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1. Introduction

The nonlinear optical effect, such as two-photon (Denk et al., 1990) and three-photon (Maiti
et al., 1997; Schrader et al., 1997; Wokosin et al., 1996) fluorescence significantly improved
the depth resolution and reduced the background noise. The nonlinear optical techniques
have been used to develop a new generation of optical microscopes with novel capabilities.
These new capabilities include the ability of using near-infrared light to induce absorption,
and hence fluorescence from fluorophores that are absorbed in the ultraviolet region. Other
capabilities of nonlinear microscopes include: improved spatial and temporal resolution
without the use of pinholes or slits for spatial filtering, improved signal strength, deeper
penetration into thick, highly scattering tissue and confinement of photo-bleaching to the
focal volume (Denk et al. 1990). The invention of nonlinear laser microscopy opened new
opportunity to noninvasively examine the structure and function of living cells or tissues
(Denk et al., 1990). Among different multiphoton implementations (Zipfel et al., 2003;
Zumbusch et al.,, 1999), second harmonic generation imaging (Roth and Freund 1980;
Freund et al., 1986; Campagnola et al., 2001; Yeh et al., 2002; Campagnola and Lowe, 2003;
Cox et al., 2003) is particularly suitable for investigating non-centrosymmetric structures.
Second harmonic generation (SHG) is a nonlinear optical process that occurs only at the
focal point of alaser beam (Shen, 1989). SHG is not much younger than laser, but the
application of such a weak process to the imaging of cellular structures and functions is
quite new and notable (Campagnola and Loew., 2003). Advancement in mode-locked laser
(instead of a continuous wave, mode-locked laser emits short pulses in the range of ns to fs)
makes SHG imaging of cells possible since one do not need such a high intensity which in
fact cooks the cells right a way. Using chiral chromophores, chiral SHG imaging can be
applied to otherwise impossible symmetric structures (Yan et al., 2006). Second harmonic
imaging microscopy (SHIM) is based on nonlinear optical effect known as second harmonic
generation. A laser scanning microscope using second harmonic generation as a probe is
shown to produce high-resolution images of transparent biological specimens. SHIM has
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234 Laser Scanning, Theory and Applications

been established as a viable microscope imaging contrast mechanism for visualization of cell
and tissue structure and function. A second harmonic microscope obtains contrasts from
variations in a specimen’s ability to generate second harmonic light from the incident light,
whereas a conventional optical microscope obtains its contrast by detecting variations in
optical density, path length, or refractive index of the specimen. SHG requires intense laser
light passing through a material with a non-centrosymmetric molecular structure. Second
harmonic light emerging from an SHG material is exactly half the wavelength (frequency
doubled) of the light entering the material. The two-photon-excited fluorescence (TPEF) is
also a two photon process. The TPEF loses some energy during the relaxation of the excited
state, while SHG is energy conserving.

In the two photon absorption (Figure 1a) a fluorophore is simultaneously excited from the
ground state through a virtual state to either the first or second excited state. In case if the
fluorophore is excited to the second excited state a rapid nonradiative decay to the first
excited state generally results in the same emission independent of excitation mode. The
excitation of the fluorescent molecules occurs because of the nonlinear response of the
molecules to the electric filed. It is common to assume that the effective excitation profile is
simply given by the square of the (Gaussian-Lorentzian) laser beam focused by the
objective. Two-photo excitation fluorescence is a four level resonant process involving
effectively simultaneous absorption of two low energy photons via a virtual state to cause
electronic excitation to a real excited molecular vibronic state followed by fluorescent
emission. This emission will have an angular distribution determined by the molecular
configuration and a fluorescence decay time determined by the electronic upper state
lifetime (Figure 1a). The emitted photon has a wavelength slightly greater than the half
wavelength of the excited source. For centrosymmetric or randomly-oriented fluorophores,
the emission is isotropic. The fluorescence decay time is in the order of picoseconds or
longer. Hence, fluorescence is incoherent.

Let us start the discussions with an overview of the nonlinear optical process from the point
of view of physics, in general the nonlinear polarization can be written as;

where P is the induced polarization. y™is the nth order nonlinear susceptibility, and E is

the electric field vector. The first term describes the normal absorption and reflection of the
light, the second term is the second harmonic generation (SHG) and the third one is third
harmonic generation (THG). The SHG is of primarily electronic origin and is a non-resonant
process. In the SHG two photons of the same wavelength coalesce to a virtual state within
the specimen to form a single photon of energy exactly twice that of the incident photons
(Figure 1b). The SH photon is generated almost instantaneously (within a few fs) so that the
SH signal is coherent.

