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Abstract. Itis important to know the temperature changes
in seeds that have been irradiated with laser light because this
could have substantial practical and theoretical importance. Thus,
the thermal effects of low intensity laser irradiation on seeds was
studied, showing variation of temperature produced by laser light
applied during 60 s on two maize seed genotypes, ‘Toluquefio’ and
‘Cacahuazintle’: crystalline and floury, respectively, under two
different conditions: natural colour and dyed black, evaluating the
temperature changes by a thermal camera. The optical absorption
spectra and the non-radiative relaxation time of the seeds were
obtained using photoacoustic spectroscopy. The results indicate
that it is possible to produce temperature changes, detected by
an infrared camera, in crystalline and floury seeds when they
are irradiated with a laser beam at a 650 nm wavelength and
274 mW power. The highest variation of temperature in the
seeds was obtained for the black-dyed condition, these variations
being 5.56 and 9.28°C for crystalline and floury seeds, respec-
tively. Among the seeds, in the dyed condition, the floury seed had
the lower non-radiative relaxation time, the higher optical absorp-
tion coefficient and a lower optical penetration length at the laser
wavelength (650 nm).
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INTRODUCTION

Stimulation by low-intensity laser irradiation (LILI)
in pre-sowing on agricultural seeds has been confirmed in
numerous studies using cereal seeds, vegetables efc. (A El-
Kereti et al., 2013; Javed et al., 2011; Jia et al., 2013;
Perveen et al., 2010, 2011; Sre¢kovi¢ et al., 2014). The
synergies of different events that occur when laser light
interacts with seeds are currently under study, but the

mechanism of the action of light on seeds is not suf-
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ficiently clear (Zhang et al., 2011). In general, there are
several hypotheses concerning the possible mechanisms
of biological stimulation in seeds by the action of LILI,
which assume that seeds contain molecules with very nar-
row optical absorption bands. A selective excitation of
the chromophores of these molecules initiates some bio-
chemical reactions (Popov et al., 2007). In the pre-sowing
seed stimulation by LILI, the phytochromes, among other
molecules, are excited by the absorption of the laser beam
(Abdelgaphar and Tuleukhanov, 2013; Gao et al., 2014;
Hernandez et al., 2010; Muthusamy et al., 2012) and then
the energy of the excited molecules is transformed into che-
mical energy for their subsequent growth processes (Jamil
et al., 2013). In this way, the laser irradiation could break
the kinetic equilibrium of seed germination and increase
the internal energy of seeds (Ferdosizadeh et al., 2013).
Another hypothesis to be considered is the thermal
action, which assumes that the acting factor of LILI is local
heating of cells or cell elements that efficiently absorb light
at the laser irradiation wavelength (Popov et al., 2007),
ie a fraction of the excitation energy is converted to heat
(Rassam ef al., 2010). In this way, laser irradiation could
cause enhancement of enzyme activities (Rassam et al.,
2010; Wuetal.,2007; Zhang et al.,2011), which accelerates
enzyme-mediated reactions through the electromagnetic
field and heat energy affecting molecules in the cell (Chen
et al., 2005a). Therefore, some authors agree that the
effects of the interaction of the laser light with a biological
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system involve at least light, electromagnetic, and tempera-
ture effects (Abdelgaphar and Tuleukhanov, 2013; Chen
et al., 2005a; 2005b).

