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Hydrogel-extraction technique
for non-invasive detection of blue
fluorescent substances in plant
leaves

Shigeyuki Iwasal?**, Yuso Kobara3?, Katsumi Maeda? & Kuniaki Nagamine*

This paper reports a new hydrogel extraction technique for detecting blue fluorescent substances in
plant leaves. These blue fluorescent substances were extracted by placing a hydrogel film on the leaf
of a cherry tomato plant infected with Ralstonia solanacearum; herein, chlorogenic acid was confirmed
to be a blue fluorescent substance. The wavelength at the maximum fluorescence intensity of the film
after the hydrogel extraction was similar to that of the methanolic extract obtained from the infected
cherry tomato leaves. Chlorophyll was not extracted from the hydrogel film because no fluorescence
peak was observed at 680 nm. Accordingly, the blue fluorescence of the substances extracted from the
hydrogel film was not quenched by the strong absorption of chlorophyll in the blue light region. This
hydrogel extraction technique can potentially detect small amounts of blue fluorescent substances
and the changes in its amount within the leaves of infected plants. These changes in the amount of
blue fluorescent substances in the early stages of infection can be used to detect presymptomatic
infections. Therefore, hydrogel extraction is a promising technique for the noninvasive detection of
infections before onset.

Plant diseases induced by pathogenic infections cause major losses in the agricultural industry worldwide. Gener-
ally, the suppression of diseases with pesticides and fungicides is difficult after the onset of infection. Moreover,
pathogenic infections often spread rapidly over large areas of the field. Early detection of these infections before
onset with appropriate management strategies, such as pesticide application and removal of small infected areas,
can enable disease control and improve agricultural productivity.

Currently, plant infections are detected by enzyme-linked immunosorbent assays (ELISA) or polymerase
chain reactions (PCR)"?. However, these detection techniques are applied after the onset of a plant disease and
require a preprocess involving plant destruction, such as grinding the leaves in a mortar. In addition, they are
usually expensive and time-consuming. Meanwhile, research on image-based detection using machine learn-
ing has been actively conducted for the past decade aiming for automated plant diagnosis**. However, most of
the research results were limited to the laboratory environment due to the difficulty in obtaining training data
applicable to the field”.

Pathogenic infections produce various stress responses in plants®. When a pathogenic infection is recognized,
the amount of some antibacterial substances, which are originally present in small amounts in plants, increases.
These substances are called phytoanticipins®. Antioxidants such as caffeic acid and chlorogenic acid, which are
also phenylpropanoids, are well-known phytoanticipins’~''. Additionally, in infected plants, the accumulation of
salicylic acid, a phytohormone, induces systemic acquired resistance as an immune function'?**. During patho-
genic infections, plants are known to accumulate specific phenolic compounds, such as phenylpropanoids’!
and salicylic acid'>"">.

Under UV excitation, plants emit a wide fluorescence spectrum, ranging from approximately 400 to 800 nm.
This spectrum comprises two distinct types of fluorescence: a blue-green fluorescence (BGF) characterized by
a peak at approximately 440 nm (F440) with a shoulder near 520 nm (F520) and a fluorescence in the red and
far-red regions with characteristic peaks at approximately 680 nm (F680) and 740 nm (F740), respectively'-2!.
BGF in intact leaves is emitted by cinnamic acids, mainly ferulic acid**?* covalently bound to the cell walls of the
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Figure 1. Conceptual illustration of the hydrogel extraction and fluorescence detection of blue fluorescent
substances in plant leaves.

epidermis. In addition, BGF can also emanate from other secondary metabolites including phenylpropanoids,
such as p-coumaric acid?, caffeic acid®, scopoletin®*~%%, and chlorogenic acid?*”?*. Therefore, BGF intensity can
be increased by increasing the amount of phenylpropanoid compounds in plants?-*.

Non-invasive techniques for imaging the patterns of multispectral fluorescence in infected leaves have been
studied; these techniques can reportedly detect stress and disease events?*-2*?5-31. Changes in UV-induced blue
(F440) and green fluorescence (F520) in pathogen-challenged plants were measured by multicolor fluorescence
imaging. These changes were related to the up-regulation of plant secondary metabolism and an increase in
phenolic compounds involved in plant defense?®?5-3!. However, in green mesophyll cells, blue light is strongly
absorbed by chlorophylls'’-?, which indicates that blue fluorescence intensity is largely affected by fluorescence
quenching caused by chlorophylls.

Non-invasive extraction techniques using hydrogels have been studied for detecting sweat components in
the human body*?-*%. This sensor device was composed of an electrochemical biosensor (e.g., L-lactate sensor
and Cl” ion sensor) covered with an agarose gel film. When the gel film came in contact with human skin,
the sweat was continuously extracted into the gel and then electrochemically measured using the biosensor.
Biocompatible and mechanically stable agarose (Fig. S1) is one of the suitable hydrogels for the extraction of
chemical compounds in the living body because it has a relatively large size of pore structure with a diameter
ranging from 0.1 to 1 um?. Similar hydrogel touchpad-based biosensors have been evoked over the past few
years and showed their applicability to the other sweat components (glucose**, cortisol*, L-dopa®, and pH*).
These hydrogel-based extraction techniques are quite important to non-invasively analyze the chemical-based
physiological information in the living body.

