vis spectrophotometer (Nanjing Feiler
Instrument Co. LTD, Nanjing, China) with oper-
ating wavelength in the range of 300–700 nm.
Before measurements, the Au nanoparticles
(AuNPs) and core-shell Au@AgNCs colloids were
diluted with ultrapure water. Transmission elec-
tron microscopy (TEM) images of AuNPs and
core-shell Au@AgNCs were obtained using a
transmission electron microscope (JEOL JEM-
1400 Plus, Tokyo, Japan) operated at an acceler-
ation voltage of 120 kV. The impurities were
removed according high speed centrifuge (Hunan
Xiangyi Centrifuge Instrument Co. LTD, China),
Before centrifugation, all the centrifuge tubes
were rinsed with 0.05% TW20 solution to prevent
the nanoparticles from adsorbing on the
tube wall.

Synthesis of core-shell silver coated gold
nanocomposites

Au seeds with an average diameter of about 37nm
were prepared by the reduction of HAuCl4�4H2O
using trisodium citrate.[24] In brief, 500mL of 1%
HAuCl4�4H2O was added to 49.5mL ultrapure
water in a 100mL conical flask under slight mag-
netic stirring. The solution was heated to boiling
and kept for 2min at 120 �C. Then, 1mL of 1%
C6H5Na3O7�2H2O was added quickly under vigor-
ous magnetic stirring for 5min. The colorless solu-
tion gradually turns gray, blue, black, and finally
gradually stabilizes to purple. The obtained solu-
tion was centrifuged at 12,000 rpm for 10min, and
then the sediment was dispersed in the same vol-
ume of ultrapure water for further synthesizing
core shell Au@AgNCs.

The core shell Au@AgNCs were prepared by a
seed mediated growth process.[25] In brief, 5 uL
of 1mM 4MBA was added to 10mL of the above
AuNPs, magnetically stirred for 20min, and cen-
trifuged with a speed of 12,000 rpm for 10min to
remove unbound 4MBA, and the sediment was
dispersed in the 10mL ultrapure water. Then,
450 mL of 10mM AA aqueous solution was added
to the tube and mixed with Au-4MBA seeds col-
loid for 1min by a magnetic stirrer. Afterwards,

250 mL of 2.5mM AgNO3 aqueous solution was
added drop by drop to the above solution at a
rate of one drop per 3 s upon vigorous shaking.
The color of the solution gradually turned from
purple to orange with continue stirring for
20min. For synthesis core shell Au@AgNCs with
different thicknesses of Ag shell, keeping the AA
level at 450 mL, changing the addition of AgNO3

ranging from 50 to 300 mL. All the experiments
were conducted at 25 �C. The synthetic
Au@AgNCs solution needs to be refrigerated at
�4 �C in the dark.

Surface-enhanced Raman spectroscopy detection

R6G was used as Raman probe to analyze the
SERS sensitivity and reproducibility of the prepared
Au@AgNCs SERS substrate. R6G solutions with
different levels of concentration were prepared,
100mL R6G solution (1� 10�8–1� 10�12M) was
mixed with 400mL Au@AgNCs colloid and kept
for 30min. Then, 10mL of the mixture was
dropped on the clean silicon wafer and dried at
room temperature for SERS detection. The power
of incident laser was set to 65mW. The exposure
time was 10 s. Moreover, for detecting ABA using
the Au@AgNCs as the SERS active substrate, 50mL
ABA solution (1� 10�9–1� 10�4 M) was mixed
with 50mL Au@AgNCs colloid, and the SERS sig-
nals were also detected on the silicon wafer with
the same setting.

The SERS signals were collected by a confocal
Raman microscopic system (Pioneer Technology
Co. LTD, Beijing, China). The Raman system
consists of a high-stable dark-field microscope
(BX41, Olympus Co., Center Valley, PA, USA), a
confocal Raman module, and a high-resolution
spectrometer (Andor Technology Ltd, Belfast,
BT127AL, UK) equipped with a CCD
(1024� 256 pixel sensor, Germany). All Raman
spectra in this study were collected under a 10�
objective with a 532 nm laser radiation.

