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ABSTRACT

Volatile organic compounds (VOCs) emitted from any crop contain useful
information that can tell its physiological status, and especially, herbivore-induced plant
VOCs can be considered as an important phenome that can alert the infestation at the
early stage. Therefore, main objective for this dissertation was to develop a reliable
sensor to detectagricultural VOCs, and it consisted of total four research items: (1)
fundamental analysis of VOCs induced from the interaction between major crop and
major insect pest by adsorbent-gas chromatography/mass spectrometry (GC/MS) (2)
development of adsorbent coupled Raman spectroscopy for detecting agricultural VOCs
(3) phase transfer of Ag-nanospheres (AgNSs) from aqueous to non-agqueous for
fabricating surface-enhanced Raman spectroscopy (SERS) substrate (4) Development of
adsorbent-SERS substrate for collecting and detecting agricultural VOCs and its
application.

The VOCs from two major crops of sorghum and cotton were analyzed by
adsorbent-GC/MS in response to major insect pests of sugarcane aphid (Melanaphis
sacchari) and beet armyworm (Spodoptera exigua) respectively, and they showed that
the pattern of VOCs induction was totally different depending on the feeding habit by
the insect.

However, GC/MS technique always required an hour to perform one analysis, so
new detection system of adsorbent-Raman spectroscopy was finally developed to

overcome that shortcoming. Based on the fundamental analyses, four different VOCs



were selected for proof of concept study with the developed system, and they were
successfully tested by the system, showing high sensitivity down to ppm level and high
selectivity from simultaneous detection of four different VOCs.

To improve the functionality of the detection system, especially sensitivity,
SERS technique needed to be employed rather than standard Raman, so phase transfer of
AgNSs was investigated, and electrostatic interaction by surfactants made successful
transferred AgNSs with good interfacial compatibility with any organic chemicals.

Based on the transferred AgNSs, adsorbent-coated SERS substrate was finally
developed for detecting agricultural VOCs, and much enhanced interfacial compatibility
between the AgNSs and the adsorbent polymer made it possible to detect the VOCs
produced from different VOCs sources: aromas from three teas and caterpillar-induced

cotton VOC:s.
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1. INTRODUCTION

1.1. Background

Sorghum is considered an important source of food and feed and is the third-
ranked cereal produced in the U.S. Sorghum is also an important potential crop for the
production of renewable bioenergy. However, various pests can cause major losses to
the crop. In recent years, sugarcane aphids (SCASs) have spread throughout Texas and are
now a major pest that can cause major damage to sorghum fields. Other insect pests have
been reported to cause about 30% damage to other major crops including cotton,
soybean, wheat and maize *. Therefore, it is urgent to develop methods to reliably detect
insect infestations and alert growers at the early infestation stage so some mitigating

action can be taken.

1.2. Literature Review

Insect scouting is an important technique in integrated pest management (IPM)
and is the common strategy for control of pest populations in farm fields. This technique
is based on periodic monitoring of field conditions such as presence of various pest
species and populations, as well as crop physiological condition, in order to predict
severe infestation problems. Many different monitoring techniques have been proposed,
and common methods include visual insect counting, leaf brushing and the use of
sweeping nets or beating trays. As an example of scouting SCAs in sorghum fields,

Texas A&M Agrilife Research recommends checking at least four locations within a



field and examining the underside of leaves on 20 plants per location?. Then, the average
number of SCAs per leaf is calculated, and if the average number is above an estimated
range of 50 to 125 aphids per leaf, an insecticide will be appliedto the field to minimize
the damage.

Sensors can detect changes in light reflectance when plants are damaged by
insect infestations, and imaging sensors can potentially detect unique features associated
with an infestation. Remote sensing can be an effective way to detect crop conditions
from aerial or satellite-based sensors, and it can potentially be combined with ground-
based sensing to detect insect infestations. Several studies have been conducted on the
ability of ground-based sensors to discriminate between healthy and insect-infested
plants. Wheat aphid density was estimated based on partial least squares regression
(PLSR) of reflectance data from a spectroradiometer coupled with a leaf clip 34, and a
spectrometer equipped with an integrating sphere was proposed to discriminate plants
infested with powdery mildew, yellow rust, or aphids by developing new spectral indices
(NSI) °. A spectroradiometer was also applied to detect mealybug infestation in cotton
and aphid infestation in Mustard by analyzing canopy reflectance changes and
considering different spectral indices ®7. Aerial-based remote sensing has also been
utilized for insect detection. A hyperspectral airborne imaging spectrometer was used to
quantify Russian wheat aphid damage with the constrained energy minimization (CEM)
method &, and images from a an airborne multispectral camerawere analyzed by
considering spatial-pattern metricsto discriminate field infestation of Russian wheat

aphid and greenbug °. Multispectral image analysis was used to detect SCA infestation



with normalized differenced vegetation index (NDVI) calculated from light reflectance
10.

Other detection methods can possibly be based on the concept that emission of
volatile organic compounds (VOCs) from plants is a common defense mechanism
caused by insect attacks. These herbivore-induced plant volatiles (HIPVs) can be
collected with an adsorbent, and pre-concentrated volatiles can be analyzed with
analytical systems. Therefore, they require the specific step for the pre-concentration of
the VOCs prior to the analysis of them.

Methods for VOC extraction can be divided into two groups, dynamic and static.
Dynamic uses air circulation by pump for VOC pre-concentration with the adsorbent
inside the chamber where plant VOCs are present, and static uses natural diffusionto
collect VOCs on the adsorbent.

The air circulation in dynamic VOCs extraction onto an adsorbent makes the
method more efficient *. Common adsorbents for dynamic sampling include certain
kinds of porous polymer, SuperQ (ethylvinylbenzene-divinylbenzene) and Tenax (2,6-
diphenyl-p-phenylene oxide), which have a high affinity to a wide range of plant VOCs
12-13 Generally, the dynamic method is more useful for large chambersand longer
collectiontimes.

However, the static method does not use air circulation, so only specific
adsorbents are used inside the chamber 1. An important static sampling adsorbent type
is solid phase microextraction (SPME), which involves different commercially available

fibers such as polydimethylsiloxane (PDMS), polydimethylsiloxane-divinylbenzene
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(PDMS-DVB) and polyacrylate (PA), which are selected depending on the polarity of
plant VOCs 4. Even though it is very simple to set-up and efficient for VOC collection
over a short time, the static method of collection can be affected by environmental
conditions and may not be useful for VOC collectionin a large chamber.

In addition to the VOC extraction methods, there are two different representative
techniques for analyzing the VOCs. First, a GC/MS consists of two parts: a gas
chromatograph that can separate volatile mixtures in a column, and a mass spectrometer
that can identify each separated volatile by analyzing its mass to charge ratio from
ionized fragments. The GC/MS has been widely used for analysis of HIPVs that are pre-
concentrated with static or dynamic sampling. Certain investigators have reported on
analysis of HIPVs produced by green peach aphids, Myzus persicae. The volatiles
emitted from Turnip plants infested with green peach aphids were collected with SuperQ
for 120 hours °, and the VOCs from Salix alba infested with aphids were pre-
concentrated onto Tenax 8. All the VOCs collected were identified with GC/MS. In
addition to dynamic sampling, the VOCs from green peach aphid-infested Capsicum
annuum L. were enriched with SPME of PDMS/DVB 65um 7, and other types of
SPME, PDMS and Carboxen-PDMS 75 um were used to collect VOCs from cotton
plants and soybean plants infested by cotton aphids, Aphis gossypii, and soybean aphids,
Aphis glycines Matsumura, respectively 1819,

Second, an E-nose (electronic nose) is composed of several sensors having
conductive material to enable conductivity measurement, each coupled with an

insulating polymer in which gas molecules can react and the mixture can be coated on
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the electrode structure. When the molecule is absorbed on the surface of the polymer, the
polymer swells, resulting in a reduction in conductivity of the mixture. Different
fingerprints can be observed based on conductivity changes related to the degree of
reaction with different gas molecules on the coated mixture. Therefore, if any VOCs
profile can be changed in response to the insect infestation, the sensors consisting of the
E-nose can potentially detect the changes.

Several commercial E-nose products have been developed and tested with plant
samples to distinguish between healthy and infested ones. The Cyranose 320 (C-320) is
composed of an array of 32 sensors, and it was used to detect basal stem rot (BSR)
disease with artificial neural network (ANN) analysis 2°, and the Bloodhound model
ST214 was used to discriminate between healthy and Tobacco-Hornworm-Infested
Tomato leaves 2. In addition to commercial products, the literature includes references
about new E-nose designs for HIPV determination. Different polymer films were
deposited on 25 pairs of interdigitated electrodes, and several plant volatiles were tested
for volatile discrimination 22. More sophisticated E-noses have been developed,
including a sampler that was tested in a cotton field to distinguish VOCs between
healthy and infested cotton bolls 23,

1.3. Objectives

Based on different detection methods that have been reviewed so far, we can
identify current problems of the methods for on-field insect detection.

Scouting is time-consuming and expensive, and at best it allows for sparse

sampling in the field.



Remote sensing would be an attractive alternative and could be performed with
UAVs (Unmanned Aerial Vehicles), making it suitable for exhaustive sampling on large
fields. However, there is generally no visual or spectral sign available from the plant to
downward-looking sensors in the early infestation stage. The insects are commonly
under the leaves and are small, so it is likely impossible to detect the infestation from
above before major damage has occurred.

The sensitivity of GC/MS is generally superior to other methods of measuring
VOCs as an indicator of insect infestation, but it is not applicable for field detection due
to its cost and lack of its portability.

E-noses may be useful for field application, but the price is relatively high and
sensitivity not good enough to detect many kinds of gas molecules at low concentrations.

In addition to the problems of the present methods, we can also identify the
research area that has not been investigated yet. Studies have been conducted on VOC
emission from healthy and infested sorghum by insects other than any phloem feeder
including aphids 242°, but no work has been reported on VOC analysis from SCA
infested sorghum.

From those possible research gaps, a new, reliable and field-deployable method
for detecting insect infestations in major crops is needed and can be specified as follows.

First, a study to identify specific VOCs associated with interactions between
important crops and major insect pests could potentially lead to sensors capable of
detecting infestations at stages in which symptoms. However, it would be challengingto

discriminate VOCs induced by herbivorous insects from those caused by mechanical



damage. Any herbivorous attack can eventually result in mechanical injury to a plant,
and the damage might not be different from that induced by factors other than herbivory.
Actually, previous studies have shown that damage from instant mechanical stimulus
can affect the plant VOC emissions, but the effect was small when compared to plant
VOC emissions due to insect herbivory 26-28, However, if mechanical wounding were
intensified by continuous artificial stimulus to simulate insect herbivory, the VOC
profile might be similar to herbivore-induced VOCs 2°. On the other hand, many
terpenes and aromatic compounds were not found when insect herbivory was not
involved in the injury, meaning that mechanical damage other than by herbivorous
insects apparently did not induce those specific VOCs 2°. Thus, finding specific VOCs
relevant to insect herbivory could potentially provide an alert to insect infestation at an
early stage, and the problems of other methods like low specificity and lack of ability for
early detection might be solved.

Second, the resolution of field measurements could be improved greatly over
scouting if the sensing of VOCs from infested crops were integrated with an autonomous
vehicle for in-field sampling. Furthermore, the sensitivity of field-based VOC
measurement could be enhanced by pre-concentration on an adsorbent.

Third, a reliable VOC detector could potentially be developed as a bio-photonic
sensor that detects light absorption, emissionand scattering associated with VOC
molecules. Such a sensor would need high sensitivity and fast response and to be

relatively inexpensive.



Fourth, several references have discussed detecting analytes pre-concentrated by
an adsorbent with another type of bio-photonic sensing technology, Raman
spectroscopy. Organic contaminants such as toluene and benzene were detected in water
by combining PDMS as an SPME technique with a Raman spectrometer 3!, Organic
vapors of benzene and toluene were also detected with solid phase extraction (SPE)
involving C-18 adsorbent rather than PDMS 32, Surface-enhanced Raman spectroscopy
(SERS) has also been combined with the use of an adsorbent. The SERS technique uses
an applied laser field that is intensified when it interacts with metal -based nanoparticles,
so if the sample can be located on the surface of or near the nanoparticles, an intensified
Raman signal from the sample can be obtained by the electromagnetic field
enhancement associated with the nanoparticles near the sample. Microextraction with
packed sorbents (MEPS) for pre-concentration of musk ketone in water, combined with
SERS with Ag-nanoparticles, was proposed for improving detection sensitivity 3. Other
methods were mainly based on SERS with Au-nanoparticles deposited in a substrate in
which hydrophobic moleculesand PDMS were applied in an adsorbent coating to sense
aromatic vapor **. While several concepts in these studies appear to be potentially useful
for detecting a few VOCs associated with insect infestation in plants, none of the
approaches was directly suitable for plant VOC detection in that the adsorbents used
cannot be used for a wide range of plant VOCs, and all nanoparticles cannot function
well in any sample compatible with non-aqueous solution.

Therefore, the system proposed for this research includes pre-concentrating

VOCs on the adsorbent to improve plant VOC collection efficiency. Also proposed is



bio-photonic sensing immediately after sampling of VOCs from the plant. Specifically,
Raman spectroscopy is proposed as the bio-photonic sensing method, with a specific
adsorbent and a unique nanoparticle application to enhance the sensitivity of the system.

The overall objective is to develop a system for the detection of VOCs relevant
to insect infestations in plants. Four objectives must be accomplished. Hypotheses for
these research objectives are explained below.

The first objective is to develop and testa method to differentiate healthy from
SCA-infested sorghum plants. The null hypothesis is that the VOC profile (absolute or
relative amount of constitutive VOCs) emitted by an SCA-infested sorghum plant will
not be significantly different from the profile emitted by a healthy sorghum plant. In
order to determine whether or not this is true, the adsorbent-GC/MS method is used to
find induced specific VOC profiles from both healthy sorghum and SCA-infested
sorghum so that they can be distinguished from each other.

The second objective was to use Raman spectroscopy with an adsorbent to detect
VOCs. The null hypothesis is that a new VOC detection system combining VOCs pre-
concentration by the adsorbent and a Raman measurement of the VOCs eluate from the
adsorbent cannot identify four different kinds of HIPVs at the same time.

The third objective was to develop a method to transfer Ag-nanospheres from
aqueous to non-aqueous phase. The null hypothesisis that Ag-nanospheres dissolved in
aqueous solution cannot be effectively phase transferred to non-aqueous solution by

surfactant-induced electrostatic interaction for their unique SERS application.



The fourth objective was to measure naturally occurring plant VOCs with SERS
with an adsorbent. A unique SERS substrate will be prepared based on the complex
between adsorbent polymer and the transferred Ag-nanospheres to test whether it can
directly collect the VOCs and thus significantly enhance the Raman signal from the
collected VOCs, so the null hypothesis is that the Raman signal from the SERS substrate
will not be significantly enhanced than that from standard Raman. It will be also applied
to two agriculture-related samples (cotton plant and teas): (1) to identify caterpillar
infestation on cotton based on the detection of cotton emitting VOCs, and (2) to classify

different tea variety based on the detection of tea aromas.
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2. MULTIVARIATE ANALYSIS OF SORGHUM VOLATILES FOR THE FAST

SCREENING OF SUGARCANE APHID INFESTATION

2.1. Abstract

The sugarcane aphid, Melanaphis sacchari, has been a severe pest throughout the
sorghum field in Texas, which can worse the sorghum yield economically. For this
purpose of early detection, the mechanism of herbivore-induced plant volatiles (HIPVs)
needs to be utilized in the detection method. In this study, the HayeSep Q adsorbent
combined gas chromatography mass spectrometry (GC/MS) was tested to analyze the
volatile organic compounds (VOCSs) that sorghum can emit when they are in good shape
as well as they are infested by the sugarcane aphids and multivariate techniques were
performed for the fast screening of the infestation. Several VOCs identified from
analysis of variance (ANOVA) with p<0.05 were finally chosen as variables for
multivariate analysis, and both unsupervised learning of principle component analysis
(PCA) and clustering analysis (CA) and supervised learning of linear discriminant
analysis (LDA) were done, showing good performance on discrimination between
healthy and infested sorghum.
2.2. Introduction

Plants have two defensive tactics for coping with herbivore attacks 2°. One is to
use a constitutive plant defense via physical barriers of their body such as leaf hair,
glandular trichomes, and the other is to use an induced plant defense composed of direct

defense and indirect defense. The direct defense is related to the production of many
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antifeedants, and the indirect defense is to attract natural enemies of the attacking
herbivore by emitting informative semiochemicals called volatile organic compounds
(\VOCs) %. Information about the VOCs should be helpful to control the population of a
pest insect if it can be used in integrated pest management (IPM) 37, In recent years,
sugarcane aphid (SCA), Melanaphis sacchari, has spread throughout Texas as well as
other states and is now a major pest that can catastrophically damage sorghum fields.
Therefore, it is urgent to develop methods to reliably detect field infestations to alert
growers at the early infestation stage so some mitigating action can be taken.
Exploitation of semiochemicals has the potential to be a key component of a new
method.

