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Abstract: The development of effective and safe agricultural treatments requires sub-cellular
insight of the biochemical effects of treatments in living tissue in real-time. Industry-standard
mass spectroscopic imaging lacks real-time in vivo capability. As an alternative, multiphoton
fluorescence lifetime imaging microscopy (MPM-FLIM) allows for 3D sub-cellular quantitative
metabolic imaging but is often limited to low frame rates. To resolve relatively fast effects
(e.g., photosynthesis inhibiting treatments), high-frame-rate MPM-FLIM is needed. In this
paper, we demonstrate and evaluate a high-speed MPM-FLIM system, “Instant FLIM”, as
a time-resolved 3D sub-cellular molecular imaging system in highly scattering, living plant
tissues. We demonstrate simultaneous imaging of cellular autofluorescence and crystalline
agrochemical crystals within plant tissues. We further quantitatively investigate the herbicidal
effects of two classes of agricultural herbicide treatments, photosystem II inhibiting herbicide
(Basagran) and auxin-based herbicide (Arylex), and successfully demonstrate the capability of
the MPM-FLIM system to measure biological changes over a short time with enhanced imaging
speed. Results indicate that high-frame-rate 3D MPM-FLIM achieves the required fluorescence
lifetime resolution, temporal resolution, and spatial resolution to be a useful tool in basic plant
cellular biology research and agricultural treatment development.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Background

Understanding plant cellular and metabolic activities in the micro-environments induced by
external agrochemicals is essential for studying fundamental cellular biology and optimizing
novel agricultural products. In agriculture, mass spectrometry imaging (MSI) is a very commonly
used technique by agricultural biologists for measuring the spatial-temporal distributions of
biomolecules in plant tissues. Despite its high sensitivity and molecular selectivity [1,2],
MSI has been limited by its destructive nature, low spatial resolution and shallow penetration
depth compared to optical microscopes, as well as its incapability of in vivo imaging and
heavy computation [1,3]. These limitations hinder the application of non-invasive imaging
of living samples in real-time measurements and analysis and prohibit achieving sub-cellular
resolution of agricultural active ingredients (AIs) that are typically crystalline structures. In
order to better understand the spatial organization of plant structures and the herbicidal effect of
external agricultural treatments on the cellular environments within plant tissues, visualizing the
distributions of cells and biomolecules in vivo, in real-time and 3D is essential.

Sub-cellular molecular imaging in living plants is commonly achieved using fluorescence
imaging microscopes, which are non-invasive and provide qualitative and quantitative data.
However, optical microscopy of plant tissue faces several challenges, possibly the most significant
being the high optical scattering coefficients due to the cellulose structures of the cell walls
[4,5]. The two most commonly used fluorescence imaging modalities are widefield and confocal
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laser scanning microscopes (CLSM). Widefield microscopy achieves high frame rates but lacks
depth resolution [6]. CLSM enables depth-resolved imaging; however, the imaging depth is
strongly affected by the highly scattering plant tissue, which causes a significant decrease in
signal-to-noise ratio (SNR) at deep depths where light is scattered and subsequently blocked
by the confocal pinhole [7,8]. The limitations of widefield and confocal microscopy can be
overcome by optical microscopes that achieve depth-resolved imaging without requiring the use
of a confocal pinhole, such as multiphoton microscopy (MPM). MPM is a commonly used tool in
biological imaging for its natural benefits of minimized out-of-focus background light and deeper
3D depth penetration [9,10], and it has been utilized in imaging plant tissues [11]. In this study,
we employ MPM to achieve depth-resolved imaging within the highly-scattering plant tissue.

To gain additional insight into the underlying biochemical states of fluorophores, fluorescence
lifetime imaging microscopy (FLIM) can be used to measure the cellular environment and
metabolic changes. In FLIM, both the fluorescence intensity and fluorophore emission lifetime at
each location are acquired. This yields information about the local fluorophore concentration and
quantitative measurements of the fluorophore’s interaction with the micro-environment [12–16].
FLIM and MPM have been combined together and previously used in plants to study specific
proteins and pigments such as chlorophyll and NADH, as well as to investigate the effect of
photosystem II (PS II) inhibiting herbicide by mapping the fluorescence lifetime measurements of
chlorophyll pre- and post-treatment [17–19]. However, the low frame rate of typical MPM-FLIM
prohibits the ability to acquire 3D lifetime-resolved movies over time, which are essential in
providing complete spatiotemporal information on biomolecular changes. We overcome this
limitation by using a custom-built, high-speed MPM-FLIM system, “Instant FLIM”, [20] to
achieve real-time, label-free, 3D simultaneous molecular imaging of intrinsic proteins and
pigments within plant tissues. We also provide quantitative results and analysis of the herbicidal
effects of two different classes of herbicides on living plants.

Herbicides have always been essential components of the agrochemical industry given their
capability of weed management and maximizing the productivity of agricultural fields. In
this work, we focus on two prominent and widely-used classes of herbicides: PS II inhibiting
herbicides and auxin-based herbicides. The two herbicides were chosen to illustrate effects
visible to FLIM (i.e., photophysical changes in PS II inhibitors) compared to herbicides where
molecular changes are not expected to be detected by FLIM (i.e., interrupting growth processes).

PS II inhibiting herbicides target the PS II complex, the reaction center of the initial step
of photosynthesis [21]. Its fundamental responsibility is to convert light energy into chemical
energy that is essential to the photosynthesis process and use the absorbed energy to initiate the
electron transport chain. PS II inhibiting herbicides disrupt this critical step in photosynthesis by
binding to D1 protein, an essential component of the PS II reaction center located in thylakoid
membranes of chloroplast, to block electron transport and the production of nutrients and energy
needed for plant growth [22,23]. This block in electron transfer also causes oxidative stress and
increases the generation of radical species, which are phytotoxic to plant growth. Rapid cellular
and molecular damage happen afterwards and ultimately lead to plant death [24,25].

