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Abstract: Sensing and mapping element distributions in plant tissues and its growth environment has
great significance for understanding the uptake, transport, and accumulation of nutrients and harmful
elements in plants, as well as for understanding interactions between plants and the environment.
In this study, we developed a 3-dimensional elemental mapping system based on laser-induced
breakdown spectroscopy that can be deployed in- field to directly measure the distribution of multiple
elements in living plants as well as in the soil. Mapping is performed by a fast scanning laser, which
ablates a micro volume of a sample to form a plasma. The presence and concentration of specific
elements are calculated using the atomic, ionic, and molecular spectral characteristics of the plasma
emission spectra. Furthermore, we mapped the pesticide residues in maize leaves after spraying to
demonstrate the capacity of this method for trace elemental mapping. We also used the system to
quantitatively detect the element concentrations in soil, which can be used to further understand the
element transport between plants and soil. We demonstrate that this method has great potential for
elemental mapping in plant tissues and soil with the advantages of 3-dimensional and multi-elemental
mapping, in situ and in vivo measurement, flexible use, and low cost.
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1. Introduction

Sensing and imaging elemental concentrations in biological tissues has great importance for
understanding uptake, transport, and accumulation of both nutritious and harmful elements in plants
as well as cell absorption and formation processes [1]. These elements include macro nutrient elements,
which are the major elements that compose tissues; micro nutrient elements; and toxic elements. In the
past few decades, scientists have continuously researched novel elemental imaging and mapping
methods for biological tissues [1-6]. Rapid, in situ, high-resolution, and sensitive imaging are the main
trends being explored among elemental imaging methods.

Currently, three types of elemental imaging and mapping methods are used for biological tissues:
X-ray microscopy-based methods [2,7,8], mass spectroscopy-based methods [2,9-12] and fluorescent
probes [13,14]. For the X-ray microscopy methods, the commonly used methods are scanning or
transmission electron microscopy with energy-dispersive X-ray analysis (SEM-EDX or TEM-EDX) and
proton/particle-induced X-ray emission (PIXE) [2,7]. The former requires a vacuum sampling system,
but the latter can only analyze elements lighter than Na. Upon development and establishment of
synchrotron radiation (SR) systems, certain researchers have used X-ray fluorescence spectroscopy
based on synchrotron radiation (SRXRF) and X-ray absorption spectroscopy based on synchrotron

Sensors 2016, 16, 1764; d0i:10.3390/s16101764 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
http://www.mdpi.com/journal/sensors

Sensors 2016, 16, 1764 20f13

radiation (SRXAS) to image elements in plant tissues through the SR beam-line [8,15-17]. The SR
beam-line provides a detection limit of ppm (Parts-per-million) and a space resolution near 100 nm, but
one difficultly is access to a SR beam-line [18]. Secondary ionization mass spectrometry (SIMS) is the
most-used mass spectroscopy method for elemental imaging in biological tissues [2,9,19]. Nano-SIMS
was developed in recent years which provides much higher spatial resolution than common SIMS [2].
However, SIMS requires high vacuum conditions, and a quantitative analysis is difficult due to strong
matrix effects. Certain scholars have used laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) and laser micro-dissection inductively coupled plasma mass spectrometry (LMD-ICP-MS)
for elemental compositions in solid surfaces [10,11,20-23], but these methods provide only a few
applications for plant tissue. One potential basis for the limited application is the dehydration effects
on the samples during the laser ablation processes, which render the plant sample unable to maintain
moisture and an intact structure.

Notably, the above methods depend on complex and expensive experimental instruments and
systems and can only be performed in a laboratory. In certain plant research fields, scientists hope
to map elements in plant tissues in-field and in vivo, which may lead to a better understanding of
the transport and accumulation laws governing nutrient and toxic elements in plants. However, the
aforementioned methods cannot provide such imaging and mapping. Consider imaging pesticide
distribution in plant tissues as an example, which we will discuss below. Mapping and quantitative
observation of pesticide residues in plants is important for studies on absorption, transport, and
accumulation of pesticides in plants. However, only a few studies used matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry to image the pesticide on leaf surfaces [24-26],
which requires a sample of the leaves first and then a spray of the matrix solution. Therefore, it is
impossible to produce in situ measurements.

