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ABSTRACT 

We observed optical sum frequency generation (SFG) images of cross-sections of glutinous rice grains, in order to test a 
possibility of the SFG microscopy as a tool for monitoring polysaccharide species in rice grains. The SFG response in 
the CH vibration range was the most intense in the crush cell layer at the edge of the endosperm adjacent to the embryo 
probably due to optical reflection and scattering effect by the rugged dielectric structure of the crush cell layer. The 
SFG spectra as a function of the infrared wavelength depended on the measurement position in the endosperm. The 
SFG results were compared with those by Raman and infrared spectroscopies for the same samples. 
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1. Introduction 

Vibrational spectroscopy is a useful tool for characteriz- 
ing biomaterials. The most frequently used are infrared (IR) 
absorption and Raman spectroscopies, and they give dif- 
ferent information from each other because of their dif- 
ferent symmetry selection rules [1-4]. Second-order non- 
linear optical response has been also proposed as a viable 
tool for analyzing biological samples. By optical second 
harmonic generation (SHG) microscopy one gets images 
of non-centrosymmetric parts in biological samples with- 
out their pretreatment and damage [5,6]. By optical sum 
frequency generation (SFG) spectroscopy one can gener- 
ally distinguish between different biomaterial species. 

In this study we analyze SFG from the endosperm of 
glutinous rice grains in the CH vibrational range in order 
to check if the SFG can be a tool for observing the poly- 
saccharide distribution in them. In a SFG phenomenon 
two light beams with different photon energies 1  and 

2  irradiate the medium and another beam with their 
sum photon energy 1 2    is emitted. SFG occurs 
in a medium without inversion symmetry and it detects 
chirality in the bulk medium. By using the resonance 
characteristics of one IR beam with photon energy 2  
to molecular vibrations in the medium, one can distin- 
guish between different molecular species. An optical 
sum frequency microscopic image is obtained by map- 
ping the distribution of the molecular vibration. 

The demonstration of the SFG microscopy was per- 

formed for the first time by Flörsheimer and his cowork- 
ers for Langmuir-Blodget films in 1999 [7]. Only a few 
number of SFG image observations of living organisms 
have been done afterwards. As for a botanical system, 
Miyauchi and his coworkers were the first to carry out 
the SFG microscopy [8]. Their sample was a water plant 
Charafibrosa. Inoue and his coworkers reported an SFG 
microscopy observation of an onion root cell [9]. In order 
to develop the application range of this microscopy, we 
further attempted to monitor the polysaccharide distribu- 
tion in the cross-sections of rice grains in this study. 

Our another trigger for observing rice grains was the 
fact that we observed intense SHG and SFG from starch 
from living Chara in our previous studies [8,10]. The 
structure of α-D-glucopyranose constituting the polysac- 
charides in rice has chirality and lacks inversion symme- 
try. In the starch crystalline domains, amylopectin chains 
have orderly structures and have intense SHG and SFG 
response [8]. Starch consists of amylopectin and amylose. 
The starch of non-glutinous rice consists of 80% amy- 
lopectin and 20% amylose, while that of the glutinous 
rice is almost 100% amylopectin [11]. Miyauchi and his 
coworkers proposed that SFG in Chara originates from 
amylopectin [8]. Zhuo and his coworkers [6] proved 
SHG occurs in amylopectin in rice. We chose glutinous 
rice as our sample, since stronger SFG is expected from 
it than from non-glutinous rice. 

Monitoring the distribution of polysaccharides in rice 
grains during their growth should be a very important 
research topic in order to improve the breed of rice. After *Corresponding author. 
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the rice flower gets fertilized, the endosperm nucleus in 
the ovary grows into a full endosperm and then the rice 
ear grows. Enzymes make small polysaccharide clusters 
grow into groups of amylopectin and amylose and then 
starch granules. Here it is a hot research topic to control 
the functions of the relevant enzymes using biotechnol- 
ogy and produce various kinds of useful starches [12,13]. 
Understanding the growth or digestion process of starch 
in the growing or germinating ovary can contribute to the 
controlling technology of the starch structure and the 
breed improvement of rice against cold or bad environ- 
ment. SFG response is sensitive to the higher order 
structure of polysaccharide [8,9], so the attempt to ana- 
lyze rice grains by SFG microscopy can be a good step to 
contribute to rice science and technology. 

