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Abstract: Ozone (O,) stress can cause physiological changes as
well as changes in the growth patterns of plants. Conventional
techniques for studying these changes in plants require
destruction of the sample and a subsequent analysis, thus the
plant’s responses to external stress are inferred indirectly. In this
paper, we show that a biospeckle optical coherence tomography
(bOCT) biospeckle imaging can be used to monitor the response
of Chinese chives leaves to O, stress. A Fourier-domain OCT
operating at a wavelength of 836 nm with a depth of resolution
of 6 um was used. The bOCT biospeckle image was obtained
by calculating the standard deviation of the OCT signal along
the time axis at each point of the selected portion of the cross-
sectional image from the successively acquired OCT images.
In the bOCT biospeckle images, the internal layer structure
could be clearly visualized, especially the mesophyll cells with
high contrast in comparison to the structural OCT image. In
addition, an analysis of the average autocorrelation functions
of the biospeckle signals revealed that the correlation length
decreased in the mesophyll layer during O, exposure, possibly
indicating the increase in movements of internal structures
within the leaf. Our results suggest that biospeckle imaging can
be a suitable technique for fast and non-destructive monitoring
of environmental stresses on plants, in contrast to conventional
techniques that require a few days’ to a few weeks’ time, with
destruction followed by subsequent analysis, thus paving the
way for significant time saving.

Keywords: Biological activities, biospeckles, correlation
length, biospeckle optical coherence tomography (bOCT),
ozone, temporal characteristics.

INTRODUCTION

Surface (tropospheric) ozone (O,) is a secondary air
pollutant, generated by a series of reactions involving
oxides of nitrogen (NOx) and volatile organic compounds
(VOCs) in the presence of UV radiation from sunlight
(Darrall, 1989; Ashmore, 2005; Ainsworth, 2008; Kumar
et al., 2021; Santiago ef al., 2022; Yoshikado, 2023). Its
disastrous effect is spreading over an enormous land area
of world, especially in industrialized countries such as
China, India, and even in Japan (Kobayashi et al., 1995;
Kobayashi & Okada, 1995; Beig et al., 2007; Wang
et al., 2007; Lee & Goto, 2022; Santiago et al., 2022;
Wang et al., 2022; Wei et al., 2022, Yoshikado, 2023).
The O, contaminated environment causes a wide range
of effects including visible leaf injury, and growth and
yield reductions in both agricultural crops and forest trees
(Kobayashi & Okada, 1995; Wang et al., 2007; Jiménez-
Montenegro et al., 2021; Feng et al., 2021; Holder &
Hayes, 2022; Panebianco et al., 2022). Conventional
techniques such as microscopic observation, and chemical
analysis are commonly performed to monitor the effect of
O, on plants for their structural changes (Calatayud et al.,
2003). However, these conventional techniques cannot
be performed non-destructively in real-time and in vivo.
Moreover, it is important to observe the internal structure
of a plant leaf when it is under an environmental stress.

* Corresponding author (srimal@mme.ruh.ac.1k;

O

properly cited and is not changed in anyway.

https://orcid.org/0000-0002-3285-3214)

This article is published under the Creative Commons CC-BY-ND License (http://creativecommons.org/licenses/by-nd/4.0/).
This license permits use, distribution and reproduction, commercial and non-commercial, provided that the original work is



246

Recently, a non-invasive interferometric technique,
statistical interferometry, that is capable of measuring
fast and accurate measurement of growth changes under
environmental stresses such as O, has been demonstrated
in vivo (Rathnayake et al., 2008; Kobayashi & Kadono,
2010; Thilakarathne et al., 2014a, 2014b; DeSilva et al.,
2017). However, this measurement is limited to a small
area of a sample. Here we consider an optical technique
called optical coherence tomography (OCT) that has
the potential for making a volumetric measurement at
high speed and at micrometer resolutions (Huang et al.,
1991; Fercher, 1996; Fujimoto, 2003; Regar et al., 2007;
Srimal, 2015; Ge et al., 2021; Saleah et al., 2021; Saleah
et al., 2022; Saleah et al., 2023).