Therefore, an in situ and in vivo micro-imaging and mapping method for both high-concentration
and trace elements in plant tissues is needed which can be used in-field. Laser-induced breakdown
spectroscopy (LIBS) is a fast-developing spectroscopy method that analyzes elemental compositions and
concentrations through inducing the measured objects into plasma using a high-energy laser, and then
collects the emission spectra [27,28]. LIBS has been used to qualitatively and quantitatively measure
solids, liquids, and gases based on atomic, ionic, and molecular spectral characteristics [28-31]. LIBS has
also been used for fast mapping and imaging elemental distributions on solid surfaces [27,32-39].
Compared with other imaging and mapping methods, LIBS is advantageous due to its simple structure,
flexibility in use, and low cost, and it can be used in-field, is removable, and can even be used as a
handheld device [28,40]. In this study, we developed a removable elemental mapping system based on
micro-LIBS, LipsImag. We demonstrated quantitative elemental mapping through LipsImag in plant
tissues using maize leaves after a pesticide spray as an example, and we also used LipsImag to detect
the element concentrations in soil. To the best of our knowledge, this is the first method and system for
in situ and in vivo 3-dimensional elemental mapping of biological tissues that is removable and can be
used in-field.

2. Experimental Methods

2.1. LipsImag

The principles of LipsImag are as follows: (1) a laser beam from a laser generator emits to the
sample, focuses on its surface and induces a micro area into plasma status; (2) the emitted plasma
spectrum is detected by a spectrometer; (3) the presence and concentrations of some objective elements
are calculated using the spectral characteristics; (4) the focusing area of the laser beam moves to the
next point using a 3-dimensional movement platform and repeat the above steps until all of the points
in the scanning area of the first plane are measured; (5) the height of the movement platform is lowered
to the next plane and the above steps are repeated until all the planes are scanned or the sample is
penetrated. The schematic of the LipsImag apparatus is shown in Figure 1. In our study, we used
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a CFR200 laser (Quantel Ltd., Les Ulis, France) to output a 1064 nm laser beam with a maximum
energy of 200 mJ. A sevenbands spectrometer, HR2000+ (Ocean Optics, Dunedin, FL, USA), was used
to collect the emitted plasma spectra with a resolution of 0.2 nm and a spectral band of 200-850 nm.
We tested the spectrometer in-field, and validated its SNR (signal-to-noise ratio) as approximately
170.94. To perform 3-dimensional scanning, a precision 3-dimensional stage, LX-8375 (Felles Photonic
Instruments, Shanghai, China), was used in LipsImag with an accuracy of 7 um. To observe the surface
of the sample and to adjust the height of the movement platform, a Grasshopper3 (LUSTER LightTech,
Beijing, China) camera was used which was coaxial with the laser focusing system. We also designed
a removable stand to equip all of the components above, as well as a computer to control the laser
shot, spectral collection, and platform movement, and to calculate the mapping results automatically.
The control and calculation software of LipsImag was developed in the V52010 platform.
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Figure 1. Schematic of the LipsImag apparatus and its application for in situ and in vivo elemental
mapping of maize.

2.2. Samples

As shown in Figure 2, the maize plants used in our study were grown naturally in the experimental
field of the Beijing Academy of Agriculture and Forestry (Beijing, China). The living plants were
directly used in the experiment. We also used small holly (Ilex chinensis Sims) leaves to demonstrate
the ability of LipsImag for nutrient elemental mapping, which was also grown in the Beijing Academy
of Agriculture and Forestry. Chlorpyrifos (CoH;; CI3NO3PS) emulsifiable concentrate (EC) that we
used in the experiment was produced by Dow AgroSciences Ltd. (Indianapolis, IN, USA) with a
concentration of 40.7%. To prepare chlorpyrifos with different concentrations, we diluted the pesticide
various times using water. The commonly used concentration in our study was 100 mL chlorpyrifos
EC (40.7%) diluted by 50 L of water and sprayed in a 1 mu (666.7 m?) maize field. We also used some
lower concentrations to study the detection sensitivity of LipsImag. The spray was carried out using
a 5372 sprayer (Worth Ltd., Shanghai, China) following the guidelines of the Chinese government.
The soil samples were obtained from farmland in the Haidian District (Beijing, China). To avoid
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splashing, each soil sample was pressed into a tablet (diameter of 13 mm, 1 mm thick) under the
pressure of 10 T with a tablet machine (FW-4A, Xin Tian Guang Ltd., Tianjin, China). In this study,
60 groups of samples were prepared. The real values of element contents were tested by the Beijing
Research Centre for Agriculture and Testing.
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Figure 2. The photographs in a real application of LipsImag for an in-field measurement. (a) Maize
plants for the elemental mapping experiment; (b) Photograph of a maize leaf after a 20 x 20 scanning
by LipsImag; (c) The microstructure of a single shot on a maize leaf by LipsImag; (d) A plasma emission
spectra from the scanning that is shown in (b).