Much previous research has focused on VOCs produced by plants having been
attacked by aphids, and the most accurate method for analysis is headspace VOC
collection followed by gas chromatography/mass spectrometry (GC/MS). Common
collection methods involve using solid phase microextraction (SPME) fiber in static
sampling 114, or using various adsorbents in dynamic sampling with a pump *. The
SPME technique is easy to use and can be effective inside small chambers, so many
have used that set-up to collect VOCs from leaf extract or from a few leaves within a
short time. An aphid that has been often reported in relationto VOCs collected with this
technique is the green peach aphid, Myzus persicae. The VOCs analyzed were from the
interaction between the aphid and many plants such as potato, tomato, Achilleacollina,
Arabidopsis, Pisum sativum, Prunus persicaand chilli 1”28 3843 Five other aphids have

also been shown to induce VOCs in plants **44-4¢ ‘and the common VOCs emitted from
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all kinds of aphid feeding were various terpenes and methyl salicylate. In contrast to
static sampling, dynamic sampling with certain adsorbents has been applied when VOCs
must be collected from whole plant leaves over a prolonged time period. Green peach
aphid induced plant VOCs from sweet peppers 4" and turnip plants ** have been analyzed
with this technique. Moreover, soybean VOCs caused by the soybean aphid, Aphis
glycines Matsumura, have been collected on SPME #8, and the interaction between the
cotton aphid, Aphis gossypii, and various plants has also been widely studied & 49-50,
Three additional kinds of aphid have been investigated with regard to herbivore-induced
plant volatiles (HIPVs) 553, and the most mentioned VOCs from the literature were
various terpenes, methyl salicylate and green leaf volatiles (GLVs). While multiple
articles have reported on aphid herbivory in plants other than cereal grasses, studies
related to cereal VOCs have not been widely reported. Specifically, VOCs from
piercing-sucking herbivory in cereal grasses have been rarely studied. Among cereal
grasses, maize has been widely studied, and the VOC profile from healthy maize plants
was compared with that from maize plants with chewing herbivores having different
kinds of larvae >*%. In addition, induced maize VOCs from the piercing-sucking of the
China leafhopper or southern green stink bug have been also investigated °8-%°. Various
terpenes were emitted from infested maize, similar to results with the plants mentioned
previously.

In contrast to research in which plant VOCs were induced by herbivory, other
research has focused on the opposite effect, that the plant VOCs were not induced or

were reduced by herbivorous insects. First, silverleaf whitefly, Bemisia tabaci, did not
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induce VOCs when infesting cotton %, and it also interfered with the Lima bean plant’s
indirect defense signal pathway induced by the herbivore spider mite, Tetranychus
urticae 1. Second, Tetranychus urticae or Tetranychus evansi, suppressed the induction
of tomato plant VOCs depending on intraspecific genetic variation of the mites 62-3,
Lastly, it has been reported that some VOC components decreased in cotton-aphid
infested weeds compared with healthy weeds #°, and the VOC profile from healthy
Broad Bean was not significantly differentfrom that of Broad Bean infested with the pea
aphid, Acyrthosiphon pisum 84, For cereals, it was first reported that the induction of
maize VOCs could not be clearly shown even after heavy infestation with the corn leaf
aphid, Rhopalosiphum maidis 6°.

While many kinds of plants have been studied to uncover the VOCs induced or
repressed by insect herbivores, few studies have been focused on the emission of VOCs
by sorghum plants. One fundamental study reported on sorghum VOCs from seedlings
of the Serena cultivar %8 and two other cultivars having different susceptibility to
Sorghum Shoot Fly, Atherigona soccata. Observations were made on differencesin the
VOC profile between the cultivars 24, A few studies have also focused on herbivore
induced sorghum VOCs. The VOCs emitted from sorghum damaged by the larvae of
Fall armyworm (FAW), Spodoptera frugiperda, have been analyzed to characterize the
genetic pathway related to sesquiterpene emission 2°. VOCs emitted by sorghum roots
(rather than leaves) damaged by arbuscular mycorrhizal (AM) fungi have also been
investigated 6”. However, apparently no literature shows the VOC profile from the

interaction between sorghum and any phloem-feeder.
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The goal of the current study was to investigate the effects that SCA feeding on
sorghum seedlings can have on VOCs emission. Specific objectives were (1) to identify
the VOCs emitted by healthy and SCA-infested sorghum seedlings, (2) to measure the
identified VOCs in absolute and relative concentrations, and (3) to compare them for the
discrimination between healthy and infested sorghum seedlings.

2.3. Material and methods
2.3.1. Material description

Seed of the sorghum genotype SC 748-5, a line susceptible to SCA, were planted
in pots filled with Fafard 52 soil mix. The plants were grown in a controlled chamber in
which the temperature was maintained at 77°F, and daylight lamps were operated on a
16 h light and 8 h dark cycle for about 3 weeks. SCAs were obtained from an established
colony maintained on a grain sorghum hybrid known to be susceptibleto SCAs 8. The
colony was established and periodically supplemented with field-collected SCAs taken
from sorghum growing at the Texas A&M AgriLife Research and Extension Center in
Corpus Christi, TX.

2.3.2. Experimental procedure
2.3.2.1. Experimental design

Eighty healthy sorghum seedlings were selected for the experiment. Half were
purposefully infested with SCAs. Eight experimental blocks, four infested and four non-
infested, were formed in a randomized block design, each block with ten randomly
chosen seedlings assigned to it. Ten seedlings per block were used because preliminary

data suggested the concentration of VOCs needed for detection cannot be collected from
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a single seedling. Therefore, the number of experimental replications was somewhat
limited by the number of seedlings needed per replication.

One infested block and one non-infested block were randomly assigned as a pair
to form one replication. As a result, a total of four experimental replications were
completed for both healthy and aphid-infested seedling groups.

2.3.2.2. Aphid feeding on sorghum

The seedlings assigned to the infested group were moved to a separate growing
chamber from those in the healthy group. A set of infested sorghum leaves that had been
collected in the field were placed in the chamber with the seedlings in the infested
treatment group for about 24 hours to ensure transfer of the infestation. As the collected
leaves dry out quickly, the aphids on those surfaces move to the new healthy surfaces of
the seedlings’ leaves. Most of the aphids moved to the seedlings, resulting in heavy
infestation.

2.3.2.3. Air entrainment

Each seedling was placed ina 6 L jar, and the headspace air was drawn through a
SuperQ filter trap containing adsorbent resin (HayeSep Q, 80-100 mesh, Supelco). Air
collection was conducted for 5 hours, with the air entering the system filtered through
activated charcoal. Airflow was approximately 0.1 to 0.2 L/min, and volatiles trapped on
the resin were eluted with 300uL dichloromethane containing 1001 M octane as an

internal standard.
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2.3.2.4. GC/MS analysis

GC/MS analysis was carried out with a Shimadzu GCMS-QP2010 Ultra
(Shimadzu Scientific Instruments (Oceania) Pty Ltd, Henderson, New Zealand). The
column employed for the separation of plant volatile components was a Zebron ZB-
WAX plus (30 m length x 0.25 mm 1.D. x 0.25 pum film thickness) supplied by
Phenomenex (Torrence CA, USA). The carrier gas used was helium at a flow rate of 1.5
mL mint. The temperature of the injection port was 250°C, and a 1uL sample was
injected with a splitratio of 1:1. The column temperature program was as follows: (A)
initial temperature of 40°C, (B) temperature held for 3 min, (C) temperature increased at
a rate of 5 °C/min up to 240°C, (D) temperature held for 3 min, (E) temperature
increased at a rate of 40°C/min up to final temperature of 250°C. Mass spectrometry
conditions involved electron impact ionization with an interface temperature of 250 °C
and an ion source temperature of 200°C. Initial identification of volatile compounds was
made by comparing the mass spectra of experimental samples to those stored in the
National Institute of Standards and Technology (NIST) and Wiley Registry (10th
edition) libraries. Compound identification was made by confirmed chromatograms that
contained a peak at identical retention times with greater than 85% similarity to the mass
spectrum of libraries and available authentic standards.

2.3.3. Statistical analysis

JMP software (SAS Institute, Cary, NC) was used to perform an analysis of

variance (ANOVA) test and several multivariate techniques such as principal component

analysis (PCA), clustering analysis (CA) and linear discriminant analysis (LDA) with
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the GC/MS data sets. The GC/MS data were expected to include peaks with amplitudes
related to the concentration for each identified VOC. Additionally, custom code written
in R software was applied to the GC/MS data to validate the LDA model classification
accuracy through k-fold cross-validation.
2.3.3.1. Data consolidation

To calculate the absolute concentration of the VOCs, the areas of peaks
associated with identified VOCs were exported from the built-in GC/MS software,
Shimadzu GCMSsolution (version 2.7) package and divided by the areas of peaks of the
internal standard at the same spectral position (Equation 1). In addition, each individual
absolute concentration associated with a peak was divided by the total absolute
concentration across the measured spectrum to determine the relative proportion of each
compound (Equation 2). Both absolute and relative values were utilized as input for
statistical analysis. Moreover, all identified VOCs were again classified into seven
representative molecular groups — terpene, hydrocarbon, ketone, aldehyde, ester, alcohol,

and aromatic — so that all the values could be summarized for each molecular group.

PA .
Agbsotute = WIZ (Equation 1)

— Agbsolute .
Aretative = gop . — (Equation 2)

(A: any identified VOCs, PA: peak area, IS: internal standard)
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2.3.3.2. ANOVA
The aim of the ANOVA test was to identify VOCs or representative molecular
groups that had a significant difference (a = 0.05) between healthy and infested groups
of plants, considering either absolute or relative concentrations.
2.3.3.3. PCA
An important step related to PCA is to optimize variable selection to include
those that can produce differentiable clusters between two groups. In this study, a limited
set of variables was selected for each of the absolute and relative cases, and two main
principle components produced from the selected variables were plotted.
2.3.3.4.CA
The selected variable sets were also used for hierarchical clustering analysis, and
a dendrogram was created to see how well the healthy and infested groups could be
clustered.
2.3.3.5. LDA
LDA was used to include a supervised learning analysis method to classify the
same data sets into healthy and infested. However, the number of replications is small to
validate model accuracy. Therefore, the performance of the LDA model was evaluated
with modified k-fold cross-validation (where k=4, number of replications). The two data
(from one healthy plant and one infested plant) were randomly sampled and assigned as
the validation set, and the remaining data were assigned as the training set. The model
was created based only on the training set, and then the validation set was evaluated by

the model for the classification accuracy. This step was repeated four times until all data
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were used as part of a training set, and the whole procedure was repeated ten times to
arrive at an average classification accuracy. Because the problemincluded two classes
(healthy vs. infested), the threshold value was set to 0.5 by default, meaning that if the
posterior probability of classifying a plant from the validation set as infested was greater
than 0.5, that plant was classified into the infested group, but the threshold parameter
were fine-tuned in the range from 0 to 0.5 at 0.01 intervals. Finally, the classification
accuracy was plotted according to the threshold parameters.

2.4. Results and discussion

For the qualitative evaluation of VOCs from healthy and SCA-infested seedlings,
a total of 54 VOCs were identified (Table 2-1), and there was no qualitative difference
between two treatments.

Quantitative evaluation based on absolute and relative concentrations was also
calculated (Table 2-1) for each identified VOC. Only one VOC, methyl laurate, was
significantly different between healthy and infested sorghum plants (Table 2-1) when
comparing both absolute (df = 7, P=0.0059) and relative concentrations (df = 7,
P=0.0133). The aphids feeding on the sorghum leaves apparently reduced the emitted
concentration of methyl laurate by a ratio of roughly 4 compared to healthy sorghum
seedlings. Moreover, several other compounds were identified as significantly changed
(a=0.05) in the relative comparison. Among those compounds were alkanes of dodecane
(df = 7, P=0.0059) and phytane (df = 7, P=0.0414), aromatics of naphthalene (df = 7,
P=0.0111) and 1-methylnaphthalene (df = 7, P=0.0135), a ketone of acetophenone (df =

7, P=0.0205), and an alcohol of 2-phenoxyethanol (df = 7, P=0.029).
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In addition to individual VOCs, seven chemical classes were considered to
determine whether differences between treatments could be identified. In absolute
concentrations, no chemical class was significantly different between healthy and
infested sorghum, but when relative changes were considered, insect infestation
increased the ratio of terpene by about 9% (df = 7, P=0.0376) and decreased the ratios of
alcohol and aromatics by about 6% (df = 7, P=0.043) and 2.4% (df = 7, P=0.0134),
respectively.

When PCA was applied to the available variables (Table 2-1) and the first two
principal components were plotted for absolute and relative comparisons (Figure 2.1),
clear discrimination between the healthy and infested groups was observed only in the
relative case. A group of 15 variables were then selected as a more focused data set
based on their contributions to the principle components, improving discrimination for
the absolute case (Figure 2.2). Discrimination for the relative case was improved to the
point that all plotted points from the infested plants were negative on the first principal
component axis and the points from healthy plants were positive.

The dendrograms from CA (Figure 2.3) show three clusters for the absolute case,
not a good classification result. However, two clusters representing infested and non-
infested plants were clearly observable for the relative case.

With LDA (Figure 2.4), the classification rate for the absolute case was below 80% for
all the threshold parameters, but for the relative case converged to 100% when the
threshold approached 0.5, meaning that the model based on relative values could

accurately estimate whether plants were infested or not. From all results by multivariate
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techniques, the relative-based case had much better performance in discrimination than
the absolute-based case, which corresponds to the fact that many compounds with
significant differences were identified only in the relative case.

Our first key finding here were that there was no qualitative difference between
healthy and infested sorghum, and the absolute concentration from the infested group
was not statistically different from the control for most VOCs. One possibility to result
in the finding might be feeding habits by specific herbivorous insects which already
explained earlier section, suggesting that the VOCs could not be induced by two specific
feeding habits: mesophyll-feeding by spider mite and phloem-feeding by aphid and
whitefly 69:63-64 Especially, our another finding that the total concentration from the
infested group was also not statistically different from the control (df = 7, P=0.4947),
which corresponded to the example of cotton plants infested with the silverleaf whitefly
60.

The sorghum genotype used in our experiment was susceptible to SCAs, so it
might be expected that more damage would induce a higher concentration of emitted
VOCs. This expectationis supported by previous research comparing VOCs between
insect-resistant and non-resistant maize °°. Significantly more larvae-induced VOCs
were produced from non-resistant maize than from resistant maize due to altered feeding
behavior, in which the non-resistant maize was damaged much more severely than
resistant maize. However, in our research no statistical difference was found for most
VOCs between healthy and infested plants, and the feeding habit by aphid that was not

totally different from larvae feeding would be the answer for this result. Concerning the

22



larvae herbivore on a sorghum, FAW larvae feeding on a sorghum seedlings induced
significant VOC emissions, especially sesquiterpenes and other compounds not found
with healthy sorghum 2. Although the experimental conditions for this study, overnight
feeding and 4 hours of VOC collection, were pretty similar to our study, the feeding
habits of FAW were different from our feeding habits by SCA.

Another possibility might be the sorghum genotype we tested. This idea could be
supported by a finding from recently published work in which SCA-resistantand
younger sorghum plants (2 weeks post-emergence) can make the transcriptional
molecular response relevant to plant defenses more easily than SCA-susceptible and
older sorghum like in our case. Therefore, the emission of the VOCs in susceptible and
older seedlings might not be effectively induced due to the delayed activation 7°. We did
not test genotypes resistant to the SCA, so VOCs comparison to them are important for
future research.

Our second key finding was that good discrimination between healthy and
infested sorghum seedlings could be possible from the data in relative concentrations,
but poor discrimination was observed with the data in absolute concentrations. The
possible reason why the data in absolute concentrations were not predictable would be
high variability in experimental condition, which was mainly caused by uncontrollable
levels of the aphid herbivory such as the number of the aphids. However, this variation
could be eliminated by taking the relative ratio of each individuals in absolute
concentration, and much more consistent data could be generated across the replicates

for relative aspect. From this point, the relative concentration comparison of the
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chemical classes instead of the individuals could be alternative way for the
discrimination between healthy and infested group. For example, no individual terpene
compound had a significant difference in relative concentration, but the relative
concentration of the entire terpene class was significantly different between infested
plants and the control. The analysis of the chemical classes in the relative concentration
could be found in other cereal grass of maize plants with different genotypes, and there
was substantial variation in relative percent for five molecular groups such as
monoterpene, homoterpene, sesquiterpene, ester and aromatic ’*"3, which was pretty
similar to our finding of terpene and aromatic with significant difference in the relative
concentration.
2.5. Conclusions

According to GC/MS data, SCA herbivory on sorghum seedlings did not affect
plant VOC emissions qualitatively, but it did seem to affect them quantitatively. Even
though the absolute concentration of the VOCs was not significantly different between
healthy and unhealthy seedlings, the relative concentration was significantly different
even aftera short collection time. This finding is important in that it is apparently the
firstreport of sorghum VOC response to phloem-feeder herbivory, and the use of
relative concentration rather than absolute will be very effectively used as a parameter to

identify the infestation by any phloem-feeder.

