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ABSTRACT: A combination of matrix-assisted laser desorption
ionization (MALDI) imaging and infrared (IR) laser ablation
sampling with offline electrospray ionization mass spectrometry
(ESI-MS) was used to determine the distribution of the fungicide
imazalil in apples. MALDI images were used to determine the
penetration depth of imazalil up to 7 days after its application. IR
laser ablation sampling and ESI-MS were used to quantify the rate
of penetration of the fungicide, which was determined to be
approximately 1 mm per day. Imazalil concentration decreased in
the apple skin over the course of the experiment, and after 7 days
the fungicide was detected at 0.015 ppm 6 mm inside the apple.
Approximately 60% of the pesticide remained in the skin after 7
days. This work demonstrates the utility of MALDI imaging for
spatial localization of fungicide in fruit in combination with IR laser
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esticides are widely used on fruits and vegetables to avoid

damage by pests or fungi in different stages of cultivation
or for postharvest storage.' Pesticides help to ensure long
storage lifetime and high product yield, but these compounds
need to be applied efficiently in the lowest possible
concentration to minimize environmental impact and human
exposure.” " Application of pesticides can be a problem if the
pesticide residue adheres to the product at a concentration
above the allowable limit.” Additionally, some pesticides can
penetrate the exterior of fruits and vegetables, making ordinary
peel washing an ineffective approach.”” Because pesticides are
designed to be toxic for living organisms, their toxicity to
humans is often s.igniﬁcant,8 necessitating the development of
advanced methods for analyzing these compounds at trace
levels.

One of the most common uses of pesticides in fruits is
fungicide.” Imazalil (1-{2-(2,4-dichlorophenyl)-2-[(prop-2-en-
1-yl)oxy]ethyl}-1H-imidazole) is a postharvest fungicide that is
widely used to prevents fruit degradation by controlling growth
and sporulation of fungal strains.'” The mode of action
consists in inhibiting the biosynthesis of ergosterol, an essential
component in the membrane of fungal cells.'" Imazalil is
efficient for the control of fungi of the Penicillium genus, such
as P. digitatum and P. italicum in citrus fruits,'> and P.
expansum in pome fruits."> Usually, imazalil is applied to fruits
after harvest by dipping, drenching, or spraying using
concentrations between 1000 and 2000 ppm.'*~"® Concerns
about the toxicity of imazalil derive from its potential effects on
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reproductive and neurobehavioral parameters'’ as well as
possible genotoxic and teratogenic effects."® Of particular
concern is whether imazalil can diffuse into the fruit after its
application. The rate of diffusion can be influenced by the high
polarity of imazalil which promotes transport to the high
water-content interior of the fruit."?

Traditionally, pesticide residue determination in fruits and
vegetables has been performed using gas chromatography
coupled to mass spectrometry (GC—MS)*°"** and liquid
chromatography coupled to mass spectrometry (LC—
MS).**7*” Both techniques demonstrate excellent analytical
performance but provide limited information on the
distribution of pesticides in the sample.

Matrix-assisted laser desorption ionization (MALDI) imag-
ing is a powerful technique for MS that allows the visualization
of the localization of molecules within biological tissue.”*™**
Most MALDI imaging applications have been in analysis of
animal tissue; however, there have also been a number of
applications of MALDI imaging to plant tissue and to monitor
the spatial localization of pesticide residue on food plants.**~*
For example, Annangudi et al. verified the spatial distribution
of the fungicides epoxiconazole, azoxystrobin, and pyraclos-
trobin on wheat leaf surfaces.”” Anderson et al. monitored the
translocation of four sulfonylurea herbicides, chlorimuron
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ethyl, chlorsulfuron, imazosulfuron, and pyrazosulfuron-ethyl,
in sunflower plants 24 h after foliar application.”® Also, Mullen
et al. imaged the herbicide mesotrione and the fungicide
azoxystrobin on the surface of soya leaf and azoxystrobin inside
the stem of the soya plant.*”