It is well known that the SHG does not arise from an absorptive process; the intense laser
field induces a nonlinear polarization in a molecule(s) resulting in the production of a
coherent wave which is twice times the incident frequency. The magnitude of the SHG wave
can be enhanced when the energy of the SH signal overlaps with an electronic absorption
band (Heinz et al., 1982). Let us go back to eq. 1, we will find that the SHG can result from
both non-centrosymmetric environment and electric quadrupole interaction from samples
with a large change in optical dielectric constant between the interfacial regions. This
interaction will give rise to the SHG signal from centrosymmetric regions, but this
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Resonance enhanced SHG.

contribution is very weak in comparison with the interfacial components. So the SHG will
form the basis of a high resolution nonlinear optical imaging that possesses all of the
benefits of multiphoton excited fluorescence microscopy. Resulting in reduction of the
photo-bleaching and photo-toxicity, moreover using mode-locked laser infrared wavelength
also will reduces the photo-bleaching and photo-toxicity.

The multi-functional technique enables us to see the true architecture of the specimen which
doesn’t produce auto-fluorescence. In order to acquire fluorescence imaging for these
samples one needs to stain those with fluorescence dyes in order to acquire images
representing the true architecture of the specimen. Sometimes the staining harm the living
tissue (some of these dyes are toxic) so for such sensitive tissues one prefers to use the SH
imaging. Moreover, it is well known that during an investigation of new samples and
acquiring fluorescence images, looking in very details at the true architecture of the
specimen is required to exposure it to the laser beam more than the well-known sample. The
sample will undergo photo-bleaching and photo-damage, because there is a certain limit for
the laser power and the time of exposure the sample to the laser beam. While the SH
imaging process does not undergo photo-bleaching and photo-damage because of being a
coherent process, which occurs within a few femtoseconds, and is known to leave no energy
deposition to the interacted matters due to their virtual energy conservation characteristic, it
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is an advantage of the SH imaging when one needs to work with sensitive samples. Thereby
one can investigate the true architecture of the sensitive samples and the new samples. Then
one can move only the filter cube (Beamspliter cubes, see Fig. 2a) in order to acquire
fluorescence images after well investigation of the true architecture of the sample. The other
advantage of SHG is the ability of imaging highly ordered structural proteins without any
exogenous labels (Campagnola et al. 2001). The SHG is an intrinsic process, imaging of
intrinsic compounds avoids the complications of slicing and labeling, and samples can be
investigated under physiological conditions.

Advances in the developments of second harmonic generation microscopy have provided
researchers with novel means by which non-invasive visualization of non-biological and
biological specimens can be achieved with high penetration and high spatial resolution. The
emitted SHG photon energy is the same as the total absorbed excitation photon energy
which provides the optical non-invasive nature desirable for microscopy applications (Gao
et al. 2006). The inhomogeneity inherent to most biological specimen, and in particular, the
internal structure of various cells, leads to generate high quality SHG images without any
preconditioning such as labeling or staining that might induce undesirable effects in the
living cell (Reshak, 2009). Historically, resolution in fluorescence optical microscopy has
been limited by the Rayleigh criterion. The Rayleigh criterion states that two images are just
resolved when the principal maximum (of the Fraunhofer diffraction pattern) coincides with
the first minimum of the other (Born and Wolf, 1980). Techniques with better resolution
than the Rayleigh criterion have recently been established, among which is harmonic
excitation light microscopy (Frohn et al., 2000).

Second harmonic generation microscopy is a newly emerging microscopic method. Both
backward and forward generated second harmonic imaging can reveal non-centrosymmetric
and inhomogeneous structure of the object. In SHG microscopy, second harmonic light is
generated at the focal point of a tightly focused short pulse laser beam. If the medium at the
focal point is centro-symmetric and homogenous, the second harmonic waves generated
before and after the focal point interfere destructively, resulting in zero net SHG (Boyd, 1992).
However, when there are inhomogeneities near the focal point, such as an interface between
two media, or if the material is non-centrosymmetrical, the symmetry along the optical axis
breaks and a measurable amount of second harmonic is generated (Reshak et al, 2007; Lukins
et al., 2003)). Due to its nonlinear nature, the second harmonic light is generated only in close
proximity to the focal point (Yelin and Silberberg, 1999). This, in turn, leads to high lateral
resolution and inherent optical sectioning of the sample facilitating the construction of three
dimensional images (Mason, 1999; Helmchen and Denk, 2005).