Auxin-based herbicides, unlike PS II inhibitors, primarily target dicot weeds and are some of
the most common herbicides used in agriculture. This class of herbicides mimics the effect of
a natural auxin in plants, indole-3-acetic acid (IAA), which primarily functions at regulating
general plant growth and development [26]. When in low concentration, auxin stimulates
physiological processes such as cell division, elongation, root development, etc.; however, high
concentration auxin interrupts regular growth and ultimately leads to plant senescence and death
[27,28]. Auxin-based herbicides mimic the overdosed effect of IAA and interfere with the plant
development process, causing hormone imbalance, overproduction of reactive oxygen species
(ROS) that are phytotoxic in nature and can cause membrane damage, and inducing deregulated



Research Article Vol. 32, No. 8 / 8 Apr 2024 / Optics Express 13735

and abnormal plant growth, thereby eventually leading to the death of targeted plants to control
unwanted broadleaf weeds [27–29].

In this paper, we utilize a custom-built MPM-FLIM system to perform high-speed, real-time,
in vivo 3D measurements for the investigation of optically thick and highly scattering plant
tissues as well as the herbicidal effects of externally applied agricultural herbicide products
on living plants. First, we present the results of the characterization of plant autofluorescence
and crystalline agricultural AI, Arylex. We then discuss the results regarding agricultural AI
crystal deposition within living plant tissues, highlighting the instant FLIM system’s ability to
experimentally visualize plant autofluorescence and activities in 3D over short time intervals.
Finally, we present quantitative results demonstrating the biological changes observed in living
bean plants post-treated by both the PS II inhibiting herbicide (Basagran) and the auxin-based
herbicide (Arylex). These changes in biological responses are reflected through fluorescence
lifetime measurements of plant structures (e.g., chloroplasts and vacuoles) over time. This work
presents the outcomes of a technology that enables fast, label-free imaging to detect intrinsic
plant proteins, pigments and metabolic activities with both high temporal and spatial resolution.
Additionally, it employs quantitative phasor and segmentation methods to study the molecular
effects of agricultural herbicides.

2. Methods

2.1. Plant samples and growth conditions

Dicot plants (crop beans) were cultivated in a controlled laboratory environment for the study of
investigating their growth and development. The bean seeds are obtained from the agriculture
company Ferry-Morse. Samples used natural ambient sunlight as the primary light source. The
growth room temperature was maintained within a range of 71-73 ◦F, the relative humidity was
maintained at approximately 50%.

2.2. Treatments and sample preparation

Auxin herbicide active ingredient, Arylex powder (Corteva Agriscience), was 1:100 diluted in
water. PS II inhibiting herbicide Basagran (44% Bentazon) was purchased from ChemicalWare-
house. Arylex was applied as droplets to the leaves in Section 3.3. Both Arylex and Basagran
were applied to the leaves using industrial standard spray application in Section 3.4. Bean leaves
remained attached to the root through the entire measurement process.

2.3. Multiphoton frequency-domain fluorescence lifetime imaging microscopy system
(MPM-FD-FLIM)

The results shown in this paper were taken by the custom-built MPM-FLIM system [20]. The
two-photon signal is generated by a mode-locked, ultrafast excitation pulse from a Ti:Sapphire
laser (Spectra-Physics Mai Tai BB, 710–990 nm, 100 fs, 80 MHz). FLIM is performed in
frequency domain using the radio frequency (RF) analog signal processing method. Instant
FLIM enables real-time, high-speed, simultaneous measurements of intensity, lifetime and phasor
information instantaneously; therefore it is well suited for molecular imaging of agricultural
treatments on living plants. A brief schematic of the instant FLIM system is shown in Fig. 1.

FLIM is very commonly implemented in time-domain (TD). The most widely used TD-FLIM
method is time-correlated single photon counting (TCSPC), which extracts fluorescence lifetime
information by exciting the sample with short excitation pulses and measuring the arrival time
of the emitted fluorescence photons [30]. Frequency-domain FLIM (FD-FLIM), on the other
hand, measure the relative phase delay or modulation degree change of the emitted fluorescence
with respect to the periodically modulated excitation light. Fluorescence lifetime can then be
extracted from the relative change in phase or modulation depth [31,32]. TD-FLIM has the
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Fig. 1. Schematic of the instant FLIM system. Excitation light (red path) is generated by
an ultrafast femtosecond lasesr; two-photon fluorescence light (green path) is collected
by a PMT, then entered into the analog signal processing block to simultaneously
generate intensity and four phase-shifted mixed signals and digitized by a DAQ card [20].
HWP: half-wave plate; PBS: polarizing beam splitter; GM: galvanometer meters; DM:
dichroic mirror; OL: objective lens; PMT: photomultiplier tube; TA: transimpedance
amplifier; DAQ card: data acquisition card.

slow computation in post-processing requires longer acquisition time [13], therefore it can be
prohibitively difficult to generate fluorescence lifetime data in real-time across a full frame.
FD-FLIM techniques are generally faster in acquisition compared to TD-FLIM methods, however,
it typically suffers from complicated data analysis and low SNR [33]. Here we demonstrate instant
FLIM system that uses analog signal processing to achieve high-speed, real-time, simultaneous
generation of intensity, fluorescence lifetime and phasor information with easier implementation,
optimized depth penetration in 3D and SNR performance [34].

Frequency domain emission has the form 𝐼 (𝑡) = 𝐼0 [1 + 𝑚 cos(𝜔𝑡 + 𝜙)] at each pixel. To
present the multi-dimensional FLIM data completely, phasor analysis is performed [35]. Phasor
analysis presents a histogram of an image on a two-dimensional plot with the x-axis representing
𝑔 =

∫
𝐼 (𝑡 ) cos(𝜔𝑡 ) 𝑑𝑡∫

𝐼 (𝑡 ) 𝑑𝑡 and y-axis representing 𝑠 =
∫
𝐼 (𝑡 )𝑠𝑖𝑛(𝜔𝑡 ) 𝑑𝑡∫

𝐼 (𝑡 ) 𝑑𝑡 . Presenting data as the intensity
normalized in-phase and quadrature components of the signal shows the phase delay 𝜙 is the
angle between the x-axis and a point, and the depth-of-modulation 𝑚 is the length of the vector
to the origin. Such an analysis is useful for segmenting complex samples comprised of multiple
fluorophores emitting simultaneously, as well as for quantitative measurement of contributions
from multiple emitters within a single voxel. Pure single-exponential decays are located on
a semicircle above the x-axis; decays that are mixtures of multiple emitters exist within the
semicircle.