2.3. Experiments

The field experiment was carried out by moving LipsImag outdoor, stretching the living maize
leaves onto the platform, fixing them with double-faced adhesive tape and then scanning. The holly
leaves cannot be stretched due to a distance problem and thus were cut and then placed on the platform
to complete the scanning. For the calibration experiment, a 20 uL pesticide sample which was diluted
several different times, from 400 to 40,000, were dropped onto the surface of the maize leaf in an area
of about 1 cm?. In this way, we obtained the samples with pesticide residues of 0-30 1g/cm?. Then,
we used LipsImag to measure the intensities of the spectral characteristics and establish a calibration
model. In this study, we used a 90 mJ laser energy, a 75 pm laser spot size and a 200-850 nm spectral
band in most cases.
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2.4. Spectral Processing and Mapping Methods

The spectral processing algorithms were embedded in the software of LipsImag. The spectra were
processed by the following steps: (1) the background line was subtracted from the plasma emission
spectra [28]; (2) the spectrum was smoothed [28]; (3) each spectra band was area-normalized in a 20 nm
window to decrease the influence of the laser jitter [40]; (4) the area of each spectral characteristics
peak was calculated as a variable for calibration [28]. After scanning, the presence and concentrations
of the specific elements of each point in the 3-dimensional scanning array had been calculated, then,
2D surface images, 3D images, and 2D cross-sectional images that show the distribution of the elements
in plant tissues were drawn.

3. Results and Discussion

3.1. In Situ and In Vivo 3-Dimensional Elemental Mapping of Plant Leaves

LipsImag consists of an LIBS module, a 3-dimensional movement platform, an observation
camera, and a removable stand, as shown in Figure 1. The measurements are generated by the
LIBS module as follows: An Nd:YAG laser outputs a 1064 nm laser pulse onto the micro area of
the measured object. The micro area will then be induced into a plasma, the plasma signal will
be collected by a fiber and dispersed by gratings, an emission spectrum will be acquired, and,
finally, the element concentrations will be calculated. The observation camera is used to observe
the sample surface micro-structure and is coaxial with the laser. Figure 1 shows how Lipslmag
measures maize leaves in-field. We stretched a living leaf onto the 3-dimensional movement platform
and fixed it with double-faced adhesive tape. Next, the distance between the sample and laser was
adjusted using the observation camera. The spot size and scanning areas can be selected using
the LipsImag operating software. During the measurement, the first micro point in the first plane
was hit by the laser, and the spectrum was measured; next, each point in the scanning area was hit
and measured one-by-one through automatically adjusting the 3-dimensional movement platform.
When scanning for the first plane was completed, the height of the 3-dimensional platform was
automatically adjusted, and LipsImag began scanning the next plane. Thus, a collection of spectra that
correspond to a 3-dimensional micro area can be acquired, and a 3-dimensional elemental distribution
can be imaged. Certain leaves and stalks must be cut and then placed onto the platform if they are
unable to be stretched. Notably, the LipsImag is much simpler than mass spectroscopy-based and
X-ray microscopy-based imaging and mapping systems.