The purpose of this study is to check the capability of 
the SFG microscopy of observing the distribution of den- 
sity and compositions of polysaccharides in the cross 
sections of glutinous rice grains. From this viewpoint we 
have also performed Raman and IR spectroscopies of the 
same samples, in order to check the difference between 
the information provided by SFG and these other vibra- 
tional spectroscopies. As a future potential topic of re- 
search we are also interested in studying the transforma- 
tion of starch in their growth and digestion. 

2. Materials and Methods 

Figure 1 shows the setup of the optical sum frequency 
generation confocal microscope [14]. As a visible light 
source of wavelength 532 nm (photon energy 2.33 eV) 
we used a doubled frequency output from a mode-locked 
cavity-dumped Nd3+: YAG laser operating at a repetition 
rate of 10 Hz. As a light source of wavelength-tunable IR 
light we used an output with wavelength ~3.4 µm (wave 
number ~2950 cm–1) from an optical parametric genera- 
tor and amplifier system (OPG/OPA) driven by the same 
Nd3+: YAG laser. In the following we use eV and cm–1 
units to indicate the photon energy of the visible light 
and the wave number of the IR light, respectively. The 
band width of the IR light was narrower than 6 cm–1. The 
visible light of photon energy 2.33 eV passed through a 

 

 

Figure 1. Optical setup for the sum frequency generation 
(SFG) confocal microscopy. 

dichroic mirror (DCM: Semrock, FF506-Di02) with trans- 
mission of ~95%. It was then focused on the sample with 
20 X objective lens (numerical aperture = 0.45) in a com- 
mercial microscope (Nikon Eclipse: LV100D) in the im- 
aging optics. The spot size of the 2.33 eV beam on the 
rice sample was ~1 μm. The IR beam was focused on the 
sample with a CaF2 lens with a focal length of 200 mm 
with the spot sizes on the sample of 50 - 100 μm. The 
pulse energies of the visible and IR beams at the sample 
surface were <1 and 30 μJ/pulse, and their incident an- 
gles were 0˚ and 50˚, respectively. The illumination of 
the sample by the visible and the IR beams were adjusted 
to be spatially and temporarily coincident with each other 
by using mirrors and a delay line. We used a red diode 
laser beam propagating collinearly with the IR laser beam 
to optimize the overlap of the visible and IR beam spots 
on the sample with the naked eyes. 

The SFG light from the sample was collected by the 
objective lens and a tube lens of focal length f = 200 mm 
in the microscope optics. It was made into a parallel 
beam with a lens of f = 200 mm and propagated back on 
the same optical path as the incident beam. It was then 
reflected by the DCM, passed through band pass filters, a 
lens with focal length f = 100 mm, and a pinhole with 
diameter 1 or 2 mm, and finally detected by a photomulti- 
plier. The spatial resolution of the system was 2 μm. The 
IR pulse energies were monitored by a photodiode and 
was used to normalize the SFG intensity. 

The scanning range of the x-y sample stage was 100 × 
100 μm2. The moving steps of the piezo stages were 1 
μm in all the directions. Manual x-y stages were put un- 
der the piezo stages in order to extend the scanning range. 
All the measurements were performed in air at room 
temperature of 24˚C. 

For FT-IR measurement of the rice endosperm we 
used a Perkin-Elmer FT-IR microscope system AutoI- 
MAGETM/SpectrumTM 100. The measurement was per- 
formed in the attenuated total reflection (ATR) configu- 
ration. The aperture size was 50 × 50 μm2 on the sample, 
the spectral range was from 750 to 4000 cm–1, and the 
energy resolution was 2 cm–1. The distortion of the spec- 
tral shape due to the ATR configuration was not cor- 
rected for. 