Fig. 1. Schematic of the instant FLIM system. Excitation light (red path) is generated by
an ultrafast femtosecond lasesr; two-photon fluorescence light (green path) is collected by
a PMT, then entered into the analog signal processing block to simultaneously generate
intensity and four phase-shifted mixed signals and digitized by a DAQ card [20]. HWP:
half-wave plate; PBS: polarizing beam splitter; GM: galvanometer meters; DM: dichroic
mirror; OL: objective lens; PMT: photomultiplier tube; TA: transimpedance amplifier; DAQ
card: data acquisition card.

advantage of better temporal resolution and more precise lifetime measurement. However, the
slow computation in post-processing requires longer acquisition time [13], therefore it can be
prohibitively difficult to generate fluorescence lifetime data in real-time across a full frame.
FD-FLIM techniques are generally faster in acquisition compared to TD-FLIM methods, however,
it typically suffers from complicated data analysis and low SNR [33]. Here we demonstrate instant
FLIM system that uses analog signal processing to achieve high-speed, real-time, simultaneous
generation of intensity, fluorescence lifetime and phasor information with easier implementation,
optimized depth penetration in 3D and SNR performance [34].

Frequency domain emission has the form I(t) = I0 [1 + m cos(ωt + ϕ)] at each pixel. To
present the multi-dimensional FLIM data completely, phasor analysis is performed [35]. Phasor
analysis presents a histogram of an image on a two-dimensional plot with the x-axis representing
g =

∫
I(t) cos(ωt) dt∫

I(t) dt and y-axis representing s =
∫

I(t)sin(ωt) dt∫
I(t) dt . Presenting data as the intensity

normalized in-phase and quadrature components of the signal shows the phase delay ϕ is the
angle between the x-axis and a point, and the depth-of-modulation m is the length of the vector
to the origin. Such an analysis is useful for segmenting complex samples comprised of multiple
fluorophores emitting simultaneously, as well as for quantitative measurement of contributions
from multiple emitters within a single voxel. Pure single-exponential decays are located on
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a semicircle above the x-axis; decays that are mixtures of multiple emitters exist within the
semicircle.

3. Results and discussion

3.1. Plant autofluorescence characterization

Healthy and untreated bean leaves are imaged by MPM-FLIM and presented in Fig. 2. Due to
the presence of autofluorescent molecules and compounds such as chlorophyll and flavonoids
[36], no external fluorescent markers or dyes are needed in the study here. The results show
both the fluorescence intensity and lifetime of the plant molecular structures at different imaging
optical planes. The intrinsic autofluorescence of cytosolic structures (exhibiting in the range
of 0.75-1 ns) in (Fig. 2(A)) and chlorophyll (0.47-0.75 ns) in (Fig. 2(B)) is displayed in two
optical plane results representing the upper epidermis layer structures (top row) and spongy
mesophyll layer (bottom row) that are approximately 30 µm in depth apart from each other.
Figure 2(C) shows the histogram of the lifetime measurements of Fig. 2(B) and displays two
lifetime populations corresponding to different plant structures. These measured fluorescence
lifetime values can be compared to previous studies or expected ranges to provide further insights.
For instance, researchers studying photosynthetic properties of plants using MPM-FLIM have
reported ranges of 0.2-0.5 ns on chlorophyll lifetime [19,37]; while other investigations on
autofluorescent molecules in plant cytoplasm (NADH/FAD) indicate ranges from 0.3 ns to a few
nanoseconds [38]. This figure provides valuable baseline knowledge on the molecular structures
and fluorescence lifetime responses of living bean leaves, serving as an important reference for
understanding plant fluorescence dynamics and future post-treatment studies.

3. Results and Discussion

3.1. Plant autofluorescence characterization
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Fig. 2. Intrinsic instant FLIM images of two optical sections of the living bean plants
and the histogram distribution of lifetime measurements. (A, B) Left and right columns
show intensity and lifetime images, respectively. (A) Upper epidermis layer cell;
(B) spongy mesophyll layer which is located approximately 30 𝜇m deeper from the
upper epidermis. (A) and (B) rows are separated by ≈30 𝜇m. Lifetime images are
presented in false-color composite HSV format, where value (pixel brightness) is
mapped as fluorescence intensity and hue (color) is mapped as fluorescence lifetime.
(C) Histogram of lifetime measurements of (B) Excitation wavelength: 800 nm; power:
10 mW; number of pixels in each frame: 260x260; each frame acquired in 0.8s. Scale
bar, 5 𝜇m.

Healthy and untreated bean leaves are imaged by MPM-FLIM and presented in Fig. 2. Due to
the presence of autofluorescent molecules and compounds such as chlorophyll and flavonoids [36],
no external fluorescent markers or dyes are needed in the study here. The results show both
the fluorescence intensity and lifetime of the plant molecular structures at different imaging
optical planes. The intrinsic autofluorescence of cytosolic structures (exhibiting in the range of
0.75-1 ns) in (Fig. 2A) and chlorophyll (0.47-0.75 ns) in (Fig. 2B) is displayed in two optical
plane results representing the upper epidermis layer structures (top row) and spongy mesophyll
layer (bottom row) that are approximately 30 𝜇m in depth apart from each other. Fig. 2C shows
the histogram of the lifetime measurements of Fig. 2B and displays two lifetime populations
corresponding to different plant structures. These measured fluorescence lifetime values can
be compared to previous studies or expected ranges to provide further insights. For instance,
researchers studying photosynthetic properties of plants using MPM-FLIM have reported ranges
of 0.2-0.5 ns on chlorophyll lifetime [19, 37]; while other investigations on autofluorescent
molecules in plant cytoplasm (NADH/FAD) indicate ranges from 0.3 ns to a few nanoseconds [38].
This figure provides valuable baseline knowledge on the molecular structures and fluorescence
lifetime responses of living bean leaves, serving as an important reference for understanding
plant fluorescence dynamics and future post-treatment studies.