Real samples

The fresh sample of 0.2 g mature wheat leaves
was ground into homogenate with 2mL extract-
ing solution (containing 80% methanol and
1mmol/L butylated hydroxytoluene) and
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transferred into 10mL centrifuge tube. Then the
mortar was rinsed twice with 3mL extracting
solution, which was then transferred into the cen-
trifuge tube. After shaking, the samples were put
into a refrigerator at 4 �C for 6–8 h and centri-
fuged at 4000 rpm for 10min to remove the
supernatant.[23] The sediment was dried with N2

flushing, and the methanol in the extract was
removed, then the sample was diluted to 10mL.
The content of wheat hormones ABA was deter-
mined by ELISA and SERS.

Results and discussions

The detection principle

The detection principle is the internal standard
molecule 4MBA was encapsulated between the
gold core and silver shell, and the concentration
of internal standard molecule 4MBA is optimized
to generate a stable SERS signal. Due to the pro-
tection of the silver shell, the internal standard
molecules will not be affected by the environ-
mental matrix and will not randomly react with
the environmental matrix to affect its SERS sig-
nal. The SERS intensity of the mixed solution
was detected by mixing different concentrations
of ABA solutions with core shell substrate solu-
tion containing internal standard molecules that
can produce stable SERS signals. As shown in
Fig. 1b, 1589 cm�1 is the characteristic Raman
peak of 4MBA, and 1637 cm�1 is the characteris-
tic Raman peak of plant hormone ABA. Finally,
the relationship between the SERS intensity and
ABA concentration was established to achieve
quantitative detection of ABA.

Characterization of silver coated gold
nanocomposites

It is very important to design noble metal nano-
particles with controllable size and particle
morphology to obtain high performance and
practical SERS sensing substrates. In this study,
four kinds of gold seeds with different diameters
were synthesized, and core-shell Au@AgNCs with
different shell thickness were synthesized by seed
mediated growth method. The morphology of
gold cores can be controlled by changing the
addition level of trisodium citrate. Fig. S1a–d

shows the morphological characteristics of
AuNPs formed by adding different doses of 1%
trisodium citrate (0.8mL, 1mL, 1.2mL, 1.5mL)
to 50mL boiled 0.01% HAuCl4�4H2O. As the
dosage of trisodium citrate 1% increased from
0.8mL to 1mL, 1.2mL and 1.5mL, AuNPs
showed spherical morphology and average diam-
eter decreased from about 55 nm to 37 nm, 28 nm
and 18 nm, respectively.

The SERS activity of noble metal nanoparticles
depends on two competing effects: surface scat-
tering and radiation damping. Surface scattering
would affect the imaginary part of the dielectric

Figure 1. The molecular structure and Raman spectra of absci-
sic acid powder (a), Surface-enhanced Raman spectroscopy of
abscisic acid with different concentrations absorbed on silver
coated gold nanocomposites (b). The detection limit of abscisic
acid is 1� 10�9 M, in the linear range 1� 10�9–1� 10�4 M,
the linear correlation coefficient of abscisic acid is 0.9866.
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constant of noble metal, leading drastic changes
of surface plasmas, which strongly affected SERS
enhancement.[22] On the one hand, larger nano-
particles can produce stronger enhancement
when excited by a laser. On the other hand, as
the size of metal nanoparticles increases, the
radiation attenuation becomes more severe.
Therefore, in this study, 37 nm of intermediate
size was taken as the cores to further synthesize
core shell nanostructures. As shown in Fig. 2a
and Fig. S1c.

The thickness of silver shell certainly affected
the sensitivity of silver coated gold nanoparticles
as SERS substrate. The lattice constants of gold
and silver nanocrystal are very close, just 0.2%
apart, so silver can be easily coated on top of
gold nanoparticles.[19] The shell coated core not
only protects the nanoparticles from aggregation,

sintering or other reagents, but also adjusts the
sensitivity of core shell nanoparticles by adjusting
the thickness of the shell. In order to obtain a
strong and stable SERS signal, the amounts of
AgNO3 were optimized to obtain an optimal
Ag shell.

The UV-Vis absorption spectra of Au@AgNCs
suspensions with different thickness of Ag shell
were measured and presented in Fig. 3a. Clearly,
when the amount of ascorbic acid was kept as
450 mL and the amount of AgNO3was increased
from 50 to 300 mL, the LSPR peak wavelength of

Figure 2. Transmission electron microscopy photos of 37 nm
gold nanoparticles (a), the silver coated gold nanocomposites
with 37 nm gold core and 7 nm silver shell (b). The photos
show the size of the gold core and the thickness of the sil-
ver shell.