The surface of leaves is commonly covered with a cuticle membrane, which is 0.1-10 um or more in
thickness*!. The outermost layer of the cuticle membrane is composed of cuticular wax, which is a thin hydro-
phobic layer consisting of aliphatic hydrocarbons, such as alkanes, alcohols, aldehydes, and fatty acids, with
typical carbon chain lengths of 20-40 carbon atoms (C20-C40)*-4°. The cell wall underneath the cuticle is filled
with an interstitial fluid called apoplast*®. The main function of the cuticle is to protect the leaf against water loss
and various environmental stresses* ™. However, substances such as carbohydrates, amino acids, hormones, or
phenols inside plants can be released externally through defects such as micropores and micro-damaged areas,
trichome bases, leaf tips, and edges*2. Moreover, aqueous solutions can be transported through stomata as a result
of aerosols deposited on the leaf surface, which changes the hydrophobicity of the leaf surface®®. These releases
of substances from the inside of plants are known as leaching phenomenon.

This paper reports a new hydrogel extraction technique for detecting blue fluorescent substances in plant
leaves. Agarose gel was used as a hydrogel since the gel made from plant-derived agar is a plant- and environ-
mentally friendly and inexpensive. This hydrogel extraction technique involves the non-invasive extraction of
plant components using a hydrogel film. Water-soluble components inside plants are selectively extracted into
the hydrogel film on leaves based on the leaching phenomenon, and the phenolic compounds with blue fluo-
rescence in the film are detected by UV light irradiation (Fig. 1). The blue fluorescence used in this technique is
unaffected by fluorescence quenching of chlorophylls, which is an inhibitory factor for the quantification of blue
fluorescence. However, this hydrogel film does not extract chlorophylls. This study demonstrated an extraction
and fluorescence detection technique using a hydrogel film for monitoring salicylic acid in tomato leaves after
absorbing salicylic acid through roots. Water-soluble phenolic substances in the leaves of bacteria-infected cherry
tomato plants were also analyzed using this technique.

Results and discussion

Hydrogel extraction of salicylic acid in leaves.  After the roots of cherry tomato plants were immersed
in a 7 mmol/L salicylic acid aqueous solution for 24 h, the hydrogel films were placed on their leaves for 3 h
(Fig. 2a). In the beginning, the hydrogel films were lightly pressed on the leaf with a finger because the films
were slippery on the leaf surface with hydrophobicity. Figure 2b shows the fluorescence spectrum of a hydrogel
film after its placement on a leaf for 3 h. The fluorescence spectrum was almost the same as that of a hydrogel
film containing 0.5 mmol/L of salicylic acid. Salicylic acid was assumed to diffuse into the hydrogel film from
the inside of the leaves through defects such as micropores and micro-damaged areas, or trichome bases. Chlo-
rophyll was not extracted from the hydrogel film because no fluorescence peak was observed at 680 nm. This
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Figure 2. (a) Photograph of hydrogel extraction: a hydrogel film extracting salicylic acid from a cherry tomato
leaf. (b) Fluorescence spectra of a hydrogel film after its placement on a cherry tomato leaf for 3 h (blue line);
the roots of this plant were immersed in an aqueous solution of salicylic acid (7 mmol/L) for 24 h. The yellow-
dashed lines indicates the spectra of a hydrogel film containing 0.5 mmol/L of salicylic acid aqueous solution.
(c) Fluorescence spectra of the methanol extract of a cherry tomato leaf (0.5 g). The roots of this cherry tomato
plant were immersed in 7 mmol/L salicylic acid aqueous solution for 24 h. Total solution volume: 2000 mL
(blue line), 50 mL (yellow dashed line). (d) Relationship between salicylic acid concentration and fluorescence
intensity (410 nm) for a hydrogel film containing an aqueous solution of salicylic acid. Fluorescence emissions
were obtained using UV light (Xenon lamp, 310 nm).

indicates that the fluorescence quenching of chlorophyll had no effect on the blue fluorescence of the substances
extracted from the hydrogel. The extraction of salicylic acid through hydrogel films was carried out on tobacco
leaves, which are thicker than tomato leaves (Fig. S2a). Salicylic acid was absorbed through the roots from soil
containing an aqueous solution of salicylic acid (7 mmol/L) for 24 h. The fluorescence spectrum of the hydrogel
film was similar to that of a hydrogel film containing a 0.2 mmol/L aqueous solution of salicylic acid (Fig. S2b).
The cherry tomato and tobacco leaves showed different concentrations of salicylic acid in the hydrogel films. For
tobacco, the salicylic acid concentration in the soil was diluted because the soil contained water. In addition, the
type and age of the plant may affect the concentration of substances absorbed through the roots. The hydrogel
film extracted salicylic acid from the inside of the leaf and likely extracted other water-soluble substances in the
leaf, excluding the cell walls.

