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ABSTRACT: Volatile organic compounds (VOCs) contain
unique information about infection of plants; thus, they can be
used as reliable biomarkers for plant diseases. Among various
VOCs, methyl salicylate (MeSA) is released abundantly during
pathogenic infections because MeSA is emitted not only at the
infected site but also throughout the whole plant as a systemic
response. In this work, 4-mercaptophenylboronic acid (MPBA)
functionalized Au nanoparticles were employed as a probe for
MeSA vapor sensing via surface-enhanced Raman scattering
(SERS) spectroscopy. The SERS sensors can detect MeSA as
low as 0.608 ppb (S/N of 3) with excellent intra- and interassay
reproducibility. The origin of Raman signal change was attributed
to the weak, reversible intermolecular interaction between MPBA and MeSA. This study demonstrates that the SERS sensing
platform holds great promise in noninvasive and fast monitoring of volatile biomarkers for crop health.

■ INTRODUCTION

Crop losses due to pests and diseases are a major threat to the
incomes of rural families and to food security worldwide.1 In
spite of significant advances in agricultural security and crop
health surveillance, crop disease outbreaks continue to pose
significant concerns to agricultural industry and result in
devastating economic losses.2 A critical step in the control and
prevention of pathogen-dependent crop losses is the effective
and timely detection of physiological biomarkers associated
with pathogen infection, so that infections occurring on crops
can be treated at an early stage before irreversible and
widespread damage occurs.
Currently, the common methods for detecting pathogenic

diseases in crops mainly rely on the detection of volatile
organic compounds (VOCs) released by the infected plants,
besides conventional time-consuming laboratory-oriented
molecular diagnosis tools.3 The VOCs contain unique
information about the infection and hence can be used as a
reliable biomarker to rapidly and noninvasively detect
pathogen infection.4 Unlike a healthy plant, the infected
plant would release different kinds of VOCs, which were
produced through various biosynthetic pathways.5 Among
various volatile matters, methyl salicylate (MeSA) is released
abundantly during pathogenic infections because MeSA is
emitted not only at the infected site but also throughout the
whole plant as a systemic response. Therefore, MeSA is a

suitable volatile biomarker for the detection of pathogen-
associated crop diseases.6−8 MeSA is usually quantified by gas-
chromatography coupled with mass-spectrometry (GC-MS)
and headspace solid phase microextraction (HS-SPME)
techniques. However, these methods require a laboratory
setting with bulky expensive instruments and skilled personnel.
Thus, they are not suitable for rapid, in-field detection of
MeSA. Although a few methods such as a bienzyme-based
electrochemical biosensor and “electronic nose” have been
developed for MeSA vapor detection, their performance still
needs to be improved.9−11

Surface-enhanced Raman spectroscopy (SERS) is a powerful
technique that offers many advantages in trace analyte sensing,
including high sensitivity, specificity and easiness of operation.
Raman scattering of molecules refers to the inelastic scattering
of photons due to their specific vibrations; therefore, can be
used to identify and quantify molecules. However, the Raman
signal is often weak due to low Raman scattering efficiency.
Fortunately, the Raman signal can be enhanced by factors as
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high as 1015 when target molecules are on or near a metal
surface with nanoscale structures, known as SERS.12−15 The
SERS enhancement is mainly due to the greatly enhanced
electric field generated from localized surface plasmon
resonance of the metal nanostructures.16−18 In order to
achieve high SERS intensity, it is desired that the molecules
have high Raman cross-section and be close to the plasmonic
structures, such as Ag and Au nanoparticles (NPs).19−21 Some
examples of the common SERS probes molecules are 4-
mercaptobenzoic acid,22 4-nitrothiophenol,23 and 4-mercapto-
phenol.24 The SERS intensity and frequency of these probe
molecules can be affected by other molecules which have
chemical and/or physical interaction with them. Thus, they
can be used to detect other molecules which do not have a
large Raman cross section or strong interaction with the
plasmonic structures.24−28 In this work, we adopted this
strategy and developed a SERS sensor for MeSA vapor
detection. Specifically, 4-mercaptophenylboronic acid (MPBA)
functionalized AuNPs were employed as the SERS probe.
Upon exposure to MeSA vapor, the SERS signal of MPBA
decreases due to the weak interaction between MPBA and
MeSA. This vapor sensing method is sensitive with a limit of
detection of 0.608 ppb (S/N = 3), lower than the emission
level of plants. The sensor also shows good reproducibility,
reusability, and specificity against some other common green
leaf VOCs.