Figure 3. Ultraviolet-visible absorption spectra (a), and
Surface-enhanced Raman spectroscopy intensity of the silver
coated gold nanocomposites with different volumes of silver
nitrate (2.5mM) and same volumes trisodium citrate (10mM,
450mL) added in gold nanoparticle solution (10mL) (b). The
figure reveal silver shell formation of the silver coated gold
nanocomposites.
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Ag shell is shifted from 390 nm to 478 nm, indi-
cated the thickness of the silver shell coated on
the gold core increased continuously (Fig. S2).
Meanwhile, the SERS intensity was greatly
affected by the amount of AgNO3. As exhibited
in Fig. 3b and Fig. S3, the SERS intensity
increases with the adding volumes of AgNO3

from 0 to 300 mL, a relatively high and stable
SERS signal is obtained when the volume of
AgNO3 increased to 250 mL, corresponding to a
7 nm thickness of Ag shell (Fig. 2b and Fig. S2e).
Although the SERS signal at 300 mL addition of
AgNO3 is slightly stronger than 250 mL (Fig. 3b
and Fig. S3), the LSPR peak began to widen as
exhibited UV-Vis spectra in Fig. 3a, indicating
that there was slight aggregation of silver coated
gold nanoparticles, resulting in signal instability,
which was owing to the irregular silver shell gen-
eration. This result was also confirmed by TEM
images of core-shell nanoparticles with different
shell thicknesses, as shown in Fig. S2. When the
amount of silver nitrate is 50 mL, 100 mL, 150 mL,
200 mL, 250 mL, 300 mL, the corresponding shell
thickness is 1 nm, 1.5 nm, 3 nm, 5 nm, 7 nm,
9 nm, respectively. Therefore, the formation of
Au@AgNCs with good morphology and the
thickness of silver shell can be effectively regu-
lated by adjusting the amount of silver nitrate
and ascorbic acid. When the shell thickness
exceeds 9 nm, the silver shell covering the surface
of gold nanoparticles was too large, resulting in
aggregation and precipitation of nanoparticles, as
shown in Fig. S2f. Therefore, by taking the SERS
activity and stability into account, the
Au@AgNCs with Au core diameter of about
37 nm and Ag shell thickness of about 7 nm is
chosen as the optimal SERS substrate for further
study in our experiments. Fig. S4 shows the aver-
age size of the gold core and the average thick-
ness of the silver shell with standard deviation.

Sensitivity and reproducibility of surface-enhanced
Raman spectroscopy substrate

With R6G as target molecule, the reproducibility,
sensitivity, and the enhanced factor (EF) of the
SERS substrate were investigated. As illustrated in
Fig. 4a, the Raman characteristic peaks of R6G
are located at 1183 cm�1, 1312 cm�1, 1361 cm�1,

1512 cm�1, and 1651m�1, while the characteristic
peak of 4MBA is 1589 cm�1, the SERS signal of
R6G can still be distinctly observed even when
the concentration reduces to 10�12 M, which
indicates an excellent SERS sensitivity of the
Au@AgNCs substrate. As shown in Fig. S5, the
linear relationship between the SERS intensity of
the Raman peak centered at 1512 cm�1 and the
logarithmic concentration of R6Grevealsthat, the
SERS intensity of R6G has a highly linear correl-
ation (R2 ¼ 0.9864) with its logarithmic
concentration.

Figure 4. Surface-enhanced Raman signal intensities of
Rhodamine 6 G with different concentrations absorbed on sil-
ver coated gold nanocomposites (a), 20 random Raman signal
intensities of Rhodamine 6 G with a concentration of 10 nM
characteristic peak at 1512 cm�1 and 4-mercaptobenzoic acid
characteristic peak at 1589 cm�1 (b). The figure reveals silver
coated gold nanocomposites as Raman substrate have good
sensitivity and reproducibility.
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To further demonstrate the SERS sensitivity of
this Au@AgNCs substrate, an approximate EF was
estimated. R6G was used to estimate the EF for
the silver coated gold nanocomposites. EF is calcu-
lated by dividing the SERS intensity normalized by
the number of molecules absorbed onto core-shell
Au@AgNCs nanostructure to the ordinary Raman
intensity normalized by the number of molecules
in bulk volume using the following calculation for-
mula (1).[26] Here, CRaman and CSERS are the con-
centration of the same volume R6G used for
Raman and SERS detection respectively. IRaman

and ISERS are the corresponding Raman and SERS
signal intensity of R6G with the same volume and
different concentrations respectively.

