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Detection of cis-jasmone (CJ]) enables monitoring of growth pressure in plants, which is especially useful
for sensing attacks by herbivores. Here, a sensitive and selective nanocomposite-imprinted, localized sur-
face plasmon resonance (LSPR) sensor for CJ vapor was fabricated. Gold (Au) nano-islands were prepared
by vacuum sputtering of Au nanoparticles on a glass substrate, followed by thermal annealing. Titanium
molecularly imprinted sol-gels (MISGs) were spin-coated on the Au nano-islands as an adsorption layer
for enhancing the selectivity of the optical sensor. Gas molecules were detected by using a small spec-
trometer to monitor variations in absorption spectra. In addition, the functional monomer and the ratio
of matrix materials to functional monomers in the MISGs were investigated and optimized. MISGs that
contained the functional monomer trimethoxyphenylsilane at a 3:1(v:v) ratio exhibited a higher sensi-
tivity and selectivity than other films. The optical sensor would have advantages of low cost, selectivity,
sensitivity, and repeatability. The limit of CJ detection in air was 3.5 ppm (signal/noise =3). Thus, the
sensor is expected to be a potential tool for CJ monitoring in agriculture applications.

Optical sensor

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Plants have evolved a variety of sophisticated mechanisms to
withstand stresses imposed by salt, cold, heat, herbivore attack, or
pathogen infection [1]. A critical mechanism for self-protection, as
well as a communication signal between plants, is the production
of complex mixtures of plant volatile organic compounds (PVOCs)
[2]. PVOCs can not only attract pollinators or seed-dispersing ani-
mals, but also repel potential herbivores [3]. Recently, much effort
has been focused on clarifying the metabolic pathways and func-
tions of these PVOCs [4,5]. Sobhy et al. suggested that (E)-2-hexenal,
methyl salicylate, cis-jasmone (C]), and methyl benzoate were the
main compounds in the PVOCs [6]. In particular, jasmone released
by flowers or leaves can be used as a chemical cue for herbivo-
rous insect infestation [7]. In addition, Birkett et al. reported that
the biosynthesis of CJ was associated with stress-induced jasmonic
acid or octadecanoid pathways [8-10]. Bruce et al. reported that CJ
treatment of crop plants, such as soybeans and potatoes, directly
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defended against aphids, and also initiated PVOC release that
repelled natural enemies [11]. Therefore, CJ can be regarded as a
vital biomarker for plant pest and disease monitoring in agriculture
[12]. Currently, PVOCs has been analyzed with gas chromatogra-
phy/mass [13]. However, this is not suitable for real-time PVOC
monitoring because it is time consuming, costly, and not portable.
[14,15]. Therefore, alternative sensing strategies need to be con-
sidered for real-time monitoring of C] vapors with high sensitivity,
selectivity, and response speeds for agricultural applications [16].
Recently, plasmonic signal transduction has been used to
enhance the sensitivity of biosensor probes and chemical sensors
[17-19]. Localized surface plasmon resonance (LSPR) involves the
interaction of metallic nanoparticles (NPs) with electromagnetic
waves to induce plasmon oscillations at NP surfaces [20-22]. LSPR
can be used as a transducer by converting changes in refractive
index (RI) into spectral shifts through induced electromagnetic
fields [23,24]. Because of its rapid response and high sensitivity,
LSPR has led to the development of optical sensors for various ana-
lytes, such as polyphosphates, blood plasma, and wine [25-29].
Because responses of LSPR sensors depend on changes in the
media surrounding the NPs, there is a low selectivity for tar-
get analytes [30,31]. Therefore, absorbing materials or antibodies
are always coated on the NP surfaces to enhance sensitivity and
selectivity [32,33]. In our previous work, LSPR sensors coated
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Fig. 1. Schematic of MISG-coated Au nano-islands with functional monomers for selective CJ vapor detection.

with molecularly imprinted polymers (MIPs) were developed for
terpene vapor detection [34]. Molecular imprinting involves molec-
ular recognition with high selectivity to target molecules [35,36].
By controlling the thickness of MIP layers and the NP structure, both
high sensitivity and selectivity can be balanced very well. However,
organic polymers have some limitations, such as poor site acces-
sibility and chemical stability [37]. Molecularly imprinted sol-gels
(MISGs) have high selectivity, low cost, long life cycles, and tailored
physical-chemical properties [38]. Thus, MISGs have been used for
chromatographic separations and chemical sensors [39].