3.2. Fluorescence characterization of agricultural active ingredients

To establish the MPM-FLIM characteristics of commercial auxin-based herbicide (Arylex,
Corteva Agriscience), MPM-FLIM imaging was performed on drop-deposited residues, and

Fig. 2. Intrinsic instant FLIM images of two optical sections of the living bean plants and
the histogram distribution of lifetime measurements. (A, B) Left and right columns show
intensity and lifetime images, respectively. (A) Upper epidermis layer cell; (B) spongy
mesophyll layer which is located approximately 30 µm deeper from the upper epidermis.
(A) and (B) rows are separated by ≈30 µm. Lifetime images are presented in false-color
composite HSV format, where value (pixel brightness) is mapped as fluorescence intensity
and hue (color) is mapped as fluorescence lifetime. (C) Histogram of lifetime measurements
of (B) Excitation wavelength: 800 nm; power: 10 mW; number of pixels in each frame:
260x260; each frame acquired in 0.8s. Scale bar, 5 µm.
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3.2. Fluorescence characterization of agricultural active ingredients

To establish the MPM-FLIM characteristics of commercial auxin-based herbicide (Arylex,
Corteva Agriscience), MPM-FLIM imaging was performed on drop-deposited residues, and the
results are shown in Fig. 3. Arylex was prepared in a suspension concentrate formulation in water
[39]. While there is limited literature specifically discussing the fluorescence lifetime values
of Arylex, our observations indicate that the dispersed AIs form non-uniform crystals with an
average lifetime around or shorter than 0.1 ns.the results are shown in Fig. 3. Arylex was prepared in a suspension concentrate formulation
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Fig. 3. MPM-FLIM intensity and lifetime results of the commercial auxin-based
herbicide product, Arylex AI crystals. Excitation wavelength: 880 nm; sample power:
20 mW; number of pixels in each frame: 260x260; each frame acquired in 0.8s. Scale
bar, 5 𝜇m.

in water [39]. While there is limited literature specifically discussing the fluorescence lifetime
values of Arylex, our observations indicate that the dispersed AIs form non-uniform crystals with
an average lifetime around or shorter than 0.1 ns.

3.3. Deposition of crystalline agrochemicals within plant tissues

The study of AI crystal deposition within living plant tissues could provide significant knowledge
for product development and optimization, leading to enhanced agricultural productivity and
efficiency of agricultural drug delivery. To demonstrate simultaneous imaging of 3D living plant
tissues and the deposition of agricultural herbicide AI crystals, we show two different results
in this section. Fig 4 shows the results of a living gamagrass blade sample before and after
approximately 10 micrometers of Arylex treatment being applied via micro-pipette; Fig 5 shows
the results of living bean leaf pre- and post-treatment by an overdosed Arylex treatment for
quantification using phasor methods.

In Fig 4, Arylex SC herbicide was applied to gamagrass blade sample, and the same area on
the leaf was imaged before and after treatment to visualize crystals deposition in 3D. In Fig 4A,
we observe chloroplasts at the palisade mesophyll layer displaying longer lifetimes (0.8-1.2 ns).
There are two possible reasons that chlorophyll fluorescence lifetime shown in this result is slightly
longer than in Fig. 2: the first reason is due to different physiology and environmental effects
in distinct plant species along with the difference of photosynthetic efficiency of chloroplasts
at spongy and mesophyll layers [37]; the second reason is the photoprotective mechanism that
has been activated during the experiments in Fig. 2, which is further discussed in Section 3.5.
Fig 4B) and C) present the FLIM results of 1 hour post-treatment measurements at different
depths (respectively 43 𝜇m and 15 𝜇m below the pre-treated measurement surface) within the
leaf throughout the 3D stack. These results show the deposition of the Arylex AI crystals at least
43 𝜇m deep between cells after one hour. They also demonstrate the capability of our system for
simultaneous imaging of living plants and agricultural AI crystals. To illustrate simultaneous
imaging of AI crystals with unaffected plant tissue, we utilize this commercial herbicide that is
selective to dicot plants. Therefore, as expected, the autofluorescence lifetime does not appear to
be affected by the treatments since the plant used here is a monocot.

Fig 5 shows the results of the living bean leaf before and 5, 24, and 72 hours, respectively,

Fig. 3. MPM-FLIM intensity and lifetime results of the commercial auxin-based herbicide
product, Arylex AI crystals. Excitation wavelength: 880 nm; sample power: 20 mW; number
of pixels in each frame: 260x260; each frame acquired in 0.8s. Scale bar, 5 µm.

3.3. Deposition of crystalline agrochemicals within plant tissues

The study of AI crystal deposition within living plant tissues could provide significant knowledge
for product development and optimization, leading to enhanced agricultural productivity and
efficiency of agricultural drug delivery. To demonstrate simultaneous imaging of 3D living plant
tissues and the deposition of agricultural herbicide AI crystals, we show two different results
in this section. Figure 4 shows the results of a living gamagrass blade sample before and after
approximately 10 micrometers of Arylex treatment being applied via micro-pipette; Fig. 5 shows
the results of living bean leaf pre- and post-treatment by an overdosed Arylex treatment for
quantification using phasor methods.