Each event that takes place in a living system is linked
with production or absorption of heat, which leads to tem-
perature changes in the system. Therefore, the pre-sowing
seed treatment by laser irradiation is also related to temper-
ature changes (Jamil et al., 2013), which are supposed to be
small (Abdelgaphar and Tuleukhanov, 2013). However, it
is important to know the temperature variation in the seeds
that have been irradiated with a laser beam because this
could have substantial practical and theoretical importance.
The variations of temperature will be a function of the seed
characteristics, as well as the exposure time to the laser beam
(Hernandez et al., 2010). The exposure times to red laser
irradiation (wavelength from 618 to 780 nm) have ranged
from milliseconds, seconds, minutes to hours using several
lasers (Aladjadjiyan, 2012; Hoseini et al., 2013; Khalifa and
Ghandoor, 2011; Metwally et al., 2013; Mohammadi et al.,
2012; Podlesny et al., 2012). Therefore, the objective of the
present study was to determine the evolution of the tempe-
rature in maize seeds (Zea mays L.) when LILI was applied
during 60 s and after 60 s of laser off, evaluating the tem-
perature variation by using a thermal camera. Untreated
seeds (I) and black-dyed seeds (II) were used in this inves-
tigation for two maize seed genotypes (‘Cacahuazintle’
and ‘Toluquefio’: floury and crystalline, respectively). In
addition, measurements were performed by photoacous-
tic spectroscopy (PAS) to determine the optical absorption
coefficient (f) and the non-radiative relaxation time for the
studied maize seeds, under the hypothesis that LILI pro-
duces temperature variations in maize seeds, which can be
detected by an infrared camera, where these thermal
changes vary depending on the seed optical absorption
coefficient. At a higher seed optical absorption coefficient,
higher warming at the seed surface is obtained.

Some authors have found that it is possible to increase
the effect of laser irradiation by the use of photosensitiz-
ers as artificial dyes (Ouf and Abdel-Hady, 1999); in this
sense, the present study is focused on identifying thermal
changes that occur in the untreated and dyed seeds when
they are irradiated with laser light. The seed industry uses
agrochemicals, such as: artificial dyes, fungicides, fertili-
zers, etc. Thus, an increase of the knowledge concerning
the explanation of mechanism of laser light effect on crop
seeds; this could have practical relevance for a future appli-
cation of the methods of laser stimulation in the agricultural
sector of developing countries and prevent damage to the
environment and human health.

MATERIALS AND METHODS

In the present research, two varieties of maize seeds
were studied, which were provided by the Mexican Institute
of Genetic for the Seed Quality Control. The studied seed
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varieties were ‘Toluquefio’ and ‘Cacahuazintle’: crystalline
(V,.) and floury (V,,), respectively, which were grown dur-
ing the agricultural cycle spring-summer 2011 in Valles
Altos, Mexico, and prior to the study the seed lot was stand-
ardized in size and colour. The thicknesses of six seeds of
each variety were measured by using a Vernier instrument
and their average values were 3.78+0.21 and 4.13+0.18 mm
for the V| .and V,, varieties, respectively. The seed varieties
had different pigmentation (different shade of white). Seeds
of each variety were randomly selected to determine their
optical absorption spectra and the non-radiative relaxation
time of the seeds using photoacoustic spectroscopy (PAS).
Subsequently, twelve seeds were selected from each va-
riety: crystalline and floury. Six seeds of each variety were
dyed black (¥, ., and V,, ) and six seeds were in their natu-
ral colour (V. and V,, ) in order to identify temperature
changes from the obtained thermal images of each variety
of seeds in the two conditions, natural (N) and dyed black
(D), by the thermal camera.

The thermography instrumentation used to obtain ther-
mal images of the seed samples from which the temperature
measurement were obtained consisted of an IR camera and
a laser with a time control. Thermal images of seeds were
taken with the IR camera (i5; FLIR Systems Wilsonville,
OR, USA) with lens f= 6.8 mm. The thermal images were
obtained during the seed laser irradiation for one minute,
every 3.75 s. Also, thermal images were obtained after the
laser was turned off, during 1 min, each 3.75 s. The pow-
er of the red laser source (650 nm) used in this study was
27.4 mW. The energy during seed exposure was calculat-
ed according to the equation: Exposed energy in Joules =
power (mW) X time (s), according Khalifa and Ghandoor
(2011); E =P x t = 1.64 Joules. The distance between the
laser and the maize seed samples was 0.13 m. The seeds
were placed in a fixed manner on a side opposite to the
embryo and suspended in air (only supported side by a heat
dissipater). 204 images for each condition of the seeds
of each variety (V| .., Vo> Varr @nd V) were obtained
ie a total of 816 thermal images. Temperature reading
was taken from each thermal image at the point where the
laser light impinges (the highest temperature value on the
sample). The thermal radiation from the seed samples was
measured under controlled conditions at a temperature 7,=
T_, , placing the instrumentation in a box made with insu-
lationg material.