The photographs that we collected using LipsImag for field measurements of maize leaves are
shown in Figure 2. In this experiment, we used a 90 mJ laser energy, and the spot size was 75 um.
Figure 2c shows the surface morphology of a single point measurement, which was visualized using
scanning electron microscopy. The laser ablation area comprises an ellipse with a longer diameter
of approximately 120 pm, which may be generated by the leaf tissue structure. The ablation depth
was approximately 12 um, which was measured using atomic force microscopy and scanning electron
microscopy. Figure 2b shows a photograph collected after scanning 20 x 20 points and 4 planes. In this
measurement, the distance between each spot was 200 um to avoid overlap and an interrelationship.
Thus, the scanning area for a single plane was 4 x 4 mm. When scanning for the first plane was
completed, the 3-dimensional platform moved 12 pm up to scan the next plane. Figure 2b shows
that the laser ablation produced only a small amount of damage to the maize leaves, which may not
influence its growth.

Figure 2d shows a plasma emission spectrum that corresponds to Figure 2b. The elemental
concentrations can be calculated based on the atomic and ionic spectral characteristics [28]. Moreover,
certain spectral characteristics belong to the molecular fragments, e.g., CN, which can be used to
directly analyze the concentrations of certain specific molecules [41]. LipsImag can be used to image
the distributions for the presence and concentrations of certain nutritional elements, e.g., Mg, Ca, and
Na, and for toxic elements at trace concentrations (such as P in pesticide). Figure 3 shows the mapping
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results for the small holly leaf measurements, in which the distributions of the spectral intensities for
Mg, Ca, and Na are clear. Notably, these are the pre-calibration results, and the spectral intensities are
used instead for elemental concentrations. In practice, a calibration is performed before field use and
is based on samples with known concentrations that are used to construct a quantitative model using
spectral characteristics and elemental concentrations. Next, the calibration model was installed in the
LipsImag software, through which the elemental concentration distributions can be imaged in real
time. Notably, LipsImag operates at a much higher spatial resolution, e.g., 20 pm, but the sensitivity
and detection limit are lower due to the laser ablation mass decrease. We will use LipsImag with leaves
to detect pesticide residues that are considered trace elements; thus, we used a 200 um resolution
throughout the analysis.
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Figure 3. The mapping results of holly (Ilex chinensis Sims) leaf based on the spectral intensities of
specific elements using LipsImag. (a) The visible image of the leaf for the mapping experiment; (b) and
(c) shows the distributions of the spectral intensities of Mg and K, respectively; (d,e) illustrate the
spectral characteristics of Mg and K that were used for mapping.

3.2. Chlorpyrifos Residue Spectral Characteristics in Plants and Quantitative Analyses Thereof

As discussed previously, measuring pesticide distributions in plant tissue is important for plant
and environmental research. The previous mapping method, i.e., MALDI, can only detect pesticides
on the leaf surface, not inside of a leaf [26]. More importantly, these methods are difficult to use for
mapping in-field and in vivo due to their complex structure. Most pesticides contain specific elements
(e.g., P and S), which thus provides an opportunity for mapping the elements’ concentrations in plant
tissues using LipsImag [30,42]. In this study, we used chlorpyrifos, which is a common pesticide in
China, as an example and attempted to collect 3-dimentional images of its distribution in plant leaves.

Chlorpyrifos (CoH11CI3NO3PS) contains several elements, including P, S, H, Cl, O, N, and C.
H, C, O, and N also exist in air and plant tissue. Thus, we attempted to determine the presence
of and calculate the concentrations of chlorpyrifos using the spectral characteristics of P, S, and
Cl. Figure 4 shows the plasma emission spectra from Lipsimag for a leaf with 20 pg/cm? and
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200 ng/cm? chlorpyrifos residue and a clean leaf. The spectral characteristics of P at 213.62 nm,
214.91 nm, 253.56 nm, and 255.33 nm are shown in Figure 4a,b, and the spectral characteristics of
ClI at 827.59 nm are shown in Figure 4c. The spectral characteristics for P at the four wavelengths
were clear in the leaf samples with pesticide but were absent in the clean leaf, and the intensities
increased with higher concentration samples. However, the Cl spectral line was much weaker such that
it was only observed in samples with 20 pg/cm? chlorpyrifos. We attempted to discern the spectral
characteristics of the S atom and ion, but the characteristics were not found. Spectral characteristics
of P and S in the ultraviolet band are much stronger than their visible band characteristics [43—45].
However, an ultraviolet spectrometer requires a vacuum environment; thus, it is difficult to use in-field.
Furthermore, to measure the pesticide more precisely, we constructed a multi-variable regression
model using samples with a known pesticide concentration and the spectral characteristics of P and Cl
(Figure 4d).
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Figure 4. The laser-induced plasma spectral characteristics of chlorpyrifos in a leaf. (a) The spectral
characteristics of the element P at 213.62 nm and 214.91 nm; (b) The spectral characteristics of the
element P at 253.56 nm and 255.33 nm; (c) The spectral characteristics of the element Cl at 827.59 nm;
(d) The multi-variable linear regression model for chlorpyrifos measurement based on the spectral
characteristics of P and Cl.