■ EXPERIMENTAL SECTION

Chemicals and Materials. 4-Mercaptophenylboronic acid
(4-MPBA) was purchased from Oakwood Chemical. Methyl
salicylate (MeSA), gold(III) chloride trihydrate (HAuCl4·
3H2O), and hydroxylamine hydrochloride were purchased
from Sigma-Aldrich. Ethanol and sodium citrate dihydrate
were purchased from Fisher Scientific. Hexyl acetate and cis-3-
hexenyl acetate were purchased from Alfa Aesar. All chemicals
were used as received.

Instrument. Transmission electron microscopy (TEM)
images were acquired using an FEI Tecnai G2 Spirit BioTWIN
and scanning electron microscopy (SEM) images were
acquired with a Teneo LV SEM. A portable Raman
spectrometer (QE Pro, Ocean Optics) was used to collect
the Raman spectra coupled with a 785 nm laser operated at 24
mW. For each Raman measurement, the spectrum was
integrated for 5 s. UV−vis spectra of AuNPs were acquired
with an Agilent Technologies Cary 60 UV−vis.

Preparation of MPBA-Functionalized AuNP Films.
First, 40 nm AuNPs were prepared using Frens’ method29

and served as the seeds for further growth. 120 nm AuNPs
were then synthesized using 40 nm seeds according to our
previous reported method.30 UV−vis spectrum of the AuNPs
suspension (Figure S1A) has a narrow peak at 591 nm,
indicating that AuNPs were monodispersed. TEM imaging
further confirmed AuNPs shows good size-uniformity with an
average diameter of ∼120 nm (Figure S1B). To functionalize
the AuNPs with MPBA, 30 mL of the as-prepared AuNPs were
first centrifuged and redispersed into 1 mL of DI water. Then
30 μL of a 10 mM MPBA solution (in ethanol) was added into
the AuNP solution and reacted for 5 min under gentle shaking
at room temperature. The excessive MPBA molecules were
removed by centrifugation followed by DI water washing. This
process was repeated three times to ensure the complete
removal of unbounded MPBA. The MPBA-functionalized
AuNPs were then dispersed into 60 μL of ethanol. Then 5 μL
of a MPBA−AuNPs ethanolic solution was dropped onto the
center of a plastic centrifuge tube cap. This process was
repeated for six times after the ethanol evaporated completely
each time. The MPBA−Au films were stored at room
temperature and employed as the SERS substrates for MeSA
detection.

SERS Detection Method and Apparatus. The typical
SERS sensing procedure developed in this study is presented in
Figure 1 and briefly described below. The MPBA-Au NP
substrates was placed in a Petri dish with a small injection hole
in the center of Petri dish cap. Then 5 μL of various

Figure 1. Generalized scheme of SERS-based detection of plant volatile biomarker methyl salicylate (not to scale). MPBA-functionalized AuNPs
acted as the SERS substrate that was sealed inside a Petri dish. Various concentrations of MeSA solution were injected into the Petri dish through
the hole on the Petri dish cap. The injected MeSA evaporated and interacted with MPBA on the SERS substrate, which leads to changes of the
SERS signals.
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concentrations of ethanolic MeSA solutions was injected into
the sealed Petri dish and then evaporated to generate MeSA
vapor with different concentrations. The MeSA vapor was
allowed to react with MPBA on Au NPs for 5 min. The SERS
signal of MPBA on AuNPs was collected using a portable
Raman spectrometer coupled with a 785 nm laser before and
after MeSA addition. During detection, the positions of the
portable Raman probe, the Petri dish, and the MPBA-
functionalized AuNP film were all fixed.

■ RESULTS AND DISCUSSION

SEM images in Figure 2 show that MPBA-functionalized
AuNPs formed a densely packed film on the substrate. Many

nanogaps formed between the AuNPs due to the aggregation
during drying. These nanogaps serve as “hot spots” to enhance
the Raman signal of MPBA. This procedure produces AuNP
films with good uniformity of SERS signal within each film and
also between different films (see results below). The SERS
spectra of AuNPs before and after MPBA-functionalization
were collected and shown in Figure S3. It is obvious that
MPBA-functionalized AuNPs exhibit several strong SERS
peaks of MPBA. The assignment of these peaks is available
in Table S1. The SERS spectrum of MPBA was used as the
reference for MeSA detection.
As MeSA has very low solubility in water, MeSA was

dissolved into ethanol and then injected into the sealed Petri

Figure 2. SEM images of the deposited MPBA-functionalized AuNPs on a plastic substrate.