The OCT technique is based on interferometric
detection of a low coherent light backscattered from
a sample and can provide non-contact two or three
dimensional in vivo tomographic images of internal
tissue structure. Since depth resolution of OCT is limited
by the coherence length of the light source, a relatively
high resolution of the order of a few micrometers can
be achieved (Fujimoto & Drexler, 2008; Lee et al.,
2018; Zheng et al., 2021; Bouma et al., 2022). OCT
is being widely employed for the visualization of the
internal structure of tissues (Wijesinghe et al., 2016a;
Ravichandran et al., 2017). Many pathological processes,
such as dysplasia and cancer, alter the layered structure
of healthy tissue and these changes can be detected by
OCT (Steiner et al., 2003; Gladkova et al., 2008; Fercher,
2010; Lee et al., 2018; Rajagopalan et al., 2020; Li et al.,
2021b). On the other hand, it is widely used in the field
of ophthalmology (Wijesinghe et al., 2016b; Everett et
al., 2021; Wei & Gu, 2021; Micieli et al., 2021; Drexler
et al.,2001; Wojtkowski et al., 2002; Pircher et al., 2011;
Srinivasan et al., 2009). Due to its high resolution, OCT
technique for imaging plants (Hettinger et al., 2000;
Reeves et al., 2002; Boccara et al., 2007; Srimal, 2015;
de Wit et al., 2020; Beiu et al., 2022; Li et al., 2022) has
been getting attention. Non-invasive visual inspection
of plant leaf in vivo may be useful for evaluating the
physiological state of plants under the influence of
environmental stresses such as O,, acid mine drainage
(Li et al., 2021a), effect of nanoparticles (De Silva et al.,
2023a), effect of heavy metals (De Silva et al., 2021),
and the effect of micro particles of plastics (De Silva et
al., 2022, 2023b).

The potential of OCT in monitoring such biological
activities in human and animal organelles has been
demonstrated, in the visual cortex of animal brains
(Maheswari et al., 2002, 2003; Khateeb et al., 2022) and
rat somatosensory cortex (Chen ef al., 2009; Hope et al.,
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2021) and retina (Moayed et al., 2011; Kashani et al.,
2021). We propose to monitor physiological changes in
plants under environmental stress (O,) by OCT (Srimal
et al., 2013, 2015; Lichtenegger et al., 2020)

In OCT images, speckles are considered as a noise
and are usually temporally averaged (Szkulmowski et
al.,2012; Silva et al., 2022). In this study, we focused on
the temporal characteristics of speckles, as those could
indicate the dynamic activities within the tissues, also
called biospeckles (Asakura, 1996; Tang et al., 2021a,
2021b; Aizu & ). When coherent laser light illuminates
a sample under investigation, the backscattered light
randomly interferes, and a speckle pattern is generated
at a certain observation plane. If the investigating sample
and the scatterers inside the sample are not moving, then
the speckle pattern is also stationary. However, when
the sample or the scatterers are moving as in biological
tissues, the speckle pattern changes randomly resulting
in biospeckles. In plants, such dynamic processes could
be attributed to factors such as cytoplasmic streaming,
organelle movement, cell growth and division, and
biochemical reactions (Mogre et al., 2020; Mathur, 2020;
Braga et al., 2009). Thus, the biospeckles can reflect
the activities of biological tissue (Kurenda et al., 2012;
Ansari & Nirala, 2013; Zdunek ef al., 2014; Rajagopalan
et al.,2020; Li et al., 2021a).