Room temperature Raman scattering measurements 
were performed in 180 degree backscattering geometry 
by using a Horiba-Jobin Yvon Ramanor T64000 triple 
monochromator with 1800 gr/mm grating equipped with 
a CCD detector. The excitation source was the 514.5 nm 
emission from an Ar+ laser with the power of 1 mW. The 
spatial resolution of the measurement was 1 μm. The 
Stokes shift range was from 750 to 3800 cm–1. The en- 
ergy resolution was 1.5 cm–1 between 750 cm–1 and 2008 
cm–1, and 0.5 cm–1 between 2008 cm–1and 3800 cm–1. 

The kernels of the glutinous rice Oryzaglutinosa cv. 
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Shintaishomochi were harvested in the year 2009 and 
were kept in a dry box at room temperature. By carefully 
cutting the kernels with a thin blade cutter, flat cross sec- 
tion specimens were prepared. 

3. Results and Discussion 

The photograph in Figure 2 shows a cross section of a 
grain of Oryzaglutinosa cv. Shintaishomochi. We see a 
wide milky-colored area called an endosperm to the left 
side and a smaller brown area called an embryo to the 
right side. A plumule and a radical are seen in the em- 
bryo. A brighter white zone is seen on the boundary be- 
tween the endosperm and the embryo. It is a part of the 
endosperm and is called a crush cell layer. In this crush 
cell layer the structure is porous, and water tends to soak 
and spread efficiently and the neighboring starch is di- 
gested through hydrolysis [15]. During germination the 
starch is digested in the endosperm and supplies the em- 
bryo with nutrition through the crush cell layer.  

Figure 3(a) shows a magnified photograph of the area 
in the black rectangular frame in Figure 2. We see ex- 
panded images of the endosperm to the left and the em- 
bryo to the right. In the center we see the crush cell layer 
as a bright curved zone of width about 50 μm. Figure 
3(b) is a SFG image of the same area as Figure 3(a) with 
the IR wave number of 2924 cm–1. In Figures 3(a) and 
(b) the center areas emit the strongest signal. Hence SFG 
occurs most strongly in the crush cell layer at the edge of 
the endosperm. SFG from the endosperm to the left in 
Figure 3(b) is stronger than that from the embryo to the 
right. From the SFG intensity profile integrated in the 
vertical direction in the yellow frames drawn in Figure 
3(b), the average SFG intensity in the area I is calculated 
as 3.5 times stronger than that in the area II. 

The amyloplast containing starch granules in the en- 
dosperm is digested by enzymes, broken into pieces, and 
forms crush cell layer at the boundary between the en- 
dosperm and the embryo [11]. This crush cell layer scat- 
ters light strongly and is seen as the most white part in 
the cross section of the rice grain as seen in Figure 2 and 
Figure 3(a). SFG is also the strongest in this crush cell 
layer as seen in Figure 3(b). This correlation indicates 

 

 

Figure 2. Cross-section photograph of a grain of Oryzaglu-
tinosa cv. Shintaishomochi. 
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Figure 3. (a) Visible and (b) SFG images of a cross section 
of a glutinous rice grain around the crush cell layer between 
the endosperm (to the left) and the embryo (to the right). 
White dots represent light signals. The IR wave number for 
SFG was 2924 cm–1. The big spot indicated by an arrow in 
(b) is from an unknown particle unrelated to the glutinous 
rice grain. The measurement time of the SFG image was 
204 min; (c) SFG intensity profile as a function of the hori- 
zontal position in the area indicated by the yellow frames in 
(b). 
 
that the intense SFG in the crush cell layer is due to the 
intense random reflection of the fundamental light by the 
rugged dielectric structure in the crush cell layer. Strong 
bulk SFG light is generated by the reflected fundamental 
light, travels through the starch granules towards the ob-
jective lens, and is detected. A similar enhancement of 
reflected bulk SHG intensity by a discontinuous refrac-
tive index structure is reported for a thin GaAs crystalline 
slab [16]. 

