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Abstract
Abscisic acid (ABA), as the most common plant hormone in the growth of wheat, can greatly affect the yield when its levels 
deviate from normal. Therefore, highly sensitive and selective detection of this hormone is greatly needed. In this work, we 
developed an aptamer sensor based on surface-enhanced Raman spectroscopy (SERS) and applied it for the high sensitiv-
ity detection of ABA. Biotin-modified ABA aptamer complement chains were modified on ferrosoferric oxide magnetic 
nanoparticles  (Fe3O4MNPs) and acted as capture probes, and sulfhydryl aptamer (SH-Apt)-modified silver-coated gold 
nanospheres (Au@Ag NPs) were used as signal probes. Through the recognition of the ABA aptamer and its complementary 
chains, an aptamer sensor based on SERS was constructed. As SERS internal standard molecules of 4-mercaptobenzoic 
acid (4-MBA) were encapsulated between the gold core and silver shell of the signal probes; the constructed aptamer sen-
sor generated a strong SERS signal of 4-MBA after magnetic separation. When there were ABA molecules in the detection 
system, with the preferential binding of ABA aptamer and ABA molecule, the signal probes were released from the capture 
probes, after magnetic separation, leading to a linear decrease in SERS intensity of 4-MBA. Thus, the detection response 
was linear over a logarithmic concentration range, with an ultra-low detection limit of 0.67 fM. In addition, the practical use 
of this assay method was demonstrated in ABA detection from fresh wheat leaves, with a relative error (RE) of 5.43–8.94% 
when compared with results from enzyme-linked immunosorbent assay (ELISA). The low RE value proves that the aptamer 
sensor will be a promising method for ABA detection.

Keywords Abscisic acid · Aptamer sensor · Surface-enhanced Raman spectroscopy (SERS) · Wheat leaves · Signal 
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Introduction

Abscisic acid (ABA), an endogenous hormone of wheat, 
is an organic signal molecule produced by wheat growth 
and development metabolism [1]. The content of ABA in 
wheat is very low, only 0.038–13.2 nM [2], and varies with 

different stages and parts of wheat growth [3]. However, 
ABA has significant physiological effects on wheat growth 
[4] and plays a crucial role in wheat growth, development, 
and environmental response [5]. The change in ABA content 
in different growth stages is directly related to the vigor, 
lodging resistance, photosynthetic performance, and drought 
resistance of wheat seeds [6, 7]. Therefore, quantitative 
detection or real-time monitoring of ABA concentrations in 
wheat at different development stages can, on the one hand, 
monitor the growth and development of wheat, enabling 
timely intervention against the influence of the harsh envi-
ronment on wheat growth. On the other hand, it is of fun-
damental significance to further understand the molecular 
mechanism of plant hormones. In order to quickly quantify 
or detect ABA content in plants at different growth stages, it 
is very important to develop sensitive ABA detection meth-
ods. At present, various analytical techniques have been 
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used to detect ABA, such as colorimetry [8], local surface 
plasmon resonance (LSPR) [9], chromatography [10], and 
electrochemical methods [11], among others [12]. Although 
these methods have sufficient accuracy, they also have the 
disadvantages of large sample demand, cumbersome pre-
treatment caused by high reagent consumption, high require-
ments for professional operators, and high detection costs 
[13]. Therefore, it is necessary to develop a microassay with 
high sensitivity, lower detection limit, less sample consump-
tion, and fewer sample pretreatment steps for ABA detection 
in plant samples.