The optical absorption spectra were obtained by pho-
toacoustic spectroscopy (PAS), according to Hernandez et
al. (2011). The studied seeds were randomly selected from
each variety and each condition and were placed in the
Photoacoustic (PA) cell. The optical absorption spectra were
obtained in the wavelength range from 325 to 700 nm. The
cylindrical PA cell dimensions were 9 and 16 mm of height
and diameter, respectively. The PA signal was pre-ampli-
fied before feed the input signal of the lock-in amplifier.
The optical absorption coefficient () was determined from
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Table 1. Comparison of mean physical parameters of the studied varieties of maize seeds
. Productive o Length Width Thickness us T
Variety cycle Description (mm) (mm) (mm) al (mm) (ms)
“Toluquefia’ 2012 Crystalline 12.08 £0.38 6.80+0.17 3.78 +0.21 41.64 91x 103 41.14
‘Cacahuazintle’ 2012 Floury 10.05+0.20 8.85+0.36 4.13+0.18 45.50 91x 103 33.90

the PA signal amplitude using the equation proposed by
Poulet et al. (1980) after verification that the sample was
thermally thick ie a [ >>1, with a_= (nf/a)'* = u ', where
a and [ are the sample thermal diffusivity and thickness,
respectively, and ps is the thermal diffusion length. o =4.44
x10?% cm? s according to Hernandez et al. (2009) and
/=17 Hz. Having verified the necessary condition for ther-
mally thick samples (¢ / >>1, Table 1), the optical absorption
coefficient value (f) was calculated and from this value the
optical penetration length (l =1/p) was obtained. The [
value for each sample corresponds to the average thlckness
of each genotype and condition. At a wavelength of 650
nm, the PA signal amplitude and phase as a function of the
light modulation frequency was obtained from 12 to 30 Hz.
From these data and using the thermal diffusion model of
Rosencwaig and Gersho (R and G), it is possible to obtain
the non-radiative relaxation time (z), for the case of ther-
mally thick and optically transparent samples (which is the
case of the present study). In this case, the PA signal ampli-
tude varies as f~ 'and the PA signal phase as a function of the
light modulation frequency behaves according to Baesso
et al. (1989), equation:

where: w=27f is the angular frequency and 7, = 1/f’c_is

)
the thermal diffusion time. The first term in the equation

0= 3777 + tan”' (wr) — tan™

1 B

1+ Qaor,)?

corresponds to the nonradiative relaxation contribution,
whereas the second one is the contribution from the thermal
diffusion within the optical absorption length.

RESULTS

Both varieties of maize: ‘Cacahuazintle’ and ‘Toluquena’
were thermally thick; also, it is possible to observe that the
physical characteristics of the studied varieties (V| .and V)
showed statistically significant differences in their physi-
cal parameters (Table 1). The comparison of the means of
temperature measurements for the crystalline and floury
seeds under the natural colour and black-dyed conditions
obtained by thermal camera was conducted in two phases:
a) during exposure to the laser light and b) after the laser
light off (at the temperature decay stage).

As can be seen (Table 2), for the seeds in their natu-
ral colour (undyed, V., and V), from time ¢, to time

1CN 2FN/?
t,; (during the seed exposure to laser light), it was possi-

ble to observe significant statistical differences (p < 0.05)
between changes in temperature measured in the crystalline
and floury seeds (V. and V, ), (Table 2). The floury seeds
(V) (row b) exhibited the highest variation in tempera-
ture when both seeds (crystalline and floury) in their natural
colour are compared, having a variation with respect to
their initial temperature of 0.75°C. In the period of tem-
perature decay (turning off the laser light), it was possible
to observe that there were no statistically significant chan-
ges between the evaluated seeds (Table 2). It is possible to
observe (Fig. 1a) the temperature measured as a function of
time for the crystalline and floury seeds during the expo-
sure to laser light with a laser turned on and after the laser
light was turned off. The temperature was evaluated every
375 s (ty 1), 1, 8 t,;) taking thermal imaging for both
periods (turning on and off the laser light) and obtaining
the temperature from these images. It is possible to observe
that from the time t, the floury seed variety showed higher
temperature compared with the crystalline seed variety dur-
ing the laser light exposure (60 s). When the laser was off,
it was possible to observe that the temperature decreased
more rapidly in the floury seed variety than in the crystal-
line seed variety.

