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Simulation of interaction of polarised laser light with plant leaves

Yu.N. Kulchin, A.A. Sergeev, Yu.A. Zinin,
D.O. Gol'tsova, S.O. Kozhanov, E.P. Subbotin

Abstract. An optical model is proposed to describe the features of
interaction of polarised laser light with plant leaves. It is shown that
the epidermal layer of plant leaves has optical anisotropy that
arises during their development. This anisotropy can serve as an
important factor determining the peculiarities of interaction of
polarised laser light with biomolecules, proteins and enzymes con-
tained in plant leaf cells, which are characterised by isomerism of
physical and chemical properties. The proposed model is verified
experimentally.

Keywords: polarised laser light, epidermis anisotropy, plant leaves,
interaction model.

1. Introduction

Light is one of the most important factors in plant develop-
ment: it regulates the processes of photosynthesis, morpho-
genesis, metabolism, gene expression, and other physiological
and biochemical reactions. As a rule, when describing the
processes affecting plant growth, such characteristics of light
as intensity, spectral composition, and photoperiod are con-
sidered. In practice, however, the situation turns out to be
more complicated. Today, when special attention is paid all
over the world to the development of controlled agriculture
based on the widespread use of LED lighting, it is necessary
to take into account other quantitative and qualitative char-
acteristics of radiation. These include the achieved the powers
of photosynthetically active radiation, the dynamics of
changes in the intensity and spectrum of the illuminating
light, its coherence and polarisation, and the direction of illu-
mination. It is these unique characteristics, absent in ordinary
sunlight, which have proven to be available using laser and
LED light.

In a number of papers, attention was drawn to the effect
of radiation polarisation on the development of plants [1,2],
but no detailed study of the process of interaction of polarised
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light with plants has been carried out. The aim of this work is
to simulate the interaction of polarised laser light with the epi-
dermal cell system of plants.

2. Model and optical properties of the epidermis
of plant leaves

The modern cell theory is based on the unity of the division of
multicellular organisms into cells and the integrity of the
organism, based on the interaction of cells [3—5]. The shape
and size of plant cells varies greatly and depends on the posi-
tion of the cells in the plant body and the functions they per-
form. In higher plants, the size of the parenchymal cells that
make up the tissues of leaves and flowers is usually within the
range of 10—100 um [6].

In the cells of adult plants, three main parts can be distin-
guished: the cell membrane, the protoplast, and the vacuole.
The cell membrane is usually colourless and transparent, eas-
ily transmits light, and water and dissolved low-molecular
substances can move over it [7]. The cell membrane consists
mainly of polysaccharides, proteins, mineral salts, lignin, pig-
ments, cellulose microfibrils and other substances. The thick-
ness of the plant cell membranes varies widely depending on
the function of the cells and their age and can be more than
10 um, filling a significant part of the cell volume. The refrac-
tive index of the cell membrane of plant leaves varies within
the range 1.40—1.50 [§—11].

The main component of the cell, which determines its
functioning as an elementary biological system, is the proto-
plast, which consists of the cell nucleus and cytoplasm [12].
The chemical composition of the protoplast is very diverse
and constantly changes in the process of life. Its main compo-
nents are constitutional substances (proteins, nucleic acids,
lipids, carbohydrates, mineral salts, and water) and ergastic
substances (storage substances and waste). The content of
vacuoles — the cell sap — is an aqueous solution of carbohy-
drates, proteins, amino acids, organic acids and their salts,
mineral ions, alkaloids, glycosides, pigments, tannins, etc. In
this regard, the refractive index of the internal contents of the
cell can vary within a wide range from 1.34 to 1.42 [13-15].

The structure of a plant leaf is closely related to the func-
tional characteristics of its constituents. As a rule, it consists
of three layers (Fig. 1a) [16]. Above and below, the leaf is
coated with a transparent layer of the epidermis, which pro-
tects it from damage and drying out. Usually, the epidermis
consists of a single layer of cells that secrete a wax-like cuticle
that covers the leaf surface and protects it from water evapo-
ration. Below is a layer of columnar parenchyma formed by
cells of a prismatic shape — the main photosynthetic cells of
the leaf, which contain many chloroplasts. Even below is the
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spongy parenchyma, consisting of cells of irregular shape that
are loosely adjacent to each other with a small amount of
chloroplasts and the vascular system in the form of conduct-
ing bundles (veins).
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Figure 1. (Colour online) (a) Plant leaf structure and (b) optical mod-
el of the multicellular epidermis of plant leaves (top view ).