Raman spectroscopy is the inelastic scattering spec-
troscopy of molecules, which can reflect the internal har-
monic vibration frequency and the vibration energy levels 
of molecules [14]. Surface-enhanced Raman spectroscopy 
(SERS) combines molecular vibrational Raman scatter-
ing with the plasma of noble metal nanomaterials, which 
greatly enhances the intensity and application of Raman 
spectroscopy [15]. In recent years, with the development of 
laser and sensor technology, SERS has been widely used in 
new material analysis [16], cultural relic identification [17], 
national defense security [18], and food safety inspection 
[19]. Despite the success of recent applications, quantita-
tive SERS is still faced with challenges, which is essentially 
due to the fluctuation of SERS hot spots [20]. Gold and 
silver nanomaterials are common SERS substrate materi-
als; gold has better stability, and the enhancement of silver 
is stronger [21]. Thus, we can use the properties of gold, 
silver or their hybrid to to enable the enhancement of the 
molecular signals [22]. In order to solve the quantitative 
problem of SERS, in addition to improving the structural 
uniformity of gold or silver or their hybrid substrates, an 
internal standard method has received extensive attention as 
an effective strategy [23]. In this method, SERS signals of 
internal standard molecules embedded between core–shell 
nanostructures were used to calibrate the sample signals 
[24]. For example, Dai et al. prepared Au@Ag core–shell 
nanoparticles labeled with 4-mercaptopyridine (Mpy) as a 
SERS substrate for successful quantitative detection of the 
living cells in the human body [25]. In addition, Lin et al. 
encapsulated an internal standard 4-mercaptobenzoic acid 
(4-MBA) in core–shell nanoparticle as SERS enhanced sub-
strate for the quantitative detection of pesticide residues on 
vegetable surfaces [26]. In conclusion, core–shell nanopar-
ticles embedded with internal standard molecules have been 
shown to be an effective method to improve the accuracy of 
SERS detection.

Compared with the expensive antibody-antigen binding 
analysis, aptamer has the advantages of low acquisition cost 
[27], strong binding affinity with the target [28], and more 
stable performance, and has been widely used in the field of 
biosensors [29]. In recent years, more and more aptamers 
were combined with SERS technology to form a new type 

of sensor for virus, DNA, and biomarker detection [30]. For 
instance, Man et al. constructed a multifunctional biologi-
cal molecular detection platform combining the schizotypal 
aptamer with photo-induced enhanced Raman spectros-
copy for ultrasensitive detection of adenosine triphosphate, 
cocaine, and thrombin [31]. In previous research, Hu et al. 
optimized ABA aptamer from the literature [32], utilized the 
optimized ABA aptamer to build LSPR biosensor for ABA 
detection, and achieved good results. This demonstrated that 
the optimized aptamer to the target ABA has stronger bind-
ing affinity and specificity, more suitable for the capture of 
the target molecules [9]. Furthermore, ferrosoferric oxide 
magnetic nanoparticles  (Fe3O4MNPs) have the ability for 
rapid separation and signal enrichment, and they can reduce 
and weaken the influence of impurity molecules on the tar-
get molecular signal, which is useful for obtaining strong 
SERS intensity [33]. Therefore,  Fe3O4MNPs have attracted 
increasing attention in the field of SERS analysis [34]. How-
ever, as far as we know, there is no report on the combination 
of  Fe3O4MNPs and Au@Ag core–shell nanoparticles as an 
ABA aptamer sensor. Therefore, combining  Fe3O4MNPs 
with Au@Ag core–shell nanoparticles to develop a SERS 
aptamer sensor for ABA detection is of great significance.

In this work, a novel SERS aptamer sensor based on 
 Fe3O4MNPs combined with Au@Ag Nps was employed in 
ABA detection. Firstly, streptavidin-modified  Fe3O4MNPs 
and Au@Ag Nps were prepared. The internal standard 
molecules 4-MBA were embedded between the gold core 
and silver shell in advance to stabilize the SERS signal and 
prevent interference from the external matrix. The role of 
 Fe3O4MNPs is to facilitate enrichment and separation and 
provide binding sites for aptamers. Next, the biotin-mod-
ified complementary chain cDNA6 was combined with 
 Fe3O4MNPs as the capture probes and ABA aptamer termi-
nal with sulfhydryl group (SH-Apt)-modified Au@Ag NPs 
by Ag-S covalent bond was used as the signal probes. By 
specifically recognizing between cDNA6 and ABA aptamer, 
the SERS aptamer sensor was constructed by DNA iden-
tification and hybridization of capture probes and signal 
probes, which produced the highest SERS signals of 4-MBA 
after magnetic separation. Finally, in the presence of ABA 
molecules, the aptamers on Au@Ag Nps preferentially and 
selectively bound to ABA molecules, leading to the release 
of signal probes from capture probes, causing a decrease in 
SERS intensity of 4-MBA after magnetic separation. The 
ABA level in the sample could be quantified by the inverse 
relationship between ABA concentration and SERS intensity 
of 4-MBA. The aptamer sensor developed by this method 
showed good sensitivity and selectivity in ABA detection. 
In addition, the magnetic separation of  Fe3O4MNPs greatly 
simplifies the detection process. Therefore, the proposed 
SERS aptamer sensor can be used as a new tool for plant 
hormone detection to meet the trace detection needs and 
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further to guarantee the progress of agricultural engineering 
(Scheme 1).