EF ¼ ISERS=CSERS

IRaman=CRaman
(1)

About 10mL of 0.1mM R6G was dropped dir-
ectly on a silicon wafer for detection for IRaman

signal collection. 100 mL R6G solution (10�12 M)
was mixed with 400 mL Au@AgNCs colloid and
kept for 30min. The final concentration of R6G
is 0.2� 10�12 M. Then, 10mL of the mixture was
dropped on the clean silicon wafer and dried at
room temperature for ISERS signal collection.
Based on the peak at 1512 cm�1 of R6G, IRaman

and ISERS were measured to be 184.6 and 214,
respectively. The approximate EF was estimated
to be 0.58� 109, indicating a high SERS sensitiv-
ity of the prepared SERS substrate.

In order to evaluate the reproducibility of the
Au@AgNCs based SERS active substrate, five
batches of Au@AgNCs colloid were prepared and
20 Raman spectra of R6G were randomly col-
lected. The intensity variation of the Raman peak
at 1512 cm�1 and 1589 cm�1 are shown in
Fig. 4b. The Raman intensities of the 20 values at
1589 cm�1 fluctuated from 978 to 1014, with a
relative standard deviation (RSD) value of 7.17%.
It has been widely accepted that the reproducibil-
ity of a new (or existing) SERS architecture for
the quantitative measurement should have RSD
less than 20%.[27] Therefore, the excellent sensi-
tivity and reproducibility provide a great possibil-
ity for practical applications of core-shell
Au@AgNCs colloid acting as a reliable analytical
approach in future.

Optimization of the concentration of
4-mercaptobenzoic acid

The above results indicated that the fabricated
SERS substrate can be effectively used to detect
R6G. However, the concentration of internal stand-
ard molecules 4MBA inevitably affects the perform-
ance of the substrate. Therefore, prior to the Ag
shell coating, we attempted to optimize the concen-
tration of 4MBA. Six different concentrations of
4MBA ranging from 100 to 600nM were tested,
and the corresponding SERS intensity are shown in
Fig. 5a. The SERS signal intensity reaches to a larg-
est value as the concentration of 4MBA increases
to 500nM. Further, the increasing concentration of
4MBA resulting in a declining SERS signal. This
phenomenon may be caused by the slight aggrega-
tion of nanoparticles due to the increased concen-
tration of ethanol in the dissolved 4MBA.[21] Thus,
500nM of 4MBA is chosen as the optimal concen-
tration for modifying the AuNPs core.

To further illustrate the SERS enhanced per-
formance of the substrate and the optimal con-
centration of the 4MBA, the same concentrations
of 4MBA ranging from 100 to 600 nM were
modified on Au-4MBA cores, and then Au-
4MBA NPs were coated with Ag shells with the
same thickness of 7 nm. The corresponding SERS
intensity are shown in Fig. 5a, it can be clearly
seen from Fig. 5a that the optimized concentra-
tion of 4MBA is still 500 nM, where the SERS
signal is the largest. Furthermore, it should be
noticed that from Fig. 5b the SERS intensity of
Au-4MBA@Ag substrate improves almost 10
times when compared to Au-4MBA substrate,
This result was consistent with the calculation of
EF using R6G molecule as probes, which indi-
cated that the synthesized core-shell Au@AgNCs
as SERS substrate have strong enhancement.

Abscisic acid detection using silver coated gold
nanocomposites substrate

Fig. 1a displays Raman characteristic peak of ABA
powder and the molecular structure of ABA. There
are several evident Raman peaks of ABA powder,
where the Raman peak at 1637 cm�1 is mainly due
to stretching vibration of carbon-carbon double
bond, the 1271 cm�1 peak is assigned to stretching
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vibration of carbon-carbon single bond. Also the
1048 cm�1 is assigned to non-planar oscillation of
methyl and the 865 cm�1 peak is assigned to tor-
sional vibration of a carbon-carbon single bond,
and the 612 cm�1 peak is assigned to planar and
non-planar oscillations of C–H bonds. Fig. 1b dis-
plays the SERS spectra of ABA with different con-
centrations using Au@AgNCs as substrate. Clearly,
the SERS intensity of the characteristic peaks from
ABA decreased simultaneously with the reduced
concentration of ABA. It can be observed that the