Figure 2c shows the fluorescence spectrum of the methanolic extract obtained by grinding the cherry tomato
leaves (0.5 g) in a mortar. This plant was allowed to absorb salicylic acid through the roots. The intensity of
the blue fluorescence changed significantly depending on the amount of diluted extract. In this spectrum, the
fluorescence around 400 nm almost disappeared for 50 mL of the methanolic extract; this observation indicates
the strong influence of fluorescence quenching by chlorophyll on the fluorescence in the blue light range. To
quantitatively analyze the amount of salicylic acid in the leaf, the extract was diluted with a large amount of
methanol (2000 mL). Moreover, the dilution reduced the fluorescence quenching of chlorophyll. The amount
of salicylic acid in the leaf was found to be 3.9 mg/g-leaf weight or 0.033 mg/cm?-leaf area. This amount was
calculated using average leaf weight per area and the salicylic acid content in the extract (Table 1) obtained from
the calibration curve of fluorescence intensity at 410 nm depending on salicylic acid concentration (Fig. S3).

For the hydrogel film, the relationship between salicylic acid concentration and fluorescence intensity (Fig. 2d)
showed good linearity. The linear correlation coeflicient was 0.999. The standard deviations (SDs) (n=>5) were
3-6% for the concentration of 0.02-0.5 and 10% for the blank sample. The limit of detection (LOD) of salicylic
acid determined from the three SD/slope was 1.0 umol/L, which indicates that the minimum amount of salicylic
acid detectable was 13.8 ng/cm?-hydrogel film. The amount of salicylic acid extracted from cherry tomato leaves
through hydrogel films was calculated to be 0.0072 mg/cm? using the salicylic acid concentration in a hydrogel
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Salicylic acid content extracted from a leaf 0.5 g (mmol) 0.014
Salicylic acid content per leaf weight (g/g-leaf) 0.0039
Average leaf weight per area (g/cm?) 0.0083
Salicylic acid content per leaf area (g/cm?) 3.3%x10°

Table 1. Salicylic acid content per leaf area and the factors used for calculation.

Volume of hydrogel film (cm?) 0.4
Water volume ratio in hydrogel film (-) 0.96
Salicylic acid concentration in a hydrogel film (mmol/L) 0.55
Salicylic acid content in a hydrogel film (g/cm?) 7.2x107°

Table 2. Salicylic acid content in a hydrogel film and the factors used for calculation.

film obtained from the calibration curve (Fig. 2d) and the volume of hydrogel film (Table 2). Consequently, the
extraction rate of salicylic acid from the leaf to the hydrogel film was estimated to be 23%. We also confirmed
that the water immersion of a leaf in a plastic tube (Fig. S4) leads to the extraction of salicylic acid from the leaf
with high efficiency (approximately 14%). From the viewpoint of the operation in the field, the hydrogel extrac-
tion is more practical than the water immersion technique requiring the water immersion and the fluorescence
measurement with the quartz cell, since the hydrogel extraction is a simple detection method consisting of placing
a hydrogel film on a leaf and the UV light irradiation to the leaf surface (Fig. 1).

Blue fluorescent substances in the leaves of infected cherry tomato plants. Figure 3a shows a
cherry tomato plant grown hydroponically in an aqueous solution containing Ralstonia solanacearum at 35 °C.
In the fluorescence spectra of the methanolic extract of leaves of cherry tomatoes (Fig. 3b), the intensity between
400 and 500 nm was higher than that obtained before and after being grown on an aqueous solution contain-
ing Ralstonia solanacearum, and increased during the infection period between 3rd and 14th days. There was
no significant change in the fluorescence intensity of chlorophyll (680 nm), which affects blue fluorescence
intensity, in the early stages of infection (up to the 3rd day). The amount of blue fluorescent substances in the
leaves is considered to increase after the infection with Ralstonia solanacearum. An increase in intensity does not
necessarily reflect the quantitative increase in the amount of blue fluorescent substances because the amount of
chlorophyll may change during the infection period between 3rd and 14th days. Furthermore, the composition
of the blue fluorescent substances was probably not constant because of changes in the spectral shape and peak
top wavelength.