Figure 3. (A) SERS response of MPBA-functionalized AuNPs for MeSA at concentrations of 0−500 ppb. The spectra were normalized to the peak
at 1074 cm−1. Inset: a zoom-in plot of the intensity changes of the strongest peak at 1074 cm−1. (B) MPBA detection curve by plotting the peak
intensity at 1074 cm−1 as a function of MeSA vapor concentration. Inset: a zoom-in plot of SERS intensity and MeSA concentration from 0 to 5
ppb showing a good linear relationship between the two with a R2 of 0.9943.

Figure 4. (A) Normalized Raman spectra upon eight injections of pure ethanol and after its vaporization. (B) Selectivity study of two representative
green leaf volatiles compounds (hexyl acetate and cis-3-hexenyl acetate) released by plants, indicating that they have no interference during MeSA
detection.
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dish to generate MeSA vapor. Then 5 μL of various
concentrations of MeSA solutions was injected each time, as
described in the Experimental Section. After 5 min of reaction,
the SERS spectra of MPBA were collected and compared to
the reference spectrum taken before MeSA addition. Assuming
that after evaporation MeSA vapor uniformly filled the entire
Petri dish, the vapor concentration of MeSA in the Petri dish is
determined by the mass of the MeSA divided by the volume of
the Petri dish. The normalized SERS intensity of MPBA shows
clear dependence on MeSA concentration, as presented in
Figure 3A. With the increase of MeSA concentration, the
MPBA SERS signal decreases. The Raman peak intensity at
1074 cm−1 was used to calculate the corresponding calibration
curve (normalized peak intensity vs MeSA vapor concen-
tration), shown in Figure 3B. The normalization is based on
the SERS spectrum without MeSA (zero concentration) and
the error bars represent the standard deviation calculated from
three repeated measurements. The inset in Figure 3B shows
the SERS sensor has a good linearity in the low ppb range. The
detection limit of the sensor is determined to be 0.608 ppb
using 3 times the standard deviation of the SERS measure-
ments (0.00188) divided by absolute value of the slope of the
inset linear plot (0.00927) in Figure 3B. The results
demonstrate that the SERS sensor has a MeSA detectability
range within the range of MeSA levels generated by plants (2.5
ppb) in studies demonstrating plant−plant MeSA signaling;31

thus, it can potentially be applied to directly detect MeSA
vapor from plants.
Since MeSA was dissolved in ethanol, the effect of vaporized

ethanol on the Raman signal of MPBA-functionalized AuNPs
must be determined. The control experiments were performed
following the exact same procedure of MeSA addition except
that pure ethanol was used instead of MeSA in ethanol. As
shown in Figure 4A, ethanol vapor generated from eight
consecutive injections of 5 μL of ethanol does not lead to
observable changes of the Raman signal of MPBA-function-
alized AuNPs, proving that ethanol did not interfere with the
SERS detection of MeSA.
Selectivity is one important analytical characteristic for any

sensors, which should be evaluated before any practical
application. It has been reported that MeSA is not the only
volatile organic compound produced by crops. Other VOCs
such as green leaf volatiles (GLVs) that are released by plants
may also be present at high concentrations, which could cause
interference during MeSA measurement.32,33 Therefore, the
selectivity study was conducted to address this query. Two
representative GLVs compounds (hexyl acetate and cis-3-
hexenyl acetate) were used to evaluate the interference on the
detection of MeSA through SERS. The experiments followed a
similar procedure of MeSA detection. Specifically, 5 μL of pure
hexyl acetate and cis-3-hexenyl acetate solution were separately
injected into the Petri dish. After vaporization and reaction for
5 min, SERS signals of MPBA on Au NPs were measured.
From Figure 4B, there is no observable change of the SERS
intensity, indicating that hexyl acetate and cis-3-hexenyl acetate
did not interfere with MeSA detection.
Furthermore, another selectivity study focusing on the

VOCs matrix effect (all VOCs vapors emitted from a health
plant leave) on spiked MeSA detection was carried out using a
real green leaf. To simulate the MeSA-releasing green leaf, a
healthy green leaf was sealed in a Petri dish and then 5 μL of
MeSA was injected into it, which gave a vapor concentration of
100 ppb. After incubating for 5 min, SERS signal from MPBA-

functionalized AuNPs was measured. As shown in Figure 5, the
VOCs from the green leaf did not change the MPBA SERS

intensity, but the MeSA vapor from MeSA solution spiked on
the green leaf did. According to the signal and the calibration
curve, the calculated recovery rate is 85%, indicating the good
match between the spiked and measured concentrations. This
selectivity study proves that the SERS sensor possesses high
selectivity toward MeSA vapor detection and the matrix VOCs
released from healthy leaves do not interfere the detection of
MeSA.
Since SERS enhancement is extremely sensitive to the local