Especially, in agriculture, the analysis of seeds
(Braga et al., 2003; Li et al., 2021a), the identification
of plant diseases (Ravichandran et al., 2016), leaf
quality assessment (Wijesinghe et al., 2016a, 2017b),
detection of germination rate (Wijesinghe et al., 2017a),
the analysis of fungi (Braga Jr et al., 2005; Singh et
al., 2021), monitoring of maturation and diseases in
fruits (Pajuelo et al., 2003; Wijesinghe et al., 2018),
observation of root growth (Braga et al., 2009; De Silva
et al., 2023a, 2023b), and evaluation of animal semen
(Carvalho et al., 2009) were performed. In medicine,
we can find applications in the study of the brain, skin
and blood flow (Fujii et al., 1985; Li et al., 2006). A few
reports exist on the application of OCT speckles in the
observation of biological tissues (Mariampillai et al.,
2008, 2010; Baum et al., 2020).

In this study, we propose a Biospeckle Optical
Coherence Tomography (bOCT) based on biospeckle to
study the effect of environmental stresses on plants in
a short period of time which is not possible with other
conventional methods (Srimal et al.,, 2014; Srimal,
2015). Here, we examined the immediate response of
leaves of Allium tuberosom commonly known as Chinese
chives to short-term exposure of O,, by analyzing the
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bOCT biospeckle signals coming from various depths.
Mesophyll cell layers, and the immediate responses are
better visualized using the bOCT images rather traditional
OCT images.

MATERIALS AND METHODS
Optical system

A schematic of our spectral domain OCT (SD-OCT)
system is shown in Figure 1. The light source is a super-
luminescent diode (SLD) centred at wavelength 836.1 nm
and having a bandwidth of 55.2 nm. A 99:1 optical fiber
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coupler was used to split the light into the sample and
reference arms of the fiber-optic interferometer. Light
reflected from the sample was combined with the light
reflected from the reference mirror M1. The axial and
lateral resolutions of the OCT system were estimated to
be 6 um and 22 pm, respectively. Identical lenses, L3
and L4, were placed in the sample and reference arms
to cancel dispersion mismatch between the two arms.
Collimating the output beam from the optical fiber of
the circulator using lens, L5, the spectral interference
signal was obtained by using grating, lens L6, and line-
scan camera. We used line scan CCD camera (L104k-2k,
BASLER, Germany) with 2048 pixels.

Gratin,
(a) &

Line-scan
Camera

Computer

controller

L2 « Galvano
v mirror

(b)

Circulator

Line-scan camera

Mirror controller

Figure 1:

(a) A sketch, and (b) Photograph of, experimental setup of spectral domain optical

coherence tomography system. SLD: super luminescent diode, L1~L6: lenses, M 1: mirror,

PC: polarization controller, DAQ: data acquisition device, IMAQ: image grabber.

Journal of the National Science Foundation of Sri Lanka 53(3)

September 2025



248

A software application (using LabVIEW 2011, National
Instruments, USA) was developed to realize the OCT
system utilizing the biospeckle signals from a target area
of the sample. Driving voltages for galvano mirrors were
applied through a D/A converter of the data acquisition
device (DAQ, PCle-1429, National Instruments, USA)
to laterally scan the beam across the sample surface. The
imaging data from the line scan camera was acquired
by an image grabber (IMAQ, PCle-6351, National
Instruments, USA).

Autocorrelation function of the biospeckle signal

While the scanning mechanism was being stopped at
a lateral position of interest, the spectral interference
signals were acquired with a sampling frequency of
25,000 lines/sec forl.2 seconds. The acquired spectral
interference signal /(A, ) from the camera at time, ¢, was
first converted into the signal /(k, ¢) in wave number, &,
space from wavelength, 4, space as given by,

I(k, t) = 1(21/A, ©). (1)

I(A)

I(k)

'k

Figure 2: Transformation of signal in wavelength (1) space to wave

number (k) space (rescaling).