The aim of this work was to develop a MISG-based LSPR for
detection of CJ. As illustrated in Fig. 1, Au nano-islands were
fabricated by vacuum sputtering and annealing. Then, a three
dimensional “imprint” of C] molecules within the MISG was created
around the Au nano-islands. An optical sensor was developed for CJ
detection by monitoring changes in the RI by absorbance spectra.
The functional monomer was a vital element of the MISGs, and was
investigated to enhance imprinting effects for sensitivity. In addi-
tion, the effect of the ratio of matrix material to functional monomer
on the C] response was examined. The feasibility of the MISG-LSPR
sensor for C] vapor was evaluated.

2. Materials and methods
2.1. Materials and instrumentations

Tetrabutoxy titanium (TBOT), isopropanol, CJ], limonene, vy-
terpene, titanium tetrachloride (TiCly), acetone, and ethanol
were purchased from Wako Pure Chemical Industries, Japan.
3-aminopropyl tri-ethoxysilane (APTES) was purchased from Shin-
Etsu Chemical, Japan. a-pinene, trimethoxyphenylsilane (TMP),
triethoxy phenylsilane (TEP), trimethoxy(2-phenylethyl)silane
(TM2P) were purchased from Sigma-Aldrich Co. LLC, USA. Benzyl-
triethoxysilane (BTE) was purchased from Tokyo Chemical Industry

Co., Japan. All reagents were used as received. Fourier transform-
infrared spectroscopy (FT-IR, Nicolet iS 5, Thermo Fisher Scientific,
USA) was used to analyze MISG-AuNP films before and after CJ
absorption. Scanning electron microscopy (SEM, SU8000, Hitachi)
and atomic force microscopy (AFM, Dimension Ion, Bruker IXS)
were used to image morphologies of AuNP-coated NISGs/MISGs.

2.2. Preparation of MISG reaction solution

Preparation of the MISG reaction solution was reported pre-
viously [40]. Briefly, it was prepared by dissolving 0.441 mmol
(150 L) TBOT precursor, 0.304 mmol (50 wL) C] templates, and
50 wL of functional monomers (TMP, TEP, TM2P, or BTE) in 2 mL
of isopropanol while stirring. The concentrations of TMP, TEP,
TM2P, or BTE in the MISG solutions were 0.252 mmol, 0.208 mmol,
0.221 mmol, and 0.197 mmol, respectively (see Fig. 2 for struc-
tures). Then, 0.132 mmol (25 pL) of TiCly was added to initiate
the reaction. Afterward, the MISG reaction solution was pre-
hydrolyzed in a 60 °C water bath for 1 h while stirring. Finally, the
solution was stirred at room temperature (25 °C) for 8 h to compete
the MISG reaction.

2.3. MISG-coated LSPR sensor preparation

A 12-mm x 9-mm glass substrate was ultrasonically cleaned in
ultrapure water, acetone, ethanol, and then exposed to an argon
plasma (PDC-001, Harrick plasma, USA). It was then immersed in a
1:10 (v:v) APTES ethanol solution for 8 h. After being cleaned with
ethanol and dried with flowing nitrogen, the sample was put into
a quick coater (SC-701 HMCII, Sanyu electron, Japan) for a 3-nm
deposition of AuNP. Thermal annealing was then performed in a
muffle furnace (SSTS-13 K, ISUZU, Seisakusho, Japan) at 500 °C for
2 h, followed by cooling to room temperature. The sample was then
subjected to sputtering and annealing again under the same condi-
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Fig. 5. FT-IR spectra of NISG-, TMP-NISG-, MISG-, TMP-MISG-, TEP-MISG-, TM2P-MISG-, and BTE-MISG-coated samples before and after CJ vapor absorption.

tions to form a high-sensitivity LSPR substrate [41]. Then, 20 p.L of for 1 hto finish the MISG fabrication and to evaporate the templates.
the MISG reaction solution was spin-coated on the Au nano-islands All samples were stored under vacuum to remove volatile organic
at3000 rpm for 1 min. In the last step, the sample was keptat 130°C compounds in the MISGs.
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Fig. 6. Real-time responses for NISG-, MISG-, TMP-MISG-, TEP-MISG-, TM2P-MISG-, and BTE-MISG-coated samples (a) and their quantitative responses (b). Responses were

obtained for a 600-s CJ vapor flow (10.56 & 0.96 ppm), followed by a 600-s air flow.