In addition to MALDI, an ultraviolet (UV) or infrared (IR)
laser at ambient conditions can be used with online MS for
localization of analytes inside biological tissues.””*" The laser
beam is directed at a specific area of the tissue to ablate a wide
range of molecular species which can be directly ionized or
captured in solvent for subsequent ionization.*” For example,
IR laser ablation into an ESI source was used for single cell
analysis from Allium cepa and Narcissus pseudonarcissus bulb
epidermis as well as from single eggs of Lytechinus pictus.”> IR
laser ablation and solvent capture by aspiration with online ESI
has also been used for imaging pigments in Alstroemeria flower
petals and in red radish taproot (Raphanus sativus L.).**

Laser microdissection can be used to obtain quantitative
information about plant tissue.”> When the sample is captured,
the analyte can be extracted and resuspended in an adequate
volume of solvent which can result in a more concentrated
analyte solution for offline MS quantitative analysis. For
example, laser microdissection was used to remove pieces of
the floral parts of Cannabis sativa plants for quantification of
cannabinoids by offline LC—MS.*® The alkaloid contents of
Sinomenii caulis were quantified after laser microdissection and
offline LC—MS."’

Laser ablation is an alternative to laser microdissection and
is a versatile method for the capture of biomolecules from
animal tissue.**”* Infrared laser ablation capture with offline
analysis has been used to identify and quantify proteins,™
determine the activity of captured enzymes,”* and sample large
double stranded DNA.” IR laser ablation is efficient at
breaking up tissue and therefore the extraction of the captured
material is significantly faster and more efficient compared to
laser microdissection.

In this work, MALDI imaging was combined with laser
ablation sampling and offline ESI-MS for the analysis of the
distribution of imazalil in apples. Imazalil was applied in fresh
organic Fuji apples, and the fruits were sampled on different
days. The penetration of the fungicide from the peel to inner
region of the fruit was monitored with MALDI imaging using
apple sections, and quantification was performed on laser
ablated extracts using ESI-MS. The experiment was designed
for 7 days of apple storage after imazalil application to simulate
rapid postharvest fungicide treatment and transport or point of
sale application.

B EXPERIMENTAL SECTION

Chemicals and Materials. HPLC grade acetonitrile
(ACN), formic acid (FA), and trifluoroacetic acid (TFA)
were purchased from Thermo-Fisher Scientific (Waltham,
MA), and a-cyano-4-hydroxycinnamic acid (CHCA) was
purchased from Sigma-Aldrich (St. Louis, MO). Ultrapure
water (18 MQ cm) was produced in-house. Plain glass
microscope slides were purchased from Thermo-Fisher
Scientific, and indium tin oxide (ITO) microscope slides
were purchased from Bruker Daltonics (Bremen, Germany).
Imazalil (see the structure and physicochemical properties in
Figure S-1, Supporting Information) was purchased from
MedChem Express (Monmouth Junction, NJ). Fresh organic
Fuji apples were purchased from a local supermarket.
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Sample Preparation. For all experiments, the concen-
tration of imazalil is indicated in ppm (mg/L for solutions and
mg/kg for mass of analyte in mass of apple). For MALDI
imaging experiments, 12 apples were submerged for 2 min in a
4 L glass beaker containing 2 L of a 1000 ppm aqueous
solution of imazalil. A control group of 4 apples was not
treated. The apples were stored at room temperature for up to
7 days, which has been used previously to simulate typical
application and marketing conditions.>*” At days 0, 1, 4 and
7, four apples (three containing imazalil and one control) were
taken and 0.2 mm thick sections (one slice for each apple)
were produced using a vibratome (Vibratome 1500, Ted Pella,
Redding, CA) and mounted on ITO glass slides. The apples
were cut perpendicular to the endocarp axis to obtain sections
with the endocarp on one end and the skin on the other. The
apple sections were dried under vacuum for 1S5 min before
matrix application. For laser ablation sampling, the same
approach was employed but plain glass slides were used and
samples were processed without prior drying.