The interactions between incident radiation and plants are
extremely complex due to the variety in the size, shape, com-
position and arrangement of cells, leaves, stems, and the
plants themselves in ecosystems. However, almost all of these
interactions can be grouped into three types: absorption, ref-
lection and transmission of light.

Currently, a number of models have been proposed to
describe the optical properties of plant leaves (optical models)
[17,18]. However, none of them is perfect, especially for
describing the interaction of plants with polarised light.

The absorption of light by plants is associated with its
interaction with pigments, water and other biological compo-
nents contained in plant cells. The efficiency and features of
light absorption are due to changes in electronic energy states
or changes in the vibrational or rotational characteristics of
molecules, determined by the composition and topological
features of their structure [19, 20].

Light incident on a plant leaf primarily interacts with the
air-cuticle-epidermis interfaces. The light reflected from the
surface of the leaf usually changes insignificantly in spectral
composition. In addition, the reflected light is polarised,
which is used in remote sensing to obtain information about
the fine features of the leaf surface and the species composi-
tion of communities in plant crops [21]. In the absence of
noticeable amounts of wax on the surface of the leaf, the epi-
dermis layer plays a decisive role in the reflection of light,
which, due to the peculiarities of the structure of its cells, is
able to influence the radiation passing into the leaf.

The authors of Ref. [22] investigated the polarisation of
solar radiation reflected from the surfaces of flowers and
leaves of the plant Campsis radicans at angles exceeding 45°
with respect to the normal. It was shown that the reflectivity
of leaves is highest in the blue and green ranges of the spec-
trum. Depending on the orientation, the leaves of Campsis
radicans reflected partially polarised light with a degree of
polarisation A from 10% to 80%, with s-polarised radiation
predominating.

The problem of how plant organs reach their final shape is
central and still unresolved in biology [23]. At present, the
concept of a mechanical feedback between the polarity of
deformation of epidermal cells and the maximum tensile
mechanical stress in the epidermis during leaf growth, when
cells divide and reorganise, is being developed. In this case,
the development of a complex shape of epidermal cells pro-
vides an effective strategy for reducing mechanical stress in its
cell wall, which is caused by the action of turgor pressure
[24—26]. As shown in Ref. [26], as a result of mechanical
stretching, the tissue environment of the plant leaf changes,
giving rise to response changes in the polarity of cell deforma-
tion, which determines the orientation of cell and tissue
growth. In this case, the central part of the leaf epidermis cells
has a predominantly co-directional directory of cell deforma-
tion polarity, which rotates when approaching the leaf edges
[26]. Thus, a consequence of the directed deformation of epi-
dermal cells caused by their mechanical stretching during
growth is the difference in the optical characteristics of the
plant leaf in the longitudinal and transverse directions.

All of the above allowed us to propose an optical model
for the epidermis layer of plant leaves (Fig. 1b). This model
takes into account the codirectional orientation of epidermal
cells and the anisotropy of cell elongation, as a result of which
their size in the longitudinal direction (along the x axis) A,
exceeds the size in the transverse direction (along the y axis)
A,. The thickness of the cell shell is d/2. As noted above, the
refractive index of the inner cell content (cytosol) n; depends
on the composition of its protoplast and can vary from 1.34
to 1.42, and the refractive index of the cell membrane n,,
which depends on the type and age of the cell, can vary within
1.40-1.50. The stretching anisotropy of epidermal cells deter-
mines the anisotropy of its refractive index and the entire
layer of the epidermis of the plant leaf. According to the pro-
posed model and works [27, 28], the values of the refractive
indices of epidermal cells for the light polarised along the x
and y axes can be defined as

1/2

n, = n%+<n%—n%>%l] : (1)
1/2

ny=[nf+(n§—n%>/% : )

The cell size of the epidermis of plant leaves can vary within
10—-300 pum, the anisotropy of cell deformation can reach
10%-30%, and the thickness of the cell membrane (depend-
ing on the type of plant and its age) can be from 5% to 30%
of the longitudinal cell size. As a result, taking into account
the range of changes in the refractive indices n; and n,, using
expressions (1) and (2), it can be shown that the anisotropy of
the refractive index of the epidermal layer of the cell leaf 6n =
n,—n, is in the range 0.002—0.07. Thus, the epidermal layer of

¥
a plant leaf has a natural optical anisotropy, which can change
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during plant development due to changes in the optical and - 10
geometric parameters of its cells. Apparently, this determines §

the features of the interaction of polarised laser light with =
plants, in which optical isomerism is characteristic for such i/ 0sh

important groups of biomolecules as proteins, DNA, RNA,
enzymes, antibodies, hormones, etc. In the basic metabolism
of all living beings, only one of the two possible optical iso-
mers is always involved [29]. As a result, the conformation of 0.6
organic biomolecules plays an extremely important role in
many biochemical processes, and therefore the ability of the
epidermis layer to rotate the plane of polarisation of laser
radiation passing through it makes the process of interaction
of laser light with plant cells more efficient.