24



5 6
. ®  Healthy ®  Healthy
4 ® Infested . ® Infested
4
3 .
—~ 2 —
5 : 52 )
£ » S .
N .. N
=0 20
o ()
[ c @
o [o]
Q-1 . Q
E €
o 0 -2
O .2 . O
®
-3
-4
-4
2 .
-8 6 -4 2 0 2 4 6 8 10 12 -6 -4 -2 0 2 4 6
Component 1 (64.1%) Component 1 (34.1%)
Figure 2.1 PCA plot based on all variables
(Left: absolute amount, Right: relative amount)
4 3
®  Healthy . ® Healthy
° ® Infested ® Infested
3t
2
®
2T =t
® X 9
S S
~ @
T 1 At
o~ . o~ L ¥
s . g ° - .
50 . . 5
Q Q.
£ e £
O o -1
o o
Af
L
B
2 -2
L] L]
-3 -3
-5 4 -3 -2 -1 0 1 2 3 4 5 6 7 -5 -4 -3 2 -1 0 1 2 3 4
Component 1 (71.4%) Component 1 (61.2%)

Figure 2.2 PCA plot based on optimized variables
(Left: absolute amount, Right: relative amount)

25



12

10

) ’7—‘ N
o o 4
o~ © © - < w © ~ o~ © < ) - ~ © w

Figure 2.3 Hierarchical dendrogram based on optimized variables
(Left: absolute amount, Right: relative amount)
(Black: healthy, Red: infested)

10
10

08
1
08
1

blanced accuracy
06
1
—
blanced accuracy
06
1

04
1
04
1

02
02

00
|
00
|

T T T T T T T T T T T T
0.0 0.1 02 03 04 05 00 0.1 02 03 04 05

kappa kappa

Figure 2.4 LDA classification accuracy according to the kappa statistic
(Left: absolute amount, Right: relative amount)

26



Table 2-1 Volatile organic compounds released from sorghum seedlings with or

without sugarcane aphids for 5 hours collection.

Data show means of absolute amount +SE of four replicates
(Bold: significantly different compound with a = 0.05)

RT (min)

Compound

Absolute (nmole/Shours)

Control Infested

8.30 B-myrcene 27.62+13.30 24.761+11.44
9.16 Limonene 1170.80+579.58  1215.23+519.59
10.41 y-Terpinene 16.261+6.47 17.60+2.56
10.72 3,3-Dimethylhexane 60.09+9.84 48.55+2.96
11.04 m-Cymene 23.8243.45 22.6612.06
11.45 Cyclohexanone 16.98+1.19 14.31+5.28
11.62 Octanal 63.224+13.81 54.50+10.92
12.13 Undecane 74.834+21.09 40.9413.86
12.90 5-Hepten-2-one, 6-methyl- 59.16%20.55 56.90+16.10
14.42 Nonanal 262.70+61.69 207.57+34.88
14.68 2-butoxy-ethanol 266.20%+50.82 231.53+25.79
14.78 Dodecane 95.394+24.64 50.22+8.25
15.64 Tetrahydrolinalool 60.67+17.49 57.77+5.73
15.84 Tridecane 37.55£9.00 24.23+3.50
16.01 Tetradecane 45.261+7.09 35.50+0.61
16.55 Dihydromyrcenol 92.89430.05 80.04+14.03
17.04 1-Hexanol, 2-ethyl- 530.78+£127.42  289.99124.89
17.14 Decanal 171.95+35.66 135.54+20.52
17.48 Benzaldehyde 104.41+13.40 82.91+9.65
18.45 Linalool 48.82+11.36 30.14+3.07
19.30 Ethanol, 2-(2-methoxyethoxy)- 38.79+7.14 27.2243.99
19.78 Hexadecane 101.59+21.10 73.93+13.50
20.10 Ethanol, 2-(2-ethoxyethoxy)- 198.861+32.94 159.31+£19.05
20.57 Acetophenone 50.32+11.36 27.39£5.68
20.62 Menthol 97.05+14.29 93.70+10.61
22.10 Heptadecane 44.7248.37 52.11+10.43
22.19 Cyclodecanol 15.1245.35 12.461+4.40
22.54 Naphthalene 469.441+94.75 252.81+31.35
22.87 (S)-(+)-1,3-Butanediol 18.2043.09 19.3142.95
23.40 Methyl salicylate 34.15+15.12 32.13+4.97
23.46 1-Decanol 9.77£6.60 11.81+4.49
24.06 Ethanol, 2-(2-butoxyethoxy)- 20.42+8.42 17.72+6.67
24.28 Methyl laurate 37.37+3.80 9.08+5.64
24.32 Phytane 15.43+8.97 34.13+9.36
24.97 Naphthalene, 1-methyl- 26.03+6.99 10.00+3.36
25.13 1-dodecanol 39.65+11.24 17.92+6.10
25.62  Lropanoic acid, 2-methyl., 9.3049.30 17.76+6.25

3-hydroxy-2,4,4-trimethylpentyl ester
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Table 2.1 Continued

Absolute (nmole/Shours)

RT (min) Compound Control Infested
25.66 Benzenemethanol 99.284+19.59 81.18+16.49
26.07 1-Propanol, 2-(2-hydroxypropoxy)- 15.11+6.06 17.11+2.01
26.9 Neophytadiene 456.941+37.23 509.66+44.56
27.25 Naphthalene, 1,5-dimethyl- 7.12+4.42 12.261+4.63
27.53 Neophytadiene isomer 87.51+34.23 102.144+18.35
27.76 1-dodecanol 986.88+244.24 574.40+£101.43
28.07 Phytol 147.78+9.27 161.92+13.70
28.25 Phenol 93.11+£22.12 65.72+£6.35
28.56 Methyl tridecanoate 40.66+7.87 20.33+£7.83
29.74 Triacetin 22.46+3.80 29.8616.67
30.89 Ethanol, 2-phenoxy- 21.04+3.23 22.84+3.04
31.56 2-Octanol, benzoate 170.80+35.40 135.58+23.11
31.80 Nonanoic acid 15.29+5.53 14.45+5.28
32.48 Methyl myristate 67.09+£13.26 34.83+15.58
33.90 1,2,3-Propanetriol 232.82+61.82 213.61+104.97
34.95 Diethyl phthalate 92.90+2.87 93.89+3.08
39.14 Phytol isomer 58.39£10.95 69.344+14.33

7 chemical classes

Absolute (nmole/5hours)

Control

Infested

Terpene
Alkane
Ketone
Aldehyde
Ester
Alcohol
Aromatic
Acid

2288.55+631.04
474.86+87.97
126.46+31.88
602.28+123.31
474.73+73.93

2492.92+491.27
595.70+125.59

15.29+5.53

2384.974+509.21
359.62149.48
98.60+25.04
480.52174.54
373.46154.17
1696.41+276.91
340.781+44.28
14.45+5.28
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Table 2.1 Continued

Data show means of relative amount +SE of four replicates
(Bold: significantly different compound with a = 0.05)

RT (min)

Compound

Relative (%)

Control Infested
8.30 B-myrcene 0.324+0.12 0.36+0.15
9.16 Limonene 13.9444.82 18.20+6.07
10.41 y-Terpinene 0.20£0.07 0.31£0.02
10.72 3,3-Dimethylhexane 0.88+0.08 0.91+0.13
11.04 m-Cymene 0.361+0.04 0.42+0.04
11.45 Cyclohexanone 0.2740.05 0.2540.10
11.62 Octanal 0.901+0.03 0.94+0.03
12.13 Undecane 1.054+0.20 0.751+0.07
12.90 5-Hepten-2-one, 6-methyl- 0.77£0.11 0.94+0.13
14.42 Nonanal 3.66+0.21 3.62+0.07
14.68 2-butoxy-ethanol 3.84+0.16 4.1940.31
14.78 Dodecane 1.30+0.11 0.88+0.02
15.64 Tetrahydrolinalool 0.82+0.14 1.07£0.13
15.84 Tridecane 0.53%+0.05 0.43+0.03
16.01 Tetradecane 0.67+£0.04 0.68+0.13
16.55 Dihydromyrcenol 1.21£0.18 1.3940.01
17.04 1-Hexanol, 2-ethyl- 7.48+0.83 5.35+0.62
17.14 Decanal 2.43+0.07 2.3940.08
17.48 Benzaldehyde 1.57£0.14 1.5240.17
18.45 Linalool 0.70+0.11 0.56+0.07
19.30 Ethanol, 2-(2-methoxyethoxy)- 0.56+0.03 0.4910.07
19.78 Hexadecane 1.54+40.31 1.28+0.05
20.10 Ethanol, 2-(2-ethoxyethoxy)- 2.91+0.19 2.8940.29
20.57 Acetophenone 0.7010.05 0.48+0.05
20.62 Menthol 1.43£0.11 1.69+0.13
22.10 Heptadecane 0.6710.11 0.891+0.04
22.19 Cyclodecanol 0.191+0.06 0.194+0.06
22.54 Naphthalene 6.741+0.54 4.5410.28
22.87 (S)-(+)-1,3-Butanediol 0.28+0.05 0.37+0.08
23.40 Methyl salicylate 0.42+0.19 0.57+0.04
23.46 1-Decanol 0.10£0.06 0.18%+0.06
24.06 Ethanol, 2-(2-butoxyethoxy)- 0.2440.08 0.27£0.09
24.28 Methyl laurate 0.58+0.09 0.15+0.09
24.32 Phytane 0.19+0.12 0.59+0.10
24.97 Naphthalene, 1-methyl- 0.36+0.02 0.161+0.05
25.13 1-dodecanol 0.53+0.07 0.28+0.10
Propanoic acid, 2-methyl-,
25.62 3-hydroxy-2,4,4-trimethylpentyl ester 0.141+0.14 0.37£0.13
25.66 Benzenemethanol 1.4440.11 1.41+£0.09
26.07 1-Propanol, 2-(2-hydroxypropoxy)- 0.1810.06 0.32+0.05



Table 2.1 Continued

Relative (%)

Compound Control Infested
26.9 Neophytadiene 7.83+£2.33 10.17+2.54
27.25 Naphthalene, 1,5-dimethyl- 0.08+0.05 0.1940.07
27.53 Neophytadiene isomer 1.3740.57 1.93+0.39
27.76 1-dodecanol 13.56+1.34 10.02+0.74
28.07 Phytol 2.5040.72 3.2240.79
28.25 Phenol 1.32+0.13 1.20£0.12
28.56 Methyl tridecanoate 0.5840.06 0.33+0.14
29.74 Triacetin 0.33+0.05 0.53£0.06
30.89 Ethanol, 2-phenoxy- 0.31+0.02 0.41+0.02
31.56 2-Octanol, benzoate 2.40+0.15 2.3740.03
31.80 Nonanoic acid 0.191+0.06 0.22+0.07
32.48 Methyl myristate 0.9610.12 0.54+0.23
33.90 1,2,3-Propanetriol 3.94+1.33 3.42+1.28
34.95 Diethyl phthalate 1.55+£0.41 1.7940.32
39.14 Phytol isomer 1.02+0.33 1.42+0.45
. Relative (%)

7 chemical classes Control Infosted

Terpene 31.69+2.59 40.73+2.21

Alkane 6.82+0.39 6.41+0.30

Ketone 1.74£0.08 1.68+0.23

Aldehyde 8.561+0.19 8.461+0.24

Ester 6.97140.53 6.6410.43

Alcohol 35.54+1.39 29.78+1.78

Aromatic 8.49+0.61 6.09+0.33

Acid 0.194+0.06 0.22+0.07

30



3. VOCS DETERMINATION BY ADSORBENT-RAMAN SYSTEM IN FOOD AND

BOTANICALS

3.1. Abstract

Volatile organic compounds (VOCs) emitted from foods and plants are typically
analyzed by gas chromatography/mass spectrometry (GC/MS) or electronic-nose (E-
nose) analysis. GC/MS is highly sensitive but lacks portability, while E-nose equipment
is portable but has a narrow range of analysis. In this study, a Raman-based VOC
detection system was developed along with multivariate analysis for spectral
differentiation of VOCs. A 5 pL droplet each of four representative VOCs (linalool, cis-
3-hexenyl acetate, cis-3-hexen-1-ol, methyl salicylate) was pre-concentrated with
Hayesep Q adsorbent in a sealed chamber. After a given collectiontime (20 and 60
mins), Raman spectroscopy was used to measure the VOC eluates from each adsorbent.
Two collection times were tested, and single VOCs versus VOC mixtures were
compared. Finally, Raman spectral data were processed with baseline correctionand
normalization and analyzed with unsupervised and supervised learning techniques. After
20 minutes of collection, individual and mixed volatiles showed unique spectral features,
and the multivariate techniques produced good discrimination among the VOCs. Raman
spectroscopy was also used to measure mixtures containing three VOCs at five different
concentrations, and when principle component regression was applied, a concentration-
estimation curve with a high R? of 0.953 was generated. This system developed on VOC

standards was tested on two types of tea (black and earl grey) to determine the
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differentiability of tea aromas, and several unique Raman spectrawere observed from
the tea samples. Therefore, the proposed Raman technique has proven to be effective at
fast screening of multiple VOCs given off from foods and plants and is a good candidate
for fast and portable applications.
3.2. Introduction
Volatile organic compounds (VOCs) have been considered as non-invasive

markers for plant stress detection and phenotyping as well as for estimating food quality
475 _Several different techniques have been used to analyze VOCs for these purposes,
and a sensing system to determine VOCs quickly and accurately would be advantageous.

A standard method used for analyzing VOCs emitted from foods and plants is gas-
chromatography/mass spectrometry (GC/MS), which is highly sensitive and selective.
Most cases involving GC/MS require an additional step to pre-concentrate the VOCs on
an adsorbent polymer or solid phase microextraction (SPME) fiber. Many different kinds
of herbivore induced plant volatiles (HIPVs) and VOCs from different food sources have
been analyzed by this method > 778, However, analysis of each sample takes significant
time to complete, and the method lacks portability for field application. Another popular,
and commercial, method for the analysis of VOCs is by the using an electronic-nose (E-
nose) °. E-nose systems have been utilized to analyze the VOCs from infested plants 2°-
21 and damaged food 88, Recently developed E-nose systems have incorporated
different types of sensors. For example, composites of carbon black and conducting
polymer (CP) coated sensors were evaluated for their ability to detect VOCs associated

with stink bug infestation on cotton bolls 23 as well as six relevant phytochemicals 2.
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Other E-nose systems developed from metal oxide semiconductor (MOS) sensors or
surface acoustic wave (SAW) resonators were designed to differentiate quality levels in
food and plant products 8282 as well as VOCs relevant to food contamination 4. While
each of these E-nose systems offers potential for portability, they require significant
sampling time to produce a measurable signal and can analyze only a narrow range of
VOCs.

Raman spectroscopy may be an alternative method to overcome the above stated
limitations for VOC analysis. Raman has been applied widely for determining analytes
of all material phases, but gases are more challenging to detect than liquids and solids.
Two methods can be used to enhance Raman sensitivity for detecting VOCs at low
concentrations.

First, metal-based nano-particles or nano-structures can be combined with
Raman spectroscopy, a technique called surface-enhanced Raman spectroscopy (SERS).
The most commonly used substrates are based on Au or Ag metal, and the surface of the
substrate can be modified with specific linkers that can absorb specifically targeted
VOCs. For example, cyanide on an Au substrate was used to detect the biogenic VOC,
farnesol, down to 76 parts per million (ppm) 8. CCl, vapor was detected down to 6.5
ppm, with the use of 2,6-DMPI adsorbed on Au substrate 8. Moreover, an Ag-
nanoparticle layer modified with p-aminobenzenethiol (PABT) or 1-propanethiol was
used to detect 1.4 ppm trinitrotoluene (TNT) VOC & or toluene and 1,2-dichlorobenzene
(ODCB) vapors (0.6 to 10.0 ppm) 8. Other approaches have been attempted without any

linker on the substrate. Polyvinyl alcohol (PVA) nanofibers on which Ag nanoparticles
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were deposited were investigated to detect the biogenic VOC, ethylendiamine (EDA),
and 100 ppm EDA as well as VOC from fresh shrimp meat was successfully detected &°.
Furthermore, the multiplex VOC detection of acetone and ethanol was demonstrated
with a silicon-based nanopillar structure °, and improved detection of acetone vapor at
about 6400 ppm was reported with an Au-Ag based nanogap structure .

Second, the added step of pre-concentrating the VOCs before measuring them
with Raman spectroscopy has been researched. SPME with polydimethylsiloxane
(PDMS) has been used to pre-concentrate trace levels of benzene, toluene, ethyl benzene
and xylene from contaminated water, and the PDMS was subsequently analyzed with
Raman spectroscopy 3. PDMS was also coated on a 1-propanethiol-modified Au@Ag
nanoparticle monolayer film, and the aromatic vapor of toluene was ultimately detected
with the SERS technique via a vapor-flow system °2. This type of pre-concentration has
also been integrated into the internal optical components of a Raman spectroscope.
VOCs were successfully detected by coating the optical lens with a thin polymer filmto
enrich the VOCs of isovaleric acid, 2-aminoacetophenone, and indole °3. Limitations of
these techniques have been evident in the literature. Most SERS substrates have been
designed to detect only a narrow range of VOCs, and the limit of detection was only
around the ppm level, even though the SERS technique, not standard Raman, was
employed. Moreover, the adsorbent layer coupled with the Raman system has not been
very effective for collecting many VOCs from foods or plants.

A few studies have been conducted regarding detection of VOCs common to

food and plants. Linalool has been detected with Raman spectroscopy in various
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vegetable oils ®* and essential oils %48, Cis-3-hexenyl acetate was used to verify the
functionality of an e-nose sensor 22, but the detection limit was not mentioned. Methyl
salicylate was successfully detected with an electrochemical sensor at the parts per
billion (ppb) level °’. However, the sensor was designed only to detect methyl salicylate
and required two very specific enzymes to induce electrochemical reduction.
Additionally, the study only included methyl salicylate in solution at well-controlled pH,
so this sensing system would likely not be well-suited to detecting methyl salicylate in
vapor phase.

The goal of this study was to evaluate the concept of detecting multiplex VOCs
from foods and plants with Raman spectroscopy. Specific objectives were (1) to use
several VOC standards to develop a method involving Raman coupled with an adsorbent
to detect multiplex VOCs at roughly the ppm level, and (2) to test the method on
naturally occurring multiplex VOCs associated with tea aroma.