MALDI Imaging. A 10 mg/mL solution of CHCA in 1:1
H,0/ACN containing 0.1% TFA was sprayed on the slides
using a home-built pneumatic nebulizer with a liquid flow rate
of 100 yL/min and a nitrogen gas pressure of 70 kPa (10 psig).
The matrix was sprayed at a distance of 8 cm from the apple
section, and 14 spray cycles of 20 s each were used. The matrix
was allowed to dry for 1 min between each spray cycle.
MALDI mass spectra were recorded using a tandem time-of-
flight mass spectrometer (UltrafleXtreme, Bruker, Bremen,
Germany). The instrument is equipped with a 355 nm
Nd:YAG laser operating at a repetition rate of 1 kHz. The
section surface was irradiated with 1000 laser shots and a step
size of 200 pym in positive ion reflectron mode. After data
acquisition, images were reconstructed using FlexImaging
software (Bruker). The intensity of protonated imazalil (m/z
297.06) was used to create images.

Laser Ablation Sampling. The mid-IR laser ablation
system has been described previously.*”* Briefly, microscope
slides with samples were mounted on a two-axis translation
stage (LTA-HS, Newport, Irvine, CA) operated using S0 mm
actuators (LTA-HS, Newport) and a motion controller (XPS-
Q8, Newport). Sample slides were irradiated in transmission
geometry with a pulsed IR optical parametric oscillator (IR
Opolette 2940, OPOTEK, Carlsbad, CA). The laser pulse
width was S ns, the repetition rate was 20 Hz, and the
wavelength was 2.94 ym. The beam was directed at the sample
target at a 90° angle and was focused with a 50 mm focal
length lens to a spot size of 200 ym X 250 pum, as measured
with laser burn paper. The laser energy was set to 2.2 m],
which corresponds to a fluence of 44 k_]/mz. Areas of 1 mm?
from the apple section were ablated from the skin to the
endocarp. A 300 yL microcentrifuge tube with 200 4L of ACN
was mounted below the microscope slide, keeping the surface
of the solvent ~S mm from the slide. After vortexing (10 s)
and centrifugation (1 min), the supernatant was collected in a
new tube and dried under vacuum at room temperature. The
samples were resuspended in 30 yL of ACN with 0.1% FA
before ESI-MS analysis. Samples for calibration curves (Figure
S-2) were prepared as described above by ablating apples that
did not contain imazalil and resuspending the captured
material in 30 yL of imazalil solution in ACN with 0.1% FA
(concentrations of 0, 0.00S, 0.01, 0.0S, 0.1, 0.5, 1, and 3 ppm).
The resulting solutions were injected into the ESI source for
quantification analysis.
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An overall extraction experiment was performed to evaluate
the total sampling efficiency of the process between laser
ablation and ESI-MS. The experiment was conducted by
spiking 0.2 uL of three known imazalil concentrations (28,
500, and 5000 ppm) on 1 mm? areas of the apple sections,
resulting in total deposited amounts of 0.005, 0.1, and 1 ppm,
respectively. To avoid the diffusion of imazalil from the area to
which it was applied, 1 mm® islands of apple tissue were
created by ablating regions around the selected areas. Each
area was separated from the adjacent areas by 1 mm. When the
imazalil solution was applied to the tissue island, the droplet
adhered to the tissue as the solvent evaporated to leave the
imazalil confined to the 1 mm?® region. Sample capture and
preparation for ESI-MS analysis were performed as indicated
above, and the signal intensity of protonated imazalil peak was
compared with the signal intensity of a control (solution of
imazalil in ACN). The transfer efficiency was obtained from
the ratio of the imazalil signal intensity of the recovered
material to that of the control.