2.4. Vapor generation and sensing system

Schematics of the PVOC vapor generation and optical sensing
systems are shown in Fig. 3. Vapor was generated from a glass
bottle with odorants (6 mL), and controlled with an air pump, a
cleaning filter (filled with molecular sieves and activated carbon),
two mass flow controllers (MFC), and a three-way valve. All gas
flow paths used Teflon tubes. The gas/air flow was controlled with
LabView software (2014, National instruments, Austin, USA) and
a DAQ (USB-6009, National instruments, Austin, USA) card. The
concentrations C (ppm) of PVOCs were calculated by:

_ kxDyx10°

¢ F

(1)

where D; (jug/min) was the diffusion rate at the ambient tempera-
ture, F(L/min) was the flow rate of the diluent gas (0.5 L/min), and k

was the factor for converting gas weight to gas volume, which was
calculated by:

224 273+t 760
k="—x ——— x

M 273 7P 2)

M was the molecular weight of the PVOC molecule, t was the
temperature of the gas chamber (25°C), and P was the gas pres-
sure (760 mmHg). By changing F and the size of the bottle, various
concentrations of PVOCs could be obtained. The optical sensing sys-
tem included a tungsten-halogen light source (LS-1, Ocean Optics,
USA), a sensing cell, and an ultraviolet-visible (UV-vis) spectrome-
ter (HR4000, Ocean Optics, USA). Absorption spectra were acquired
over the range 400-900 nm at a resolution of 0.1 nm, and recorded
by OPwave+ software (Ocean Optics, USA). Gas responses were
obtained with a PVOC vapor flow for 600s and then an air flow
for 600s.
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Fig. 7. Absorption spectra for TMP-MISG-coated samples with different TBOT/TMP ratios (v:v).

3. Results and discussion
3.1. Functional monomer selection

Strong noncovalent interactions between the functional
monomers and the templates were critical for forming three-
dimensional binding cavities during polymerization [42]. The
functional monomer was a critical for MISGs preparation. CJ is very
volatile, with a vapor pressure of 0.029 mm Hg at 25 °C. Therefore, it
could be evaporated from the NISGs/MISGs layer with clean flowing
air. Given the chemical structure of CJ (Fig. 2), functional monomers
with aromatic rings would be appropriate for cavity generation
in the MISGs via 1 — electron, Van der Waals, and hydrogen-bond
interactions [43,44]. Therefore, four function monomers (TMP, TEP,
TM2P and BTE) were considered (Fig. 2).

Au nano-islands coated with various MISGs were optically char-
acterized. Fig. 4 plots differences in their UV-vis spectra. Relative
to the bare sample, plasmon peaks in the NISG/MISG-coated sam-
ples shifted to the red because of the MISGs. In addition, relative
to the MISG-modified sample, the surface plasmon (SP) peaks of
the samples coated by MISG with functional monomers shifted to
the blue. Their surface morphologies were imaged with SEM (Fig.
S1) and AFM (Fig. S2). SEM of the bare sample revealed that Au
nano-islands were uniformly deposited on the substrate, which
would induce a stronger LSPR effect between Au nano-islands [45].
The islands were covered by MISG/NISG films, which produced the
diverse absorbance spectra. The surfaces of MISG-coated samples
varied with functional monomers, which indicated that the sol-gel
process was affected differently by the functional monomers (TMP,
TEP, TM2P, and BTE).