3.3. Material and methods
3.3.1. In-parallel VOC collection system

As shown in Figure 3.1a, the VOC collection system was composed of three
main components. First, five 120-mL glass bottles capped with Teflon-lined lids
(Qorpak, Bridgeville, PA,) were used as VOC collection chambers. Each lid was
equipped with two stainless steel unions (6 mm O.D.; Swagelok, Solon, OH) which were
used to hold glass columns (178 mm length x 6 mm O.D.; Supelco, Bellafonte, PA)
containing adsorbent material. One column was used for purification of incoming air and

the other for pre-concentration of the VOCs. Second was the adsorbent Hayesep Q resin
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(80/100 Mesh; Hayes Separations, Inc., Bandera, TX), which has been widely used to
collect plant VOCs. Each glass column was filled with a 5-cm bed of the resin and
tightly packed with a thin layer of deactivated borosilicate glass wool (Restek,
Bellafonte, PA). The third component involved a diaphragm pump (Thomas Scientific,
USA) which was used to pull air through VOC collection system, and airflowwas
controlled by manual flow regulators. Each resin-packed column was connected to a
flow regulator with Nalgene vacuum tubing, and the air was drawn through the
collection column at 1.0 liter/min. The entire collection system was kept in a fume hood
lined with foam insulation and maintained at 27 + 2°C with a thermostatically-controlled
electric heater for the isothermal volatilization of each standard.
3.3.2. Experimental procedure
3.3.2.1. Experimental design

Two different collectiontimes (20 and 60 mins) were considered in order to vary
the level of pre-concentrated VOCs on the adsorbent. Four VOC standards as well as a
mixture of VOCs were tested for the selectivity of Raman VOC detection. In addition, a
mixture of three different standards was prepared at five different concentrations to test
the sensitivity of Raman VOC detection. All procedures were done in quadruplicate.
Two different tea samples were also considered, and VOC collection for each tea sample

was also replicated four times.
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3.3.2.2. Preparation of VOCs samples

Four standards (Sigma Aldrich) were used as known VOCs: linalool as a terpene,
cis-3-hexenyl acetate and cis-3-hexen-1-ol as green leaf volatiles (GLVs), and methyl
salicylate as an aromatic. A 5pL sample of each standard was placed into a separate
chamber for single VOC collection. To collect the mixed VOCs, a 5 pL sample of each
standard was added into a fifth chamber. All five chambers were tightly sealed, and
VOC collection carried out for 60 min. After VOC collection, each column was removed
from its chamber, and the VOCs trapped on the adsorbent resin were eluted with GC-
grade dichloromethane. The first 1-ml of eluate was directly sampled and sealed into a
1.5-ml GC vial until it was measured by Raman spectroscopy. The same procedure was
repeated for a 20 min collectiontime. To prepare the mixed standard samples for Raman
tests at various known concentrations, a 10 pL each of three standards (linalool, cis-3-
hexen-1-ol, and methyl salicylate) was combined and then diluted with dichloromethane
in 0.5 volume/volume percent (0.5 v/v %). It was repeated by four times until the final
concentrationreached 0.005 v/v %. Therefore, a total of five mixture samples of
different concentrations (0.5, 0.1, 0.05, 0.01, 0.005 v/v %) were used for Raman
measurement. To approximate the mixture concentrations, it was assumed that the
mixture was an ideal gas, which means that the sum of each volume of the analyte would
be the same as the total volume of the mixture. If the volume of each compound was
same, the density of the mixture would be the average density of each compound, so the

density of the concentrationranged from 4795 pg/mlto 47.95 ug/ml (Appendix A, S1b).
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Aroma samples of black and earl grey teas (Upton Tea Imports) were used for
the analysis of unknown VOCs. Samples (10g) of each tea were individually placed into
two different chambers. After tightly sealing the chambers, VOC collection was carried
out for 60 min, and pre-concentrated VOCs on the resinwere eluted with
dichloromethane. The first 1-ml of eluate was sampled and sealed into a 1.5-ml GC vial
until it was measured by GC/MS and Raman spectroscopy.

3.3.2.3. GC/MS

Each collected tea VOC eluate was first analyzed for qualitative identification by
injecting 1uL into a Shimadzu GCMS-QP 2010 Ultra (Shimadzu Scientific Instruments
(Oceania) Pty Ltd, Henderson, New Zealand) equipped with a Zebron ZB-WAX plus
column (30 m length x 0.25 mm L.D. x 0.25 um film thickness; Phenomenex, Torrence
CA, USA). The carrier gas was helium at a flow rate of 1.5 mL /min. The temperature of
the injection port was 250 °C and a 1 ul sample was injected with a split ratioof 1:1. The
initial column temperature was set at 40 °C and maintained at that temperature for 3 min.
Thereafter, the temperature was increased to 240 °C at a rate of 5 °C/min and held at that
temperature for 3 min. Finally, the temperature was increased to 250 °C at a rate of
40°C/min ramp. Mass spectrometry involved electron impact ionization at an interface
temperature of 250 °C and an ion source temperature of 200 °C. Finally, the VOCs were
identified based on data in the National Institute of Standards and Technology (NIST)
Mass Spectral Library and the Wiley Registry of Mass Spectral Data (10th edition). The

peak areas of identified VOCs were exported from Shimadzu GCMSsolution (version
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2.7) package software and divided by the total peak areas to calculate the relative
amount of the VOCs.
3.3.2.4. Raman spectroscopy

A volume of 30 pul of each VOC eluate was placed inside a quartz cuvette with a
lid, to prevent evaporation during measurement. The cuvette was placed on the stage of
the Raman spectroscopy device (RamanStation 400 F, Perkin-Elmer, Beaconsfield,
Buckinghamshire, UK) with a 256 x 1024 pixel CCD detector and a 785 nm near-
infrared laser with 175 mW power (Figure 3.1b). Each spectrum was collected in
quadruplicate with 15s exposure time at the spectral resolution of 4 cm™ in the Raman
shift range of 200 to 2,000 cm™.

3.3.3. Statistical analysis
3.3.3.1. Data consolidationand pre-processing

All collected Raman spectra were exported from the built-in software called The
Spectrum (v. 6.3) and processed using the bioinformatics toolbox in MATLAB with
base-line correctionand normalization. The pre-processed spectra were then used as
inputs for statistical analysis.

3.3.3.2. Principal component analysis (PCA)

A range of wavenumbers was specified as a variable set from each VOC sample
in which as many unique spectral features as possible could be clearly differentiated. For
each VOC sampletype and collection time replicate, principal component analysis
(PCA) was then performed on the variable set with JIMP 13 Pro software. The first two

principal components (PCs) were plotted to give an indication as to whether each VOC
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can be readily classified and whether individual VOCs can be readily separated from
mixtures of VOCs. PCA was also performed for tea discrimination, and the first two PCs
were plotted to determine whether each tea could be readily classified.

3.3.3.3. Linear discriminant analysis (LDA)

Data from the same set of wavenumbers used in PCA analysis was also
employed to create two linear discriminant analysis (LDA) classification models. The
first model was calculated based on the three single VOC data sets for discrimination
among the three (terpenevs. GLV vs. aromatic), and the second model was based on two
different data sets of any single VOC and the mixture, for discrimination between the
two (VOC vs. mixture). Before the analysis, the four replicates of data from each of the
two collectiontimes were combined, so that a total of eight replications were used as the
training set. To evaluate model performance, k-fold cross-validation (k= 8 replications)
was applied with custom R-software code for generating randomly partitioned data set
for two different models. The partitioned data set for the first model contained three
individual data points randomly sampled from each single VOC (total 8 data sets with
three each individuals (one terpene, one GLV, one aromatic) per set). The second model
contained two data points randomly sampled from any single VOC and mixture (total 8
data sets with two each individuals (one VOC, one mixture) per set).

3.3.3.4. Principal component regression (PCR)

PCA analysiswas also used on the Raman spectral data sets from the VOC

mixture with five different concentrations, and five PCs were used as predictor variables

for a principle component regression (PCR) quantification model. If it is assumed that an

40



unknown sample contains the tested three VOCs as major components, one specific
wavenumber will not suffice for overall VOC quantification, because many
characteristic peaks corresponding to the VOCs can be related to their concentrationsin
the sample. However, using multiple PCs rather than directly using the intensities at
specific wavenumbers can be useful in conveying information about numerous
characteristic peaks.

The Fit Model function in JMP 13 Pro was used to generate three models, each
with the logarithm of each concentrationtermas a response variable. The first (equation
3) included only linear termsas predictor variables, the second (equation 4) included
linear and quadratic terms as predictor variables, and the third (equation 5) included
linear and interaction terms as predictor variables. Finally, the calibration curve which
plotted estimated mixture concentration versus experimental (actual) concentration was
calculated, and three different plots were finally compared with respect to the model
selection criteria of R?, adjusted R?, and root mean square error (RMSE).

Y; = Constant, + Y.7_, C;PC; for only linear (Equation 3)
Y, = Constant, + Y;_, C;PC; + Y3, C;(PC;)? for linear and quadratic (Equation 4)
Y; = Constants + X5, C;PC; + X5, 5., C;;PC.PC; (i # )
for linear and interaction (Equation 5)

(Y: response variable, C: coefficient, PC;: principal component i)
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3.4. Results and discussion

3.4.1. VOC:s collection

Each spectrum from a VOC eluate contained unique features clearly visible

throughout the range of wavenumbers considered (Figure 3.2 and Figure 3.3). Three
main wavenumber regions where Raman spectrawere important included 1700 — 1600
cm, 1100 — 1000 cm™ and 900 — 800 cm* (Table 3-1). During the 60 min collection
period, each liquid of standard was completely evaporated by the pump-induced air flow
and collected on the adsorbent. The standards from the 20 min collection period were not
fully evaporated, but the VOC spectral features were still clearly visible. The maximum
concentration limit for each VOC, correspondingto complete evaporation of each
standard, could be approximated by the modified ideal gas law, and thus the approximate
concentrationwas calculated for each VOC (Table A 1). The concept that VOC pre-
concentration should be conducted prior to Raman spectroscopy has also been proposed
by other research groups 923, As explained earlier, Park et al. (2015) proposed a VOC
detection system in which the First Contact® solutionwas coated on a ZnSe lens surface
as the adsorbent layer, and the enriched surface was simultaneously measured with
Raman . However, the solution was not originally designed as an adsorbent, so the
collection efficiency was poor and the collection time was around 120 min. Moreover,
the layer of solutionwas coupled to an optical component, which may become an
obstacle to making the device portable and applying the system in the field. Xia et al.
(2016) developed a SERS substrate configuration in which PDMS polymer was coated

as an adsorbent layer %2, but it was not attached to the Raman optical components and
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could be used for field applications like field VOC collection. However, the polymer
was not adept at collecting the wide range of VOCs relevant to food and plants. Our
VOC collection system is also separate from the Raman components, and the specific
adsorbent we used is known to be an effective polymer for pre-concentratingawide
range of VOCs.

3.4.2. Selectivity performance

Spectra from the four individual VOCs collected for 60 min were clearly
discriminated from each other and from the VOC mixture (Figure 3.4). In addition, the
20 min collection time (Figure 3.5) gave similar results of good discriminationamong
individual VOCs. However, when the mixture was considered, discriminationamong
individual VOCs was not clear, possibly due to the reduced concentration of each
component. An observation noted for both collectiontimes was that all points from the
two GLVs were closely clustered, while a clear separation was observed between
terpenes, GLVs and aromatics. The main characteristic peaks from the two GLVs were
observed at roughly the same wavenumber, around 1655 cm, and the spectral regions
of each VOC group were quite different.

PCA analysis of individual VOCs vs. a mixture (Figure 3.6) showed that the
same clustering features appear regardless of the particular VOC, such that all replicates
from a single VOC had a negative PC1, and those from the mixture had a positive PC1.
This situation can be explained by the fact that all the signs of the first loading matrix
component from the covariance matrix were positive, and the values in the first loading

matrix were used as coefficientsto calculate the PC (Table A 2). Therefore, the stronger
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the intensity of the variable, the higher the PC value that was derived. Raman intensity
from the mixture samples was higher than for any single compound in every variable,
because the mixture had several spectral features associated with each VOC, resultingin
a higher PC.

PCA analysis of terpene vs. aromatic vs. GLVs (Figure 3.7) showed clear
discrimination, and it was clear that each VOC group stayed in its own typical location
on the PC1 axis (GLVs at left, terpene at middle, and aromatic at right). Regardless of
collectiontime, a unique set of wavenumbers was identified for each VOC, and the set
of variables in any of the three groups pointed in the same PC direction, causing the
replicates from the same groups to be in the same general locations.

LDA analysis of individual VOCs vs. a mixture (Table 3-2) resulted in a
classification accuracy of 100%, and the classification among the three groups was over
90% accurate. Wong et al. (2014) also succeeded in multiplex SERS detection of two
VOCs without any specific chemical linker °°, but the SERS substrate they used as the
adsorbent layer and in signal enhancement was too expensive and complex to be
fabricated on a large scale. The high-specificity performance in this study can be
credited to the combination of the adsorbent system and Raman functionality. VOCs can
easily be collected and then used to produce unique spectra. Even though the
concentrations of the VOC samples used for verification was somewhat high, this system
is a worthwhile method to successfully detect up to at least four multiplex VOCs without

the SERS substrate.
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3.4.3. Sensitivity performance

PCA analysis of Raman features of VOCs from the three different groups
(linalool as a terpene, cis-3-hexen-1-ol as a GLV, and methyl salicylate as an aromatic)
at different concentrations showed that Raman spectra accounted for about 90% of the
variation with five PCs, and PC 1 alone accounted for about 40% (Table A 3). Similarto
findings in the selectivity results, the PC 1 coefficients (Table A 4) were also all
positive, and the coefficients induced at the wavenumbers identified in methyl salicylate
were larger than those at the wavenumber associated with the other VOCs. This finding
may have resulted from the fact that Raman intensity at a characteristic peak of one
VOC will likely be different than the intensity at a characteristic peak of another VOC,
even if they are at the same concentration, and methyl salicylate may have affected the
overall mixture spectramore than the other compounds.

The regression curve containing only linear terms (Figure 3.8) did not effectively
relate the PCs to the change in mixture concentration and resultedin a R? of 0.774.
However, when the quadratic or interaction termswere included, the accuracy of
estimation was improved (Table 3-3). The regression curve including the interaction
effect was an especially good fit, with an R? of 0.953 and a low RMSE of 0.159
logarithmic units. Similar research has been done to investigate how PCR could be
applied to complex environmental data with many variables (e.g., multiple trace of
chemical pollutants in ambient air), and the addition of an interaction term between any
PCs resulted in better model %8, Each PC in the PCR analysis was determined by several

coefficients at several wavenumbers, so the signs of the coefficients (Table A 4) were
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very important. Although the signs of the coefficients for PC 1 were the same, those of
the coefficients for PC2 were different. For example, the size of PC 2 coefficients at
1644 and 1656 cm™ was similar, but the sign was opposite. Thus, the difference in peak
intensity at 1656 cm can affect PC 1 and PC 2 oppositely, indicating two PCs could be
correlated. Although they were correlated, we could not confirm that they also interact
significantly. If the effect of PC 1 on the response variable was not same as that of PC 2,
we could say that the interaction effect existed, and the interaction effect was clearly
shown in Figure A 1. The slope of the data (PC1 vs. concentration) was totally different
according to the sign of PC 2, meaning that the change of PC 1 depended on the level of
PC 2. This finding may explain why adding the interaction term was the best fit for
estimating the concentration.
3.4.4. Practical application

The Raman spectra from the tea aromas enabled identification of multiple VOCs
which were different in relative amount. Most compounds identified in the earl grey tea
had higher concentrations than those in the black tea (Table 3-4). When the Raman
spectra were compared, some wavenumber regions had clear differences that can be seen
in the orange-shaded regions in Figure 3.9a. Two unique peaks were observed at around
800 cm™ from only the earl grey tea, and the collected VOCs likely resulted in the
differences between tea samples. Limonene has weak Raman bands at 799 and 789 cm ™
% so it likely directly contributed to those two peaks. A minor peak from black tea was
observed around 788 cm, probably because it has a relatively high percentage of

limonene. The vibrational properties of three additional compounds may have also
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created differences in the Raman spectra between the teas. These compounds include
linalyl acetate, linalool and p-cymene, with Raman signatures around 800 cm™ due to C-
O stretching or ring deformation 1°°. One clear peak was identified around 860 cm™ from
only the earl grey tea. This result may be explained by the presence of B-pinene.
Commercial Raman libraries (KnowltAll Informatics System 2018, Bio-Rad
Laboratories, Inc., USA) confirmed that the Raman spectra of B-pinene have a clear peak
around 860 cm. Finally, the two VOCs of phytol and phytol isomer were identified in
the black tea samples, and KnowltAll software confirmed that the Raman peak around
950 cm on the black tea could only be explained by these two compounds due to their
spectra at the same wavenumber. Based on the identified wavenumbers, the differences
between the teas were also confirmed by PCA analysis, in that all replicates from black
tea were completely separated from those of earl grey (Figure 3.9b).