In Fig. 4, Arylex SC herbicide was applied to gamagrass blade sample, and the same area on
the leaf was imaged before and after treatment to visualize crystals deposition in 3D. In Fig. 4(A),
we observe chloroplasts at the palisade mesophyll layer displaying longer lifetimes (0.8-1.2 ns).
There are two possible reasons that chlorophyll fluorescence lifetime shown in this result is slightly
longer than in Fig. 2: the first reason is due to different physiology and environmental effects
in distinct plant species along with the difference of photosynthetic efficiency of chloroplasts
at spongy and mesophyll layers [37]; the second reason is the photoprotective mechanism that
has been activated during the experiments in Fig. 2, which is further discussed in Section 3.5.
Figure 4(B)) and C) present the FLIM results of 1 hour post-treatment measurements at different
depths (respectively 43 µm and 15 µm below the pre-treated measurement surface) within the
leaf throughout the 3D stack. These results show the deposition of the Arylex AI crystals at least
43 µm deep between cells after one hour. They also demonstrate the capability of our system for
simultaneous imaging of living plants and agricultural AI crystals. To illustrate simultaneous
imaging of AI crystals with unaffected plant tissue, we utilize this commercial herbicide that is
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Fig. 4. Deposition of Arylex crystals within living plant tissues at various imaging
depths. Intensity and lifetime results of a gamagrass blade (A) before treatment; (B) 43
𝜇m and (C) 15 𝜇m below the defined zero surface after the application of Arylex SC
droplet. Excitation wavelength: 880 nm; power: 28 mW (before treatment), 25.6 mW
(after treatment); number of pixels in each frame: 260x260; each frame acquired in
0.8s. Scale bar, 5 𝜇m.

after being treated by the Arylex herbicide product. The overdosed agricultural treatment was
applied here for visualization of intact crystal deposition. Here we chose this timeline based
on the work mechanism and mode of action discussed in Ref. [29]. We use phasor analysis to
quantify the results and segment pixels with distinct lifetime measurements. Lifetime, phasor
plots, and phasor segmentation results of each time point are shown together in Fig 5. We see that
Arylex AI crystals are deposited within plant tissues post-application. Two clear phasor clusters
shown in hour 5, 24, and 72 results indicate two lifetime components in the sample and validate
the capability of the MPM-FLIM system to separate pixels with different fluorescence lifetime
responses. Here we used a pre-trained convolutional neural networks (CNNs) to reduce noise the
FLIM phasor measurements [40]. The position of the crystals on the phasor plot illustrates their
near-zero lifetime, which is compatible with the results in Section 3.2. The phasor segmentation
results can effectively segment the plant structures (green) and crystals (red). Additionally, the
system’s high frame rate allows for depth-resolved "movies" of crystals deposition; video files
are included in the supplementary material (Visualization 1).

3.4. In vivo MPM-FLIM investigation of herbicidal effect of agricultural herbicides on
living plant tissues

To see the biological changes induced by agricultural herbicides, we show in vivo MPM-FLIM
results of a living bean leaf treated by the two types of herbicides introduced in Section 1: a PS
II inhibiting herbicide and an auxin-based herbicide, and visualize how plant samples respond to
the different products over time and their respective herbicidal effects.

Fig. 4. Deposition of Arylex crystals within living plant tissues at various imaging depths.
Intensity and lifetime results of a gamagrass blade (A) before treatment; (B) 43 µm and (C)
15 µm below the defined zero surface after the application of Arylex SC droplet. Excitation
wavelength: 880 nm; power: 28 mW (before treatment), 25.6 mW (after treatment); number
of pixels in each frame: 260x260; each frame acquired in 0.8s. Scale bar, 5 µm.
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Fig. 5. Lifetime, phasor plots, and phasor segmentation results of overdosed application
of Arylex treatments on living bean leaf over time at hour 0, 5, 24 and 72. Top row
indicates lifetime results of the pre- and post-treated bean leaf; middle row shows the
phasor plots of each corresponding lifetime result, separable phasor clusters can be
visualized; bottom row indicates the segmented results of plant structures and crystals.
Excitation wavelength: 880 nm; sample power: 22 mW. number of pixels in each frame:
350x350; each frame acquired in 1.47s. Scale bar, 20 𝜇m.

3.4.1. Photosystem II inhibiting herbicide

To demonstrate MPM-FLIM imaging of treatments that directly affect photosynthesis, Fig. 6
shows the effects of a PS II inhibiting herbicide, Basagran, on a living bean plant leaf.

We take two groups of experiments, untreated and treated, to complete a control experiment.
As a control, the bean leaf was imaged untreated every 5 minutes for 50 minutes continuously.
The treatment was then applied to a different leaf from the same plant and the experiments were
conducted every 5 minutes for 50 minutes as well. Fig. 6A shows images corresponding to the
first 30 minutes. From the imaging results, we observe that mesophyll layer chloroplasts and
vacuoles display lifetime measurements of approximately 0.4-0.6 ns and 0.8-1.2 ns, respectively,
in the pre-treatment results at minute 0. It should be noted that the slight inconsistency of the
fluorescence lifetime values of chlorophyll over time in the untreated group is caused by the
instantaneous photoprotective effect, which will be discussed in Section 3.5. Post-treatment
results in the treated group experiment show an apparent increase in the fluorescence lifetime
in both chlorophyll and vacuole regions, while untreated group results stay constant. Fig. 6B
presents the phasor plots of both untreated and treated groups at 0 and 50 minute to illustrate the
changes triggered by the application of the herbicide product. The phasor cluster at the 50-minute
point of the treated group experiment experiences a visible shift to the left, indicating a longer
lifetime of the whole FOV, while that of untreated group remains at a similar position. The
line graph in Fig. 6C shows the mean fluorescence lifetime value of the FOV and the standard
deviation with respect to time of both groups to better visualize the comparison. It can be noticed
that they both start out at the same value (approximately 0.75-0.8 ns). Further, the plot of treated
group exhibits a clear trend of gradually escalating until it starts to level off after around 30
minutes of applying Basagran herbicide; while the plot of the untreated group remains unchanged,

Fig. 5. Lifetime, phasor plots, and phasor segmentation results of overdosed application of
Arylex treatments on living bean leaf over time at hour 0, 5, 24 and 72. Top row indicates
lifetime results of the pre- and post-treated bean leaf; middle row shows the phasor plots of
each corresponding lifetime result, separable phasor clusters can be visualized; bottom row
indicates the segmented results of plant structures and crystals. Excitation wavelength: 880
nm; sample power: 22 mW. number of pixels in each frame: 350x350; each frame acquired
in 1.47s. Scale bar, 20 µm.
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selective to dicot plants. Therefore, as expected, the autofluorescence lifetime does not appear to
be affected by the treatments since the plant used here is a monocot.