Experimental section

Materials

Chloroauric acid hydrate  (AuCl3·HCl·4H2O), Silver nitrate 
 (AgNO3), and L-ascorbic acid (AA) were purchased from 
Aladdin Reagent Co., Ltd. (Shanghai, China). ABA pow-
der, gibberellin A3 (GA3), indole-3-acetic acid (IAA), 
cytokinin (CTK), rhodamine 6G (R6G,  C28H30N2O3), 
4-mercaptobenzoic acid (4-MBA), sodium citrate dihydrate 
 (C6H5Na3O7·2H2O), polyethylene glycol sorbitan monolau-
rate (Tween 20) were purchased from Sigma-Aldrich (USA). 
Ferrosoferric oxide magnetic nanoparticles  (Fe3O4MNPs) 
modified by streptavidin, sulfhydryl-terminal ABA aptamer 
(SH-Apt), and biotin-terminal ABA complementary aptamer 
were specially customized by Sangon Biotech Co., Ltd. 
(Shanghai, China). The sequence of DNA is shown in Elec-
tronic Supplementary Material Table S1. DNA quenching 
was maintained at 95 °C for 5 min followed by rapid cool-
ing in ice water, and the quenched DNA was stored in the 
refrigerator. Before the experiment, all the glassware was 
soaked overnight in aqua regia [HCl:  HNO3 = 3:1(v/v)] and 
ultrasonically cleaned, and washed repeatedly with ultrapure 
water.

Instruments

The magnetism of  Fe3O4MNPs was acquired by a BKT-4500 
vibrating-sample magnetometer (Beijing Xinke High-Tech 
Co., Ltd). The SERS signals were collected by a confo-
cal Raman microscopic system (Pioneer Technology Co., 
Ltd., Beijing, China). In the process of spectral acquisition, 
a 532 nm laser was used as the excitation source, a ×100 

objective lens was used to focus the laser, the scanning range 
was 800–1800  cm−1 and the integral time was 5 s. The UV-
vis spectra were recorded using a UV-vis spectrophotometer 
(Nanjing Feile Instrument Co., Ltd., Nanjing, China) with 
operating wavelengths of 300–700 nm. Transmission elec-
tron microscope (TEM) images were taken on a JEM-1400 
Plus instrument (JEOL Ltd., Tokyo, Japan) operating at 
120 kV. Zeta potentials and dynamic light scattering (DLS) 
distributions were obtained by a particle and molecular size 
analyzer (Zetasizer Nano ZS, Malvern Instruments Ltd., 
Melvin, UK).

Functionalization of  Fe3O4MNPs and Au@Ag NPs 
with DNA

The streptavidin-modified  Fe3O4MNPs 300  nm in size 
(Fig. S4a) were purchased from Sangon Biotech Co., Ltd. 
(Shanghai, China). The core–shell Au@Ag NPs were pre-
pared in three steps: (1) synthesizing Au NPs; (2) modifying 
the internal standard molecules 4-MBA on the gold core; (3) 
generating a 10 nm-thick silver shell. Therefore, before the 
Ag shell coating, we optimized the concentration of 4-MBA 
to 1 mM. The optimization methods for the concentration 
of 4-MBA refer to the literature [35]. In order to obtain a 
strong and stable SERS signal, the amounts of  AgNO3 were 
optimized to obtain an optimal thickness of the Ag shell (see 
Electronic Supplementary Material Fig. S1). The optimiza-
tion methods for the amounts of  AgNO3 refer to the literature 
[36]. Considering SERS activity and stability, we selected 
Au@Ag NPs with Au core diameter of about 50 nm and Ag 
shell thickness of about 10 nm as the best SERS substrate in 
our experiment for the next study.