The methanolic extracts of the leaves were analyzed using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) on the 14th day of infection for the identification of components. In previous studies, salicylic
acid'?-15, salicylic acid 2-O-B-p-glucoside (SAG)*, chlorogenic acid?’-%, scopoletin®*-?, and ferulic acid***
were regarded as candidate compounds with increased blue fluorescence after bacterial infections. The chemical
structures of these compounds are shown in Fig. S5. Figure 4a,b show the extracted ion chromatograms (EICs)
of mixed standard solutions containing these compounds and the methanolic leaf extracts, respectively. In the
leaf extract spectra, a pseudomolecular ion [M-1]™! corresponding to chlorogenic acid (MW 354) was observed.
The retention time of 10 min was consistent with that of chlorogenic acid in a mixed standard solution. The
pseudomolecular ions [M-1]! for chlorogenic acid and the fragment (MW191, Fig. S6) were observed in the MS
spectrum during elution at a retention time of 10 min in LC (Fig. 4c). The concentration of chlorogenic acid in the
methanolic extract was found to be approximately 10 ppm compared with a mixed standard solution containing
5 ppm chlorogenic acid. The amount of chlorogenic acid in the infected cherry tomato leaves was calculated as
0.24 mg/g-fresh leaf after an infection period of 14 days. In a previous study*®, the amount of chlorogenic acid in
the leaves of a tomato plant infected with Clavibacter michiganense was reported to be 200-500 nmol/g-fresh leaf
(0.07-0.18 mg/g-fresh leaf) after 5 weeks of infection. The amount of chlorogenic acid (0.24 mg/g) found in this
study is similar to that of the previous study. The wavelength of the maximum fluorescence intensity of the leaf
on the 14th day of infection was almost the same as that of 0.025 mmol/L chlorogenic acid. Chlorogenic acid is
one of the blue fluorescent substances in the leaf after infection. Although a component of [M-1]™! correspond-
ing to scopoletin was observed, it was assumed to be a fragment of chlorogenic acid (Fig. S6). This is because its
retention time agreed with that of chlorogenic acid in a mixed standard solution. Among the other candidate
compounds, salicylic acid and ferulic acid were not detected in the EICs of the leaf methanolic extract. Although
a component of [M-1]"! corresponded to SAG in the EIC of the leaf extract, it was not identified as SAG and
did not contribute to blue fluorescence of the leaf extract due to low intensity. On the 14th day, the wavelength
corresponding to the maximum intensity in the leaf spectrum almost coincided with that in the spectrum for
0.025 mol/L chlorogenic acid in a methanol solution (Fig. 3c). However, the wavelength at the maximum intensity
did not match exactly in either spectrum. This result implies that, in addition to chlorogenic acid, other sub-
stances also contributed to the blue fluorescence. However, these substances could not be identified in this study.
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Figure 3. (a) Photograph of a cherry tomato hydroponically grown on an aqueous solution containing
Ralstonia solanacearum at 35 °C for 7 days. (b) Fluorescence spectra for the methanol extract of a cherry tomato
leaf before and after the 3rd, 7th, and 14th day. This plant was grown using an aqueous solution containing
Ralstonia solanacearum at 35 °C. (c) Fluorescence spectra for the 0.025 mmol/L chlorogenic acid methanol
solution (green-dashed line) and the methanolic extract of a cherry tomato leaf on the 14th day after being
grown on an aqueous solution containing Ralstonia solanacearum at 35 °C (red line). Fluorescence emissions
were obtained using UV light (Xenon lamp, 310 nm).

Hydrogel extraction from leaf of infected cherry tomatoes. Hydrogel film extraction of a cherry
tomato leaf was performed for 3 h. These plants were grown using an aqueous solution containing Ralstonia
solanacearum at 35 °C for 14 days. After hydrogel extraction, the film showed blue fluorescence with a maximum
intensity at 428 nm (Fig. 5a), indicating that the hydrogel film extracted the blue fluorescent substances from the
inside of the leaf. Blue fluorescent substances were considered to diffuse through defects of the cuticle into the
aqueous medium of the hydrogel (Fig. S7). On the other hand, chlorophylls inside plant cells did not diffuse into
the hydrogel due to the insolubility in water. The wavelength corresponding to the maximum intensity obtained
for the hydrogel film and that of the leaf extract differed by approximately 5 nm. The reason for this slight differ-
ence in wavelengths at maximum intensity was that the composition of the extracted substances did not exactly
match owing to the different extraction solvents used. Weak fluorescence at 620 nm was secondary to excitation
(310 nm) owing to the double wavelength.

Before the hydrogel extraction, a drop of ethanol was applied on the surface of the leaves using a glass pipet
and wiped off lightly with paper. This ethanol treatment improved the adhesion between the hydrogel film
and leaf surface by decreasing the cuticular wax, which is a hydrophobic layer. After the ethanol treatment,
the hydrogel film was found to be less slippery than before. Consequently, the blue fluorescence observed was
approximately twice that before the ethanol treatment (Fig. 5b). This result suggests that the extraction efficiency
of the hydrogel film can be increased by improving its adhesion on the hydrophobic leaf surface. Figure S8 shows
fluorescent spectra of hydrogel films after the extraction of the middle part of leave of different branches, and the
tip and middle parts of a leaf. The presence of blue fluorescent substances in different leaves and different parts
of the leaves of the infected cherry tomato was confirmed by the hydrogel extraction. For the discussion on the
quantity and quantitative change of blue fluorescent substance in leaves, the optimization of the hydrogel such
as adhesion to the leaf is required for dealing with the extraction variability.