Figure 5 shows the results of the living bean leaf before and 5, 24, and 72 hours, respectively,
after being treated by the Arylex herbicide product. The overdosed agricultural treatment was
applied here for visualization of intact crystal deposition. Here we chose this timeline based
on the work mechanism and mode of action discussed in Ref. [29]. We use phasor analysis to
quantify the results and segment pixels with distinct lifetime measurements. Lifetime, phasor
plots, and phasor segmentation results of each time point are shown together in Fig. 5. We see that
Arylex AI crystals are deposited within plant tissues post-application. Two clear phasor clusters
shown in hour 5, 24, and 72 results indicate two lifetime components in the sample and validate
the capability of the MPM-FLIM system to separate pixels with different fluorescence lifetime
responses. Here we used a pre-trained convolutional neural networks (CNNs) to reduce noise the
FLIM phasor measurements [40]. The position of the crystals on the phasor plot illustrates their
near-zero lifetime, which is compatible with the results in Section 3.2. The phasor segmentation
results can effectively segment the plant structures (green) and crystals (red). Additionally, the
system’s high frame rate allows for depth-resolved "movies" of crystals deposition; video files
are included in the supplementary material (Visualization 1).

3.4. In vivo MPM-FLIM investigation of herbicidal effect of agricultural herbicides on
living plant tissues

To see the biological changes induced by agricultural herbicides, we show in vivo MPM-FLIM
results of a living bean leaf treated by the two types of herbicides introduced in Section 1.: a PS
II inhibiting herbicide and an auxin-based herbicide, and visualize how plant samples respond to
the different products over time and their respective herbicidal effects.

3.4.1. Photosystem II inhibiting herbicide

To demonstrate MPM-FLIM imaging of treatments that directly affect photosynthesis, Fig. 6
shows the effects of a PS II inhibiting herbicide, Basagran, on a living bean plant leaf.

We take two groups of experiments, untreated and treated, to complete a control experiment.
As a control, the bean leaf was imaged untreated every 5 minutes for 50 minutes continuously.
The treatment was then applied to a different leaf from the same plant and the experiments were
conducted every 5 minutes for 50 minutes as well. Figure 6(A) shows images corresponding to
the first 30 minutes. From the imaging results, we observe that mesophyll layer chloroplasts and
vacuoles display lifetime measurements of approximately 0.4-0.6 ns and 0.8-1.2 ns, respectively,
in the pre-treatment results at minute 0. It should be noted that the slight inconsistency of the
fluorescence lifetime values of chlorophyll over time in the untreated group is caused by the
instantaneous photoprotective effect, which will be discussed in Section 3.5. Post-treatment
results in the treated group experiment show an apparent increase in the fluorescence lifetime in
both chlorophyll and vacuole regions, while untreated group results stay constant. Figure 6(B)
presents the phasor plots of both untreated and treated groups at 0 and 50 minute to illustrate
the changes triggered by the application of the herbicide product. The phasor cluster at the
50-minute point of the treated group experiment experiences a visible shift to the left, indicating
a longer lifetime of the whole FOV, while that of untreated group remains at a similar position.
The line graph in Fig. 6(C) shows the mean fluorescence lifetime value of the FOV and the
standard deviation with respect to time of both groups to better visualize the comparison. It can
be noticed that they both start out at the same value (approximately 0.75-0.8 ns). Further, the
plot of treated group exhibits a clear trend of gradually escalating until it starts to level off after
around 30 minutes of applying Basagran herbicide; while the plot of the untreated group remains
unchanged, as expected. These results are in agreement with previous studies using MPM-FLIM
[19] and were obtained at higher frame rates, enabling time-resolved 3D FLIM measurements.

https://doi.org/10.6084/m9.figshare.24257743
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Fig. 6. MPM-FLIM results of PS II inhibiting herbicide on a living bean leaf. Both
untreated and treated results were taken every 5 minutes for 50 minutes (up to 30
minutes are shown here). (A) Results of untreated and treated bean leaf over time
with a 5-minute interval; (B) Phasor plot results of the untreated and treated group
at 0 and 50 minute time point respectively; (C) Graph showing the changes in mean
fluorescence lifetime and the error bar indicating the standard deviation as a function of
time after treating the plant with Basagran in both groups. Excitation wavelength: 800
nm; power: 6 mW. number of pixels in each frame: 260x260; each frame acquired in
0.8s. Scale bar, 5 𝜇m.

as expected. These results are in agreement with previous studies using MPM-FLIM [19] and
were obtained at higher frame rates, enabling time-resolved 3D FLIM measurements.

These results of images and graphs indicate the biological effect of the PS II inhibiting herbicide
shown in fluorescence lifetime responses: we observe an increase in fluorescence decay lifetime
of plant microenvironments shortly after the application of PS II inhibiting herbicide with both
qualitative and quantitative methods. The results also illustrate the capability of instant FLIM to
monitor the molecular changes in a depth-resolved setting with high-speed, in vivo, real-time,
label-free experiment conditions.

3.4.2. Auxin-based herbicide

We measure pre-treated and post-treated results of an auxin-based herbicide, Arylex AI, on a
living bean leaf (Fig. 7). Here the time point is chosen based on the paper about the mode of action
of auxin-based herbicide and the physiological processes and phases after the application [29].
Fig. 7A displays the image results of the living bean leaf before and 5, 24, 96 and 120 hours after
the time when treatment being applied, respectively. We observe that the fluorescence lifetime of
the mesophyll chloroplasts are not visibly changed over time; the plant cells and tissues are still
quite intact at the cellular level even though the leaf is visibly senescent or dead (hour 96 and 120).
In Fig. 7B, we have corresponding phasor plots of each image at each time point showing the
positions of the lifetime clusters remain in the same area, indicating little fluorescence lifetime
changes along with the treatment process of the Arylex herbicide.