The capture probes were prepared by coating biotin-
modified cDNA6 on the streptavidin-modified  Fe3O4MNPs. 
Briefly, a 20 μL solution of  Fe3O4MNPs at a concentration 
of 50 mg/mL−1 was washed three times with ultrapure water, 
then diluted and suspended in PBS to a final concentration 

Scheme 1  The detection 
schematic diagram for ABA 
detection use the SERS aptamer 
sensor
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of 2.5 mg/mL−1. Then, 6 μL of 100 μM cDNA6 solution 
was injected into the  Fe3O4MNPs. The resulting solution 
was gently shaken at room temperature for 30 min using a 
thermostatic oscillator. After magnetic separation, the excess 
cDNA6 chain was removed with ultrapure water. Finally, the 
obtained capture probe was dispersed in ultrapure water, and 
the final concentration was 1 mg/mL−1.

Signal probes were prepared by coating the ABA aptamer 
on the core–shell Au@Ag NPs. The activated SH-Apt of 
100 μM 3 μL was added to 3 mL Au@Ag NPs and incu-
bated at room temperature (25 °C) for 12 h. Next, unbound 
aptamers were removed by centrifugation at 10,000 rpm for 
10 min, and the sediment was dispersed in ultrapure water 
for further use.

Construction of SERS aptamer sensor for abscisic 
acid quantitative detection

The SERS aptamer sensor was produced (Au@Ag@
Apt-Fe3O4MNPs@cDNA6) by mixing capture probes 
 (Fe3O4MNPs@cDNA6) and signal probes (Au@Ag@Apt) 
in different volume ratios and hybridizing for 1 h at 37 °C. 
The resulting sensor solution was cleaned with ultrapure 
water and separated with a magnet. The precipitate was dis-
persed in ultrapure water and stored at 4 °C for later use.

For ABA detection, 50 μL aliquots of different concentra-
tions (1 ×  10−15 M, 1 ×  10−14 M, 1 ×  10−13 M, 1 ×  10−12 M, 
1 ×  10−11 M, 1 ×  10−10 M, 1 ×  10−9 M, 1 ×  10−8 M) of ABA 
were incubated with the 50 μL SERS aptamer sensor for 
40 min at 37 °C with gentle shaking by a thermostatic oscil-
lator (SHA-C, Aohua Instrument Co., Changzhou, China). 
After magnetic separation, the obtained mixture was washed 
with ultrapure water under manual shaking and resuspended 
in 100 μL ultrapure water. Then, 5 μL of the mixture was 
dropped on the silicon wafer and then dried naturally in the 
air for testing. The limit of detection (LOD) of ABA was 
calculated using the equation 3Sb/ b, where Sb is the standard 
deviation of the intensity of the blank sample at 1589  cm−1 
Raman shift, and b is the slope of the drawn standard curve 
[37].

Selectivity evaluation

Due to the complexity of the action of plant hormones on 
plant growth mechanisms, various endogenous hormones 
restrict and complement each other. Other endogenous 
hormones such as gibberellin A3 (GA3), indole-3-acetic 
acid (IAA), and cytokinin (CTA) may disturb the detection 
of abscisic acid. In order to investigate the selectivity of 
the proposed aptamer SERS sensor, gibberellin  A3  (GA3), 
indole-3-acetic acid (IAA), and cytokinin (CTA) at a con-
centration of 1 mM were used in the assay instead of ABA.

Real sample analysis

Measuring the detection ability in real samples is an impor-
tant indicator to judge the practical utility of the sensor. 
Therefore, in order to verify the feasibility of the aptamer 
sensor in detecting ABA in real samples, we selected mature 
wheat leaves to prepare real samples, and the extraction 
method for real samples referred to [38]. The concentration 
of the real samples was determined by both enzyme-linked 
immunosorbent assay (ELISA) and SERS methods.