In order to identify the material emitting the SFG light 
in the crush cell layer, we measured SFG spectrum in the 
CH and CH2 vibrational region of the crush cell layer as 
shown in Figure 4(a). We also measured SFG spectra at 
several positions in the endosperm as shown in Figure 
4(b) to (d). The sampling positions are shown in Figures 
2, and the sampling size was approximately 1 μm. We 
call the four sampling areas as (a) the crush cell layer (b) 
the endosperm near the crush cell layer (c) the center of 
the endosperm, and (d) the outer edge of the endosperm. 
The IR frequency was scanned in the CH stretching vi- 
bration range from 2750 to 3150 cm–1. Since SFG spectra 
had sample dependence, we performed measurements for 
5 samples and have obtained the average spectra in Fig- 
ure 4. 

Each of Figures 4(a) to (d) has two peaks at around 
2905 cm–1 and around 2970 cm–1, and one dip at 2950 
cm–1. In Figures 4(a) and (b) the two peaks are relatively 
strong compared to the background continuum signal, 
while in Figures 4(c) and (d) the two peaks have compa- 
rable intensity with the background. The SFG peak in- 
tensity at 2905 cm–1 relative to that of 2970 cm–1 in Fig- 
ure 4(a) is larger than that in (b). The SFG peak intensity 
at 2905 cm–1 in Figure 4(c) looks large, but this is rather 
due to the slope of the background. These results mean 
that either the molecular species or orientation of mole- 
cules in the endosperm are different between the crush 
cell layer and the other parts in the endosperm. 
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Figure 4. SFG spectra measured at four positions named (a) 
to (d) in Figure 2 in the endosperm of the glutinous rice grain. 

 
It is well-known that the endosperm contains a lot of 

starch. Starch consists of amylopectin and amylose. In glu- 
tinous rice the starch contains nearly 100% amylopectin 
[11]. In the endosperm of our samples the existence of 
the amylopectin was confirmed by iodo-starch reaction 
using iodine-aqueous solution. In order to interpret the 
spectra in Figure 4, we show the SFG spectrum of amy-
lopectin in Figure 5(a). The spectra in Figure 4 and that 
in Figure 5(a) resemble each other very much except for 
detailed differences. Therefore, amylopectin is the main 
ingredient in the material showing the SFG spectrum in 
Figure 4. Here we must note that SFG microscope is 
insensitive to amylose [8] and we have to use other meth- 
ods such as IR or Raman microcopy to detect amylose. 

As we already mentioned above, the peak at 2905 cm–1 
in Figure 4(a) is seen to be a little more prominent than 
in (b), (c), and (d), if the background slopes are consid- 
ered. This tendency is confirmed again later in Figure 6. 
One tentative interpretation of the feature of this SFG 
spectrum is obtained from a weighted average of the 
spectra of amylopectin in Figure 5(a) and glucose in (b) 
in the ratio of 15:100 as shown in Figure 5(c). Figure 
5(c) reproduces the feature of Figure 4(a) qualitatively.  

 

Figure 5. Optical sum frequency generation intensity of (a) 
amylopectin and (b) glucose and (c) their weighted average 
in the ratio of 15:100. 
 
In rice grains amylopectin is supposed to be digested into 
glucose by amylase for germination and this is expected 
to occur very much at the crush cell layer between the 
endosperm and the embryo. Thus relatively larger abun- 
dance of glucose at the crush cell layer is plausible. 
However, since there are many other candidate species of 
saccharides to be considered, more reliable interpretation 
is to be obtained after contribution of all the possible 
saccharide species are taken into account in future analy- 
ses. 

We have stated above that the intense white image of 
the crush cell layer between the endosperm and the em- 
bryo in the visible photograph in Figure 3(a) is due to 
the random back reflection of the incident light by struc- 
tures in the crush cell layer. This means that the intense 
SFG signal in the crush cell layer does not necessarily 
indicate the relative abundance of amylopectin in the 
boundary region. In order to find a quantitative distribu- 
tion of polysaccharide species in the crush cell layer, we 
need to obtain correction factors due to the optical reflec- 
tion effects by monitoring optical signals from some 
marker material doped in samples. 