For the black-dyed seeds, there were statistically
significant differences (p < 0.05) from time ¢ to
time 7, (during the exposure of the seeds to the laser
light) in the temperatures measured by the infrared
camera for the crystalline (‘Toluquefia’) and floury
(‘Cacahuazintle’) seeds, (Table 2 continuation). It is
possible observe that the ‘Cacahuazintle’ seed va-
riety (V,,,) had the highest temperature variation (A7) of
9.28°C, with respect to the initial temperature 7|, attained
at 60 s of exposure to laser light, where the temperature of
the floury seed variety reached the value of T, =32.8°C,
having an increment A7 of 40.34% with respect to its initial
temperature 7. On the other hand, the temperature changes
obtained of the black dyed seed varieties, during the tem-
perature decay, can be observed in Fig. 2b. For the black
dyed seeds, there were statistically significant differences
(p = 0.05) from time ¢, to time ¢, (laser off) in the tempera-
tures obtained for the crystalline (‘Toluquefa’) and floury
(‘Cacahuazintle’) seeds. It is possible to observe that the
obtained temperature of the ‘Cacahuazintle’ seed variety
decays more rapidly when compared with the evolution of
temperature of the ‘Toluquefia’ seed variety (Fig. 1b), from
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Fig. 1. Evolution and decay of temperature: a — maize seed in its natural colour (undyed) and b — dyed maize seeds (black dyed).
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Fig. 2. Optical absorption coefficient () and optical penetration
length (/ ) as a function of the wavelength for the V| .and V. seed
samples. The horizontal dashed lines represent the sample thick-
ness (/).
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these dates it was observed that after 10 s the temperature
of seeds ‘Cacahuazintle’ variety decreased by about 5°C,
and ‘Toluqueiia’ variety by about 2.5°C.

It is possible to observe the § and /, obtained as a func-
tion of the wavelength (Fig. 2). The sample average
thickness (/) for each variety is denoted in this figure
by horizontal dashed lines for both ‘Toluquefia’ (/ .) and
‘Cacahuazintle’ (/) seed varieties. It can be observed that
/3 decreases with the increasing wavelength, and conversely
the /, increases with the increase of wavelength. It is pos-
sible to observe that maize seeds V,.and V,,, at the 650 nm
wavelength, are optically transparent and optically opaque,
respectively, which means that for the case of the sample
optically opaque (/ ,3<ls) (Fig. 2). Also, the thermal diffusion
length (u) is shorter than the optical penetration length in
both cases (V,.and V), ie u < lﬂ (Table 1). The l, obtained
(right side axis) is shown as a function of wavelength. For
the V. and V,_ seeds in the 325 to 615 and 325 to 670 nm
ranges, the samples are optically opaque, respectively. For

A

7=41.14ms

Fd
X

7=33.90 ms

Photoacoustic signal — phase (rad)
o
8
1

L Xy ”
-0.82 Ko - TR o
7=41.00 ms
T T T T T T T T

12 14 16 18 20 22 24 26 28 30
Frequency (Hz)

Fig. 3. a — Photoacoustic signal as function of frequency for crystalline and floury seeds in two conditions: natural and dyed, b — non
radiative-relaxation times (thermal relaxation time) for crystalline and floury seeds: natural and dyed.
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wavelengths higher than 615 and 670 nm, the seeds are
optically transparent for the crystalline and floury seeds,
respectively.

Figure 3 shows the behaviour of the amplitude and
phase of the photoacoustic signal obtained by PAS at the
650 nm wavelength. Among the seeds evaluated, the floury
black-dyed seed variety had a higher photoacoustic signal.
From these data, the non-radiative relaxation time (7) was
obtained, which were 41.14 and 33.90 ms for the seeds
without colouring for the crystalline and floury seed varie-
ties, respectively. In the case of the dyed seeds, the 7 values
were 36.94 and 41 ms for the crystalline and floury varie-
ties, respectively.