The use of infrared light to excite fluorophores in light-scattering tissue has added benefits
(Helmchen and Denk, 2005). Longer wavelengths are scattered to a lesser degree than
shorter ones, which helps to increase penetration depth and image quality. In addition, the
non-linear nature of the process is less likely to cause damage outside of the focal volume.

In laser scanning two photons excited fluorescence microscopy, molecular excitation of
fluorophores is achieved by the simultaneous absorption of two photons (within ~ 5 fs)
(Helmchen and Denk, 2005), which also provide intrinsic optical sectioning. The excitation
of fluorophores usually requiring single-photon absorption in the ultraviolet is now
achieved with a stream of strongly focused subpicosecond pulses of red laser light. The
fluorescence emission increases quadratically with the excitation intensity so that
fluorescence and photo-bleaching are confined to the vicinity of the focal plane as expected
for cooperative two-photon excitation (Mason, 1999). This technique also provides
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unprecedented capabilities for three-dimensional, spatially resolved photochemistry,
particularly photolytic release of caged effector molecules.

Similar to TPEF, the SHG is produced in only a small focal volume, permitting high
resolution 3D optical sectioning of thick tissues. In contrast to TPEF, the SHG is an intrinsic
and a coherent process. Coherent constructive or destructive interference of SHG provides
extra hints to the ultrastructure of the sample details and their organization. SHG is very
efficiently generated in chloroplasts (Chu et al., 2001). Chloroplasts in celery showed a
signal in the SHG image which did not co-localize with the autofluorescence of the
chlorophyll. Crystalline starch in starch grains is typically organized with the crystallites in
a radial fashion, yielding a characteristic cross image in polarized light (Clowes and Juniper,
1962). This in turn means that SHG image will be orientation dependent (Cox et al., 2004).
The significant SHG seen in biological materials arises from low local symmetry and the
large nonlinear coefficient typical for biological molecules and structures (Lukins et al., 2003;
Mason, 1999; Helmchen and Denk, 2005).

The SHG signal unlike fluorescence is highly asymmetric due to the phase matching
condition (Cheng et al., 2002; Moreaux et al., 2000; Williams et al., 2005; Mertz and Moreaux,
2001). The forward and backward SH signals depend on the axial size of the object. If the
axial size of the object is of the order of the SH wavelength or greater then the object exhibits
forward directed SHG, whereas if the object axial size is less than one tenth of the
wavelength, it is estimated to produce nearly equal backward and forward signals
(Moreaux et al., 2000; Williams et al., 2005; Mertz and Moreaux, 2001; Reshak, 2009).

SHG strongly depends on the state of the polarization of the laser light and the orientation of
the dipole moment in the molecules that interact with the light. It is therefore advantageous to
control the laser’s state of polarization, to maximize SHG (Lukins et al., 2003; Reshak, 2009).
Although the SHG in biological tissue was first demonstrated two decades ago (Freund et
al., 1986; Fine and Hansen 1971; Roth and Freund 1980), SHG has only recently been used
for biological imaging applications (Georgiou et al., 2000; Campagnola et al.,, 1999;
Gauderon et al., 1998; Moreaux et al., 2000) because the SHG and TPEF involve different
contrast mechanisms, they can be used in tandem to provide complementary information
regarding tissue structure and function (Zoumi et al., 2002). The SHG signals depend on the
orientation, polarization, and local symmetry properties of chiral molecules, whereas the
TPEF results from the nonlinear excitation of molecules fluorescence (Zoumi et al., 2002).
Researchers have been interested in optical methods for driving micro machines for a few
years, with options often focusing on light-induced rotation of absorbing microscopic
particles using elliptically polarized laser beams or beams with helical phase structures.
These experiments, however, involved trapping absorbing particles and thus limited power
to avoid heating effects. This power restriction, in turn, limited rotation rates to a few hertz.
Chloroplasts are the photosynthetic organelles of plant cells. They are commonly believed,
and virtually all textbooks show them, to be ellipsoids of revolution flattened along the axis
(Rezende-Pinto, 1972), or shaped like a dinner plate, flattened with curried edge (Sarafis,
1998). Most of the studies on their structure and shape have been made with light and
electron microscopy (Wildman et al., 1980). Such studies, however, are largely limited to
observation of two dimensional cross-sections because of the limited depth of field of the
optical microscope and the need to use thin sections in electron microscopy. While studies
by light and electron microscopy have been extensive, the preparation methods for these
investigations involve treatment with fixatives and staining agents. Such treatment may
alter the shape and the gross morphology of the organelles. Furthermore, a problem with
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assessing chloroplast shape is that the angle of presentation is usually a matter of chance.
Tactile maneuvering of chloroplasts has not widely attempted. To overcome these problems
the Multi-functional Two-Photon Laser Scanning Microscopy is used. The MF-2PLSM
recently established (Reshak, 2009) by combing three platforms of laser scanning
microscopy; the fluorescence microscopy, harmonic generation microscopy and polarizing
microscopy. With MF-2PLSM one not need to stain the sample by utilizing the second
harmonic imaging (SHI). Utilizing the non-invasive nature of the second harmonic imaging
to record the rotation of the chloroplast with increasing/ decreasing the laser’s power and
follow the movements and the orientation of the chloroplast while illuminated by linearly
polarized laser and increase the laser’s power to see the react of the chloroplasts. The
reaction of the chloroplasts comes as movement and rotation, trying to protect the
photosynthetic system from being damaged while it is exposures to high intensity laser. The
chloroplasts reorient themselves to make the orientation of the dipole moment in the
molecules perpendicular to the laser’s polarization direction. This rotation leads to very less
amount of light will penetrate inside the chloroplasts. Then we try to increase the laser’s
power to monitor the behaviors of the chloroplast and as a consequence the chloroplasts
move and rotate faster, which makes it possible to manufacture micromotors for
micromechanical systems. The goal is to extend the concept of the optical torque on in vivo
birefringent biological particle to a new optical method for driving micromachines.