ESI-MS. Electrospray ionization mass spectra were recorded
using an Agilent 6230 TOF-MS instrument (Agilent
Technologies, Santa Clara, CA). The intensity of the
protonated imazalil (m/z 297.0561 [M + H]J*) was used for
all analyses. Because the mass spectrometer does not have MS/
MS capabilities, the identification of the protonated imazalil
ion was based on the exact mass measurements and the
isotopic cluster peaks at m/z 297, 299, and 301, which are
consistent with the presence of the two chlorine atoms in the
imazalil structure. The following parameters were used:
capillary voltage, 4000 V; gas temperature, 325 °C; sheath
gas temperature, 375 °C; drying gas flow, 10 L/min; sheath gas
flow, 11 L/min; nebulizer, 35 psig; injection volume, 1 yL. The
data were processed using the Agilent MassHunter Qualitative
Analysis B.07.00 software.

B RESULTS AND DISCUSSION

An initial experiment was performed to determine whether the
signal from protonated imazalil can be used for MALDI
imaging. Figure 1 shows a MALDI spectrum obtained after
spiking 1 L of a 1000 ppm imazalil solution (in ACN) with
1.4 pL of a 10 mg/mL solution of CHCA (in 1:1 H,O/ACN
with 0.1% formic acid) on a 0.2 mm thick apple slice. The base
peak in the mass spectrum is m/z 297 which corresponds to
the nominal mass of the protonated molecule. The set of
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Figure 1. MALDI mass spectrum obtained from the application of 1
uL of a 1000 ppm imazalil (m/z 297.06 [M + H]*) solution on an
apple slice; matrix peaks are labeled with asterisks.
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characteristic isotopic cluster peaks at m/z 297, 299, and 301 is
consistent with the presence of two chlorine atoms. Peaks
associated with the CHCA matrix are the dominant remaining
peaks in the mass spectrum and do not interfere with the
protonated imazalil peak. The limit of detection (LOD) for
imazalil was evaluated by spiking imazalil standard with CHCA
on an apple slice in the manner described above. Based on a
value of 3 times the noise level of the blank, the LOD was
determined to be 0.05 ppm.

Figure 2 shows MALDI and optical images of sections of
imazalil treated apples containing skin (top) and endocarp.

Control

Day 0

Day 4 Day 7

(a) Optical

(c) Optical
and MSI

100%

Om =  om—

Figure 2. Penetration analysis of imazalil (m/z 297.06 [M + H]") in
apples by MALDI imaging on Days 0, 1, 4, and 7 after dipping
application of imazalil: (a) optical image of apple slices, (b) MALDI
imaging of imazalil, and (c) merged optical and MALDI image.

These apples were treated with imazalil and stored for the
indicated number of days. Figure 2a depicts the optical images
of apple slices, Figure 2b shows the MALDI imaging of
imazalil, and Figure 2c¢ shows the merged optical and MALDI
images. The heat map of Figure 2b was obtained by plotting
the intensity of m/z 297.06 + 0.2. The control section was
treated as indicated above, and imazalil was not detected. On
Day 0 (30 min after imazalil application), imazalil was detected
in the skin and was not detected in the inner region. The same
was found on Day 1, with the compound slightly more
distributed. The images of apple sections 4 days after fungicide
application showed that a small quantity of imazalil migrated
approximately 1 mm toward the inner region, even though the
largest quantity remained in the skin. On Day 7, the imaging
results show the migration of imazalil approximately 3 mm
inside the apple.

Of some concern is whether the vacuum drying step prior to
matrix application and MALDI imaging modifies the thickness
and size of apple sections which could affect the measurement
accuracy of the imazalil diffusion depth. Drying is a necessary
step to ensure adhesion of the apple slice to the microscope
slide surface and prevent detachment of the section in the
high-vacuum source of the MALDI mass spectrometer. In
addition, it reduces the amount of water in the sample, which
reduces analyte migration during matrix deposition. The
vacuum drying may reduce the thickness, but a thin and dry
section improves the ion signal in MALDI-MS analysis. The
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area of the apple sections did not change measurably on
drying.