The VOC:s tested in this study have been analyzed in previous studies to quantify
their emissions from several plants, and we can relate those results with the
concentrations we used. Depending on the collectiontime and herbivore type, the
amount of emitted VOC varied, and it was reported that the total amount emitted ranged
from 0.1 pgto 2 pg 15 18.48,52,54,58,64,101 "If that amount was eluted with about 500l
dichloromethane, the final concentration would be between 0.2 pg/mland 4 pg/ml.
Although the minimum concentration tested in our experiment is higher than the
reported concentration, the sensitivity of the proposed system would be still reasonable
for any biological sample producing enough VOCs, like tea samples. However, if these

methods are applied to plant samples emitting ppb level VOCs, the detection limit
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should be improved. Therefore, future work will include sensitivity enhancement of our
proposed system by use of nanoparticles or nanostructure with the VOC eluate for SERS
application.
3.5. Conclusions

A relatively cost-effective and simple VOC detection system was developed
based on Raman spectroscopy, and a proof of concept study was successfully completed
with several common VOCs emitted from food and plants. The high specificity of the
system was achieved by utilizing an adsorbent to collect the VOCs and Raman scattering
to identify the adsorbed VOCs. The sensitivity of this Raman system was down to the
ppm level of VOCs in a mixture. The system was tested to detect two differenttea
aromas, and 1.0 hr collectionwas adequate to produce spectra that clearly discriminated
between them. Our collection system ultimately needs to be upgraded to be used as a
portable VOC collector, but combining a portable collector with a portable Raman

spectrometer could potentially have merit for screening VOCs in the field.
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Table 3-1 Raman spectral signatures according to the VOCs

VOCs Wavenumber (cm™!) Mode
Linalool igzé ;/cc:cc:z
1654 Ve—cH
Cis-3-hexen-1-ol 865 *
833 *
Cis-3-hexenyl acetate 1655 Ve=cH
1680 Ve=o
Methyl salicylate 1031 Och
812 YcH

v: stretching, y: out-of-plane deformation, d: in-plane deformation, *: not available
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Table 3-2 LDA model validation by k-fold cross validation

Single volatile vs. Volatile mixture

Different cases Classification accuracy (%)
Linalool vs. Mixture 100
Cis-3-hexenyl acetate vs. Mixture 100
Cis-3-hexen-1-ol vs. Mixture 100
Methyl salicylate vs. Mixture 100
Terpene vs. GLVs vs. Aromatic
Different cases Classification accuracy (%)
Linalool vs. Cis-3-hexenyl acetate vs. methyl 92.9
salicylate
Linalool vs. Cis-3-hexen-1-ol vs. methyl salicylate 95.8

Table 3-3 Summary of regression fit according to the three different representation

Only linear Linear + . Linear'+
quadratic interaction
R2 0.774 0.841 0.953
Adjusted R2 0.761 0.833 0.950
RMSE (Root mean square error) 0.314 0.275 0.159
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Table 3-4 Relative composition for the identified VOCs from each tea sample

Relative percentage (%)
voc Black tea Earl grey
Limonene 16.68 36.42
Linalyl acetate 0.23 12.51
B-pinene 0.25 9.53
Linalool 1.34 7.88
p-cymene 2.31 6.80
y-terpinene 1.08 4.85
o-pinene 0 3.43
B-myrcene 0.60 2.80
Neophytadiene 22.04 1.48
Phytol 8.85 0
Phytol isomer 12.19 0
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4. ELECTROSTATIC INTERACTION INDUCED PHASE TRANSFER OF AG-

NANOSPHERE FOR SERS APPLICATION

4.1. Abstract

Surface-enhanced Raman spectroscopy (SERS), due to its good sensitivity and
selectivity, has been widely investigated in many applications. However, only little work
has been done on using SERS for the detection of volatile organic compounds (VOCs)
primarily due to the challenges associated with fabricating SERS substrates with
sufficient hot-spots for signal enhancement and good affinity for the VOCs. This study
investigated whether or not Ag-nanospheres (AgNSs) can be transferred from aqueous
phase to non-aqueous phase by electrostatic interaction induced by cationic surfactants,
and if the AgNSs transferred from the aqueous can be utilized as SERS substrates for the
determination of methyl salicylate as one of the VOCs. Results indicated that one of
three cationic surfactants, tetraoctylammonium bromide (TOAB) dissolved in organic
solvent showed good phase transfer of the AgNSs by efficient electrostatic interaction.
The complex formed by hydrophobic interaction between the transferred AgNSs and
Tenax-TA adsorbent polymer was able to be utilized as a SERS substrate, and the
volatile of methyl salicylate could be easily determined from SERS measurements at 4
hours static volatile collection. Therefore, the proposed new techniques can be
effectively employed to areas where many VOCs relevant to food and agriculture need

to be analyzed.
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4.2. Introduction

Plant-emitted volatile organic compounds (VOCSs) are important constituents that
may indicate a plant’s physiological damage, potentially induced by abiotic or biotic
stresses. Gas-chromatography/mass spectrometry (GC/MS) has been widely used to
analyze VOCs due to its high sensitivity, but a great deal of time is required for the
analysis, and it is not suitable for field application. Therefore, surface-enhanced Raman
spectroscopy (SERS) using metallic nanostructure for signal enhancement is considered
a potential alternative in field applications due to its reasonable sensitivity, selectivity
and fast response 192, To determine VOCs with SERS, key configuration requirements
involve (1) using as many “hot-spots” on nanoparticles as possible to intensify the weak
Raman signal from the VOCs, and (2) making the surface properties of the nanoparticle
favorable to the VOCs so they have higher affinity for the surface.

There is greater need to develop 3D rather than 2D SERS substrates due to their
stronger signal enhancement caused by the higher density of hot-spots in 3D structures.
Most 3D substrates have been designed to make each nanoparticle aggregate unique,
because signal enhancement at the gap between particles can be much stronger than at
the surface of a single nanoparticle 1%, Research on fabricating nanoparticle aggregates
as a SERS substrate has been done by several research groups.

An initial approach was to randomly deposit particle aggregates on a substrate.
An Ag-nanoparticle (AgNP) aggregate was formed on copper foil by immersing the foil
into the particle solution 1%, and the AgNPs were also deposited on a glass substrate by a

high-pressure sputtering technique 1°°. However, there was a lack of regularity in the
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number of hot-spots, resulting in an irreproducible and weak signal. Thus, it was
necessary to develop a substrate with more uniform distribution of hot-spots in order to
maximize the Raman intensity.

A subsequent approach was to use an additional guide structure patterned on the
substrate to aid in depositing the particles on the structure. For instance, Si substrates
were developed in patterns of nanorod, nanohump, and photolithographic
microstructuresso AgNPs could be deposited in efficient 3D hot-spots 196-108, Alsp,
poly(oligo(ethylene glycol)methacrylate) (POEGMA) brushes were prepared as
substrates for sputtered AgNPs to increase hot-spot density 1°°. Moreover, a nanoparticle
film was formed on the surface of a non-plasmonic particle assembly such as iron
nanoparticles 1% and reverse micelles of poly(styreneblock-2-vinylpyridine) (PS-b-
P2VP) 111 While these films turned out to be effective in detecting the analyte due to the
intensified Raman signal, the methods for fabrication of the SERS substrates were
complex and costly.

A cost-effective and functional approach was subsequently proposed as a 3D
SERS substrate. The key component of that substrate was Ag-nanospheres (AgNSs)
made of single Ag-nanocrystals (AgNCs) via bottom-up assembly by surfactantsat an
oil/water interface. The resulting colloidal spheres had many hot-spots at the gap
between each crystal 112113, These AgNSs have been employed as the 3D SERS
substrate in several different applications, such as the detection of pathogenic bacteria

114 ‘melamine 1%, maize toxin 16117 and drugs in human urine 8
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The limitation of the AgNS approach was that the spheres were dispersible in
water, so they were not compatible with samples based on organic solvents. Thus, a
technique that can transfer the spheres from the water phase to the organic phase is
needed when using SERS to sense organic samples. A number of different techniques
have been investigated for the phase transfer of the nanoparticles 1*°, but only
electrostatic interaction-based phase transfer processes relevant to our study have been
considered at present.

Depending on the nature of molecules to be transferred in the organic solvent,
several different techniques have been introduced. First, Au nanoparticles (AuNPS)
modified with negatively charged valine 1% or carboxylate *?* were transferred to the
organic solvent where primary amine was dissolved due to the interaction between the
amine and the carboxylate.

Second, the most commonly used molecules in organic solvent were cationic
surfactants, especially tetraoctylammonium bromide (TOAB) and cetrimonium bromide
(CTAB). Many previous studies used mercaptocarboxylic acids as capping reagents of
AuNPs, so the interaction between cations of the added surfactants in organic solvent
and the carboxylate of the particle surface enabled them to be successfully transferred to
the organic solvent phase 22128 In addition to mercaptocarboxylic acid, glutathione
(GSH) having two carboxylic groups or calixresorcinarene as macrocycle were
employed to cover the exterior of metal-based nanoparticles. In these cases, the
nanoparticles protected by those molecules were finally transferred to organic solvent

due to the cation of the added CTAB 129-130,
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Similar to the results with cationic surfactants,
alkyldimethyl(ferrocenylmethyl)ammoniumions also proved useful for phase transfer of
AuNPs capped by thiolated cyclodextrins (CD) 3!, and negatively charged polystyrene
(PS) microsphereswere utilized as carriers for the phase transfer of positively charged
hydrophilic particles 32,

However, apparently no research has dealt with phase transfer of aggregates of
nanoparticles rather than single nanoparticles, and the effect of the phase (either aqueous
or non-aqueous) in which the added cationic surfactant is dissolved also has not been
investigated.

Therefore, the objectives of this study were to make water-dispersible AgNSs,
transfer them to an organic solvent via electrostatic interactions, and employ them as a
3D SERS substrate to identify VOCs relevant to plant defense systems.

4.3. Material and methods
4.3.1. Material description

Methyl salicylate standard, Tenax-TA (60/80 mesh), and chemicals used for
manufacturing AgNSs (sodium oleate, oleicacid, cyclohexane, and sodium dodecyl
sulfate) were purchased from Sigma Aldrich (St. Louis, MO). Silver nitrate (AgNO3)
was obtained from Fisher Scientific (Pittsburgh, PA). All organic solvents, reagents, and

chemicals were of analytical grade and used as received without further purification.
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4.3.2. Experimental procedure
4.3.2.1. Fabrication of AgNSs
A two-step methodology for fabrication of AgNSs was based on previous
research 116117 To fabricate AGNCs, a mixture including 0.5 g AgNOs, 10 mL deionized
(DI) water, 0.8 g sodium oleate, 1 mL oleic acid and 5 mL ethanol was added to a 20 mL

glass vial under agitation. The vial was tightly sealed and stored in an oven at 150 C

overnight. Afterward the vial was washed out with ethanol and fully dried to create a
layer of AgNCs at the bottom of the vial. To fabricate AgQNSs, 80 mg of AgNCs from the
first step was dissolved in 20 mL of cyclohexane, and 560 mg of sodium dodecy! sulfate
(SDS) was also dissolved in 100 mL of DI water. These immiscible solutions were

mixed and sonicated for 1 hour and then heated at 70 C until the cyclohexane was

mostly evaporated. The concentrated AgNSs were finally prepared by repeating the
centrifugation and re-dispersion of DI water.
4.3.2.2. Phase transfer

The methodology for phase transfer was finally developed based on our previous

work 133,
4.3.2.2.1. Cationic surfactants in aqueous phase

Three cationic surfactants, TOAB, CTAB and Benzalkonium chloride (BKC),
were added separately to DI water on a hot plate until they were completely dissolved, to
prepare 0.28 M solution of each. Three mixtures were made by mixing 100 pl of AgNSs
with 100 pl of each cationic surfactant solution. Each AgQNS mixture was vigorously

vortexed for 1 min, and then 200 pl of dichloromethane was added into each mixture,
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and each mixture of immiscible liquids was finally vortexed again for 1 min. The
occurrence of phase transfer was confirmed by observing the color change at the bottom
from clear to dark. If the AgNSs in DI water were transferred into the dichloromethane,
only the transferred part at the bottom was collected and centrifuged to concentrate only
the transferred AgNSs (TAgNSs), which were finally re-dispersedin 200 pl of
dichloromethane for use as a 3D SERS substrate.
4.3.2.2.2. Cationic surfactants in non-aqueous phase

The same three cationic surfactants were dissolved in dichloromethane at a level
of 0.14 M, and 100 pl of AgNSs were diluted with 100 pl of DI water. Then 200 pl of
each surfactant in dichloromethane solution was mixed with 200 ul of two timesdiluted
AgNS solution, and the mixture was vigorously vortexed for 1 min. Only the TAgNS
solutions showing significant color change at the bottom were collected by
centrifugation, and these were re-dispersed in 200 pul of dichloromethane for use as a 3D
SERS substrate.

4.3.2.3. 3D SERS substrate

The SERS substrate was based on the complex between TAgNSs and Tenax-TA
polymer, and three different complex solutions were prepared by dissolving Tenax-TA
(Img, 2mg and 3mg) into 150 pl TAgNS solution in dichloromethane. A 20 pl volume
of each complex solution was drop-casted on a clean quartz substrate and fully dried.

4.3.2.4. Static volatile collection
For the generation of methyl salicylate (MeSA) volatile, 5 ul of the MeSA was

dropped inside the jar with 120 ml, and three different SERS substrates were placed
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inside the jar by facing the substrates to the evaporated reagent for two different
collectiontimes (4 hours and overnight).
4.3.2.5. Transmission electron microscope (TEM)

To determine the morphology of the AgNCs and AgNSs before and after phase
transfer, carbon-coated 300 mesh grids were treated by glow discharge, and then
approximately 2 to 3 pl of the samples (AgNCs, AgNSs and TAgNSs) were applied to
the grid. After 10 seconds, the excess was blotted off with filter paper. The prepared
specimens were observed in a JEOL 1200 EX transmission electron microscope (TEM)
operated at an acceleration voltage of 100 kV. Electron micrographs were recorded at
calibrated magnifications with a 3k slow-scan CCD camera (model 15C, SIA), and
particle size was measured with ImageJ software.

To obtain elemental and crystallographic information from the AgNSs before and
after phase transfer, approximately 2 to 3 pl of the samples (AgNSs and TAgNSs) were
deposited onto TEM grids with a carbon film and dried on a paper filter. The spheres
were characterized by FEI TECNAI G2 F20 Super-Twin TEM fitted with a Schottky
field emissiongun, a 2k x 2k Gatan CCD camera, and an Oxford windowless energy
dispersive X-ray spectroscopy (EDX) detector (Oxford X-MaxN TSR) with a collection
solid angle in the range 0.3 to 0.7 steradians. The elemental analysis was performed in
the area of agglomerated AgNSs and TAgNSs at a 200 kV accelerating voltage, and the
collected EDX spectra were exported from Oxford AZtec software. In additionto the
chemical elements from the TEM-EDX system, electron diffraction patterns were also

taken from the AgNSs and TAgNSs at a camera length of 200 mm.
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4.3.2.6. UV/Vis spectroscopy
Both water-dispersible AgNSs and the TAgNSs solutions were prepared in a
quartz cuvette, and UV/Vis-NIR spectrafor both were acquired with a Hitachi U-4100
spectrophotometer.
4.3.2.7. Raman spectroscopy
Each substrate after static volatile collection was placed on the stage of a Raman
spectroscopy instrument (RamanStation 400 F, Perkin-Elmer, Beaconsfield,
Buckinghamshire, UK), which consists of a 256 x 1024 pixel CCD detectorand a 175
mW near-infrared (785 nm) laser. Spectra were collected in quadruplicate with 2 s
exposure at a spectral resolution of 4 cm™ in the Raman shift range of 200 to 2,000
cmL. All collected spectra were exported from built-in software (The Spectrum v. 6.3)
and finally processed with base-line correction and normalization in MATLAB’s
bioinformatics toolbox.
4.4. Results and discussion
4.4.1. Phase transfer of AgNSs
4.4.1.1. Cationic surfactants in aqueous solution
Distinct features of phase transfer (Figure 4.1) depended on the following: (1)
what kind of cationic surfactant was used, and (2) in which phase (either aqueous or
non-aqueous) the cationic surfactant was dissolved. When the cationic surfactant
dissolved in water was added to AgNSs in the water, the phase transfer did not work at
all for any of the surfactants. One reason might be low water solubility of each

surfactant. In particular, TOAB was not more soluble than the others and required
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continuous heating to maintain solubility due to its large hydrophobic tail area (Figure B
1). Results from the other two surfactants were also poor, even though their solubility
was somewhat better. The AgNSs may have interacted with the micelle formed by
adding surfactant during the first vortexing of the mixtures of AgNSs and added
surfactant in water phase (Figure B 2). However, some of the added cationic surfactants
may have started to move to the water/dichloromethane interface, and some of them may
have interacted with the SDS right after the second vortexing with added
dichloromethane. While interacting with the SDS, they may have either been inserted
into the spot where the SDS layer had formed or attached to the head of the SDS by
electrostatic interaction. The hydrophobic tail area of the other two surfactants was
smaller than that of TOAB, so they may have been inserted at the interface where
anionic SDS surfactant had already been aligned (Figure B 1). As a result, the
electrostatic interaction between the cationic surfactant of one AgNS and the anionic
surfactant of another AGNS may induce aggregation (Figure B 2, a). The aggregation of
AgNSs may also be explained in differentway (Figure B 2, b). The added cationic
surfactants may have been attracted to the anionic surfactant by electrostatic interaction,
and the hydrophobic tails of the cationic surfactants may have been exposed to the water
phase, not a favorable situation. Therefore, the modified AgNSs with the added
surfactants may have been trying to aggregate together to minimize the exposed
hydrophobic area in the water phase. Finally, the aggregates (based on either possible
explanation) may have a much greater diameter than the original AgNS, which can be

confirmed by a color change from dark green to brown (Figure 4.1). In accordance with
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the first explanation, it has been reported that cetyltrimethylammoniumchloride
(CTACI) cationic surfactant can interact with negatively charged AuNPs, with the
aggregation confirmed by a color change from red to blue 134, Whether the phase transfer
can occur during vortexing can be determined largely by how well the AgNSs can be
modified with the cationic surfactant to increase hydrophobicity, in which case the
aggregates would still have a chance to meet other cationic surfactants aligned at the
water/dichloromethane interface. However, there may be no way to make the surfactants
cover the surface of the aggregates due to their increased surface area, so inadequate
hydrophobicity could be the reason they were not driven to the organic phase.
4.4.1.2. Cationic surfactants in non-agueous solution

A major consideration is that each cationic surfactant had a different effecton
phase transfer (Figure 4.1). When BKC cationic surfactants were added, phase transfer
did not occur at all (no color change). However, the addition of CTAB or TOAB cationic
surfactants did result in a color change, and a clear color change was observed in the
case of TOAB surfactants, meaning that most of the AgNSs in water phase were
transferred to the organic phase. The key factor in the difference appears to be the
hydrophobicity of the surfactants, such that if the AgNSs modified with the cationic
surfactant by electrostaticinteraction at the water/dichloromethane interface become
hydrophobic enough, they are finally moved from the water to the organic phase. Again,
the TOAB that was not dissolved in water had four hydrocarbon tails rather than only
one tail like the other two surfactants. Thus, if it is assumed that one mole of each

cationic surfactant is attached to one mole of the SDS anionic surfactant of the AgNSs, a
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much greater hydrophobicity can be exerted on the AgNSs inthe TOAB case, and a
lesser number of moles should be enough to transfer them to the organic phase. The
TOAB induced phase transfer procedure is shown in Figure B 3. A slight color change
was found at the bottom of the organic phase as a result of adding CTAB, meaning that
only a few AgNSs were transferred to the bottom. This result can be explained similarly,
such that a larger number of moles of CTAB might be needed to produce the same
hydrophobicity induced by TOAB. The phase transfer induced by TOAB was also
confirmed by TEM (Figure 4.2), and the spherical aggregates representing the AgNSs
were found in both cases (before and after phase transfer). The successful effect of
TOAB was additionally analyzed by EDS (Figure 4.3), and the bromide peak that was
only visible after phase transfer could be strong evidence that AgNSs were well -
modified with the added TOAB during phase transfer. In addition, the crystallinity of the
AgNSs was examined by analyzing the diffraction pattern, and spot and ring patterns
were clearly identified from both cases (Figure 4.4), confirming that the quality of
crystal structure was not affected by the addition of TOAB.