Results and discussion

Morphological and LSPR characterization of the NPs

The Au and the Au@Ag NPs were fairly spherical in shape, 
with the latter surrounded by a 10 nm Ag shell as displayed 
in the TEM images of Fig. 1a and b. The silver shell thick-
ness was optimized by reducing different doses of  AgNO3 
with AA: the thicker the silver shell, the higher the SERS 
enhancement. However, the silver shell with a thickness of 
more than 10 nm will block the laser irradiation and reduce 
the SERS intensity of internal standard molecules. There-
fore, a thickness of 10 nm was used as the thickness of the 
silver shell of the core–shell nanoparticles in this study. The 
optimization process of silver shell thickness was shown in 
Electronic Supplementary Material Fig. S1. The sizes of Au 
NPs, Au@Ag NPs, and Au@Ag@Apt NPs were 50, 60, and 
63 nm in diameter respectively as confirmed by the dynamic 
light scattering (Fig. 1c). A LSPR band for both Au@Ag 
NPs and Au@Ag@Apt NPs was observed centered around 
a wavelength of 420 nm but with diminished absorbance 
for the latter and a slight change in the color of the solution 
(darkened), as seen in Fig. 1d. The zeta potential of Au@
Ag NPs was found to be −40.7 mV, and this was due to the 
reduction of silver nitrate by trisodium citrate, and the citrate 
is negatively charged. After the conjugation of SH-Apt onto 
Au@Ag NPs, the surface potential increased to −24.5 mV. 
These changes in electric potential (see Electronic Supple-
mentary Material Fig. S2), absorbance (Fig. 1d), and hydro-
dynamic particle size (Fig. 1c) indicated that aptamers were 
successfully modified onto the surfaces of the Au@Ag NPs.

The successful assembly of the complementary aptamer 
cDNA6 on the streptavidin-modified  Fe3O4MNPs was also 
assessed by zeta potential measurement (Fig. 2b). The zeta 
potential of  Fe3O4MNPs was 28.2 mV. After the conjugation 
of biotin-modified cDNA6 onto  Fe3O4MNPs, the surface 
potential increased to 46.5 mV. The magnetic hysteresis 
loops were recorded to study the magnetism of magnetic 
beads and  Fe3O4MNPs@cDNA6. The saturation magnetiza-
tion (MS) value of  Fe3O4MNPs was 38.9 emu·g−1 (Fig. 2a, 
black line), exhibiting a superparamagnetic property. 
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In addition, only a slight decrease in magnetization of 
 Fe3O4MNPs@ cDNA6 was observed (Fig. 2a, red line) 
after coating with the complementary aptamer, indicating 
that  Fe3O4MNPs still retained good magnetism after modi-
fication of cDNA6.

Optimization of the SERS aptamer sensor

However, some factors inevitably affect the performance of 
the sensor. Therefore, we investigated these potential fac-
tors. It is clear from Fig. 3a and b that the strongest SERS 
intensity was obtained with the binding of the  Fe3O4MNPs@
CDNA6 as capture probes to the signal probes, indicating 
that CDNA6 had the strongest binding force with the ABA 
aptamer. This is consistent with the results of UV-Vis spectra 

(Fig. 3c and d). UV-Vis spectra showed that the absorbance 
of Au@Ag@Apt-Fe3O4MNPs@cDNA6s changed the most 
when the eight capture probes were combined with the sig-
nal probes, indicating that the signal probes and MB-cDNA6 
had the strongest recognition ability. Due to the relatively 
stronger recognition affinity between the cDNA6 and the 
aptamer, more signal probes were bound to the capture 
probes after the combination of the two probes, resulting in 
an increase in the concentration of the signal probes in the 
mixed solution, and thus the absorbance. Therefore, the opti-
mal aptamer sensor was established using the  Fe3O4MNPs@
cDNA6 as the capture probes.

It is also very important to select an appropriate ratio 
between capture probes and signal probes for establishing 
a sensitive SERS aptamer sensor. The capture probes and 

Fig. 1  Characterization of the 
signal probes (Au@Ag@Apt 
NPs). (a), (b) TEM images of 
Au NPs and Au@Ag NPs. (c) 
The Au Nps, Au@Ag Nps, and 
Au@Ag@Apt Nps are indicated 
with numbers, (d) UV–Vis 
spectra and color of Au@Ag 
NPs and Au@Ag@Apt NPs