Using Ref. [30] and Eqns (1), (2), we can obtain expres-
sions for the reflection coefficients of light waves polarised in 02k
the plane of incidence and perpendicular to it:

04F

2

R = nov/n2— (nesin€;)? — n2cos6; 3
= 3 — , (3)
no\/nx— (npsin6,)” + nycos6; 0
6;/deg
nycos 0, — y/n2— (nysin 6> : .
R, = 5 - 5| (4)  Figure 3. (Colour online) Calculated angular dependences of the re-
19 cos 0; + \/n 5 — (ngsin 6y) flection coefficients of light waves R and R,, polarised in the plane of

incidence and perpendicular to it, respectively. Inset: a photograph of
the Hedera maroccana plant illustrating the dependence of the efficiency
of solar radiation reflection by leaves on their orientation with respect
to the Earth’s surface.

where 7y is the refractive index of the environment surround-
ing the leaves, and 6; is the angle of light incidence on the leaf
surface with respect to the normal (Fig. 2).

Vs ny

. noy

Leaf surface

Figure 2. Schematics of the light wave incidence on the leaf surface: n is the normal vector to the leaf surface; E;, E,, and E, are the electric field
strengths of the incident, reflected and transmitted waves, respectively; 6; , 6, , and 6, are the angles between the directions of propagation of the
corresponding waves and the normal; x and y are the coordinate axes coincident with the anisotropy axes of refractive indices ny, and, ny; and n, is
the refractive index of the environment.
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Figure 3 shows the dependences of the reflection coeffi-
cients of light waves polarised along the x and y axes, calcu-
lated using Eqns (3), (4), on the incidence angle for ny = 1.0
and the averaged parameters of plant leaf cells: n; = 1.34, n, =
1.46, Ay = 50 um, A, = 45 um and d/2 = 5 um. The inset to
Fig. 3 shows a photograph illustrating the dependence of the
efficiency of reflection of solar radiation by the leaves of the
Hedera maroccana plant on their orientation with respect to
the Earth’s surface and to the observer.

As follows from Fig. 3, taking into account the directory
of anisotropy of epidermal cells [24—-26], plant leaves should
exhibit anisotropy upon reflection of s- and p-polarised light.
Using the above physical parameters of epidermal cells and
expressions (3), (4), under the assumption that ny ~ 1, it can
be shown that in the solar radiation reflected from the hori-
zontally oriented surface of the epidermis layer in the range of
angles 40°—-60°, the s-polarised light will dominate, and the
maximum degree of polarisation will exceed 70%. The results
obtained are in good agreement with the data on the polarisa-
tion of solar radiation reflected from the leaf surface of the
Campsis radicans plant [20], as well as with the data from
review [31], which presents the results of measuring the opti-
cal characteristics of 30 types of plants.

3. Experimental results and discussion

The study of the interaction of polarised laser light with the
epidermis of plant leaves was carried out using a setup, whose
optical scheme is shown in Fig. 4. The radiation of a He—Ne
laser (/) with a wavelength of 632.8 nm was collimated by a
lens system (2, 3) to a beam diameter of 5 mm. A Fourier lens
(5) with a focal length F = 50 mm focused the beam on the
matrix of a CCD camera (8) (Nikon D7100, Japan). The
mount with the sample under study (6) was placed behind the
exit plane of the Fourier objective. A polariser (4) was used
to control the power of polarised laser radiation, and an anal-
yser ( 7) was used to analyse the optical activity of epidermal
samples.

4 6 7 8
Figure 4. Optical layout of the experimental setup:

(1) laser; (2, 3) collimating lenses; (4) polarising filter; (5) Fourier
lens; (6) test sample; (7) analyser; (8) CCD camera/polarimeter.

In practice, it is extremely difficult to separate the epider-
mal layer from the underlying leaf cells without mechanical
damage, which made it necessary to find a convenient model
to measure the degree of anisotropy of the epidermis optical
properties. In this regard, the adaxial epidermis of onion
scales was chosen as a model to study the optical properties of
the epidermis of plant leaves. Onion epidermis consists of a
single layer of thin-walled epidermal cells that are weakly
attached to the underlying parenchyma. This makes it easy to
isolate the epidermis layer without damaging its cells and
without the occurrence of additional mechanical stress. For
studies, a segment of the epidermal strip of an onion with a

size of 10 X 10 mm was placed between two cover slips 2 mm
thick.