In this section, the results demonstrate the MPM-FLIM system’s ability to distinguish two
different herbicides by their fluorescence lifetime responses: PS II inhibiting herbicides cause an

Fig. 6. MPM-FLIM results of PS II inhibiting herbicide on a living bean leaf. Both
untreated and treated results were taken every 5 minutes for 50 minutes (up to 30 minutes
are shown here). (A) Results of untreated and treated bean leaf over time with a 5-minute
interval; (B) Phasor plot results of the untreated and treated group at 0 and 50 minute time
point respectively; (C) Graph showing the changes in mean fluorescence lifetime and the
error bar indicating the standard deviation as a function of time after treating the plant with
Basagran in both groups. Excitation wavelength: 800 nm; power: 6 mW. number of pixels
in each frame: 260x260; each frame acquired in 0.8s. Scale bar, 5 µm.

These results of images and graphs indicate the biological effect of the PS II inhibiting herbicide
shown in fluorescence lifetime responses: we observe an increase in fluorescence decay lifetime
of plant microenvironments shortly after the application of PS II inhibiting herbicide with both
qualitative and quantitative methods. The results also illustrate the capability of instant FLIM to
monitor the molecular changes in a depth-resolved setting with high-speed, in vivo, real-time,
label-free experiment conditions.

3.4.2. Auxin-based herbicide

We measure pre-treated and post-treated results of an auxin-based herbicide, Arylex AI, on a
living bean leaf (Fig. 7). Here the time point is chosen based on the paper about the mode of
action of auxin-based herbicide and the physiological processes and phases after the application
[29]. Figure 7(A) displays the image results of the living bean leaf before and 5, 24, 96 and 120
hours after the time when treatment being applied, respectively. We observe that the fluorescence
lifetime of the mesophyll chloroplasts are not visibly changed over time; the plant cells and
tissues are still quite intact at the cellular level even though the leaf is visibly senescent or dead
(hour 96 and 120). In Fig. 7(B), we have corresponding phasor plots of each image at each time
point showing the positions of the lifetime clusters remain in the same area, indicating little
fluorescence lifetime changes along with the treatment process of the Arylex herbicide.

In this section, the results demonstrate the MPM-FLIM system’s ability to distinguish two
different herbicides by their fluorescence lifetime responses: PS II inhibiting herbicides cause an
increase in fluorescence lifetime of plant cells and tissues, indicating biological changes in the
plant microenvironments at the cellular level, while auxin-based herbicides, Arylex, take effect
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Fig. 7. MPM-FLIM results of auxin-based herbicide, Arylex on living bean leaf. (A)
Image results of the pre- and post-treated bean leaf over time; (B) Corresponding phasor
plots of each time point. Excitation wavelength: 800 nm; power: 10 mW. number of
pixels in each frame: 260x260; each frame acquired in 0.8s. Scale bar, 5 𝜇m.

increase in fluorescence lifetime of plant cells and tissues, indicating biological changes in the
plant microenvironments at the cellular level, while auxin-based herbicides, Arylex, take effect
on dicot plants without obvious fluorescence lifetime measurements fluctuations over time being
visualized.

3.5. Discussion

We have demonstrated the simultaneous MPM-FLIM imaging of the living plant samples and the
fluorescence responses of plant tissues in response to agricultural treatments utilizing instant
FLIM system. We have shown that instant FLIM can be applied for agricultural research for its
ability to instantaneously generate intensity and lifetime data that allows for functional imaging
and analysis. However, the limitations of the system are still present. The spatial resolution of the
FD-FLIM is fundamentally limited by the resolution of the coupled optical microscope system,
and the frequency-modulation capture effect of the fluorophores with weaker emission can lead
to distortions of the measured lifetime [41]. The penetration depth of the system is significantly
affected by the scattering characteristics of the samples. We were able to achieve up to 150 um
deep within the living bean leaf; however, the resolution of the image at greater depths is reduced
due to the unavoidable scattering events. We can enhance the spatial resolution of the system by
applying super-resolution technique, generalized stepwise optical saturation (GSOS) technique
and correcting the distortions of FLIM measurements deconvolution in the post-processing in
the future studies [42, 43]. The penetration depth of instant FLIM can also be improved by
incorporating adaptive optics (AO) techniques [20] which is also one of the continued directions
of our current study. In the MPM-FLIM experiments, artifacts such as motion artifacts and
photobleaching/phototoxicity (e.g., phytotoxicity in the current plant study) from living samples
should also be aware since they cause inaccuracies in fluorescence lifetime measurements.
Additionally, for example, the electronic components in the analog signal processing block can
be sensitive to the susceptibility of the electromagnetic interference, leading to distortions in
the measured signal. These effects have been minimized through appropriate shielding and
grounding.

While this study focused on common herbicidal treatment pathways (auxin inhibitors and PSII
inhibitors) in common crop plant leaves, further studies on diverse agricultural treatments in a
wider variety of plant species and tissues can yield important data on the development of efficient,
specific treatments. Numerous studies have demonstrated that different plant species may exhibit
various resistance, tolerance and response time to the same chemical compounds in an herbicide

Fig. 7. MPM-FLIM results of auxin-based herbicide, Arylex on living bean leaf. (A) Image
results of the pre- and post-treated bean leaf over time; (B) Corresponding phasor plots of
each time point. Excitation wavelength: 800 nm; power: 10 mW. number of pixels in each
frame: 260x260; each frame acquired in 0.8s. Scale bar, 5 µm.

on dicot plants without obvious fluorescence lifetime measurements fluctuations over time being
visualized.