2. Laser sources and imaging system

The experimental arrangement is shown in Fig. 2. We used an inverted i-mic 2 microscope
(Till-Photonics, Grafelfing, Germany), (http://www till-photonics.com/Products/imic.php)
equipped with Ti:sapphire femtosecond laser with a tuning range of 690 nm to 820 nm. The
laser is a Tsunami 3941-M3B pumped by a Millennia-V, 5W solid-state pump laser (Spectra-
Physics). This laser was used to generate linearly polarized pulses at 810 nm, 20 mW, and 80
fs pulse width for fluorescence excitation and SHG. A beam expander was used to fill the
back aperture of the objective. The excitation light was directed onto a pair of galvanometer
XY scanners (Yanus-Till-Photonics) (http://www. till-photonics.com/Products/imic.php).
The scanned excitation light was focused onto the specimen through the microscope
objective (Olympus uplanApo/IR 60x/1.20 water immersion) in order to scan the specimen
in the x-y direction at the focal plane. The stage of the microscope is driven by a computer
controlled motor to take the specimen to different z positions following each x-y scan. The
scanning mirrors are metal coated (silver) with a good thermal resistance (Diaspro, 2001).
Further components from the setup in Fig. 2 are the dichroic mirrors (mirror 1: Omega
475DCLP for SHG (Fig. 3a), interference blue emission filter 1 (Fig. 3b), mirror 2: Q565LP for
TPEF (Fig. 3c), emission filter 2: red glass 665 nm, PMTs: Hamamatsu R6357, objective 1:
Olympus uplanApo/IR 60x/1.20 water immersion, objective 2: Zeiss 40x/1.2W korr).

The collecting efficiency of SHG signals is highly dependent on the numerical aperture
(N.A.) of the objective (Cox et al., 2004; Han et al., 2005; Pantic-Tanner and Eden, 1999;
Faludi-Daniel et al., 1978; Sarafis, 1998). Additional infrared beam block filters (HQ700SP-2p
58398) were placed in front of each PMT to ensure that illumination light was effectively
suppressed and only TPEF and SHG signals were recorded. For SHG imaging, optical
filtering is achieved with an interference filter centered on the expected SHG frequency. The
configurations of the two PMTs were identical for both TPEF and SHG imaging. This setup
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Fig. 2. (a) The experimental setup using two objectives for collecting the forward and the
backward SHG signals. (b) Tube lens for collecting forward SH signals and objective for
collecting the backward SH signals. (c). Objective for collecting forward SH signals and
another objective for collecting the backward SH signals.
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Fig. 3. The characterizations of the filters used for collecting the SHG and fluorescence; (a)
Dichroic mirror Omega 475CLP for SHG. (b) Emission filter 1, for SHG. (c) Dichroic mirror
Q565LP.

will enable the simultaneous measurement of SHG (Han et al., 2005) in the forward and
backward directions. The signals from the photomultipliers are reconstructed by a computer
into images. Images were obtained in stacks stepping along the z-axis with 0.5 pm steps. The
microscopy is controlled via a standard high-end Pentium 4 PC and linked to the electronic
control system via an ultrafast interface.