Raman bands are still noticeable even when ABA
concentration is as low as 1� 10�9M. Thus, the
LOD of ABA detected by SERS is 1� 10�9M.
Because the SERS intensity of the peak at
1637 cm�1 is stronger than that of other peaks, this
peak was selected to establish the calibration curve
between SERS intensity and the ABA concentra-
tion. Fig. S6 shows the linear relationship between
the SERS intensity of 1637 cm�1and the ABA con-
centration in logarithmic scale. The fitted equation
is y¼ 102lgC þ 1004 with a determination coeffi-
cient (R2) of 0.9866. Furthermore, 5 batches of
ABA samples of the same volume were prepared
and 20 Raman spectra were randomly collected.
The intensity variation of the Raman peak at
1589 cm�1 and 1637 cm�1 are shown in Fig. S7.
The SERS intensities of the 20 values at 1637 cm�1

fluctuated from 489 to 510, with a relative standard
deviation (RSD) value of 6.33%. This result sug-
gested that it is feasible to utilize Au@AgNCs as
the SERS active substrate for detecting trace
amounts of plant hormone ABA.

Furthermore, Compared with other ABA
detection methods previously reported (Table 1),
the detection of ABA using silver coated gold
nanocomposites as SERS substrate had a wider
linear range and a relatively low LOD, and the
linear range was wider than that of chromatog-
raphy detection of ABA, and the detection speed
was faster. Once the silver coated gold nanopar-
ticles were synthesized, they can be used for a
long period of time, and the testing time is only
a few seconds. The detect method is simple to
operate and does not require the participation of
professionals, which is suitable for farmers to
monitor the changes of plant hormones in crops
at different growth stages at any time.

Quantification of abscisic acid in real samples and
comparison to enzyme-linked immunosorbent assay

To further validate this proposed SERS method
in practical applications, fresh leaves of wheat in
the mature period were chosen for this experi-
ment. For comparison, the ABA content of these
samples was also measured by using ELISA
method. The results measured by SERS and
ELISA are shown in Table 2. When compared
the ELISA method with SERS, the calculated

Figure 5. Surface-enhanced Raman signal intensities different
concentrations of 4-mercaptobenzoic acid modified on gold core,
and between gold core and silver shell (a), comparison of
Raman signal intendity of 4-mercaptobenzoic acid characteristic
peak at 1589 cm�1 before and after formed the silver shell (b).
A stable internal standard signal has been obtained by optimiz-
ing the concentration of the reporter molecule 4-mercaptoben-
zoic acid. The volume of 4-mercaptobenzoic acid (1mM, 5mL)
was selected as optimal reporter molecule according to Raman
intensities at 1589 cm�1 before and after formed the silver shell.
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maximum relative error of ABA content is
10.66%, which exhibits an acceptable agreement
between these two methods. From the experi-
mental results, it can be concluded that this pro-
posed method could provide a great potential for
the detection of ABA and other plant hormones
such as ethylene, salicylic acid and so on.

Conclusion

Gold and silver core-shell nanocomposites were
synthesized. The SERS enhancement of the
Au@AgNCs was quantified by 4MBAas the Raman
reporter molecules. By optimizing the concentration
of 4MBA solution and the thickness of silver shell,
the Raman activity of SERS substrate was stabilized.
Furthermore, R6G was used as Raman probe mol-
ecule to test the sensitivity and reproducibility of
optimal Au@AgNCs substrate. In this work, this
optimal Au@AgNCs substrate has been shown for
the first time to be successfully used for the detec-
tion of the plant hormone ABA in a matter of sec-
onds without the need for complex and expensive
instruments. This study also demonstrates that the
obtained experimental results show a good linear
relationship between the SERS intensity and the
ABA in the concentration range of
1� 10�4–1� 10�9 M with a detection limit of
1 nM. The practical use of this assay has been dem-
onstrated by its application to detect ABA from

fresh leaves of wheat with the relative error of
3.72–10.66% when compared with ELISA bioassay.
Thus, such measurements have the potential to be
readily applied to the detection of other plant hor-
mones such as ethylene and salicylic acid in
the future.
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