3.5. Discussion

We have demonstrated the simultaneous MPM-FLIM imaging of the living plant samples and the
fluorescence responses of plant tissues in response to agricultural treatments utilizing instant
FLIM system. We have shown that instant FLIM can be applied for agricultural research for its
ability to instantaneously generate intensity and lifetime data that allows for functional imaging
and analysis. However, the limitations of the system are still present. The spatial resolution of the
FD-FLIM is fundamentally limited by the resolution of the coupled optical microscope system,
and the frequency-modulation capture effect of the fluorophores with weaker emission can lead
to distortions of the measured lifetime [41]. The penetration depth of the system is significantly
affected by the scattering characteristics of the samples. We were able to achieve up to 150 um
deep within the living bean leaf; however, the resolution of the image at greater depths is reduced
due to the unavoidable scattering events. We can enhance the spatial resolution of the system by
applying super-resolution technique, generalized stepwise optical saturation (GSOS) technique
and correcting the distortions of FLIM measurements deconvolution in the post-processing in
the future studies [42,43]. The penetration depth of instant FLIM can also be improved by
incorporating adaptive optics (AO) techniques [20] which is also one of the continued directions
of our current study. In the MPM-FLIM experiments, artifacts such as motion artifacts and
photobleaching/phototoxicity (e.g., phytotoxicity in the current plant study) from living samples
should also be aware since they cause inaccuracies in fluorescence lifetime measurements.
Additionally, for example, the electronic components in the analog signal processing block can
be sensitive to the susceptibility of the electromagnetic interference, leading to distortions in
the measured signal. These effects have been minimized through appropriate shielding and
grounding.

While this study focused on common herbicidal treatment pathways (auxin inhibitors and PSII
inhibitors) in common crop plant leaves, further studies on diverse agricultural treatments in a
wider variety of plant species and tissues can yield important data on the development of efficient,
specific treatments. Numerous studies have demonstrated that different plant species may exhibit
various resistance, tolerance and response time to the same chemical compounds in an herbicide
treatment [44–47]. For example, the PS II inhibiting herbicide used in our study effectively
inhibits the growth of bean leaf species and causes the overall increase of the fluorescence lifetime
might generate a different response on another species such as pea leaf or flowers. Additionally,
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the developmental stage of the plant samples can play a crucial role in determining the overall
results and efficiency of the applied herbicide treatment. In our study, we have focused on bean
leaves as the species for the herbicide studies for the purpose of comparing auxin-based and PS
II inhibiting herbicide. However, investigating various and broader plant species will contribute
to a more comprehensive understanding of the system’s capability and efficacy, leading to its
expanded applications in agricultural and ecology.

One technical challenge in optical imaging of plant tissues is the decrease in emission intensity
and fluorescence lifetime caused by the photoprotection mechanism and singlet-singlet (S-S)
state annihilation effect due to high illumination intensity from the femtosecond pulsed laser
[48,49]. This occurs in all optical imaging modalities and uniquely affects FLIM by indicating a
decrease in measured emission lifetime. Photoprotection is an essential physiological process
and self-protective mechanism of higher plants in order to protect the photosynthetic system
from excessive stress and damage when exposed to high-energy light sources [49,50]. It is a
non-photochemical quenching process that can lead to a decrease in the overall fluorescence
emission signal rapidly after the plant sample is exposed to a high-intensity illumination source.
Additionally, the fluorescence decay of fluorophores can be distorted by the S-S annihilation
effect and cause shorter fluorescence lifetime measurement than under ideal conditions [48,51].
Therefore, the shorter and inconsistent lifetime measurements of mesophyll chloroplasts shown
in previous figures (Fig. 2, Fig. 6 and Fig. 7) can be attributed to photoprotection and S-S
annihilation effect. Both photoprotection and S-S annihilation effect happen instantaneously with
high enough excitation light and are reversible processes that assist plants in adapting to new
environments. These mechanisms are fundamental and intrinsic in plants and thus cannot be
completely avoided. To minimize the effects, one approach is to control the excitation power or
use longer excitation pulses for a more accurate fluorescence lifetime measurement. However,
lower excitation generates lower emission signal from the plant cells and tissues, which is a
trade-off in this study. Therefore, one should choose the excitation power wisely based on the
ultimate goals of the specific experiment.

4. Conclusions

In conclusion, we have experimentally demonstrated the capability of a custom-built MPM-FLIM
system, “Instant FLIM”, to achieve high-speed, real-time, in vivo, 3D measurements on optically
thick and scattering living plant tissues. We presented simultaneous plant autofluorescence and
agricultural AI crystal characterization, the deposition of crystalline agrochemicals within living
plant tissues, as well as their depth-resolved imaging. This study demonstrated instant FLIM as a
tool for monitoring crystal deposition in a 3D, time-resolved setting and its potential application
in the development of agricultural and pharmaceutical industries. The capability of instant FLIM
to rapidly acquire fluorescence lifetime information enables real-time observation of dynamic
processes in the microenvironments of plants. Besides, phasor and segmentation methods are
effective for quantitatively analyzing structures or fluorophores with multiple lifetime components
present in the sample. Additionally, we quantitatively investigated the biological effects of
different classes of herbicides, including PS II inhibiting herbicide (Basagran) and auxin-based
herbicide (Arylex), and distinguished mechanisms of action by their corresponding post-treatment
fluorescence lifetime responses in living bean leaf environments over time. Overall, MPM-FLIM
provides a significant tool that can be used in further investigation and exploration of plant
structures and metabolism, providing insights during the early development of the formulation of
agricultural products and optimizing novel products in the future.

Although current study focuses on the herbicidal effects of the agricultural treatments on plant
tissues, we believe that instant FLIM technology can be used in broader range of studies in
agriculture and botany. For instance, plant physiology and response to conditions in growing
environments such as various temperature, humidity and nutrients intake can be worth investigating
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due to their significant effects on the plant development and growth. Besides, plant diseases
and senescence such as fungi and virus induced chlorosis can also be explored by instant FLIM
to reflect the damage in cellular mechanism. Fluorescence lifetime maps can be utilized to
study the differences in components of proteins and pigments between healthy and infected plant
tissues. In addition to above, investigating the fungicidal effect of an agricultural fungicide
treatment on plant samples at the molecular level with instant FLIM could be an essential step in
the characterization and optimization in the development process of a fungicide product in the
agricultural industry.
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