For separating the SH signals in the forward and backward directions and to suppress the
fluorescence the dichroic mirrors Omega 475DCLP and interference blue emission filter
centered on the expected SHG frequency were used. To ensure that only the SH signals were
recorded and effectively suppressed any other signals an additional infrared beam block
filters (HQ700SP-2p 58398) were placed in front of each PMT. In order to enhance the
forward SH signals different objectives with different numerical aperture and immersion
medium were used: Tube lens (f=16 mm, d=12 mm, PCX Lens fromEdmund),
(http:/ /www.edmundoptics.com/onlinecatalog/displayproduct.cfm?productID=2595),
Olympus uplanFLN 10x/0.3, Zeiss 40x/1.2 korr, water immersion, and Olympus
uplanApo/IR 60x/1.20 water immersion.
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3. Material

In this work the moss Plagiomnium affine plant was used (see Fig. 4). This moss plant has a
leaf of single cell layered. A leaf was detached from plants of the moss Plagiomnium affine by
a watchmakers forceps from a darkened part of the moss plant. The leaf was mounted
between two coverslips in water and the edges of the coverslip of smaller dimensions was
sealed to the lower larger coverslip by means of nail varnish and allowing it to dry. The
paired coverslips were placed on the stage of a Till-Photonics microscope and illuminated
with a Titanium sapphire laser at 810 nm (linearly polarized laser). The objectives were
aligned relative to one another and focused on the leaf. A set of images was captured over a
time interval of half an hour where the chloroplasts changed their SHG due to their re-
orientation.

Because of some uncertainty in the chloroplast imaging as shown by Chu et al. 2001, who
looked at chloroplasts containing starch grains which are strong sources of second harmonic
light we used a moss Plagiomnium affine with large chloroplasts devoid of starch by keeping
the plants in the dark for approximately three weeks. The typical size of these chloroplasts
vary between 5-10 x m. Short pulses should be used and average laser power should be
kept low to prevent heating of the sample as well as unwanted one-photon absorption and
to reduce the risk of highly nonlinear photodamage (Denk et al 1995). A/2 plate was used to
control or maximize the status of the laser’s polarization at the sample.

Fig. 4. The moss Plagiomnium offine plant.

4. Results

Fig. 5, show time-series images using the experimental setup shown in Fig. 2. The backward
SHG signal was collected using the objective Olympus uplanApo/IR 60x/1.2 water
immersion. In this figure we labeled some chloroplasts as a reference for the discussion of
the rotation and the movements of the chloroplast. The SH signal showed no signs of
bleaching during acquisition of repeated images from a given area showing no damage to
the structure. This is to be expected since SHG is a coherent process, unlike fluorescence,
and no energy is lost (Mark et al., 2003). There is a signal from membrane-filled regions
devoid of starch grains. The SHG intensity altered dramatically with time as seen in the
time-series of images shown in Fig. 5 which is analyzed in Fig. 6.
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Fig.5c-Backward SHG 60x 1.2w Fig.5d-Backward SHG 60x 1.2w
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Fig. 5e. Backward SHG 60x 1.2w Fig. 5f. Backward SHG 60x 1.2w

Fig. 5. Time-series SHG images of Plagiomnium offine leaf showing the movement and the
rotation of the chloroplast (a,b,c,d,e,f) Backward SHG signal using the objective Olympus
uplanApo/IR60x/1.2 water immersion. The double arrow shows the direction of
polarization of the 810 nm laser beam. Some chloroplast labeled by numbers 1,2,3,... as a
reference for the discussion the rotation and the movements of the chloroplast in the time-
series images.
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Fig. 5aa. (the first image of the time series SHG images-Fig.5a) shows the size of some
selected chloroplast in the first stage of being illuminated by linearly polarized laser.
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Fig. 5ff. (the last image of time series SHG images-Fig.5f) Shows the size of some selected
chloroplasts in the final stage when it is illuminated by linearly polarized laser. It is clear
that the sizes of these chloroplasts have changed due to the rotation of the chloroplasts
when they were being illuminated by linearly polarized laser.

Fig. 6 shows the time-dependence of the average backward SHG signal in figure 5 of the
inboxes each containing a chloroplast (see corresponding numbers in Fig. 5a). Using
successive cross-correlations image drift was compensated for. We notice significant
changes in the SHG intensity over time. The chloroplasts rotated resulting in changing the
axial aspect of the chloroplast (the changing in the intensity signal). This rotation causes a
reduction/ increase in the brightness (intensity) of the signals depending on the aspect
presented to the laser.