Fig. 2  Characterization of 
capture probes  (Fe3O4MNPs@
cDNA6). (a) Magnetic hyster-
esis curve; (b) zeta potential 
measurements
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signal probes with different volume ratios (1:1, 1:1.25, 1:1.5, 
1:1.75, 1:2, 1:2.25, 1:2.5) were incubated at 37 °C until the 
signal probes and the capture probe were fully integrated. 
After the mixture was centrifuged, collected, and dispersed, 
the SERS detection was performed. As illustrated in Fig. 4a 
and Electronic Supplementary Material Fig. S3, when the 
volume ratio of the capture probes to the signal probes was 
1:2.5, the strongest SERS intensity was obtained. However, 
when the volume ratio reached 1:2, if the volume of the sig-
nal probes continued to increase, the SERS signal changed 
very little. This indicates that when the volume ratio was 
1:2, the signal probes completely covered the capture probes. 
Therefore, the optimal aptamer sensor was built based on 
the ratio of 1:2 for capture probes over signal probes. In 
order to further verify the successful construction of the 
SERS aptamer sensor based on signal probes, TEM images 

were obtained. TEM images of the capture probes and sig-
nal probes are shown in Electronic Supplementary Mate-
rial Fig. S4a and b, respectively. Figure S4c shows that the 
signal probes (Au@Ag@apt NPs) and the capture probe 
 (Fe3O4MNPs@cDNA6) were uniformly bonded by DNA 
hybridization, which is consistent with the literature [39, 
40].

Furthermore, because the ABA aptamer preferentially 
combined with ABA, leading to the capture probes releas-
ing signal probes, the SERS intensity of the internal standard 
molecule 4-MBA decreased. Therefore, by optimizing the 
competitive reaction time of ABA and aptamer, accurate 
results were be obtained. As can be seen from Fig. 4b, the 
SERS intensity of 4-MBA gradually weakened with the 
increase in competitive reaction time, but when the reaction 
time reached 40 min, SERS intensity no longer weakened 

Fig. 3  Selection of aptamer 
supplement chain. (a) SERS 
spectral curve and (b) intensity 
histogram at 1589  cm−1 of eight 
kinds of capture probes mixed 
with signal probes. (c) Absorb-
ance curve and (d) absorb-
ance changes in signal probe 
combined with eight kinds of 
capture probe. The letters a, b, 
c, d, e, f, g, and h in the figure 
(a)-(d) respectively represent 
Au@Ag@Apt-Fe3O4MNPs@
cDNA1, Au@Ag@Apt-
Fe3O4MNPs@cDNA2, and 
so on up to Au@Ag@Apt-
Fe3O4MNPs@cDNA8

Fig. 4  SERS intensity of 
4-MBA at 1589  cm−1 of (a) 
different volume ratios (1:1, 
1:1.25, 1:1.5, 1:1.75, 1:2, 
1:2.25, 1:2.5) of capture probes 
and signal probes and (b) dif-
ferent incubation times (10, 
20, 30, 40,50, 60 min) of ABA 
(1 ×  10−8 M)
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and reached a platform, so 40 min was chosen as the com-
petitive reaction time.

The detection of abscisic acid‑based aptamer sensor

 The Raman characteristic peaks of ABA powder are shown 
in Electronic Supplementary Material Fig. S5. The strongest 
Raman peak shift at 1637  cm−1 was derived from the stretch-
ing vibration of the C=C double bond in the ABA molecular 
structure. The attribution of other characteristic peaks and 
the molecular structure of ABA are shown in Electronic 
Supplementary Material Table S2. In fact, in the process 
of ABA detection, there was no obvious characteristic peak 
of ABA in the detection spectrum, because the introduction 
of ABA led to the separation of the signal probes and the 
capture probes, and the SERS intensity of the 4-MBA on the 
capture probes decreased, so the relationship between ABA 
concentration and SERS intensity of the 4-MBA molecule 
was established.