Attenuated total reflection FT-IR spectra were plotted in Fig. 5.
The broadened band at 1400-1480 cm~! was attributed to stretch-
ing of the benzenoid ring. There were benzenoid ring peaks in
the functional monomers contained in the NISGs/MISGs; thus, the
monomers were polymerized in the sol-gel films. The strong band
at 1620-1750 cm~! was attributed to C=0 stretching of CJ, as was
observed in the MISG-TMP- and MISG-TM2P-coated samples after
gas absorption. Hence, CJ] molecules diffused to the MISGs cavities
(Fig. 2).In addition, lower-energy peaks appeared in the MISG- and

MISG-BTE-coated samples. In contrast, there were no C=0 absorp-
tion peaks in the NISG-modified samples, which indicated less gas
absorption.

In-situ responses of NISG-, TMP-NISG-, MISG-, TMP-MISG-, TEP-
MISG-, TM2P-MISG-, and BTE-MISG-coated samples to CJ vapor
(10.56+0.96 ppm) were measured by absorption changes AA,
given by:

AA = Agas - Aair (3)

where Ay was the absorption in air, and Aggs was the absorption
in the PVOC vapor. Both the CJ vapor generation and the sensing
measurements were performed at room temperature.

Fig. 6a illustrated that no responses to C] vapor were observed
for NISG-modified LSPR sensors, which indicated that CJ absorption
by the pure sol-gel matrix was poor, as reported previously [46].
The responses to CJ vapor for NISG/MISG-coated samples are sum-
marized in Fig. 6b. MISGs without functional monomers exhibited
lower responses than did the TMP-MISGs and TM2P-MISGs, indi-
cating that the functional monomers improved the MISG responses
and response speeds to target molecules. The TEP and BTE func-
tional monomers had lower responses, indicating that functional
monomers associated with —OCH,CH3 (TEP and BTE) were less
effective in enhancing CJ imprinting than those containing —OCHj3
(TMP and TM2P). In addition, NISG-coated samples with the func-
tional monomer TMP were studied. As shown in Fig. 6a, the affinity
of NISGs to C] vapor increased by adding TMP because of the TMP-
NISG matrix effect. The response of TMP-MISGs was 2.25 times
that of the TMP-NISGs. The larger sensitivity of the TMP-MISGs was
attributed to both the matrix effect and imprinting. Therefore, TMP
appeared to be the optimal functional monomer for the CJ-MISGs.

3.2. Optimization of the TBOT/TMP ratio

Imprinting with MIP materials was affected by the ratio of the
matrix to the functional monomers [46]. Specifically, the ratios
of matrix material (TBOT) to functional monomer (TMP) were
adjusted to be 75/125, 100/100, 125/75, 150/50, and 175/25 (L,
v/v) to optimize the LSPR sensor for C] detection. UV-vis absorp-
tion spectra vs. the ratios were plotted in Fig. 7, where Amax
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increased and its wavelength was blue-shifted as the amount of
TMP decreased. SEM and AFM images for these MISGs (Figs. S3,4)
revealed that the size of the TiO, sol-gel was affected by the ratios.
In particular, larger TiO, discs were formed by a higher TBOT/TMP
ratio.

In-situ responses of LSPR sensors coated with MISGs having the
various TBOT/TMP ratios were plotted in Fig. 8. The results indicated
that sensitivity was affected, and that Au nano-islands coated by
MISG-TMP with the ratio TBOT/TMP=150/50 had the highest CJ
sensitivity.

3.3. [ detection with a MISG-coated Au nano-island sensor

Both the shape and correct orientation of the functional groups
enabled selective re-binding of the imprinted target by subsequent

removal of the template binding sites during sol-gel processing.
However, other PVOCs, specially terpene molecules, were present
in the ambient environment and could be captured in MISG cavities.
To evaluate the selectivity of the MISG-coated sensors, the three
primary terpenes a-pinene, limonene, and vy-terpinene (Fig. 2)
were tested as interference PVOCs. All the responses were normal-
ized to these concentrations:

Ruormalized = R/lg(ctest) (4)

where R was the original LSPR sensor response. Ceess Was the test-
ing concentration of each PVOC; specifically, 10.56 & 0.96 ppm,
187.72 +£33.64 ppm, 971.20 £+ 58.89 ppm, and 750.05 + 36.25 ppm
for CJ, a-pinene, limonene and y-terpinene vapors, respectively.
The ratios of CJ to interference PVOCs (a-pinene, limonene and
vy-terpinene) were calculated as 1:18, 1:92, 1:71, respectively.