In Figs. 5aa and 5ff, we measured the size of some selected chloroplasts at the first stage of
being illuminated by linearly polarized laser and at the final stage when they rotate. It is
clear that the apparent sizes of these chloroplasts have been changed due to their rotation
when they illuminated by linearly polarized laser. Chloroplasts rotate as a result of the cells
which contain them being illuminated by blue light (Haupt and Scheuerlein, 1990).

As axial thickness increased the SHG signal will decrease in intensity. The SHG stems from
chloroplasts devoid of starch, thus clearly demonstrating the generation of SH from the non-
centrosymmetric membranes opposed to each other in the grana. It is known that
chloroplasts exhibit strong birefringence, with high local values, mostly originating from
grana and inclued starch grains (Garab et al., 2005; Goedheer, 1955). The size and sign of the
birefringence are such that the resulting anisotropic interaction with a linearly polarized
laser beam significantly contributes to the torque orienting the chloroplast. Optical re-
orientation by linearly polarized light occurs when n, >n,, and thus optical field tends to

orient the director parallel to its electric vector (n, and n,denote the extraordinary and

ordinary refractive indices, respectively). Taking into account their asymmetric shape
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Fig. 6. Time dependence (corresponding to the backward generated SH shown in figure 5a-
f) of the chloroplast-averaged backward SHG signal as numbered in Fig. 5a.

and the birefringence, biological entities may align in accordance with a preferential axis at
the focus of the laser beam.

Figs.7 to 10 show the forward and the backward SHG structure of Plagiomnium offine leaf.
The backward SHG signal was collected using the objective Olympus uplanApo/IR 60x/1.2
water immersion and the forward SHG signal was collected with a Zeiss 40x/1.2 water
immersion objective, which show that the collecting efficiency of SHG signals is highly
dependent on the numerical aperture (N.A.) of the objective (Cox et al., 2004; Han et al,,
2005). In the right panel of each image the multicolor overlays of the respective forward
(green) and backward (red) images were shown.

Fig. 7a. Fig. 7b. Fig. 7c.
Backward SHG 60x 1.2w Forward SHG 40x 1.2w Forward/Backward SHG
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Fig. 8a. Fig. 8b.

Backward SHG 60x 1.2w Forward/Backward SHG

Fig. 9a. Fig. 9b. Fig. 9c.
Backward SHG 60x 1.2w Forward SHG 40x 1.2w Forward/Backward SHG

‘,- 8=

Fig. 10a. Fig. 10b. Fig. 10c.
Backward SHG 60x 1.2w Forward SHG 40x 1.2w Forward/Backward SHG

Figs. 7 to 10. shows SHG structure of Plagiomnium dffine leaf. (a) Backward SHG signal using
the objective Olympus uplanApo/IR 60x/1.2 water immersion. (b) Forward SHG signal
was collected by a ZEIS 40x/1.2 water immersion objective. (c) Multicolor overlays of the
respective forward (green) and backward (red) images.
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Fig. 11 shows the fluorescence which comes from the chloroplast, i.e the same area which
produces the SHG signals. It is well know that the SHG is very efficiently generated in
chloroplasts (Chu et al.,, 2001). Chloroplast in celery showed a signal in the SHG image
which did not co-localize with the autofluorescence of the chlorophyll and the signals were
mostly due to starch. We have used the dichroic mirror Q565LP (Fig. 3c) which reflects the
wavelength from 540 nm and above. We have to mention that here we did not use an
emission filter for this filter set, so the PMT collected all the fluorescence starting from 540
nm and above.

Fig. 11. Shows the fluorescence coming from the chloroplast, i.e the same area which
produces the SHG signals.

5. Discussion

Chloroplasts in Plagiomnium offine leaves which were imaged came from a single cell layer
lamina. The chloroplasts were disposed parallel to the upper and lower walls in all the cells
of the lamina with the chloroplasts main axis oriented within the image plane. SHG signals
were obtained in both directions with the forward signal predominating and these increased
considerably when the chloroplasts rotated upon being illuminated by linearly polarized
pulses of paired photons which are effectively equivalent to blue light at half the
wavelength of the irradiating laser (Moreno et al., 2004). This chromatically equivalent blue
range caused chloroplasts to rotate in a light causing orientation parallel to the side walls of
the leaf cells. Starch grains are not involved thus eliminating a possible source of confusion.
SHG indicates the non-centrosymmetric nature of the chloroplast membranes especially
when aggregated into grana.