In our study, hydrogel extraction was performed on cherry tomato leaves on the 14th day after infection. A
previous study reported that chlorogenic acid levels in tobacco leaves increased within 15 h of inoculation with
Pseudomonas syringae pathovars'. Detection techniques for very small amounts of blue fluorescent material
are most effective in the early stages of infection and have the potential to detect presymptomatic infections for
many crops as well as tomatoes. Hydrogel extraction is a promising non-invasive technique for the detection of
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Figure 4. (a) Extracted ion chromatograms (EICs) of a mixed standard solutions containing candidate
compounds including salicylic acid, salicylic acid 2-O-B-p-glucoside (SAG), chlorogenic acid, scopoletin, and
ferulic acid at a concentration of 5 ppm. (b) Extracted ion chromatograms (EICs) and (c) MS spectra of the
eluted components at 10 min in LC for the methanolic extract of cherry tomato leaves on the 14th day after
being grown on an aqueous solution containing Ralstonia solanacearum at 35 °C.
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Figure 5. (a) Fluorescence spectra of a hydrogel film before (blue dot line) and after (blue line) its placement on
an infected cherry tomato leaf for 3 h. This cherry tomato plant was grown using an aqueous solution containing
Ralstonia solanacearum at 35 °C for 14 days. Fluorescence spectra of the methanolic extract (red dashed line)

of a cherry tomato leaf. (b) Fluorescence spectra of hydrogel films after the hydrogel-extraction with ethanol
treatment (green line) and without ethanol treatment (blue line). Ethanol treatment: a drop of ethanol was
applied to the surface of leaves using a glass pipet before the extraction. The spectrum of a hydrogel film before
the extraction is also shown in the background (blue dot line). Fluorescence emissions were obtained using UV
light (Xenon lamp, 310 nm).

infections before onset. However, issues such as the improvement of adhesion between the hydrogel film and
the hydrophobic leaf surface remain.

Methods

Plant material. The cherry tomatoes “Regina’, Solanum lycopersicum cv. Regina (Sakata Seed), were grown
indoors in water culture pots (Yamato Plastic) near a south-facing window with an aqueous solution contain-
ing commercial fertilizer (Fine Powder Hyponex, Hyponex, Japan). The cherry tomatoes “Yellow-mimi”, Sola-
num lycopersicum cv. Yellow-mini, were grown outdoors in pots containing commercial potting soil (Tachikawa
Heiwa Nouen). A branch with some leaves, which was approximately 50 cm long, was cut off from a 4-month-old
cherry tomato “Yellow-mimi’, plant. Subsequently, the lower part of the branch was immersed in water for 7 days
in order to newly root. Tobacco, Nicotiana tabacum L. cv. Tsukuba ichi-gou (Japan tobacco), was grown indoors
under LED illumination (approximately 3000 Ix) for 12 h per day in pots containing commercial potting soil.

Absorption of salicylic acid into plants.  Salicylic acid was absorbed by plants through the roots. Herein,
salicylic acid was used as a model water-soluble substance inside the leaves. (1) The roots of a rooted branch of a
cherry tomato “Yellow-mimi” plant were immersed in an aqueous solution of salicylic acid (7 mmol/L) for 24 h.
(2) Three hundred mL of 7 mmol/L salicylic acid solution was poured over the soil of the 2-month-old tobacco
plant 24 h before the hydrogel-extraction. Hydrogel extraction was performed on cherry tomatoes and tobacco
by placing hydrogel films on the leaves for 3 h. Water-immersion extraction was performed on a cherry tomato
by immersing approximately half of a leaf in 1.5 mL of water in a polypropylene tube for 3 h (Fig. S4).

Hydrogel film. A 1 mm-thick framework of polytetrafluoroethylene sheets (Nichias), which had a
2 cmx2 cm square cutout, was placed on a slide glass. A mixture of agar powder (0.8 g, gelling temperature
30-31 °C, Nakalai Tesque) and pure water (19.2 mL) was heated in the microwave oven to prepare a 4 w/v% agar
aqueous solution. The heated agar aqueous solution was dropped into the cutout space of the framework on a
glass slide. The framework with the agar aqueous solution was sandwiched between the glass slides. Two glass
slides sandwiching the framework were fixed with two clips and kept for an hour at room temperature. The agar
aqueous solution resulted in a hydrogel film with the dimensions of 2 x 2 cm square and 1 mm thickness.

Extraction of leaf component. The cherry tomato leaf sample (0.5 g) was ground with 10 mL methanol
(Fujifilm Wako Pure Chemical, Tokyo, Japan) in a mortar. The methanol-containing ground leaves were placed
in a polypropylene tube and centrifuged at 10,000xg for 5 min. The supernatant was separated from the tubes.
The remaining precipitate in the centrifuge tube was mixed with methanol and shaken. This mixture was cen-
trifuged again at 10,000xg for 5 min. After all supernatants were combined and diluted with methanol to the
required amount, the methanol solution was used to measure the fluorescence spectra.