Based on the constructed SERS aptamer sensor, the 
changes in SERS intensity of the 4-MBA molecules caused 
by different concentrations of ABA were detected. As can 
be seen from Fig. 5a, within the range of 1 ×  10−15 M to 
1 ×  10−8  M, SERS intensity gradually decreased with 
the increase in ABA concentration, which was because 
the increase in ABA concentration led to the increased 
release of signal probes. The obvious Raman peak of 

internal standard 4-MBA at 1589  cm−1 was selected to 
establish a linear relationship, as shown in Fig. 5b. There 
was a strong linear relationship between the SERS inten-
sity at 1589  cm−1 and logarithmic ABA concentrations 
from 1 ×  10−15 M to 1 ×  10−8 M. According to Fig. 5b, the 
linear regression equation was y = −1172x + 7484, with 
a correlation coefficient R2 of 0.9875, and the calculated 
limit of detection (LOD) of ABA was 0.67 fM. In addi-
tion, compared with other ABA assays reported previ-
ously (Table 1), the SERS aptamer sensor had a wider 
linear range and lower LOD for ABA detection; the LOD 
was five orders of magnitude lower than that for chroma-
tographic detection of ABA, and the detection time was 
shorter. Once the signal probe-based SERS aptamer sensor 
was set up, the testing only took a few seconds.

Specificity evaluation

Some wheat endogenous hormones were introduced to test 
the selectivity of the aptamer SERS sensor for ABA. As 
shown in Fig. 6, in the presence of the  GA3, IAA, or CTK, 
no obvious change was observed in the SERS signal. On 
the contrary, the concentration of ABA was 10,000 times 
lower than other endogenous hormones in wheat, but led 
to an obvious decrease in SERS signal intensity. These 
results demonstrate that the developed aptamer sensor has 
good selectivity for ABA.

Fig. 5  (a) SERS spectra and (b) 
calibration curve of the signal 
probe-based aptamer sensor 
for abscisic acid at different 
concentrations (1 ×  10−15 M, 
1 ×  10−14 M, 1 ×  10−13 M, 
1 ×  10−12 M, 1 ×  10−11 M, 
1 ×  10−10 M, 1 ×  10−9 M, 
1 ×  10−8 M, from top to bottom). 
Error bars show the standard 
deviation of three repeated 
experiments

Table 1  Comparison of the 
results for the developed method 
with those of existing methods 
for abscisic acid detection

Number Method Detection range LOD References

1 Capillary electrophoresis 0.1–10 μM 0.28 nM [41]
2 Electrochemical immunoassay 10 ng/mL–10 μg/mL 5 ng/mL [11]
3 Chemiluminescence 1pM–10 nM 1pM [12]
4 Chromatography 0.01 ng/mL–0.74 μg/mL 0.01 ng/mL [10]
5 Colorimetric 5 nM–10 μM 2.2 nM [8]
6 LSPR 0.1 nM–1 mM 0.51 nM [9]
7 SERS aptamer sensor 1fM–10 nM 0.67 fM This work
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Abscisic acid determination in real wheat leaves

In order to further verify the effectiveness of the SERS 
method proposed in this paper in practical application, fresh 
leaves of mature wheat were selected for the experiment. 
The content of ABA in real samples was also determined by 
ELISA. The comparison results are summarized in Table 2. 
Compared with ELISA, the maximum relative error was 
8.94%, and the agreement between the two methods was 
acceptable. The comparison results show that this method 
provides a feasible assay for the detection of gibberellin, 
indole acetic acid, and other plant hormones.

Conclusions

A high-performance SERS aptamer sensor was successfully 
developed by combining the multifunctional capture probes 
 (Fe3O4MNPs@cDNA6) with the strong SERS intensity of 
the signal probes (Au@Ag@Apt). Different ABA concentra-
tions in the sensor system caused different SERS intensity 
of 4-MBA molecules, which was used for the ultrasensitive 
detection of ABA. The linear range of ABA detection was 
1 fM to 10 nM, R2 was 0.9875, and the detection limit was 
0.67 fM. The application of this method in the determination 
of ABA in fresh wheat leaves showed that the relative error 
was 5.43–8.94% compared with ELISA. Therefore, this new 
SERS aptamer sensor could be used as a promising analyti-
cal tool for the detection of ABA in practical samples. These 
satisfactory results indicate that the new method developed 
in this study based on SERS is helpful for sensitive and 

accurate detection of ABA in plants. This new method can 
also be used for the analysis of other endogenous hormones 
in plants and animals.
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