The chloroplast grana and intergranal membranes are distinguished by their birefringence
(Pantic-Tanner and Eden, 1999). A low intrinsic birefringence is expected in intergranal
membranes and a high birefringence where the membranes are stacked. The grana were
expected to give a stronger SH signal than the intergranal regions with unstacked
membranes. During the rotation of the chloroplast caused by linearly polarized high light
intensity designed to present a smaller interface to the incoming light, the SHG increased
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considerably compared with the intergranal regions. Faludi-Daniel et al. 1978, refer to the
structural distinctness of the chloroplast regions. Sarafis, 1998, reviewed and showed the
range of chloroplast structure in higher plants in both deep shade plant leaves and dry
resurrection plant leaves indicating a large variation in granal size which is expected to be
shown by future second harmonic studies of these chloroplasts. We notice that the light
absorption and the amount of fluorescence observed depend on the orientation of the
chloroplast with respect to the polarization of the exciting photoactive light (Lukins et al.,
2003).

6. Conclusions

We have demonstrated the simultaneously measured forward and backward SHG for the
chloroplast of the Plggiomnium offine leaves. The SH signals are generated by a tightly focused
short pulse laser beam. The SH signals are collected by two objectives to form forward and
backward second harmonic digital images. These signals are dependent on the axial aspect of
the chloroplast and that the back-scattered image was brighter than the forward scattered
image. The image intensity also depended on the orientation of the chloroplast in relation to
the illuminating polarization direction. A light-induced re-orientation in dependence of the
illumination intensity could be observed. We found that the chloroplasts are moving and
rotating when we expose the leaf to laser light for long time.

7. Enhancing the resolution of the forward Second Harmonic imaging of the
multi-functional two-photon laser scanning microscope

Figs. 12a-e show the forward and backward SH imaging of Plagiomnium dffine leaf using
different objective and immersion imaging medium as shown in Figs. 2, 13 and 14. The
backward SHG signal was collected using the objective Olympus uplanApo/IR 60x/1.2
water immersion and the forward SHG signal was collected by using different objectives;
Tube lens( f=16 mm, d=12 mm, PCX Lens from Edmund), Olympus uplanFLN 10x/0.3,
Zeiss 40x/1.2 korr, water immersion, and Olympus uplanApo/IR 60x/1.20 water
immersion. The resolution of the forward SHG signals increased dramatically with raising
the numerical aperture when the objective is designed to operate with an immersion
medium such as water between the front lens and the specimen coverslip, which shows that
the collecting efficiency of SHG signals is highly dependent on the numerical aperture of the
objective as seen in the series of images shown in Figs. 12a-e. The SHG stems from
chloroplast devoid of starch, such clearly demonstrating the generation of SH from the non-
centrosymmetric membrane apposed to each other in the grana.

From Figs. 12a-e, we note that by using low N.A. tube lens with air gap, to collect the
forward SH signal we gain an image with gray background (see Fig. 12b). This gray
background results from the interface glass-air, also the rays, that come from the specimen
will bend away from the front lens of the upper objective due to the big difference in the
refractive indices of the glass (1.5) and air (1.0) (see Figs. 13a, 14a, and 15). A step toward, in
order to modify the forward SH images the tube lens was replaced with the objective
Olympus uplanFLN 10x/0.3 (low N.A. with air gap), a significant increase in the intensity of
the image was noticed (see Fig. 12c) indicating that more rays (diffraction orders) were
collected by the Olympus uplanFLN 10x/0.3 objective. But the gray backgrounds are still
there because of glass-air interface. Dramatic enhancement was noticed when the Olympus
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uplanFLN 10x/0.3 objective was replaced by Zeiss 40x/1.2W korr objective (see Fig. 12d)
indicating that by using high N.A. water immersion objective higher diffraction orders were
collected (see Figs. 13b, 14b and 15). This enhancement attributed to the fact that the
refractive index of the water (1.33) is closer to the refractive index of the glass (1.5) then the
oblique rays will bend toward the front lens of the objective resulting to represent the true
architecture of the specimen. In order to gain better quality images for the forward SH
images the objective Zeiss 40x/1.2W korr was replaced by Olympus uplanApo/IR 60x/1.20
water immersion objective (see Figs. 12e, 14c and 15).