Bacterial infection with Ralstonia solanacearum. Ralstonia solanacearum used in this study was
obtained from a field of cherry tomatoes (Shizuoka, Japan) and grown in a selective broth medium. Bacterial
broth of Ralstonia solanacearum at a cell number of over 6.7 x 10® cfu/mL was diluted 10 times with tap water.
Commercial fertilizer (Fine Powder Hyponex, Hyponex, Japan) was added to the bacterial aqueous solution. The
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bacterial concentration in the aqueous solution was confirmed to be over 10° cfu/mL using a commercial immu-
nochromatography kit for Ralstonia solanacearum (ImmunoStrip,, Agdia). Three-month-old cherry tomato
“Regina” was hydroponically grown in the bacterial aqueous solution under LED illumination (approximately
3000 Ix for 12 h per day) at 35 °C in a thermostatic chamber for 14 days. The number of days in which the roots
were immersed in the bacterial solution was regarded as the infection period. On the 3rd, 7th, and 14th day of
infection, a leaf sample of 0.5 g was extracted with methanol, and the extract was diluted to a total of 100 mL of
methanol solution. This methanol solution was used for recording the fluorescence spectra. On the 14th day, the
leaf components were extracted using hydrogel films for 3 h.

Characterization. Fluorescence spectra of the leaf extract or hydrogel film were measured using an FP-8600
spectrofluorometer (Jasco) at an excitation wavelength of 310 nm. The slit width was set to 10 and 5 nm for the
excitation and emission monochromators, respectively. A film holder (FHL-809, Jasco) was used to measure the
fluorescence spectra of the hydrogel films.

The components of the leaf extract obtained from a bacteria-infected cherry tomato plant “Regina’, were ana-
lyzed using liquid chromatography-tandem mass spectrometry (LC-MS/MS) (XEVO-TQD, Waters) operating
in negative ion electrospray mode. Chromatographic separation of analytes was carried out on a reversed-phase
separation column (Discovery HS F5, particle size: 3 pm, length x inner diameter: 150 x 2.1 mm, Supelco) using
a mixture solvent of acetonitrile/water containing 0.1% formic acid as the mobile phase. Here, the acetonitrile
concentration was graded from 0% at the beginning to 100% at the end over 60 min at a flow rate of 1.0 mL/min
at 40 °C. Extracted ion chromatograms (EICs) obtained by LC-MS/MS were used to identify the leaf compo-
nents. Salicylic acid (Fujifilm Wako Pure Chemical), salicylic acid 2-O-pB-p-glucoside (SAG) (Toronto Research
Chemicals Inc.), chlorogenic acid (MP Biomedicals, Inc.), scopoletin (Fujifilm Wako Pure Chemical), and ferulic
acid (MP Biomedicals, Inc.) were selected as candidate compounds with blue fluorescence in the methanolic
extract. A mixed standard solution containing the candidate compounds at a concentration of 5 ppm was used
for identification.

Data availability
All data generated or analyzed during this study are included in this published article and its Supplementary
Information Files.

Received: 19 April 2022; Accepted: 31 July 2022
Published online: 10 August 2022

References
1. Sankaran, S., Mishra, A., Ehsania, R. & Davis, C. A review of advanced techniques for detecting plant diseases. Comput. Electron.
Agric. 72, 1-13 (2010).
2. Khater, M., de la Escosura-Muiiiz, A. & Merkogi, A. Biosensors for plant pathogen detection. Biosens. Bioelectron. 93, 72-86 (2017).
3. Li, L., Zhang, S. & Wang, B. Plant disease detection and classification by deep learning—a review. IEEE Access 9, 56683-56698
(2021).
4. Liu, J. & Wang, X. Plant diseases and pests detection based on deep learning: A review. Plant Methods 17, 22 (2021).
5. Andersen, E., Alj, S., Byamukama, E., Yen, Y. & Nepal, M. P. Disease resistance mechanisms in plants. Genes 9, 339. https://doi.
org/10.3390/genes9070339 (2018).
6. VanEtten, H. D., Mansfield, ]. W,, Bailey, J. A. & Farmer, E. E. Two classes of plant antibiotics: Phytoalexins versus “Phytoanticipins”
Plant Cell 6, 1191 (1994).
7. Ruelas, C,, Tiznado-Hernandez, M. E., Sanchez-Estrada, A., Robles-Burgueno, M. R. & Troncoso-Rojas, R. Changes in phenolic
acid content during Alternaria alternata infection in tomato fruit. J. Phytopathol. 154, 236-244 (2006).
8. Bhattacharya, A., Sood, P. & Citovsky, V. The roles of plant phenolics in defence and communication during Agrobacterium and
Rhizobium infection. Mol. Plant Pathol. 11, 705-719 (2010).
9. Hammerschmidt, R. Chlorogenic acid: A versatile defense compound. Physiol. Mol. Plant Pathol. 88, iii-iv (2014).
10. Baker, C. J., Mock, N. M., Smith, J. M. & Aver’Yanov, A. A. The dynamics of apoplast phenolics in tobacco leaves following inocula-
tion with bacteria. Front. Plant Sci. https://doi.org/10.3389/fpls.2015.00649 (2015).
11. Baker, C. J., Mock, N. M., Smith, J. M. & Aver’Yanov, A. A. A simplified technique to detect variations of leaf chlorogenic acid
levels between and within plants caused by maturation or biological. Physiol. Mol. Plant Pathol. 98, 97-103 (2017).
12. Malamy, J., Carr, J. P, Klessig, D. F. & Raskin, L. Salicylic acid: A likely endogenous signal in the resistance response of tobacco to
viral infection. Science 250, 1002-1004 (1990).
13. Vlot, A. C., D’'Maris, A. D. & Klessig, D. E. Salicylic acid, a multifaceted hormone to combat disease. Annu. Rev. Phytopathol. 47,
177-206 (2009).
14. Jung, H. W, Tschaplinski, T. J., Wang, L., Glazebrook, J. & Greenberg, J. T. Priming in systemic plant immunity. Science 324, 89-91
(2009).
15. Boatwright, L. J. & Pajerowska-Mukhtar, K. Salicylic acid: An old hormone up to new tricks. Mol. Plant Pathol. 14, 623-634 (2013).
16. Lang, M., Stober, E. & Lichtenthaler, H. K. Fluorescence emission spectra of plant leaves and plant constituents. Radiat. Environ.
Biophys. 30, 333-347 (1991).
17. Lichtenthaler, H. K. & Miehe, J. A. Fluorescence imaging as a diagnostic tool for plant stress. Trends Plant Sci. 2, 316-320 (1997).
18. Buschmann, C. & Lichtenthaler, H. K. Principles and characteristics of multi-colour fluorescence imaging of plants. J. Plant Physiol.
152,297-314 (1998).
19. Caerovic, Z. G., Samson, G., Morales, E, Tremblay, N. & Maoy, I. Ultraviolet-induced fluorescence for plant monitoring: Present
state and prospects. Agronomie 19, 543-578 (1998).
20. Buschmann, C., Langsdof, G. & Llchtenthaler, H. K. Imaging of the blue, green, and red fluorescence emission of plants: An
overview. Photosynthetica 38, 483-491 (2000).
21. Lichtenthaler, H. K. Multi-colour fluorescence imaging of photosynthetic activity and plant stress. Photosynthetica 59, 4-20 (2021).
22. Morales, E, Celvic, Z. G. & Moya, 1. Time-resolved blue-green fluorescence of sugar beet (Beta vulgaris L.) leaves. Spectroscopic
evidence for the presence of ferulic acid as the main fluorophore of the epidermis. Biochim. Biophys. Acta. 1273, 251-262 (1996).
23. Lichtenthaler, H. K. & Schweiger, J. Cell wall bound ferulic acid, the major substance of the blue-green fluorescence emission of
plants. J. Plant Physiol. 152, 272-282 (1998).