3.3. Two-Dimensional Mapping of Chlorpyrifos on a Leaf Surface

We used LipsImag to image the pesticide distribution on a leaf surface after the calibration model
was constructed and installed. Figure 5a shows the mapping results for a random maize leaf after
a spray application, which included 100 mL chlorpyrifos EC (40.7%) diluted with 50 L water and
spayed in a 1 mu (666.7 m?) maize field. This dose is common and is a concentration that prevents
aphids and leaf mites in China. In this experiment, we stretched the leaves onto the platform 20 min
after the spray and collected the measurements. The scanning area was 20 x 20 points with a 200 pm
distance between each point. The distributions of certain chlorpyrifos droplets are clear in Figure 5a,
and certain vertical bands may have been caused by the droplets falling under gravity. Figure 5b also
includes mapping results but with a lower pesticide dose at 10 mL chlorpyrifos EC (40.7%), which
was also diluted with 50 L water. Therefore, the pesticide residue in Figure 5b is at much lower levels
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than in Figure 5a. We also used LipsImag to study the processes of chlorpyrifos spread and transport
on a leaf surface through mapping a leaf 10 h after spraying (100 mL chlorpyrifos EC), as shown in
Figure 5c. Clearly, the droplet concentrations are weaker, but the area is greater. Furthermore, certain
horizontal bands appear, which may be caused by water transport in the leaf vein.
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Figure 5. The 2D mapping results of chlorpyrifos on a leaf surface using LipsImag. (a) The mapping
result of pesticide on a leaf that used 100 mL chlorpyrifos EC (40.7%) diluted by 50 L water and was
subsequently sprayed in a 1 mu (666.7 m?) maize field; (b) The mapping result of a lower concentration
of pesticide that used 10 mL chlorpyrifos; (c) The mapping result of the leaf 10 h after spray application
that used 100 mL chlorpyrifos EC. The left image of (a—c) shows the visible image observed by
microscopy, while the right image is the scanning results that show the distribution of the pesticide.



Sensors 2016, 16, 1764 90f 13

3.4. Three-Dimensional Mapping of Chlorpyrifos in Leaves

LipsImag can provide 3-dimensional elemental mapping for laser ablation depth [27,35-37,45].
As discussed above, the laser ablation depth of the maize leaf is approximately 12 um with a 90 m]
laser and a 75 um spot size. The experiment was performed 10 h after spraying (100 mL chlorpyrifos
EC). We imaged the chlorpyrifos distribution in a leaf through scanning one plane after another with a
12 um thickness in each plane. A thicker part near the middle of the leaf was used to avoid penetration.
Figure 6¢c shows mapping results for pesticide residues that were thicker than in Figure 5a, which may
be due to the easy enrichment of the droplets in the middle of the leaf. The pesticide concentration
clearly deceased with depth, and almost no pesticide was detected from the fifth plane. To deeply
understand the processes of pesticide permeation in plants, we used a horizontal band in Figure 6b and
drew a cross-sectional image to show the pesticide distribution in a lateral plane (Figure 6c). Clearly,
the chlorpyrifos gradually decreased and disappeared at a 50 pm depth. It is known that the laser
ablation will change the physical properties of the leaf and influence the measurements among two
layers. However, the influence was not too much in our experiment when we used 12 um as a step
size in depth. To demonstrate the above issue, we reproduced Figure 6b in the same conditions but
with an opposite measuring direction (from the bottom to the top). The distribution of pesticide shows
a similar shape in that that the pesticide only appears in the first three layers.
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Figure 6. The 3-dimensional mapping of pesticide residues in a maize leaf 10 h after spray. (a) is the
visible image of the scanning area observed by microscopy; (b) is a cross-sectional image that shows the
pesticide distribution in a lateral plane; (c) shows the 3-dimensional image of the pesticide by scanning
one plane after another, with a thickness of 12 pm for each plane.