On the other hand, Fig. 4 shows the thermal images of
the crystalline and floury maize seeds. There are eight co-
lumns; the first column refers to the seed optical images, the
second column shows the thermal image before starting the
irradiation process, the third, fourth, and fifth columns show
thermal images during the irradiation process (at 15, 33.75,
and 48.75 s), and the sixth to the ninth columns show the
thermal images after the irradiation process (at 7.5, 26.25,
45, and 60 s). The thermal image of the crystalline seeds
(see row a) compared with the thermal images of the floury
seeds (see row b) provides a difference due to differences
in heating of the seeds by the laser light, being observed
that the floury seeds show higher temperature with respect
to the crystalline seeds. Also, the red and white colours
denote the higher temperatures. Similarly, when the floury
and crystalline dye seeds are compared (see rows ¢ and d),
the dyed floury seeds had a higher temperature change. The
red and white colours mean that there was more heating in

0seg.

Specimen 15 33.75

Excitation state
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the place of LILI. These images imply that in both seeds in
their natural and coloured condition, the floury seed variety
had a higher temperature increment.

DISCUSSION

In the present investigation, we have studied the effects
of low intensity laser irradiation applied during one minute
on maize (Zea mays L.) seeds of two genotypes (crystalline
and floury) evaluating the temperature changes measured
by a thermal camera. From the results it can be said that,
it is possible to observe temperature changes in crystalline
and floury seeds with laser light at 650 nm and 27.4 mW
and to quantify them using an infrared camera. For seeds in
their natural state (¥, and V), the temperature changes
were from 0.58 to 0.76°C for the crystalline and floury
seeds, respectively, at a time of irradiation exposition ¢,
= 60 s. For the dyed seeds (V| and V, ), the tempera-
ture changes were higher with respect to V., and V.
and reached 5.56 and 9.28°C for the crystalline and floury
seeds, respectively. The floury seed variety (V. V,.,)

had a higher temperature change in the natural and dyed
condition.

In this research, it was also found that among the seeds
in their natural colour condition, the floury seed variety
(V) had a higher § value, lower optical penetration length
[ » at A =650 nm, and lower 7, compared with the crystalli-
ne seed variety (V). In the floury seed / <l allowing that
the incident laser light energy is absorbed into the seed. In
the crystalline seed variety V., />, so that the incident
energy of the laser light, is absorbed within the crystalline
seed in less proportion with respect to the absorbed for the
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floury seed. Moreover, the crystalline seed variety diffuses
the heat better, because the molecules are better organized
(less amorphous) (Da Silva ef al., 1993) and the heat flows
better; therefore, at the surface the temperature is lower. The
floury seeds diffuse the heat into the seed with more diffi-
culty; therefore, the increase in the temperature is higher at
the surface. In this way, the increase in the temperature is
higher at the surface of the floury seeds. This was reported
by Da Silva et al. (1993), who found that the values of ther-
mal diffusivity and conductivity are higher the in popcorn
pericarp (crystalline seed) than in non-crystalline seeds.

Therefore, ithas been demonstrated in this research using
thermal images that crystalline and floury seeds diffuse the
heat in different ways; and thus temperature changes pro-
duced by the laser light and received by the infrared camera
are different. Where, higher temperature changes occurred
when the crystalline and floury seeds were dyed black, in
which case the temperature was increased by 9.28°C above
the initial temperature of the floury seeds after one minute.

Photosensitizers, such as dyes, have been reported to
enhance the laser effect as biostimulators (Ouf and Abdel-
Hady, 1999; Hernandez et al., 2006; 2008; 2010). It was
interesting to study the role of laser irradiation in the tem-
perature changes of maize seeds in two conditions, natural
and pretreated with a black dye, and to find that seed co-
loration modified the temperature changes in seeds exposed
to the LILI.

Ouf and Abdel-Hady (1999) found that the effect of
pretreating the soybean seeds with different dyes (methyl
red, crystal violet, and methylene blue) caused a more pro-
nounced effect of laser light on germination when compared
with non-irradiated seeds. Also, when the laser was used
to reduce the fungal contamination of the soybean seeds,
particularly when the seeds were pretreated with dyes, the
methylene blue was the most effective dye in enhancing the
fungicidal effect of laser irradiation.