Scientific Reports |

(2022) 12:13598 | https://doi.org/10.1038/s41598-022-17785-w nature portfolio


https://doi.org/10.3390/genes9070339
https://doi.org/10.3390/genes9070339
https://doi.org/10.3389/fpls.2015.00649

www.nature.com/scientificreports/

24. Lenk, S. et al. Multispectral fluorescence and reflectance imaging at the leaf level and its possible applications. J. Exp. Bot. 58,
807-814 (2007).

25. Costet, L., Fritig, B. & Kauffmann, S. Scopoletin expression in elicitor-treated and tobacco mosaic virus-infected tobacco plants.
Physiol. Plant. 115, 228-235 (2002).

26. Chaerle, L., Lenk, S., Hagenbeek, D., Buschmann, C. & Van Der Straeten, D. Multicolor fluorescence imaging for early detection
of the hypersensitive reaction to tobacco mosaic virus. . Plant Physiol. 164, 253-262 (2007).

27. Morales, E, Cartelat, A. L., Alvarez-Fernandez, A., Moya, I. & Cerovic, Z. G. Time-resolved spectral studies of blue-green fluores-
cence of artichoke (Cynara cardunculus L. Var. Scolymus) leaves: Identification of chlorogenic acid as one of the major fluorophores
and age-mediated changes. J. Agric. Food Chem. 53, 9668-9678 (2005).

28. Pineda, M., Gaspar, L., Morales, E, Szigeti, Z. & Baron, M. Multicolor fluorescence imaging of leaves—a useful tool for visualizing
systemic viral infections in plants. Photochem. Photobiol. 84, 1048-1060 (2008).

29. Ortiz-Bustos, C. M., Pérez-Bueno, M. L., Barén, M. & Molinero-Ruiz, L. Use of blue-green fluorescence and thermal imaging in
the early detection of sunflower infection by the root parasitic weed Orobanche cumana Wallr.. Front. Plant Sci. https://doi.org/
10.3389/fpls.2017.00833 (2017).

30. Granum, E. et al. Metabolic responses of avocado plants to stress induced by Rosellinia necatrix analyzed by fluorescence and
thermal imaging. Eur. J. Plant Pathol. 142, 625-632 (2015).

31. Pérez-Bueno, M. L., Pineda, M., Cabeza, F. M. & Barén, M. Multicolor fluorescence imaging as a candidate for disease detection
in plant phenotyping. Front. Plant Sci. https://doi.org/10.3389/fpls.2017.00833 (2017).

32. Nagamine, K. et al. Noninvasive sweat-lactate biosensor emplsoying a hydrogel-based touch pad. Sci. Rep. 9, 10102. https://doi.
0rg/10.1038/s41598-019-46611-z (2019).