3.5. Measurement of the Element Concentrations in Soil Using LipsImag

To provide an ability to further understand the element transportation processes among soil and
plant tissues, we also used the LipsImag system to detect element presence and concentrations in
soil. The soil was sampled and squashed into a tablet to avoid splashing. We studied the spectral
characteristics of K, Mg, Na, and Ca. and the calibration models were built. The concentration of Si in
soil is stable, so we used the spectral line at 288.16 nm of Si as an internal standard and established
calibration models to reduce the influence of laser jitter and soil moisture. Figure 7 shows the spectral
characteristics and the calibration model of K in soil.
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Figure 7. Determination of K in soil using LipsImag. (a) shows the spectral characteristics of K in soil;
(b) is the calibration model for K concentration measurement.

4. Conclusions

This study offers a new elemental mapping method to botanists besides X-ray microscopy-based
methods, mass spectroscopy based-methods, and fluorescent probes. Because it can be moved to the
field and can measure living plants directly, the distribution of nutrients and harmful elements in plant
tissues as well as the interactions between plants and the environment can be studied naturally without
sample cultivation, collection, and pre-treatment. The laser will ablate the sample during measurement,
but the ablation area is small and will not influence the plant growth; thus, it can be considered a
micro-destructive or even non-destructive measurement tool. The above experiments and results
demonstrate that LipsImag can provide 3-dimensional mapping for elemental distributions in living
plant tissues. MALDI-MS was also used for pesticide imaging in plant leaves with a spatial resolution
of 300 pm x 300 um [26], which is lower than LipsImag. MALDI-MS images the pesticide distribution
based on molecular structure while LIBS is based on atomic concentration. More importantly, LipsImag
has much simpler optical structures compared to MALDI-MS and thus can be moved to the field to
measure the elemental distribution of living plants. LIBS is comparable to LA-ICP-MS because both are
based on laser ablation. A main restriction for LA-ICP-MS applications in plant research is dehydration
effects; thus, related studies have focused on experimental conditions that maintain sample moisture
and structure [2,22,23]. However, this problem is avoided by using LipsImag to directly measure living
plants under growth conditions. Moreover, LipsImag includes certain other advantages, such as a
simultaneous analysis of multiple elements and low cost, compared to other methods.

Notably, this is the first study where LIBS was applied to in situ and in vivo elemental mapping
of plants; thus, further studies are necessary. In this study, we used a 200 um spatial resolution,
which is lower than previously used methods, e.g., SRXRF and SIMS [8,9,16]. In fact, LipsImag can
operate at a much higher resolution (10-50 pm) to image smaller objects, e.g., cells and microorganisms.
We used a 200 pm resolution due to the trace concentrations of the pesticide in the plant leaves, which
are difficult to detect using a lower energy laser and smaller spot size. We will attempt to use a
higher resolution in future studies for mapping nutrient elements in plant tissues. Another issue that
must be considered is the detection limit of the LIBS method, which can reach ppm levels for solid
analyses under conventional conditions [28]. Using a vacuum environment, buffered gases and a
multi-pulse laser can enhance the LIBS detection sensitivity but lead to difficulties with in-field and
in vivo measurements [27,28,30]. During the LIBS measurement process, the plasma spectrum contains
spectral characteristics of atom, iron, and molecule fragments, but we only used the atomic spectral
line in this study. For certain specific measurements, the spectral characteristics of molecular fragments
can be observed and used to directly image the molecular distributions [41,46—48]. Theoretically,
LIBS can measure nearly all elements, but it is a problem for elements that exist in air, e.g., C, H,
and O. One potential way to avoid the influence of air is by using a vacuum environment or buffered
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gases [49]. Other methods may also be used to measure these elements, such as establishing particular
models based on chemometrics, which must be considered under specific conditions and for specific
applications [28,48].
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