624 L. Shang et al. / Sensors and Actuators B 260 (2018) 617-626
0030d ™ cis-Jasmone
’ —e— a-Pinene
{—=— Limonene
0.025 ——vy-Terpinene
2:\ ]
< 0.020
N’
8 4
=
8 0.0154
2]
5]
m 4
0.010
T 7T 1“#?7:%
0 600 1200 1800 2400 3000 3600 4200 4800 5400
Time (s)
Fig. 9. Real-time responses of TMP-MISG-modified Au-islands to four types of PVOCs.
0099 1 =0.0132+0.00233x
2
0] RZ=0.9689
0.07
< 0.06
< -
N’
o 0.05
=} J
(@]
£40.04 -
[}
o J
0.03
0.02 i
|
T l
0.01 1 36=10.00814
1
1 ' LOD = 3.494 ppm
000+—T"7T""T""T""T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Concentration of cis-jasmone in air (ppm)

Fig. 10. Linear response vs. CJ concentration in air. The limit of CJ detection (LOD) was 3.5 ppm.

The normalized responses of the TMP-MISG-coated LSPR sen-
sors to these interference PVOCs were plotted in Fig. 9. The (]
response of the molecularly imprinted sensor was much higher
than that for the interfering molecules. This selectivity of the
nanocomposite MISG-LSPR electrode was attributed to cavities that
matched the shape and size of the C] molecule. It has been reported
that concentrations in agricultural environments of CJ, a-pinene,
limonene, and y-terpinene are about 85 ppm, 941 ppm, 171 ppm,
and 371 ppm, respectively [47,48]. Therefore, the ratios of CJ to a-
pinene, limonene, and y-terpinene in agricultural environments
can be calculated as 1:11, 1:2, and 1:4, respectively, which are
larger than that in present study. It indicated that the sensor devel-

oped in present study would have enough selectivity in agricultural
environments.

Quantitative CJ detection was performed by monitoring changes
in the UV-vis absorption spectra for different CJ concentrations.
A baseline signal was first collected in clean air. The LSPR sen-
sors were then exposed to different CJ concentrations and the
absorbances were obtained, as shown in Fig. 10. A linear calibration
curve was fitted with:

y =0.0132 + 0.00233x, R? = 0.9689; n = 3 (5)

The limit of detection LOD =3.494 ppm was calculated as the CJ
concentration that resulted in a signal that was at least three times
the baseline noise (35 7 ), where m=0.00233 was the slope of the
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calibration curve and & was the standard deviation. Previous studies
reported that C] concentrations in shoots, leaves, and flowers were
0-85, 0-125 and 0-114 ppm, respectively [49-51]. Therefore, the
sensor here would be sensitive enough for agricultural CJ detection.

Although a higher sensitivity could be obtained with additional
functional monomers, the response intensity of the sensor was
affected by the high concentrations of interfering molecules. Fur-
thermore, when those concentrations were much higher than that
of CJ, the of sensor response was unreliable. To overcome this
problem, MISG-LSPR sensor arrays should be investigated for iden-
tification and detection of PVOCs in natural environments. By using
different template molecule in the MISGs, a multi-channel sens-
ing platform combined with pattern recognition methods could be
tested.

4. Conclusions

LSPR sensors based on MISG-modified Au nano-islands was
demonstrated for C] vapor detection. The absorption of interference
PVOCs (a-pinene, limonene and +y-terpinene) by MISGs_jasmone
were tested for CJ selectivity evaluation. The results demon-
strated that sensor covered by MISGs with TMP had the strongest
responses. In addition, the matrix to functional monomer ratio was
optimized for better responsivity. Under optimal conditions, the
volume ratio TBOT/TMP = 150/50 resulted in a 3.494-ppm LOD for
CJ vapor. This was attributed to a porous imprinted composite film
with (J-selective binding sites. Real-time responses of the sen-
sors displayed good selectivity, broad linearity, and repeatability. In
conclusion, they are expected to provide sensitive PVOC detection
for agricultural applications.
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