Next, the rescaled signal of I(k,t) was Fourier
transformed in order to obtain the depth resolved
reflectivity profile 7(d,t) of the sample along the sample
beam as,

r(d,t) = fw I(k,t) exp( — 2mikd)dk, ..(2)

where d is the depth of the sample. Finally, a total of
25000x1.2 depth resolved reflectivity profiles were
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obtained. They were stored in the computer memory as
a two-dimensional data array representing the variation
along time, and we call this as time history OCT image.
The rows and columns of the data array represent the depth
positions, and their intensities in a sequence of regularly
spaced time steps of 1/25,000 seconds, respectively.

The biological activity of the sample could be reflected
in the temporal characteristics of intensity changes in the
horizontal direction, that is, along the rows. Therefore, we
utilized the autocorrelation function and its correlation
length to evaluate the biological activities of the tissue.

By repeating the data acquisition 5 times, five-time
history OCT images were acquired over 6 seconds. Power
spectral densities |R(d, f)|? of time signals express by
equation (2) were calculated at every depth position along
the time axis. Here, f'denotes temporal frequency. To get
a higher signal to noise ratio (SNR), five power spectral
densities corresponding to each depth position were
averaged across the time history OCT images. Finally,
averaged power spectral densities (|R(d,f)|?) were
inverse Fourier transformed to get the autocorrelation
functions r(d,r) at a certain depth position, d, as given
by,

@0 = [ (R@HP)expCenfo df e

We used the software, MATLAB (MATLAB2009a,
MathWorks, USA) for calculations of the autocorrelation
function. The temporal variations of biospeckles were
quantified by calculating the correlation length (CL)
which is half width half maximum of the autocorrelation
function. This quantity was employed as a measure for
the biological activities of layers at different depths of
the Chinese chives leaf under O, stress. When the signal
changes rapidly due to higher biological activity, the
autocorrelation function is expected to become narrower
and results in a decrease in CL.

Plant and ozone exposure system

Chinese chives were grown in a growth chamber (CMP
3244, Conviron, Controlled Environmental Ltd, Canada.)
maintaining at a relative humidity of 55% - 65% during
6.00 A.M. to 6.00 P.M. for the day shift and 6.00 P.M.
to 6.00 A.M. for the night shift. Photon flux densities
of 260 - 350 pmol m? s and 0 pmol m?s™ and an air
temperature of 25°C and 18°C were set for day and
night shifts, respectively. The plants were kept regularly
watered. In the experiment, healthy young leaves of
the plants, one to two weeks old, were employed and
mounted in a leaf O, chamber. Three halogen lamps

September 2025

Journal of the National Science Foundation of Sri Lanka 53(3)



Application of biospeckle optical coherent tomography in plants

(PHL-150, MEJIRO PRECISION, Japan) with the fiber
optic light guides were used to illuminate the plant leaf
at a photon flux density of 500 pmol m? s during the
experiments.

The O, exposure system (Figure 3) consists of an
air pump, charcoal filters (CF), an O, generator (OES
10A, Dylec Inc., Japan), an O, monitor (Model 1150,
Dylec Inc., Japan), and a main O, chamber (33.5 x
33.5 x 58 cm’). A specially designed leaf O, chamber
(10 x 10 x 2 cm®), made up of PVC was connected to
the main O, chamber to enable optical imaging of the
leaf. Generated O, was fed into the main O, chamber
with its concentration being precisely controlled by
the O, monitor that constantly sent a feedback signal to
the O, generator. In the experiments, the O, generation
system approximately took 14 minutes to reach the target
O, concentration of 240 ppb. The O, feedback system
practically stabilized the concentration of O, within the
leaf and main O, chambers at an accuracy of 0.5% during
the experiment.

Main
ozone
chamber

Leaf
ozone
chamber

Remaining of the
optical setup

Figure 3: A schematic of the O, exposure system and a simplified
sketch of SD-OCT system used in this study. CF: charcoal
filter, FB: feed back signal. Arrows indicate the direction

of air flow.