The successful phase transfer of the AgNSs raises the question, how is it possible
to transfer AgNSs with diameter above 50nm by using TOAB? Cheng et al. used TOAB
to make AuNPs covered with citrate phase transferred from water to toluene by
electrostatic interaction. They found that phase transfer by electrostatic interaction alone
was not effective for nanoparticlesabove 10 nm in diameter due to the decreased surface
area to volume ratio . In other words, the TOAB coverage on the surface of the

nanoparticles was less for larger particles, contrary to our results. Therefore, the
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nanoparticles must be considered in-detail to elucidate the difference. The AuNPs of
Cheng et al. were formed by citrate reduction of HAuUCI?, so the particles were highly
stabilized by the citrate anion uniformly covering them 3. The citrate anion layer on the
AuNPs was also considered to unveil the exact mechanism of formation. The citrate
trimer, having two absorbed molecules and one dangling molecule, may be a unit of the
layer, with surface coverage of 2.8 x 107® mol/m?. The central COO~ group of the
exposed dangling citrate may be the main source for negative charge %7, and many other
polar groups including hydroxyl and other carboxyls can be major factors in making the
particle hydrophilic. However, the AgNSs used in our experiment were formed by
hydrophobic interaction between a cluster of AgQNCs and the tail of the SDS anionic
surfactants, so how regularly the SDS anionic surfactants were packed at the water-oil
interface where the AgNCs were dissolved needs to be known. If the surfactants were
sparsely positioned at the interface, a smaller number of the cationic surfactants might
have been needed to induce the electrostatic interaction between them, a possibility
supported by previous research 1%, The hydrophobic tail of the SDS is not positionedin
an orderly way in the oil phase, even in contact with water, so the surface area is about
several hundred square angstroms, corresponding to a surface coverage of 3.92 x 107”7
mol/m? and comparable to the surface area of citrate with about ten times difference in
quantity. Furthermore, the disorder of the hydrophobic tail inside the oil phase might
help the particles transfer to the organic phase due to more exposed hydrophobic area
into the water. This possibility is different from the case of citrate in that some of the

polar groups might keep the particles from being hydrophobic even after interacting with
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the added TOAB. Taken together, these two points may explain how large particles can
be transferred from water to organic phase.
4.4.2. SERS application for the determination of MeSA

The UV/Vis absorption intensity of AgNSs at around 450 nm before phase
transfer was higher than after phase transfer (Figure 4.5). Not all the particles from the
water phase could be transferred to the organic phase, so the final concentration after
phase transfer was less than the original concentration, resulting in lower absorption
intensity. However, the shape of the spectrum was maintained, and the absorption peaks
after phase transfer were located around 400 and 500nm, similar to the absorption
spectra of the AgNSs used as SERS substrate 4. Therefore, the AgNSs after phase
transfer were used as a 3D SERS substrate to detect MeSA, an important VOC for plant
systematic defense 12°. Tenax TA, poly(2,6-diphenylene oxide), is known to be an
effective adsorbent polymer for collectinga wide range of VOCs emitted from plants
and foods. It is usually used with GC/MS analysis, and a thermal p-preconcentrator
where the adsorbent is coated has also been developed for detecting VOCs 13:149,
However, this combined technique requires a thermal desorption step before detecting
VOCs, and the configuration is complicated to fabricate. In contrast to GC/MS analysis,
our 3D SERS substrate does not need thermal desorption. The 3D SERS substrate was
tested to determine whether it can directly measure pre-concentrated MeSA at different
concentrations in the adsorbent polymer.

Due to surface property changes of TAgNSs, the added polymer was well-

dispersed in the TAgNSs solution, and the film from the complex solution was
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uniformly formed on a quartz substrate. The hydrophobic interaction between phenyl
groups of the polymer and hydrophobic tail of the TOAB on TAgNSs should be the
main force for formation of the complex, and this notion has been confirmed;
hydrophobic polymer above a certain concentration or chain length can successfully
interact with the hydrophobic core of a lipid membrane similar to the TOAB amphiphilic
molecule !, The film formed from the complex solution was easily deposited on the
quartz substrate immediately after evaporation of the dichloromethane solvent, and the
film ultimately deposited on the quartz substrate is shown with the plausible scheme in
Figure 4.6. TAgNSs appeared to be immobilized on the quartz substrate, where they
were surrounded by the polymer matrix. This observation is supported by a previous
fundamental study about solid film generated from a nanoparticle-polymercomplex of
the solution, even though the complex was dispersed in agueous solution, not organic
solution like in our case 142, The solid film was finally tested with MeSA in the vapor
phase to determine whether the film could efficiently capture the vapor as it was
naturally evaporated from its liquid phase depending on its vapor pressure. Four
different SERS spectra of the vapor are shown in Figure 4.7. After 4 hours of vapor
capture, the case with the highest polymer concentration looked better than the other two
cases. The three spectra had similar features, with one unique peak at the 812 cm
wavenumber region due to out-of-plane deformation of C-H. However, two other peaks
at 1032 and 1676 cm from in-plane deformation of C-H and stretching of C=0 were
relatively weak 143, All three peaks became dominant after overnight collection

regardless of the added polymer concentrations, and another small peak was observed at
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1620 cm from stretching of the phenyl group 3. Evaporation of a liquid drop of MeSA
may take some time to reach a certain vapor pressure, so the amount of volatile produced
during 4 hours is likely to be lower than that for overnight. In addition, another study
was done to observe how the use of the adsorbent polymer could affect the enhancement
of the SERS spectra, and the comparison whether or not to use the adsorbent is shown in
Figure 4.8. If only TAgNSs were used as a SERS substrate, no significant peaks from
the MeSA VOC were not identified even for overnight collection. However, the addition
of the adsorbent layer might be able to improve the VOC collection efficiency,
producing three significant MeSA VOC peaks from the overnight collection.
Nevertheless, the uniformity of the distance between the polymer surface and the
TAgNSs surface may factor into the difference in spectral intensity. If the adsorbed
molecule at the surface of the polymer is located far away from the TAgNSs (Figure 4.6,
red double arrow), the SERS intensity from the molecule may be weaker than from a
molecule near the TAgNSs (Figure 4.6, white double arrow) due to decreased light
penetration 34144, Thus, uniformity should be improvedto intensify the SERS signal.
Nevertheless, detecting MeSA in the vapor phase by using simple complexes between
TAgNSs and adsorbent is notable, and multiplex detection of VOCs warrants further
study.
4.5. Conclusion

Spherical aggregates of single nanoparticles were successfully transferred from
aqueous phase to a non-aqueous phase by electrostatic interaction induced by TOAB

surfactants. The key idea is to use an aggregate covered by surfactants with enlarged
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surface area, a useful concept for the phase transfer of large nanoparticles in many
applications. The transferred AgNSs were well-mixed with polymer adsorbent, and the
complex between the AgNSs and polymer adsorbent were successfully used as an ADS-
SERS substrate. After static collection of the volatile of MeSA by the substrate, spectra
at several wavenumbers could clearly identify the MeSA, and peak intensity at each
wavenumber was dramatically increased for overnight collection, suggesting the
possibility for quantitative detection of MeSA volatile. The ADS-SERS technique shows
promise for a sensor to detect MeSA volatile, and other VOCs in food and agriculture

should be tested in the near future.
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Figure 4.1 Phase transfer of AgNSs from water to dichloromethane by different
cationic surfactants

Figure 4.2 TEM images of AgNCs and AgNSs before/after phase transfer
(Left: AgNCs, Middle: AgNSs before phase transfer, Right: AgNSs after phase
transfer)
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Figure 4.6 Scheme of TAgNSs-polymer complex-based SERS substrate

77



M1 4HR
M2 4HR

M3 4HR
L ‘/_\ /\ /\ /\ - Overnight
"‘ [ ’\\ \' / \ A
| | \ / \ /\,/ [ /‘\ f W 7\ /\/m‘ WA ‘
S | — / . N ',} \\; /\ \J \\// XU‘, \ \U . l\;" \ \/\//\ \v\ﬁ\/ \ /A_

Raman intensity
"

1800 1600 1400 1200 1000 800 600
Wavenumber (cm'1)
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5. ADSORBENT-SERS TECHNIQUE FOR DETERMINATION OF PLANT VOCS

FROM LIVE COTTON PLANTS AND DRIED TEAS

5.1. Abstract

We developed a novel substrate for the collection of volatile organic compounds
emitted from either living or dried plant material to be analyzed by surface-enhanced
Raman spectroscopy. We demonstrated that this substrate can be utilized to differentiate
emissions from blends of three teas, and to differentiate emissions from healthy cotton
plants versus caterpillar-infested cotton plants. The substrate we developed can adsorb
volatiles in static headspace sampling environments, and differences in volatile profiles
were confirmed with collections on Super-Q resin for dynamic headspace and solid-
phase micro-extraction for static head-space sampling followed by gas chromatography
to mass spectrometry. Our results indicate that both qualitative and quantitative
differences can be detected by surface-enhanced Raman spectroscopy of our substrate
although we find the detection of quantitative differences could be improved.
5.2. Introduction

Volatile organic compounds (VOCs) are odorant compounds emitted from plant
tissues. VOCs are responsible for the distinct aroma of certaindried plants, including
tea, Camelliasinensis. As such, VOCs can be used as an indicator of tea quality 145146,
In addition, the VOCs emitted from live plants have an important ecological role by
attracting predators to insect herbivores feeding on the plant 47, Cotton (Gossypium

hirsutum) is an important crop for fiber production, but its productivity has been
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significantly affected by major pests: cotton aphid (Aphis gossypii), cotton bollworm
(Helicoverpaarmigera), beet armyworm (Spodopteraexigua) and stink bug (Nezara
viridula) 148-14% Herbivore-induced cotton volatiles can be utilized as a reliable indicator
to tell whether a plant is being infested by the insect 7.

A popular contemporary method for analyzing VOCs is gas
chromatography/mass spectrometry (GC/MS). VOC collection methods such as indirect
extraction by solid-phase micro-extraction (SPME) fiber in static headspace %1, purge
and trap dynamic sampling involving drawing headspace air through a column packed
with differentadsorbent resins **, or direct extraction by distillation *5° are required prior
to GC/MS analysis. For tea aroma analysis, black, green, white, oolong, and pu-erh teas
can be analyzed for quality by their VOC emissions. SPME is the most widely used
technique for the analysis of the VOCs from tea samples $°-15° but dynamic headspace
sampling *°¢ and distillation >’1°° are also used. Cotton plant VOC emissions induced
by insect herbivores are typically analyzed by dynamic headspace sampling with
different adsorbents 52:160-162 byt SPME has also been used 63, Regardless of the
extraction method, the VOCs needs to be analyzed by the GC/MS and this is generally
very time-consuming process, requiring at least half an hour to complete just one
analysis.

To overcome the lack of the rapidity of the GC/MS, electronic nose (e-nose)
sensors have been developed 6415, For the analysis of tea aroma, dynamic sampling
methods were coupled to the e-nose sensor. The FOX 4000 from Alpha-MOS was

applied to different tea infusions (green, black and oolong) to evaluate its performance
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on the discrimination of the grade level %6167 and the EOS835 from Sacmi Imola
s.c.a.r.l. was also tested with green tea infusions to classify green tea samples with
different storage periods 18, Additionally, the PEN from AIRSENSE Analytics was
selected as a sensor to investigate teaaroma profile difference between tea infusion and
tea leaves 1%, and to discriminate green tea samples with different grades directly from
tea leaves 170, Likewise, a hand-held e-nose system was fabricated for black tea aroma
detection 1! based on optimized selection of four commercial tin-oxide based MOS
sensors, and the Pd doped SnO2 film deposited on an interdigitated Au electrode was
studied to evaluate its functionality for linalool tea aroma sensing 72

As for e-nose applications in cotton, the Cyranose 320 has been used to analyze
stink bug damaged cotton bolls or stink bug itself 173175, In addition to using the
commercial sensor, a low-cost portable e-nose sensor was designed by optimizing
carbon black-polymer composites to detect the VOCs released from stink bug damaged
cotton bolls 2%, Although the e-nose has reasonable sensitivity for VOC detection with
good rapidity, it requires additional training specific to the application before analysis,
and cannot always detect individual compounds.

Given the shortcomings of the two methods mentioned above, surface-enhanced
Raman spectroscopy (SERS) can be great platform to analyze VOCs due to its
specificity, rapidity, and sensitivity. Although there have apparently been no studies for
the determination of VOC emissions from live plants by the SERS technique, a few
studies investigated whether it can discriminate different tea samples based on unique

spectral information. In these studies, each tea infusion was vigorously mixed with Ag-
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nanoparticles or drop-casted on commercial SERS substrate 175177, However, those
methods are not applicable to the analysis of VOCs emitted from live plants. Therefore,
a detection system that can act as pre-concentrator and SERS substrate at the same time
Is herein proposed and investigated for the analysis of VOCs from dried teas and live
cotton plants.

Metal—organic frameworks (MOFs) have been widely studied for capturing
VOCs, and some studies integrated MOFs with SERS for the direct detection of VOCs.
One MOF, zeolitic imidazolate framework (ZIF), was grown on the surface of SERS
substrate for the pre-concentration of a wide range of toxic VOCs, and the detection of
the VOCs including benzene and toluene was successfully achieved at the ppm level 178
179 However, whether the film can be effective for collection of VOCs released from
live plants has not been determined. Tenax-TA, 2,6-diphenyl-p-phenylene oxide porous
polymer, has been widely applied to studies in which VOCs from botanicals and food
needed to be effectively collected as one of the adsorbents in dynamic sampling 180-182,
and it is easily dissolved in organic solvent, enhancing its processability asa film from
the dissolved polymer solution 82,

In this study, a unique SERS substrate, Tenax-TA deposited on a layer of Ag-
nanospheres (AgNSs), was developed and tested. The three objectives were to evaluate
SERS spectra for multiplex detection of VOCs given off by three different groups of
sources: authenticated VOC standards, three different tea samples, and cotton plants

infested by beet armyworm caterpillars.
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5.3. Material and methods
5.3.1. Material description

VOC standards including linalool, cis-3-hexen-ol and methyl salicylate and

Tenax-TA (60/80 mesh) adsorbent were purchased from Sigma Aldrich.
5.3.2. Adsorbent coated SERS substrate

The fabrication of adsorbent coated SERS (ADS-SERS) substrate was composed
of three steps: (1) the fabrication of water-dispersible AgNSs (WAgNSs) 116117 (2)
phase transfer of the AgNSs to organic solvent, and (3) adsorbent polymer deposition on
the transferred AgNSs (TAgNSs) film. The phase transfer of the AgNSs was performed
with some modifications to our previous methodology 33, and the fabrication of ADS-
SERS substrate will be introduced here. For the fabrication of AgNSs, 0.5 g AgNO3, 10
mL deionized (DI) water, 0.8 g sodium oleate, 1 mL oleicacid and 5 mL ethanol were
mixed together in a glass vial under agitation. The vial was sealed and heated overnight
at 150 °C. A layer of Ag-nanocrystal formed at the bottom of the vial, 80 mg of which
was dissolved in 20 mL of cyclohexane. 560 mg of sodium dodecyl sulfate was
dissolved in 100 mL of DI water, and the two solutions were mixed together. The
AgNSs were finally prepared by sonicating the mixture for 1 hour and heating it at 70 °C
until the cyclohexane was almost completely evaporated. For the phase transfer of the
AgNSs, tetraoctylammonium bromide cationic surfactant solutionwas prepared by
dissolvingitin 0.14 M dichloromethane, and 100 ul of the surfactant solution was mixed
with 100 pl of the AgNSs solution. Then, the mixture was vortexed for 1 min and the

TAgNSs concentrated by centrifugation and re-dispersion with dichloromethane. For the
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fabrication of ADS-SERS substrate, Tenax-TA polymer was dissolvedin
dichloromethane (10mg/ml) for the adsorbent solution, and a 5l volume of the TAgNSs
solutionwas first drop-casted on the cleaned quartz substrate and fully dried. Thereafter,
5ul of the adsorbent solutionwas also deposited on the spot where the TAgNSs were
first coated and again fully dried.