Ambient laser ablation sampling and ESI-MS were used to
measure the concentration of imazalil inside the apple. Areas of
0.2 mm X 1 mm were ablated from the skin and areas of 1 mm
X 1 mm were ablated and collected from the skin toward the
endocarp (Figure 3). Sampling was accomplished in a diagonal

Figure 3. Apple regions (height 1 mm; width 1 mm; thickness 0.2
mm) ablated from the skin (0 mm) to the inner region (7 mm).

pattern to avoid cross-contamination, if any, from adjacent
sampled regions. Additional experiments were performed to
verify that the concentration of imazalil was constant across
sections. Three regions of 1 mm® area in three different apples
(three regions for each apple) were ablated in a horizontal
pattern, captured, and analyzed by ESI-MS. The imazalil
concentration was determined as constant at approximately
94%.

Before quantification, the overall extraction efficiency was
evaluated (Table 1). The experiment was aimed at evaluating

Table 1. Overall Extraction Efficiency for Imazalil in Apples

concentration (ppm) transfer efficiency (%)

0.00S 62 +2
0.1 61 +3
1 62 +3

the total sampling efficiency of the approach, including laser
ablation, capture, vortexing, centrifugation, extraction of the
supernatant, drying under vacuum, and resuspension of sample
in solvent for MS analysis. For this reason, a solution of
imazalil in ACN was used as a control for comparison with
laser ablation and ESI-MS sampling. Three different
concentration imazalil solutions (in triplicate) were deposited
on 1 mm” areas of three different apples. Each apple area was
ablated, captured in 200 uL of ACN, vortexed, and centrifuged.
The supernatant was dried and resuspended in 30 yL of ACN
with 0.1% FA, and the resulting solution was injected into the
ESI source. The peak intensity of m/z 297 [M + H]* was
monitored. The control samples were solutions with the same
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concentrations as above. The transfer efliciency was
determined from the ratio of the imazalil peak intensity from
the recovered material to that from the control. The resulting
efficiency of 60% is comparable to that obtained for sampling
of biomolecules from animal tissue using this laser system.”*>

Localized quantification experiments were performed with
sections of imazalil treated apples. The apple sections were
ablated (as shown in Figure 3) and analyzed by ESI-MS. A
representative positive ion ESI mass spectrum of imazalil [M +
H]" from an apple section is shown in Figure 4. Sodium and
potassium imazalil adduct ions were below the limit of
detection of the instrument.

297.0561

Intensity x10®
W

1 L

100 200 300 400
(m/z)

500

Figure 4. ESI(+) mass spectrum of imazalil (m/z 297.0561 [M +
H]") after ablation of an apple section on Day 7.

The concentration of imazalil from the skin to the inner
region of the apple is shown in Table 2. The limit of
quantification (LOQ) was 0.00S ppm based on 10 times the
signal-to-noise ratio. On Day 0, imazalil was found only in the
skin (labeled as 0 mm in the table) at 2.4 ppm. On Day 1, a
concentration of 0.024 ppm was detected in the first millimeter
inside the apple. On Day 4, 0.01S ppm imazalil were found in
the third millimeter inside the fruit. On Day 7, 0.01S ppm were
detected in the sixth millimeter. No imazalil was found deeper
than 6 mm . The concentration of imazalil in the first
millimeter on Day 1, in the second and third millimeters on
Day 4, and in the fourth to sixth millimeters on Day 7 are
below the limit of detection of the MALDI method (0.05
ppm), and consequently imazalil was not detected in those
regions during the imaging experiments.

From Table 2, it can be seen that the total concentration of
imazalil on Day 7 is approximately 80% of that observed on
Day 0, which corresponds to approximately 3% loss per day.
To test whether this loss could be a result of photodegradation,
an open microcentrifuge tube containing 1 ppm imazalil
standard solution in ACN was exposed to a 4 W 254 nm UV
lamp for 4 h at a distance of approximately S mm. An imazalil
solution at 1 ppm which was not exposed to the UV lamp was
used as a control. Both solutions were analyzed by ESI-MS,
and the mass spectra are shown in Figure S-3. A possible
photodegradation product of m/z 261.0795 ([C,,H;;CIN,O]
+ H', loss of HCl from imazalil) was found, but a
corresponding peak was not observed in the ESI mass spectra
of imazalil in apple or in the mass spectra obtained for MALDI
imaging. The mass spectra showed no significant differences in
peak profile that could indicate photodegradation.