Other studies where seeds were photosensitized before
laser irradiation have been reported. For example, pre-irra-
diation use of red methyl as a dye was found to increase
significantly the seedling emergence rate, seedling dry
weight, and field emergence, where the highest positive
responses were found for the 30- and 60-s laser irradiations
and laser intensities of 3.2 and 20 mW cm?, respectively
(Hernandez et al., 2006). Other studies on the same seeds
with similar irradiation parameters reported minor effects
on the variables of vigour (emergency, dry weight, and
emergence velocity), when the seeds were irradiated in their
natural colour (without dyed) (Hernandez et al., 2007).

The change of colour modifies seed light absorption as
well as the temperature changes produced therein to be irra-
diated by low intensity laser light, as demonstrated in this
investigation. Also in the present study, it has been found
that changes in the seed colour increase the temperature
changes, which are higher in the floury seeds, because they
are less able to diffuse heat.

A.C. HERNANDEZ et al.

It could be said that the crystalline and floury seeds,
given their optical and thermal properties, have a different
way of absorbing the energy of the laser light and therefore
increase their internal energy differently; consequently,
the biochemical and physiological metabolic processes of
seeds pre-treated with dyes could change their response to
the applied laser light effect. Differences in light absorp-
tion and changes in temperature may be associated with
the different effects produced by laser irradiation applied
pre-sowing. Hernandez et al. (2009) reported positive, ne-
gative, and zero effects when applying the same parame-
ters of laser irradiation in different seed genotypes. In the
present investigation, it has been found that there is a ther-
mal component associated with the mechanisms of laser
biostimulation, which is a function of the seed characte-
ristics and their chromophores as absorbing centres, which
are modified to dye the seed with artificial colouring. Some
authors mention that the local transient rise in temperature
of absorbing biomolecules may cause structural changes
and trigger biochemical activity such as activation or inhi-
bition of enzymes (Rassam, 2010). Future research could
be performed using different photosensitizers to increase
the laser effects for biostimulation in agricultural seeds.

CONCLUSIONS

1. In this research, it has been found that 60-s irradia-
tion with laser light (at a 650 nm wavelength and 27.4 mW
power) produces temperature changes in crystalline and
floury seeds and these changes can be quantified by using
an infrared camera. Comparing the mean temperature of
the black dyed seeds (crystalline and floury) at various
times during and after the incidence of laser light, it was
found that there were statistically significant differences
(p <£0.05) from time ¢,=3.75 to time ¢, = 60 s. The floury
seed variety had the highest temperature variation with
respect to the initial temperature (during the irradiation
laser exposition). In terms of the rate of temperature decay,
it was found that the temperature of the crystalline seed
variety decays more rapidly, compared with the evolution
of temperature of the floury seed variety.

2. Comparing the means of temperature for crystal-
line and floury seeds under the natural colour condition
obtained with thermal camera, it was found that from
time ¢=7.5 to time ¢,=60 s (during seed exposure
to laser light), there were significant statistical differen-
ces (p < 0.05) between the changes in temperature mea-
sured in the crystalline and floury seeds. The floury
seeds exhibited higher variation in temperature, when
both seeds are compared. In the period of the tempe-
rature decay, no statistically significant changes were
shown between the evaluated seeds.

3. It was also found that among the seeds in their na-
tural colour condition, the floury seed variety had higher op-
tical absorption coefficient value, lower optical penetration
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length, at A = 650 nm, higher photoacoustic signal, and
lower non-radiative relaxation time, compared with the
crystalline seed variety.

4. In the present investigation, it has been shown that
there is a thermal component associated with the mecha-
nisms of laser biostimulation, which is a function of the seed
characteristics, their chromophores as absorbing centres,
which are modified to dye the seed with artificial colouring.
In this way, the effects of laser treatment on maize seeds
involve at least a temperature effect. It is important to know
the temperature changes in the seeds that have been irra-
diated with a laser beam because this could have substantial
practical and theoretical importance.
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