5.3.3. Cotton and caterpillar herbivory

Cotton seeds (Phytogen 367) were planted in 8.5 x 8.5 x 8.5 cm plastic pots filled
with store-bought potting soil (SunGro Metro Mix 900) and arranged in trays. We added
water to the trays as needed by the plants and fertilized plants biweekly with Botanicare
CNS17 at a rate of 10 mL fertilizer per liter of water. Plants were reared in Percival
environmental chamberson 14:10 h light:dark cycle at 29°:25°C until the seventh true
leaf was fully expanded and the first square (flower bud) was developing. We wrapped
the pots in aluminum foil pressed closed around the base of the plant stalk to minimize
the emissions of soil-borne volatiles in close proximity to the SERS substrate. On the
outside of the foil we incorporated a plastic mesh to facilitate the caterpillars’ crawling
back up to the leaves after falling, which they often did at the beginning of the
experiment when being placed on the plants.

The insects, Spodoptera exigua larvae, were purchased as eggs from Benzon
Research and reared on artificial diet for Helicoverpa zea purchased from Southland
Products Incorporated, and supplemented with 7 mL raw linseed oil per batch of diet.
Insect rearing conditions were light:dark for 14:10 h at 28°:25°C. Insects were reared

until the 3rd instar on artificial dietand then transferred into glass petri dishes with
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excised leaves of conventional (non-genetically modified) cotton. They were allowed to
feed on the conventional cotton leaves for at least 24 hours before being used in
experiments. This acclimated the larvae to feeding on plant material so that they would
readily accept the leaves as food during the experiments.
5.3.4. VOC:s collection by ADS-SERS substrate
The prepared ADS-SERS substrate was finally used for the pre-concentration of
VOCs from various sources in the static headspace sampling set-up (Figure C 1), and the
size of the chamber varied depending on what kinds of samples were prepared as VOC
sources.
5.3.4.1. VOCs standards
Three 5 pl droplets of linalool, cis-3-hexen-1-ol and methyl salicylate were
dispensed ina 120 ml jar. The ADS-SERS substrate was situated against the wall of the
jar facing the three droplets (Figure C 1-(a)). Three trials were performed with collection
times of 1hr, 3hrs, and overnight. As a control, one substrate was kept inside an empty
jar. All were replicated 4 times.
5.3.4.2. Teaaroma
10 g of each tea sample was placed inside a 120 mL glass for 3 hours as well as
for overnight, and the ADS-SERS substrate was also located against the wall of the glass
facing the tea sample (Figure C 1-(b)). These experiments were replicated 4 times.
5.3.4.3. Cotton VOCs
A single plant was placed inside a chamber. We fashioned a stand out of metal

wire which hung off the side of the pot and held the ADS-SERS substrate (Figure C 1-
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(c)). The substrate was held with the narrow edge vertical so that droppings from the
caterpillars would not land on the substrate and contaminate the sample. Experimental
conditions were the same as rearing conditions other than the fact that the plants were
inside glass chambers with static headspace for the experiments. Using soft forceps, we
placed 5 total 3rd and 4th instar larvae in one experimental chamber, the other chamber
was herbivore-free, and both chambers were then sealed. The experimentstook place
over 48 hours with the plants being enclosed and removed midday. This experiment was
replicated 3 times.
5.3.5. VOC:s collection by commercial adsorbent
5.3.5.1. Dynamic sampling for tea aroma

10g of each tea sample was placed inside a 120 mL glass jar capped with a
Teflon lid. Each glass jar was connected to two glass columns (178 mm length x 6 mm
O.D.; Supelco, Bellafonte, PA) filled with a 5-cm bed of Hayesep Q resin (80/100 Mesh;
Hayes Separations, Inc., Bandera, TX): one column was for dynamic VOC collection,
and the other was for cleaning the air entering the jar. The VOC dynamic collection was
performed with a diaphragm pump (Thomas Scientific, USA) at a rate of 1 liter/min for
1 hour.

5.3.5.2. Static sampling for cotton VOCs

PDMS/DVB/Carbowax 50/30 um coating SPME fibers by Supelco (Millipore-

Sigma, St. Louis, MO) were exposed to the static headspace of the chamber during the

final 30 minutes of the experiment (Figure C 1-(c)).
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5.3.6. Equipment used
5.3.6.1. Adsorbent-GC/MS

The VOCs collected dynamically were eluted from the resin with 500u |
dichloromethane and analyzed by a Shimadzu GCMS-QP2010 Ultra (Shimadzu
Scientific Instruments (Oceania) Pty Ltd, Henderson, New Zealand). We used the
Zebron ZB-WAXplus capillary GC column from Phenomenex, which is 30 m in length
with an internal diameter of 0.25 mm and a filmthickness of 0.25 um. The temperature
at the injection port with a flow rate of 1.5 mL/minwas 250°C, and a 1uL eluate was
injected with a splitratio of 1. Oven temperature program initiated at 40°C held for 3
min, increased 240°C at 5 °C/min and held for 3 min, then increased to 250°C at
40°/min to purge the column.

Manual injections with the SPME fibers were performed with a hollow-bore
splitless injection port and a desorption time of 2 min at 230°C with total injection port
air flow at 1.5 mL/min. The oven temperature program was initiated at 60°C and held for
2 min, increased to 180°C at 4°/min, then increased to 250°C at 50°/minand held for 4
minutes to purge the column. Identification of VOCs was based on the comparison of
retention times to authentic standards and mass spectrastored in the National Institute of
Standards and Technology (NIST) and Wiley Registry (10th edition).

5.3.6.2. Raman spectroscopy

All ADS-SERS substrates were analyzed by Raman spectroscopy (RamanStation

400 F, Perkin-Elmer, Beaconsfield, Buckinghamshire, UK) with a 256 x 1024 pixel

CCD detectorand a 785nm near-infrared laser with 175 mW power. They were placed
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on the stage of the Raman spectrometer, and a spectrum was collected with 2 s exposure
time at the spectral resolution of 4 cm™ in the Raman shift range of 200 to 2,000 cm™.
The spectra were finally compared to the VOCs identified by GC/MS using commercial
Raman libraries (KnowltAll Informatics System 2018, Bio-Rad Laboratories, Inc.,
USA).

5.3.6.3. Transmission electron microscope (TEM)

A few pl of the TAgNSs were sampled to the grid and perfectly dried. The
finally dried sample on the grid was analyzed ina JEOL 1200 EX transmission electron
microscope (TEM) operated at an acceleration voltage of 100 kV, and morphological
images was captured with a 3k slow-scan CCD camera (model 15C, SIA).

5.3.6.4. UV/Vis spectroscopy

A 100 pl of the TAgNSs were sampled inside a quartz cuvette, and UV/Vis-NIR

spectra were collected with a Hitachi U-4100 spectrophotometer.
5.3.7. Statistical analysis
5.3.7.1. Descriptive statistics

For GC/MS data, the peak area for each identified VOC was calculated with
Shimadzu GCMSsolution (version 2.7) package software. Relative abundance of the
VOCs was calculated by dividing the integration of an individual by the total integrated
values for the chromatogram.

For Raman data, all spectral information was exported from The Spectrum (v.

6.3) software, and the data were preprocessed by baseline correction and normalization
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with the bioinformatics toolbox of MATLAB. The processed data were final ly averaged
out from all replicated data.
5.3.7.2. Multivariate analysis

Optimal sets of wavenumber variables were selected for the Raman data based
on the identified peaks associated with the three VOCs. Principal component analysis
(PCA) was performed in JMP 13 Pro (SAS Institute Inc.) with the selected variables.
Finally, the first two principal components were plotted to determine whether the
replicates could be clustered according to collection time.

To determine tea variety, specific wavenumbers were chosen as a final variable
set from the identified peaks induced by the aromas of three teas. PCA was also applied
to the Raman tea data with this variable set. The first two principal components were
again plotted to determine how the replicates from the three tea samples could be
clustered. In addition, linear discriminant analysis (LDA) was applied in R software to
the same data set to create an LDA classification model that can predict which tea
variety each data point belongs to. Model accuracy was evaluated by 4-fold cross-
validation with custom R code that divided all the data into four groups, and each group
included three data points randomly selected from each tea sample.

To detect caterpillar infestation on cotton, variable optimization was again done
by selecting wavenumbers associated with cotton VOCs, and PCA was run with the
selected data set. The firsttwo principal components were again plotted to determine
whether the replicates from the infested and non-infested cotton samples could be

clustered.
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5.4. Results and discussion
5.4.1. Fabrication of ADS-SERS substrate

A TEM image (Figure 5.1-(a)) shows that TAgNSs about 100 nm in diameter
were formed from many Ag-nanocrystals less than 10 nm diameter, and they had an
adsorption peak around 450 nm (Figure 5.1-(b)), making them suitable as a SERS
substrate.

A unique feature in our developed SERS substrate was the combination of the
adsorbent polymer layer for VOC pre-concentration with the SERS layer (Figure 5.1-
(c)). When the TAgNSs were used as the material for the first layer, the adsorbent layer
was very well formed on the TAgNSs layer due to hydrophobic interaction between the
phenyl group of the adsorbent polymer and the hydrocarbon tail of the added surfactant
on the surface of the TAgNSs.

When the TAgNSs based substrate was compared with the WAgNSs based
substrate, polymer solution contact angle on the solid film and quality of adhesion were
different between them. In case of WAgNSs, the polymer solution contact angle was
higher, and adhesion quality was poor. With TAgNSs, the adsorbent polymer layer was
uniformly formed in a relatively larger area of the film, and great adhesion was
observed, possibly due to substantial work of adhesion from hydrophobic interactions
183184 The differences are related to interfacial phenomena between TAgNSs solid film
and adsorbent polymer in liquid, and can also be explained by two well-known equations

regarding interfacial energy °.
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0: contact angle (°), Wa: work of adhesion, y: surface energy (J/m2), d: non-polar dispersion part,
p: polar part, s: AgNSs solid film, I: polymer in liquid

From these equations, both contact angle and work of adhesion between two
surfaces could be determined by non-polar and polar molecular interaction, and the polar
term can be ignored in our case due to the strongly non-polar property of polymer.
Therefore, only the non-polar dispersion term needs to be considered, and TAgNSs with
a higher non-polar portionthan WAgNSs can result in larger surface energy in the non-
polar term, which eventually causes larger values of cos 8 (small contact angle) and W/,

5.4.2. Determination of VOC standards

The SERS spectrum from each VOC adsorbed on the polymer was compared
according to the collectiontimesin Figure 5.2 (a-c), and notably, the multiplex detection
of three VOCs could be achieved even at 3 hours collection time.

The identified wavenumbers are summarized in Table 5-1, and the spectra from
both linalool and methyl salicylate were more pronounced than cis-3-hexen-1-ol. The
vapor from three droplets of VOC standards was generated by their vapor pressures at
25 °C and could be assumed to reach saturation at a certain time. Based on the ideal gas
law, the maximum concentration for each volatile could be approximated
(supplementary 1), and the actual concentration should be lower than maximum until the

vapor becomes saturated. This idea is supported by the fact that the peak intensity for the

92



identified wavenumbers was more pronounced as collection time increased, and the
maximum could be reached after overnight saturation. Quantitative differences between
collectiontimes were confirmed by PCA (Figure 5.2-(d)), and all replicates from the 1-
hour collectionwere clearly separated from those from 3-hours and overnight collection.
In addition, the data for 3-hours were closely located to those for overnight, showing that
most of the VOCs could be saturated within 3 hours, and they could be effectively pre-
concentrated on the ADS-SERS substrate.

The maximum concentration for methyl salicylate was the lowest among the
three compounds (Table C 1). However, many wavenumber peaks induced by methyl
salicylate were observable in the SERS spectra. This fact could be explained in that
Tenax-TA adsorbent was more effective for the pre-concentration of the VOCs with
lower polarity and higher boiling point 185187, Although cis-3-hexen-1-ol or linalool was
firstattached on the adsorbent, they may have been displaced by methyl salicylate due to
its phenyl group having higher affinity to the adsorbent. A few studies have developed a
sensor to identify the VOCs used in our experiment, but they focused on a single VOC
rather than combined detection of multiple VOCs. For instance, a quartz crystal
microbalance (QCM) sensor coated with an adsorbent layer such as Polyethylene glycol
(PEG) or maltodextrin (MDEX) was proposed to identify the linalool or methyl
salicylate from black tea 38-18° However, this type of sensor could not detect two VOCs
simultaneously. In addition, the SERS technique in which the AgNPs were modified

with a specific linkage molecule was specifically designed only for the detection of
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methyl salicylate °°. However, it was tested with the methyl salicylate in liquid phase,
not gas phase, and might not be effective for molecules other than methyl salicylate.
5.4.3. Determination of tea aroma

Major compounds identified through GC/MS analysis of tea were qualitatively
different for each sample (Table 5-2). Easily noticeable is a higher proportion of
phthalate ester in the black tea sample,a compound known as a carcinogenic material
that can directly affect human health. Other reports have detected phthalate ester in tea
samples contaminated by environmental sources or plastic **9, so our finding could be
a result of contamination in the black tea samples. Many different terpenes were detected
from the earl grey tea samples; both linalool and linalool oxides are important terpene
derivatives that can contribute to tea flavor and aroma 414, Lastly, several VOCs
including acetoinand butyric acid were identified from rooibos tea samples, and they
also have been previously reported as volatile components from rooibos tea 19319,

Raman spectra of the VOCs identified by GC/MS were investigated using
commercial libraries, and possible matching with the SERS spectra from each tea
(Figure 5.3) was summarized (Table 5-1). From the SERS spectra of black tea samples,
several intense peaks were observed at three wavenumber regions of 1072, 1452, and
1496 cm, and three phthalate esters from black tea may be the main components
affecting those peaks. As the commercial libraries of any phthalate ester were not
available, an additional function in KnowltAll software aided selection of molecular
groups based on the peak locations (Figure C 2). An aromatic component with ortho-

disubstituted was suggested as a possible candidate (Figure C 2-(a)), and its Raman
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peaks have been identified at regions similar to those from black tea and are associated

with several vibrational modes of aromatic ring bending-stretching 143

and C-H in-plane
H bending. The general structure of phthalate is that of an ortho-disubstituted aromatic
compound, so several phthalate esters from black tea may strongly affect those three
wavenumbers. A previous article regarding the detection of the phthalate ester in plastics
by Raman showed that two characteristic peaks were found at 1450 and 1040 cm-1,
which could support our result . The other two intense peaks were also shown at the
wavenumbers of 1144, and 1268 cm, and any secondary or tertiary alcohol that can
resultin two wavenumber regions by C-O-H deformationand C-C-O stretching were
suggested in Figure C 2-(b). Therefore, two alcohols in Table 5-1, 2-Hydroxyisobutyric
acid for tertiary and 3-Penten-2-ol for secondary, might be also possible VOCs affecting
those two wavenumbers. A strong and broad peak was found in the SERS spectra from
earl grey tea at the 1620 cm™ wavenumber, and it is associated with the mode of
bending-stretching by the aromatic ring of p-cymene *°. Two small peaks between 900
and 800 cm corresponded to the spectra from p-cymene and B-pinene. In the case of
rooibos tea, no significant peak was observed relative to the other two teas, but two
small peaks were found at 768 cm™ corresponding to acetoin and 856 cm related to
butyric acid.

Two multivariate analyses with the identified wavenumbers showed great
discrimination among the three tea samples (Figure 5.4). From the data for 3 hours

collection, one replicate for black tea did not separate well from rooibos, but all the data

points were clearly separated for each tea after overnight collection due to increased
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intensities at the identified wavenumbers. In addition to PCA, the classification accuracy
for the LDA model is summarizedin Table 5-3, averaged from ten replicates. The
overnight experiment provided nearly perfect classification (98 % accuracy), while the 3
hours experiment resulted in 80% accuracy.

5.4.4. Determination of caterpillar-induced cotton VOCs

The SPME collections from healthy and infested cotton plants revealed
qualitative differences in the relative abundance of VOCs (Figure 5.5). Caryophyllene,
Z-3-hexenyl acetate, humulene, and sabinene were detected in emissions from
caterpillar-infested plants but not from healthy plants. The composition of VOCs emitted
was dominated by a-pinene, with that compound representing >70% of the blend from
healthy plants and >40% of the blend from infested plants. Phellandrene and DMINT
(3,8-dimethyl-1,4,7-nonatriene) were more represented in the emissions of caterpillar
infested plants.