The rate and extent of transport of imazalil is consistent with
previous studies. For example, the distribution of imazalil in
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Table 2. Concentration of Imazalil from Skin (0 mm) to the Inner Region (7 mm) in Apple”

concentration (ppm)

distance from skin (mm) Day 0
0 2425 + 0.10S
1 BLQ
2 BLQ
3 BLQ
4 BLQ
5 BLQ
6 BLQ.
7 BLQ

“BLQ_= below the limit of quantification

Day 1 Day 4 Day 7
2.161 + 0.053 1.748 + 0.093 1.252 + 0.026
0.024 + 0.003 0.199 + 0.016 0.415 + 0.051
BLQ 0.019 + 0.002 0.181 + 0.020
BLQ 0.01S + 0.002 0.059 + 0.003
BLQ BLQ 0.022 + 0.009
BLQ BLQ. 0.019 + 0.009
BLQ BLQ 0.015 + 0.008
BLQ BLQ BLQ

fruit after storage has been studied previously using gas and
liquid chromatography. In a study of oranges using HPLC, it
was found that 10—20% of the applied imazalil penetrated
beyond the outer 1 mm of the fruit and into the interior of the
fruit after 1 week.’ The distribution of imazalil in lemons was
probed by GC—MS and it was found that the migration into
the interior was slow and that approximately 10% of the
pesticide was present in the albedo with the remainder in the
flavedo after 60 days.”” Some indications of slow degradation
of the fungicide over time with a 10—20 week half-life were
observed. A study of the distribution of imazalil in apples
quantified by HPLC showed that 70—90% of the pesticide was
observed in the peel after 20 days.” Approximately 20—25% of
the pesticide remained in the fruit after 155 days.

The results above are consistent with previous mass
spectrometry imaging of fungicides. MALDI imaging has
been used to study the penetration of the fungicide
procymidone in cucumbers, and the results showed a fungicide
diffusion from the skin to the inner region 1 day after its
application.” The cucumbers were dissected by hand, and the
fungicide was detected by GC—MS. No loss of the fungicide
over time was observed. Laser ablation electrospray was used
to map the distribution of imazalil in lemons and oranges and
diphenylamine in apples.61 Imaging was performed at 1 mm
resolution, and the fungicide was observed primarily at the
surface of the fruit.

B CONCLUSION

A combination of MALDI imaging and IR laser ablation
sampling followed by ESI-MS was used to localize and quantify
the fungicide imazalil in apples after external application.
MALDI imaging was used to visualize the penetration of the
compound into the apple over time. Images of apple slices
showed the penetration depth of imazalil up to 7 days.
Ambient sampling using laser ablation and ESI-MS were used
to quantify the imazalil residue within the apple. The fungicide
was detected in the inner part of the apple 1 day after its
application. The rate of penetration of detectable imazalil was
approximately 1 mm per day. A decline in imazalil
concentration in the apple skin was detected over the course
of the 7 days. Seven days after application of the fungicide, a
concentration of 0.015 ppm was found 6 mm inside the apple.
The overall extraction efficiency was approximately 60%.
MALDI imaging was useful for the visualization of fungicide
penetration in apples, but the high limit of detection did not
allow verification of deeper penetration. Laser ablation with
ESI-MS provided the detection of the fungicide in low
concentrations, allowing the determination of the fungicide
deeper than MALDI imaging results. In addition, laser ablation
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allowed efficient homogenization, which enabled extractions
within seconds. At the same time, the preliminary screening
with MALDI allowed us to determine the sampling size of the
areas for laser ablation and capture as well as the number and
the position of the locations. Future work is aimed at using the
same section for MALDI imaging and then laser ablation,
which is expected to avoid any potential bias derived from the
use of consecutive sections to reduce sample preparation steps
and speed up the analysis.
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