33. Nagamine, K. et al. Printed organic transistor-based biosensors for non-invasive sweat analysis. Anal. Sci. 3, 291-302 (2020).

34. Ichimura, Y. et al. A fully screen-printed potentiometric chloride ion sensor employing a hydrogel-based touchpad for simple and
non-invasive daily; electrolyte analysis. Anal. Bioanal. Chem. 413, 1883-1891 (2021).

35. Bassi, A. S., Rohani, S. & Macdonald, D. G. Measurement of effective diffusivities of lactose and lactic acid in 3% agarose gel
membrane. Biotechnol. Bioeng. 30, 794-797 (1987).

36. Sempionatto, J. R., Moon, J. M. & Wang, J. Touch-based fingertip blood-free reliable glucose monitoring: Personalized data pro-
cessing for predicting blood glucose concentrations. ACS Sens. 6, 1875 (2021).

37. Lin, P. H,, Sheu, S. C., Chen, C. W,, Huang, S. C. & Li, B. R. Wearable hydrogel patch with noninvasive, electrochemical glucose
sensor for natural sweat detection. Talanta 241, 123187 (2022).

38. Tang, W. et al. Touch-based stressless cortisol sensing. Adv. Mater. 33, 2008465 (2021).

39. Moon, J. M. et al. Non-invasive sweat-based tracking of L-dopa pharmacokinetic profiles following an oral tablet administration.
Angew. Chem. Int. Ed. Engl. 60, 19074 (2021).

40. Nyein, H. Y. Y. et al. A wearable patch for continuous analysis of thermoregulatory sweat at rest. Nat. Commun. 12, 1823 (2021).

41. Dominguez, E., Heredia-Guerrero, J. A. & Heredia, A. The biophysical design of plant cuticles: An overview. New Phytol. 189,
938-949 (2011).

42. Eichert, T. & Ferndndez, V. Uptake and release of elements by leaves and other aerial plant parts. In Marschner’s Mineral Nutrition
of Higher Plants (Third Edition) (ed. Marschner, P.) 71-84 (2012).

43. Hama, T. et al. Probing the molecular structure and orientation of the leaf surface of Brassica oleracea L. by polarization modulation-
infrared reflection-absorption spectroscopy. Plant Cell Physiol. 60, 1567-1580 (2019).

44. Burkhardt, J., Basi, S., Pariyar, S. & Hunsche, M. Stomatal penetration by aqueous solutions—an update involving leaf surface
particles. New Phytol. 196, 774-787 (2012).

45. Yeats, T. H. & Rose, J. K. C. The formation and function of plant cuticles. Plant Physiol. 163, 5-20 (2013).

46. Martinez, D. E. & Guiamet, J. J. Senescence-related changes in the leaf apoplast. J. Plant Growth Regul. 33, 44-55 (2014).

47. Lee, H., Leon, J. & Raskin, I. Biosynthesis and metabolism of salicylic acid. Proc. Natl. Acad. Sci. USA 92, 4076-4079 (1995).

48. Beimen, A., Bermpohl, A., Meletzus, D., Eichenlaub, R. & Barz, W. Accumulation of phenolic compounds in leaves of tomato plants
after infection with Clavibacter michiganense subsp. michiganense strains differing in virulence. Z. Naturforsch. C 47, 898-909
(1992).

Acknowledgements
This research was supported by the research program on development of innovative technology Grants
(JPJ007097) from the Project of the Bio-oriented Technology Research Advancement Institution (BRAIN).

Author contributions

S.I. and K.N. conceived the ideas. All authors planned the research. S.I., Y.K. and K.N. conducted the experi-
ments and analyzed the results. K.N. supervised the research. S.I. wrote the manuscript. All authors reviewed
the manuscript.

Competing interests
The authors declare no competing interests. The authors declare that experimental research complied with rel-
evant institutional, national, and international guidelines and legislation.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-17785-w.

Correspondence and requests for materials should be addressed to S.I.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:13598 | https://doi.org/10.1038/s41598-022-17785-w nature portfolio


https://doi.org/10.3389/fpls.2017.00833
https://doi.org/10.3389/fpls.2017.00833
https://doi.org/10.3389/fpls.2017.00833
https://doi.org/10.1038/s41598-019-46611-z
https://doi.org/10.1038/s41598-019-46611-z
https://doi.org/10.1038/s41598-022-17785-w
https://doi.org/10.1038/s41598-022-17785-w
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2022

Scientific Reports|  (2022) 12:13598 | https://doi.org/10.1038/s41598-022-17785-w nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Hydrogel-extraction technique for non-invasive detection of blue fluorescent substances in plant leaves
	Results and discussion
	Hydrogel extraction of salicylic acid in leaves. 
	Blue fluorescent substances in the leaves of infected cherry tomato plants. 
	Hydrogel extraction from leaf of infected cherry tomatoes. 

	Methods
	Plant material. 
	Absorption of salicylic acid into plants. 
	Hydrogel film. 
	Extraction of leaf component. 
	Bacterial infection with Ralstonia solanacearum. 
	Characterization. 

	References
	Acknowledgements