Some wavenumber regions (Figure 5.6 (a-b)) that could differentiate between
healthy and infested cotton plants were identified, and most of them were located
between 1750 and 1550 cm. First, 1620 cm™ was clearly identified only in infested
cotton, but the specific VOC responsible was not determined. A possible VOC affecting
the peak at that wavenumber is caryophyllene, with a characteristic peak at 1630 cm™.
The peak shift of more than 10 cm™ can be explained by geometric orientation of the
adsorbed molecule to the surface of the SERS substrate!®. Second, two other peaks were
also shown at 1744 and 1584 cm-* only in the infested case, and these fairly closely

correspond to the main characteristic peak of Z-3-hexenyl acetate and phellandrene,
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respectively. Third, a peak at 1604 cm™ was detected in healthy and infested cotton, so a
shared compound could be responsible, possibly ocimene, with a weak band at that
wavenumber. Lastly, two other peaks were also observed at 828 and 672 cm™ only in the
infested case, and they may be associated with the vibrational property caused by -
pinene. Although the peak intensities for all the identified VOCs that could differentiate
between the two treatments were not high, the PCA plot in Figure 5.6-(c) showed clear
discrimination, such that all the replicates from healthy cotton were located along the
negative component 1 axis, but those from infested cotton were located along the
positive axis.
5.5. Conclusion

A simple and cost-effective SERS substrate was developed to determine the
VOCs given off by dried teas and live cotton plants. Three tests were successfully used
to demonstrate this SERS substrate’s ability for simultaneous detection of multiple
VOCs qualitatively. We also found potential for quantification, because there was a
large intensity difference associated with VOC collection times. To the best of our
knowledge, our study is the first to report direct SERS sensing of VOCs emitted from
either a live plant or a food source. Future studies will include the optimization of the
SERS substrate to maximize VOC quantificationand its application to other types of

samples.
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Table 5-1 List of the VOCs affecting the SERS spectra
* Possible molecular group that can affect those wavenumber regions

Samples Identified wavenumber (cm') VOCs
1672 Linalool (1672 cm!)
868
972 Cis-3-hexen-1-0l (868,971,1020 cm™!)
1012
812
Three standards 1032
1136
1160 Methyl salicylate (810, 1033, 1135,
1158,1252,1585,1615 cm™!)
1256
1584
1616
1144 Any compound with secondary or
1268 tertiary alcohols”
Black tea 1072
1452 Any compound with Aromatic
component with ortho-disubstituted”
1496
852 B-pinene (852 cm™!)
Earl grey 816
p-cymene (818,1618cm!)
1620
768 Acetoin (768 cm'!)
Rooibos
856 Butyric acid (863 cm!)
672
a-pinene (668, 840 cm'!)
Cotton 828
1584 Phellandrene (1585 cm!)
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Table 5.1 Continued

Samples Identified wavenumber (cm™') VOCs
1604 Ocimene (1604 cm™!)
Cotton 1620 Caryophyllene (1630 cm™")
1744 Z-3-hexenyl acetate (1742 cm!)

Table 5-2 Major VOC:s of each tea sample identified by GC/MS

Tea samples VOCs Percentage (%)
Diethyl phthalate 33.67
Dimethyl phthalate 4.62
Black tea Diisononyl phthalate 4.08
2-Hydroxyisobutyric acid 1.60
3-Penten-2-ol 1.17
Limonene 35.62
Linalyl acetate 20.25
Earl grey L-Linalool 12.58
B-pinene 6.2
p-cymene 5.51
Butyric acid 10.54
Acetoin 7.13
Rooibos Isobornyl isovalerate 5.6
y-octalactone 5.28
y-decanolactone 421
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Table 5-3 LDA model validation by k-fold cross validation

Black tea vs. Earl grey vs. Rooibos

Average

Different cases LDA Classification accuracy (%) (%)
[}

3 hours collection 92 92 75 83 83 67 75 75 83 75 80

Overnight collection 100 100 100 100 92 100 100 92 100 100 98
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6. CONCLUSIONS AND FUTURE STUDIES
6.1. Conclusions

Damage on crop plants from insect pests causes severe problems worldwide, and
early detection of infestations should be addressed to minimize the damage. For this
purpose, HIPVs were selected as a phenome to assess insect infestation and were
extensively studied to develop a unique technique. Two important crops, sorghum and
cotton, were considered as host plants, and two severe pests, SCA and BAW caterpillar,
were selected as herbivorous insects to the host plants, respectively.

First, specific blends of HIPVs were analyzed by adsorbent-GC/MS to see how
insect herbivores can affect the VOC emission from host plants. One result from the
interaction between sorghum and SCA was that the VOC profile had no qualitative
difference between healthy and infested sorghum, meaning that same VOCs were
identified from both cases. However, only a quantitative difference (difference in VOCs
concentration) could be observed. Relative abundance of the VOCs was significantly
changed after one-day infestation, and multivariate statistical analysis based on the
relative abundance showed good discrimination between healthy and infested plants,
suggesting that the relative amount could be used as a useful parameter for the
infestation detection. Another result came from the interaction between cotton and BAW
caterpillar. This result was different from the previous result in that qualitative VOC
differences between healthy and infested cotton were clearly observed. The specifically
identified VOCs different between the two cases could be easily utilized as another

parameter for estimating the infestation.
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Second, based on these results and previous studies by other research groups,
four representative HIPVs were selected for our study, and our developed system was
tested with the HIPVs to prove system functionality regarding multiplex detection of
HIPVs. The system combined VOC collection by adsorbent and Raman spectroscopy, in
which VOC eluate from the adsorbent was directly analyzed by Raman spectroscopy.
Multivariate statistical analyses of Raman spectra confirmed that the four HIPVs tested
could be successfully discriminated even in 20 min dynamic collection, and an HIPV
mixture down to ppm level was detected.

However, the limit of detection for the proposed system would not enable
detection of plant-emitting VOCs down to ppb level. Therefore, additional studies to
enhance the detection limit needed to be addressed, which involved the utilization of
TAgNSs for SERS application.

Third, the developed system was upgraded to two ways: 1. Sensitivity
improvement by SERS rather than simply standard Raman spectroscopy. 2. Usability
improvement by integrating the pre-concentration step with adsorbent into VOC
detection. The SERS technique was developed based on TAgNSs in non-aqueous
solution that could be phase-transferred from AgNSs in aqueous solution by TOAB
surfactant-induced electrostatic interaction. Thus, the TAgNSs could be compatible with
organic materials including VOCs and adsorbent polymers. After successful phase
transfer, the complexes (ADS-SERS) could be made by hydrophobic interaction between
TAgNSs and Tenax-TA adsorbent polymers, and they were finally used as a unique

SERS substrate in which HIPVs could be collected on the adsorbent, and the collected
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VOCs were measured by SERS at the same time. The upgraded system was also
evaluated with the same HIPVs used in the multiplex detection, and detection could be
achieved even within a few hours of static collection. As compared with the spectra of
the HIPVs by standard Raman, SERS based spectra of the HIPVs was much stronger,
and many peaks induced from the HIPVs could be easily identified.

Lastly, the established detection system was applied to plant leaves including
dried tea and living plants, and the feasibility of detecting VOCs from agricultural
sampleswas confirmed. To evaluate dried tea, three tea varieties were prepared as VOC
sources, and overnight static collection from each tea sample produced unique SERS
spectra, making it possible to differentiate each tea variety by multivariateanalysis. To
investigate a living plant, the cottonand BAW caterpillar that resulted in qualitative
HIPV differences were used again, and the identified HIPVs from the caterpillar infested
cotton were found to effect SERS spectra differences between healthy and infested
cotton.

Although future work is still required to improve the detection system, the work
described in this dissertation should be valuable in that plant-emitting VOCs were
detected by an ADS-SERS technique, and insect infestation was identified by this
technique for the first time.

6.2. Future studies
Future studies may include three additional objectives: 1. Optimization of

adsorbent polymer thickness. 2. Development of another methodology for phase transfer
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that can enhance transfer efficiency of AgNSs for SERS application. 3. Development of
possible VOC collectors for field application.
6.2.1. Film thickness

Our SERS substrate consist of two layers: TAgNSs at the bottom for signal
enhancementand Tenax-TA adsorbent polymer layer on top of the TAgNS layer for
VOC pre-concentration. If the adsorbent polymer layer is too thick, VOC collection
efficiency should be adequate, but the laser cannot pass through the layer well, and the
collected VOCs on the layer might be located far away from the TAgNS layer. Even the
enhanced electric field by the penetrated laser thus cannot interact with the VOCs very
well, causing the SERS signal to be weak. Conversely, if the adsorbent polymer layer is
too thin, VOC collection cannot be performed well. Therefore, it is important to find an
optimal thickness of the polymer layer so it can collect VOC efficiently and not prohibit
the incoming laser from penetrating onto the layer at the same time.

A spin coating technique might be the answer for controlling the thickness
precisely. Spin coating is a technique to deposit the thin film very uniformly on the
substrate, so the quality of the film can be improved compared to the drop casting
method used in the dissertation. To control the film thickness, the rotation speed can be
adjusted by a spin coater, and different film thicknesses can be tested to find an optimal
condition in which a strong SERS signal from the VOCs can be produced. Similar work
regarding film thickness control for SERS application was already done by the spin

coating technique, in which very thin layers were produced, down to 15-25 nm 2,
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6.2.2. Phase transfer

Another idea based on different molecular interactions can be proposed for phase
transfer (Figure 6.1). The covalent bonding between the carboxylic group (COOH) of
AgNSs and the amine group (NH.) of added surfactants can be induced by two specific
molecules, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-
hydroxysulfosuccinimide (Sulfo-NHS). A similar concept was successfully applied in a
different application such that the peptide could be attached to gold nanoparticles by this
covalent bonding 7. We already fabricated AgNSs capped with sodium decanoate, and
success was confirmed by TEM image (Figure 6.1). Thus, the new concept is ready to be
tested with AgNSs to check whether the efficiency for phase transfer can be improved.

6.2.3. Field VOC detection

For field application, direct detection of VOCs in the field would likely not be
possible due to lack of sensitivity by any commercially available gas sensor. However, a
plausible scenario is to pre-concentrate the VOCs as has been discussed previously. A
field VOC collector needs to be prepared for the collection of the VOCs given off in the
field, and then the collected VOCs could be analyzed with a portable Raman
spectroscope in the field or by GC/MS in a laboratory.

A proposed field VOC collector (Figure 6.2) includes the following: 1.
microcontrollerto control a motor drive. 2. battery to power the system. 3. two motor
drives to control two diaphragm pumps independently. 4. two diaphragm pumps to draw

the VOCs from the field. 5. a PTFE sampling tube and frame to which Super-Q resin
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(for GC/MS) or ADS-SERS substrate (for Raman) could be connected for VOC
sampling.

Depending on activation by the motor drive under the microcontroller, each
pump would work independently to pre-concentrate field VOCs from ambient air on
Super-Q resin or SERS substrate through each sampling frame for a specified time. Also,
either Super-Q resin or SERS substrate could be detached from the frame for the final
VOC analysis. Micro diaphragm pumps and plastic materials for the frame and case
could be fabricated by 3D printer to minimize the total weight, so it should be no
problem to deploy a portable VOC collector with an agricultural robotic platform.

Figure 6.3 shows a plausible configuration of an agricultural ground robot
deployed with the proposed field portable VOC collector including SERS substrate. The
portable VOC collector could be installed on a ground robot, and the robot could move
to pre-defined locations in which field VOCs need to be collected. Pump actuation
would be controlled by the microcontroller to pro-concentrate the field VOCs at that
location. After pre-concentration of VOCs onto the SERS substrate, the SERS substrate
chamber would be opened, and SERS spectra from the VOCs collected on the substrate
would be repeatedly obtained (Figure 6.3, top right).

Alternatively, to a ground robot, the portable VOC collector could be deployed
with an unmanned aerial vehicle (UAV), although the payload might present problems.
Several references regarding deployment of a VOC sampler at the bottom of a UAV 1%
200 are available, and their common concept was to use GC/MS adsorbent cartridges for

field VOC collection by continuous air pumping over 20 min and to analyze the cartridges
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in a lab after the flight. In our case, the SERS substrate will also be added in the VOC
sampler, so the pre-concentrated VOCs on the SERS substrate could be analyzed by a
portable spectrometer. However, it may not be possible to add the portable Raman on a
UAYV due to payload limitations, so field VOC collection might be the only aspect done

during the flight, with Raman measurement being done after the flight.
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APPENDIX A

SUPPLEMENT FOR CHAPTER 3

A. 1 Gas concentration approximation

a. Maximum limit based on the assumption that the liquid drop was fully evaporated

We can approximate the amount of the vapor due to vapor pressure based on the

equation expressed in previous question.

P voc VTo tal
RT

Nyoc =
From the evaporated amount from 5l each reagent drops, we can finally

approximate the concentration when it will be fully evaporated.

PVOC 6
x10° X Vtotalreagent

6
atm _ RT x 10” x Vtotalreagent

Molar mass - v y Molar mass
Density Total Density

Cvocmax [ppmv] =
Nyoc

Table A 1 Maximum concentration limit for each VOC

VOC Amount Density Molarmass  Cyoc,max

(mole) (g/ml) (g/mol) [ppmv]
Linalool 1.08 X 10°¢ 0.86 154.25 5683
Cis-3-hexen-1-ol 5.89 X 10¢ 0.846 100.159 8610
Cis-3-hexenyl-acetate  7.85 X 10 0.897 142.198 6430
Methyl salicylate 22X107 1.174 152.149 7865
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b. Approximation of mixture concentration

. : . e /Y9 K9
Concentration = Volume percent ratio X Densityy iyre X 10° (— = —l)
m

DenSLtyM ixture

_ DenSltyLinalool + DenSltyCis—S—hexen—l—ol + DenSltyMethyl salicylate
3

Table A 2 Loading matrix of PC 1 for the case study (VOC vs. Mixture)

Wav(gﬁ?_?)lber LIvs. MIX  HAvs.MIX HOvs.MIX  MSvs. MIX
808 0.7863 0.7871 0.7973 0.4319
812 0.8176 0.8231 0.8062 0.5845
1032 0.9494 0.9403 0.9179 0.7480
1040 0.8603 0.7720 0.7616 0.7631
1644 0.8978 0.9310 0.9190 0.8907
1652 0.8171 0.8114 0.7051 0.8425
1656 0.8574 0.8370 0.8563 0.8782
1672 0.5559 0.8986 0.8716 0.8745

Table A 3 Cumulative percentage of PC of mixture for PCR

PC number Eigenvalue Percent (%) Cumulative percentage (%)
1 2.9477 42.110 42.110
2 1.4194 20.276 62.386
3 0.9911 14.159 76.545
4 0.8430 12.043 88.588
5 0.3864 5.520 94.108
6 0.2646 3.780 97.888
7 0.1479 2.112 100.000
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Table A 4 Loading matrix of PC 1 and PC 2 of mixture for PCR

Wavemgnber PC 1 PC2
(cm™)
808 0.8244 0.2459
812 0.9086 0.1640
1032 0.8879 -0.1987
1644 0.2518 0.8721
1656 0.5740 -0.5649
1676 0.3075 0.2685
1680 0.4085 -0.3750
4 —
® Positive PC 2
® Negative PC 2 ®e
35T
5
©
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Figure A 1 Plot of PC 1 versus concentration according to the sign of PC 2
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APPENDIX B

SUPPLEMENT FOR CHAPTER 4
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Figure B 1 Effect of hydrophobic tail area according to the surfactants
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Figure B 2 Scheme of possible interaction between AgNS and added surfactant with

small hydrophobic tail (BKC, CTAB) in water phase (Blue: water, Pink:
dichloromethane) (a) surfactant insertion into AgNS (b) surfactant attraction to
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Figure B 3 Scheme of phase transfer of AgNS by added TOAB dissolved in
dichloromethane (Blue: water, Pink: dichloromethane)
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APPENDIX C

SUPPLEMENT FOR CHAPTER 5

C. 1 Gas concentration approximation

a. Maximum limit based on the assumption that the vapor was generated due to its o
Wn vapor pressure

% P,
Vo€ 106 = 2V9C « 106

Total atm

CVOC,max[ppmv] =

Vyoc = volume of VOC [L],
Viotar = total volume of the chamber = 120 x 1073[L]
P,.m = standard atmosphere = 1 [atm], P,y

= vapor pressure of VOC [atm],

L atm

R = Ideal gas constant = 0.0821 [ ], T = Absolute temperature

K mole
= 298 [K] at 25 °C

Table C 1 Concentration approximation for three VOCs

VOC Vapor pressure (atm) Cvoc,min[PPmv]
Linalool 0.00022 220
Cis-3-hexen-1-ol 0.0012 1200
Methyl salicylate 0.000045 45
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C. 2 Headspace static VOC collection set-up

(a) (b)

¥ ¥ s

ADS-SERS

substrate

VOC standards
Tea samples

(C) SPME fiber

Healthy Infested e

cotton

Caterpillar

ADS-SERS
substrate

Figure C 1 Headspace static VOCs collection set-up (a) VOC standards (b) Tea
samples (c) Cotton-caterpillar
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C. 3 Possible molecular groups

(a)

A: Any element except H

(b)

* *

>7 OH * —Cl‘ —OH
* *l
Secondary Tertiary

% : Any attachments

Figure C 2 Possible molecular groups (a) Aromatic component with ortho-
disubstituted (b) any secondary or tertiary alcohol
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APPENDIX D

GRAPHICAL ABSTRACTS
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Figure D 1 Graphical abstract for chapter 2

140
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Figure D 2 Graphical abstract for chapter 3
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Figure D 3 Graphical abstract for chapter 4
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