Nevertheless, we may be able to have information on 
the relative abundance of materials from SFG intensity 
profiles. Figure 6 shows the SFG intensity profile for the 
IR wavenumber 2750 cm–1 and 2905 cm–1 as a function 
of the position on a straight line perpendicular to the 
crush cell layer between the endosperm and the embryo 
of one rice grain. The total areas of the two curves are 
normalized to the same value. For the two curves in Fig- 
ure 6 we can regard the linear optical correction factors  
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Figure 6. SFG signal intensity profile as a function of the 
position along a line perpendicular to the boundary be- 
tween the endosperm and the embryo. The integrated areas 
of the two curves are normalized to the same value. 
 
as similar to each other because all the experimental pa- 
rameters except the IR wave number are common. Thus 
the difference of the two curve shapes reflects the differ- 
ence of material distribution. In Figure 6 we can see that 
the SFG intensity at 2905 cm–1 is stronger in the part in 
the crush cell layer adjacent to the embryo. This fact sug- 
gests that the material generated by the digestion of amy- 
lopectin, presumably glucose, is accumulated in this area. 
Here we note that there is large sample and position de- 
pendence in the SFG intensity profile in the crush cell 
layers as we see it between Figures 3(c) and 6. Hence, 
the same position in the same rice grain must be ob-
served, in order to compare the SFG intensity profiles for 
different IR wave numbers. 

In order to check the difference between the informa- 
tion provided by SFG and by other vibrational spectro- 
scopies, we have performed Raman and IR spectro- 
scopies of the same samples. Figure 7(a) shows Raman 
scattering spectra of the endosperm and the crush cell 
layers on the cross section of a grain of Oryzaglutinosa 
cv. Shintaishomochi. The two areas show essentially the 
same Raman spectra in the whole spectral range. The 
broad background is a luminescence from the sample. 
We see peaks at 2910 cm–1, and there are many peaks in 
the finger print region between 800 cm–1 and 1500 cm–1. 
Figure 7(b) shows Fourier-transform infrared absorption 
(FT-IR) spectra of the two areas. The spectra do not show 
difference in the area near 3000 cm–1 but there are some 
differences in the range below 1800 cm–1. 

The Raman and IR spectra of starch have been re-
ported by Kizil et al. [17]. Our Raman spectrum in Fig-
ure 7(a) is consistent with their observation. Thus all the 
peaks seen in Figure 10(a) originate from starch in the 
sample. According to Kizil et al. many FT-IR peaks in 
Figure 7(b) are assigned to starch. The peak at 1654 
cm–1 observed at the endosperm is water adsorbed to the 
amorphous regions of starch. We see Amide I, II, and III  

 

Figure 7. Raman scattering and infrared absorption spectra 
of the endosperm (solid curves) and the crush cell layer 
(dotted curves) on the cross section of a glutinous rice grain. 
 
peaks at 1648 cm–1, 1548 cm–1, and 1242 cm–1, respec-
tively, in the ATR-IR spectra of the endosperm. In the 
crush cell layer we see Amide III peak. These Amide 
peaks should come from the protein ingredient in the rice 
grain. 

If we limit ourselves to the frequency range near 2900 
cm–1, the SFG spectra have more fine structures and thus 
are more sensitive to the difference of saccharide species 
in the endosperm of the glutinous rice than Raman or IR 
spectroscopy. In the IR spectrum the peak at 2920 cm–1 
can be assigned to both starch and protein. The IR spec- 
troscopy is sensitive to starch rather in the range from 
900 cm–1 to 1200 cm–1. The IR spectra in the range from 
1200 cm–1 to 1700 cm–1 can give information of protein. 
SFG and IR spectra together are expected to give the 
most useful information of the molecular species in rice 
grains. 

4. Conclusion 

We have observed images of cross sections of glutinous 
rice grain without germination with a confocal optical 
sum frequency generation microscope with a spatial reso- 
lution of 2 μm. SFG occurred most strongly in the crush 
cell layer at the edge of the endosperm. SFG from the 
endosperm was stronger than that from the embryo by 
3.5 times. The results demonstrated that either the mo-
lecular species or the orientation of molecules in the en-
dosperm are different between the crush cell layer and 
the other parts in the endosperm. 
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