Exposure |
condition |27

r % &+ F F 4
Data o Before 1h 2h 3h Lh 2h 3h
acquisition = &

% ¢ =N
O exposure within O; exposure  after O; exposure

Figure 3:  Timing protocol of O, exposure and data acquisition.
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Timing protocol and data acquisition

Prior to the experiment, as an initial step, following
mounting of the Chinese chives leafin the leaf O, chamber,
the leaf was acclimatized to the environmental condition
by having a continuous flow of charcoal filtered air (10
liter/min.) into the leaf chamber for two hours. Next, after
starting the O, generator half an hour was allocated for
the O, concentration in the main O, chamber to reach 240
ppb. At the end of this half an hour period, on reaching
the target O, concentration, connections of the O, air
tubes were arranged in such a way that, air containing O,
will reach leaf without passing through CF. O, exposure
was carried out for 3 hours.

At the end of 3 hours of exposure, connection of O,
tubes to the chamber were rearranged so as for the air to
pass through CF before reaching the leaf chamber. Final
CF air treatment was done to monitor the response of
leaf after O, exposure. O, concentration of 240 ppb was
chosen based on the criterion used in Japan, where serious
warning for O, is issued (Lee & Goto, 2022; Rathnayake
et al.,2007). Both the temperature and the humidity were
kept constant during a single session of the experiment
with their variations being + 2%.

bOCT biospeckle signal data corresponding to fixed
lateral positions from the back surface of the leaf were
acquired continuously at times including before O,
exposure, during exposure at times of 1 hour, 2 hours,
3 hours, and after stopping O, exposure at 1 hour, 2
hours, and 3 hours. Before and after O, exposure, plant
leaves were treated with CF air for 2.5 hours and 3 hours,
respectively. The entire experimental duration was 8.5
hours.

Analyzing the biospeckle signals

To examine the bOCT biospeckles, OCT cross-sectional
images were acquired successively over a certain period.
Two different methods were used to analyze biospeckle
signals coming from different spatial positions of the
OCT cross-sectional image. In the first method, the
magnitude of the fluctuation of the biospeckle signal, in
other words, the standard deviation (SD) of the signal,
was calculated along the time axis for each spatial
position from the data array of OCT cross-sectional
images. Then, a bOCT biospeckle image was constructed
from the SDs of biospeckle signals.

In the second method, temporal characteristics of the
biospeckle signals originating from different depths were
analyzed. Averaged autocorrelation functions of bOCT

Journal of the National Science Foundation of Sri Lanka 53(3)
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biospeckle signals coming from layers at different depths
of the leaf were calculated. From the correlation, half-
width half maximum (HWHM) or the correlation length
(CLs) was obtained. Longer CLs would indicate slower
motion within the leaf and vice versa. Magnitude, SD,
and temporal characteristics, CL, of the time varying
biospeckle signal can reveal different information
from that obtained by the conventional OCT, and they
are proposed as measures to evaluate the changes in
biological activities against O, stress on plants.

RESULTS AND DISCUSSION

Micro-structural cross-sectional observation with an
optical microscope was done for a Chinese chives leaf
(Figure 4). The epidermal cells layer indicated as ue
(20 um thick layer), and the oval shaped mesophyll cells
marked as mc (around 90 pm in height), were clearly
visible. Here, the epidermal layer is the outermost cell
layer of the plant leaf, which regulates gas exchange,
and protects the leaf against water loss. The mesophyll
cell layer is the primary location for photosynthesis,
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governing most of the leaf's interior functions (Taiz &
Zeiger, 2002).