Figure 5 shows a photograph of the adaxial epidermis of
onion scales obtained using an electron microscope (Hitachi
TM1000, Japan). The cells of the epidermal layer are clearly
visible, the average size of which is 100—350 um in the longi-
tudinal direction and ~60 um in the transverse direction, and
the average thickness of the cell walls is ~6 um, which is con-

Figure 5. (Colour online) (a) Photograph of the epidermal layer of the
onion skin obtained with an electron microscope, as well as (b, c)
Fourier spectra of the polarised laser light after passing through the
epidermal layer of the onion skin with the analyser orientations (b) co-
directed with the laser light polarisation and (c) orthogonal to it.
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firmed by the data of Ref. [32]. The average thickness of the
epidermis layer, measured using an ellipsometer (Ellipse-1891
SAG, Russia), was 15 um. The observed regular stacking
order of cells in the epidermal layer of onion scales with dif-
ferent refractive indices in mutually perpendicular directions
determines the presence of periodic diffraction reflexes in the
intensity distribution in the focal plane of the Fourier lens
(Figs 5b, 5c), which corresponds to the optical model of the
plant leaves epidermal layer adopted by us. In the experi-
ments, no complete weakening of the intensity of the Fourier
spectrum of the sample of the epidermal layer was observed
when the orientation of the analyser changed from co-direc-
tional to orthogonal with respect to the polarisation of laser
light (Figs 5b, 5¢), which also confirms the presence of optical
anisotropy in the epidermal layer.

To determine the optical activity of the onion skin epider-
mal layer, the value of the ellipticity angle # of the polarisa-
tion of the laser light transmitted through the sample was
investigated as a function of the angle of rotation ¢ of the x
axis. The measurements were carried out using a polarimeter
(PAX5710Thorlabs, USA), which was installed instead of the
CCD camera (see Fig. 4). The results of measurements per-
formed for the passage of linearly polarised laser light through
the cover slip system in the presence and in the absence of an
epidermal film between them are shown in Fig. 6.

n/deg

—_
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Figure 6. Ellipticity angles # of the polarisation of initially linearly po-
larised laser light passed through the sample as a function of the x axis
rotation angle ¢ (/) without and (2) with an epidermal film of onion
scales between the cover slips.

As follows from Fig. 6, when the laser radiation passes
through the cover slip system, the state of its polarisation
does not change. When an onion scales sample is placed
between the cover slips, a rotation of the light polarisation
plane is observed, the magnitude of which depends on the ori-
entation of the sample. The transmitted light remains linearly
polarised when upon the sample rotation, the polarisation
plane of the laser light coincides with the x or y axis. Otherwise,
the transmitted light turns out to be elliptically polarised. The
results of polarimetric measurements showed that the average
value of the anisotropy of the refractive index dn for the epi-
dermal film of the onion scale is ~ 0.0002, i.e., for the epider-
mal cells of the onion scale film, the difference in refractive

indices between the materials of the cell wall and its proto-
plast is insignificant. As a rule, the data presented in publica-
tions for the values of the refractive indices of the elements
included in plant cells have a rather wide scatter [8—15].
Considering that the material of onion epidermis cell walls
consists mainly of cellulose microfibrils built into the polysac-
charide matrix, and the protoplast of its cells is represented
mainly by cytoplasm and organelles, according to Ref. [11], it
can be assumed that for epidermal cells of onion scales n; =
1.39 and n, = 1.4. Taking into account the practically observed
variation in the longitudinal dimensions of the epidermal cells
of onion scales and expressions (1) and (2), we find that the
calculated values of the anisotropy of the refractive index can
be in the range of 0.0008—0.0016, and this is quite close to the
experimentally obtained value.

4. Conclusions

The results of our studies confirm our assumption that the
multicellular epidermis of plant leaves has optical anisotropy,
which is due to the anisotropy of stretching of epidermal cells
that occurs during leaf growth. The proposed optical model
for the leaf epidermis layer makes it possible to clarify the
nature of the interaction of polarised laser light with plants.
According to this model, polarised laser light changes the
state of polarisation when reflected by the epidermal layer of
the leaf or passed through it. As shown by the experiments
with model samples of the epidermal layers of onion scales,
the change in the light polarisation is significant. This sug-
gests that the optical anisotropy of the epidermal layers of
plant leaves is an important factor explaining the practical
features of the effect of polarised laser light on plant develop-
ment, associated with the interaction of laser light with bio-
molecules, proteins and enzymes contained in plant leaf cells,
which are characterised by isomerism of physical and chemi-
cal properties.
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