electric-field intensity at the detection spot, a challenge in
SERS detection is the intra- and interassay reproducibility. To
test the intradevice reproducibility, SERS signal of MPBA
before and after 100 ppb MeSA addition were collected at
eight randomly selected spots on an AuNP film immobilized in
a Petri dish attached to a micrometer. The micrometer reading
of each spot was recorded so the SERS intensity before and
after MeSA addition can be compared for each spot. Table S2
shows the SERS intensity of MPBA at 1074 cm−1 before and
after MeSA addition at each spot and also the relative intensity
calculated by taking the ratio of the two 1074 cm −1 peaks. The
relative intensity of the data acquired at the eight spots was
also plotted in Figure 6A. The difference in the normalized
intensity is small, with an average of 0.882 and a relative
standard deviation of 0.04%. The results show the good
intradevice reproducibility of the SERS sensor. Furthermore,
the interdevice variation in the relative SERS intensity at 1074
cm−1 was tested when 100 ppb MeSA was added to eight
different MPBA−AuNP films. The graph in Figure 6B and data
in Table S3 show the results. The average relative intensity
obtained from the seven devices is 0.881 with a relative
standard deviation of 2%. The small intra- and interassay
variation demonstrates the robustness of this method.
In the experiments, we discovered that the SERS response of

the MPBA−AuNP films to MeSA is reversible. After the film
was exposed to MeSA vapor in the Petri dish, we simply
removed the cap and expose the film to air. The results show
that 15 min exposure to clean air can recover almost 100% of
the original response, indicating the interaction of MeSA with
SERS reporters is reversible in principle. Furthermore, in order
to examine whether the MPBA−AuNP films has long-term
stability, a freshly prepared film and one film used after more
than 7 months of storage in the open air in a drawer were used

Figure 5. SERS response to MeSA with a green leaf sealed inside the
Petri dish. A green leaf was sealed inside the Petri dish along with the
SERS substrate MPBA−AuNPs, and then 100 ppb MeSA was
injected. The SERS signal was collected 5 min later and normalized to
the peak at 1074 cm−1.
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for MeSA detection. After 100 ppb of MeSA was added, similar
decrease (∼10%) in the SERS intensity of MPBA at 1074 cm−1

was still observed as shown in Figure S4, indicating the
excellent long-term stability and effectiveness of the substrate
for MeSA detection. This study demonstrates that the SERS
probe responds to MeSA vapor reversibly, allowing easy
regeneration of SERS probe (for multiple uses) by simply
placing it in clean air.
The above results demonstrated the successful detection of

MeSA vapor with MPBA functionalized AuNP films. More-
over, the reversibility of the detection suggests the interaction
between MPBA and MeSA is weak. Thus, we hypothesize that
the MeSA molecules interact with MPBA via weak molecular
interaction between MeSA and the boronic group on MPBA,
resulting in a decrease in the SERS signal. Most likely, this
interaction is due to Coulomb or van der Waals force between
the molecules which will break the nearly C2v structural
symmetry of the phenol group on MPBA to Cs. Upon close
examination of the SERS spectra of MPBA after exposure to
MeSA, a small shoulder appeared at 1575 cm−1 from the
asymmetric C−C stretching of the phenol group in MPBA due
to the Herzberg−Teller contribution (see Figure 7).34 Such a
phenomenon has been observed in the literature, and it was
attributed to the asymmetric binding of the analyte with
MPBA.35 To examine how MeSA affected the SERS signal of
MPBA, we calculated the intensity ratio between the
asymmetric (1575 cm−1) and symmetric C−C stretching

(1583 cm−1) of the phenol group in MPBA. Figure 7 shows
that as the MeSA vapor concentration increases, the ratio
increases. This confirms that MeSA does interact with MPBA
and breaks its symmetry. The mechanism is worthy of further
investigation by varying the molecular structure of the SERS
probes, and/or assistance from density functional theory
calculations.

■ CONCLUSIONS
In this study, we have presented a rapid and facile SERS
sensing platform enabled by MPBA−AuNP films using a
portable Raman spectrometer. The method has successfully
been applied for sensitive and selective detection of MeSA, a
plant VOC released abundantly during pathogenic infections.
The SERS signal of MPBA decreases upon exposure to MeSA
vapor likely due to the weak binding between MeSA and
boronic acid on MPBA. The SERS sensor also shows great
robustness, reusability, and long-term stability, and thus, it can
be applied in fast monitoring of volatile biomarkers for crop
health.
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