Figure 4: Optical microscopy (SZX7 Microscopy, U-TV0.5XC-3
Camera adaptor, OLYMPUS, Tokyo, Japan) analysis of
the cross-section of a leaf of Chinese chives. ue-upper

epidemis, mc-mesophyll cell, vb-vascular bundle.
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Figure S:  Conventional structural OCT cross-sectional images (a) before O, exposure, (b) 3 hours after starting
O, exposure. Corresponding bOCT biospeckle images (c) before exposure, (d) 3 hours after starting O,
exposure. Magnified views of the mesophyll cell layer encased in black dotted squares shown in (a), (b), (c),
and (d) are shown, respectively in (e), (f), (g), and (h). ue: upper epidemis, mc: mesophyll cell.
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Figures 5(a), and (b) show the conventional structural
OCT image of Chinese chives leaf (abaxial surface)
acquired before and 3 hours after starting O, exposure,
respectively. Figures 5(c) and (d) represent the
corresponding bOCT biospeckle SD images before, and
3 hours after starting O, exposure. The conventional
OCT cross-sectional imaging can visualize the internal
structure of biological tissues (Figure 5(a)). The
epidermal cell layer can be clearly seen. However, the
mesophyll cell layer was not clearly visible. In contrast,
in the corresponding bOCT biospeckle image (Figure
5(c)), the layer structure becomes clearer, and it can be
seen clearly in the magnified image shown in Figure
5(g) in comparison to the corresponding one in Figure
5(e) of the structural OCT image. Comparing with the
microscopic image in Figure 3, the upper epidermal
layer and the distinctive more oval shaped mesophyll
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cells can be clearly seen in the bOCT biospeckle
image.

Comparing the effect of O, exposure duration, it was
difficult to find a clear difference in conventional OCT
images between Figures 5(a) and (b) or between (e), and
(f). However, the variation due to O, exposure could be
clearly seen in the bOCT biospeckle images between
Figures 5(c) and (d), or (g) and (h). The oval shaped
periodic structure that corresponds to mesophyll cells
became unclear in biospeckle images with even 3 hours
short term O, exposure. Earlier studies confirmed that
cells belonging to mesophyll layer is the main target of
O, injury (Turc et al., 2023; Xu et al., 2023; Vollenweider
et al., 2003). Next, biospeckle signals coming from
different depth layers were analyzed for their temporal
characteristics.

T OCT Image
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= 339 to 370pm depth region
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Figure 6: (a) OCT Image of the back surface of a leaf. (b) Averaged autocorrelation functions

calculated for the epidermal layer over a region of 236 to 267um across the depth.

It is clear from the origin of the biospeckles that in
addition to its magnitude, SD, its temporal characteristics
also reflect the dynamic properties of the cell organelles
and scattering particles inside the plant leaf. To analyze
the temporal characteristics of the signal, we examined
the temporal autocorrelation function of the biospeckle
signal.

In order to investigate the temporal autocorrelation
function, the galvano mirrors used for scanning the beam
laterally were fixed at a particular position of interest
after the OCT images of the leaf were acquired (Figure
6(a)). Interference signals were acquired and the temporal
autocorrelation functions corresponding to every depth
position were calculated. The selected depth regions were

Journal of the National Science Foundation of Sri Lanka 53(3)
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the 236 to 267 um depth region (epidermal layer), 295
to 326 um depth region (mesophyll cell layer), and 339
to 370 um depth region (layer below mesophyll cells).
Autocorrelation functions within the same layer were
averaged (along depth direction). The autocorrelation
functions for different layers over different time periods
of 1, 2, and 3 hours within the O, exposure duration
were averaged and indicated as ‘within’. In a similar
way, autocorrelation functions for 1, 2, and 3 hours after
exposure were averaged and indicated as ‘after’.

Next, those autocorrelation functions were evaluated
by defining the correlation length as half-width at half
maximum, i.e., CLs of biospeckle signals, and they were
calculated for ‘before’, ‘within’, and ‘after” O, exposure
periods for each of the three different layers, namely, the
ue layer, mc layer, and below mc layer.

The variation of CL under O, stress is shown in Figure
6(b) for the ue layer. It can be seen that CL increased
with O, exposure, indicating that the rate of biological
movements in this layer decreased with O, exposure in
this layer. To focus on the relative change in biospeckle
signal coming from three different layers of the leaf in
response to O, exposure, CLs of biospeckle signals, those
of ‘within’ and ‘after’ O, exposure were normalized using
those obtained before O, exposure. These quantities are
called as normalized correlation lengths (NCLs). NCLs
from 16 measurements from the back surface of six
different leaves (at least 2 measurements from one leaf)
of Chinese chives, before, within, and after exposure
to O, were averaged separately to obtain the averaged
normalized correlation length (ANCL) as given by,

ANCL = (£> (4)
Lyl

where, <...» denotes average over 16 measurements,
and CL, indicates the correlation length of the biospeckle
signal before O, exposure. In the following discussion,
the NCLs of biospeckle signals were used and shown for
different layers in Figure 7. Under the short term of O,
exposure, biological changes in different layers could be
identified with ANCL.

ANCLs decreased in the mc layer and the below mc
layer with O, exposure for the leaf. The reduction was
significant (t-test, P < 0.05, Figure 7) in the case of the
mc layer. However, for the ue layer ANCL appeared
to be increased, but the increase was not statistically
significant.
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Figure 7:  ANCLs of biospeckle signals coming from different layers
(from the back surface) of Chinese chives leaves under O,
exposures of 240 ppb. Each average value was plotted with
standard error for 16 measurements. ue: upper epidemis,
mc: mesophyll cell. The ANCL within O, exposure and
after exposure were compared with that before exposure
using statistical two samples t-test. (a, P < 0.05; b, P <

0.07; ¢, not significant).

Increase of CL, i.e., slow fluctuation rate of the biospeckle
signal, in the ue layer could be seen during and after the
O, exposure. In contrast, the biospeckle fluctuation rate
was increased during and even after O, exposure in the
mc layer and the layer below mesophyll cells.

Earlier studies (Turc et al., 2023; Xu et al., 2023;
Vollenweider et al. 2003; Faoro & Iriti 2009) too
confirmed that palisade mesophyll cells are the main
target of O, injury. Also, that the O, injury mainly occurs
in the mesophyll cells whereas epidermal and stomatal
cells and vascular cells resist until the last stage before
total leaf necrosis. O, is taken up through the stomata
and reacts with water and intercellular components to
generate highly reactive oxygen species (ROS), that
include peroxides and free radicals which are probably
the real cause of the negative effect of O,. Plants have a
number of mechanisms that chemically and enzymatically
remove these toxic compounds avoiding cellular damage
(Kangasjarvi et al, 1994, Sharma & Davis, 1997,
Sandermann et al., 1998, Dizengremel, 2001; Rajput
et al., 2021; Sachdev et al., 2021). We expect that,
once O, enters plant leaves, it activates these defense
mechanisms. This may be a reason for the increase in
biospeckle fluctuation rate in the mc layer and the layer
below mc.
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CONCLUSION

We showed that the bOCT biospeckle imaging technique
can be successfully applied to monitor O, stress on
plants. The internal cell structure of the leaf, especially
the mesophyll cell layer and below, inside the Chinese
chives leaf could be clearly visualized by the bOCT
biospeckle imaging in contrast to the conventional
OCT imaging. Further, with O, exposure, variation of
magnitude of biospeckle signal fluctuation coming from
mesophyll cell layer could be visualized with more of
the oval shaped mesophyll cells becoming unclear in
contrast to the conventional OCT image.

We showed thatanalysis ofthe temporal characteristics
of biospeckle signal coming from different layers could
identify changes in biological activity with O, exposure.
This study demonstrates that the direct exposure to O,
affects differently the bOCT biospeckle signals coming
from different layers of Chinese chives, even though the
period of exposure O, is short, only a few hours.

The bOCT based on biospeckle is found to be suitable
for fast, non-destructive monitoring of environmental
stresses on plants, which can potentially lead to significant
time and cost saving, while conventional techniques
require destruction and subsequent analysis.
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