Fig. 12a. Fig. 12b.
Backward SHG with Olympus 60x 1.2w Forward SHG with Tube lens

Fig. 12c. Fig. 12d.
Forward SHG with Olympus 10x Forward SHG with Zeiss40x 1.2w
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Fig. 12e. Forward SHG with Olympus 60x 1.2w

Fig. 12. SHG images of Plagiomnium offine leaf show the chloroplast (a) Backward SHG
signal collected by using the objective Olympus uplanApo/IR 60x/1.2 water immersion.
The double arrow shows the direction of polarization of the 810 nm laser beam. (b) Forward
SHG signal using Tube lens. (c) Forward SHG signal using Olympus uplanFLN 10x/0.3 (d)
Forward SHG signal using Zeiss 40x/1.2W korr objective (e). Forward SHG signal using the
objective Olympus uplanApo/IR 60x/1.2 water immersion.

Ohjective Ohjective
Front
Lens

Object

Object 9

Cover Glass Cover Glass

Cover Glass

Cowver Glass

— n — Object P = n — Object
Objective / 1'3 ~ Space Qbjective / 1'3 ~ Space
Front . Front [
Lens Lens

Fig. 13. The forward and backward objective with different numerical aperture and
immersion medium: (a). air for the upper objective (which is used to collect the forward SH
signals) and water for the lower objective (which is used to collect the backward SH signals).
(b). water for both upper and lower objectives.
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Fig. 14. The forward and backward objectives with different numerical aperture and
immersion medium: (a). Olympus uplanFLN 10x/0.3 with air gap for the upper objective
(which is used to collect the forward SH signals) along with the diffraction orders which can
be collocated by the upper objective, and Olympus uplanApo/IR 60x/1.2 water immersion
for the lower objective (which use to collect the backward SH signals). (b). Zeiss 40%/1.2W
korr objective for the upper objective along with the diffraction orders which can be
collocated by the upper objective, and Olympus uplanApo/IR 60x /1.2 water immersion for
the lower objective. (c). Olympus uplanApo/IR 60x/1.2 water immersion for the upper
objective along with the diffraction orders which can be collocated by the upper objective,
and Olympus uplanApo/IR 60x/1.2 water immersion for the lower objective.

When the light hits the object it diffract, a single beam of light will split into several different
diffraction orders bents at increasing angles from the original incident light. The easiest way
to understand this property of light is to consider what happens when a beam of light shines
through a pinhole into a dark background: The obtained images look like a negative target
with a large central disk of light surrounded by a series of thin circles of light of decreasing
brightness as it goes further away from the center.
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Fig. 15. The diffraction orders which are suppose to be collected by the objectives.

8. Discussion

The light-gathering ability of a microscope objective is quantitatively expressed in terms of
the numerical aperture, which is a measure of the number of highly diffracted image-
forming light rays captured by the objective. Higher values of numerical aperture allow
increasingly oblique rays to enter the objective front lens, producing a more highly resolved
image. An important concept to understand the image formation is the nature of diffracted
light rays intercepted by the objective. Only in cases where the higher (1st, 2nd, 3rd, etc.)
orders of diffracted rays are captured, can interference work to recreate the image in the
intermediate image plane of the objective (see Figs. 14 and 15). When only the zeroth order
rays are captured, it is virtually impossible to reconstitute a recognizable image of the
specimen. When first order light rays are added to the zeroth order rays, the image becomes
more coherent, but it is still lacking the sufficient detail. It is only when higher order rays are
recombined, that the image will represent the true architecture of the specimen. This is the
basis for the necessity of large numerical apertures (and subsequent smaller Airy disks, see
Fig. 15) to achieve high-resolution images with an optical microscope.

The brightness of an image formed by an objective at a fixed magnification increases with
the diameter of the angular aperture (the angle of the cone of light collected by the objective)
see Fig. 14. Light rays emanating from the specimen proceed through air (or an immersion
medium) that lies between the coverslip and the objective front lens. The angular aperture is
expressed as the angle between the microscope optical axis and the direction of the most
oblique light rays captured by the objective. The numerical aperture is expressed as:

Numerical Aperture (N.A.) =n.sin 0 ()

where n is the refractive index of the medium in the object space (between the coverslip and
the objective front lens) and 0 is one-half the angular aperture (see Fig. 14). The value of n
varies between 1.0 for air and 1.33 for a majority of immersion water utilized in optical
microscopy. The angular aperture, which varies with the objective focal length, is the
maximum angle of image-forming light rays emanating from the specimen that the objective
front lens can capture when the specimen is focused. As the objective focal length decreases,
the maximum angle between the specimen and the outside diameter of the objective front
lens increases, causing a proportionate increase in the angular aperture. From equation (2), it
is obvious that numerical aperture increases with both angular aperture and the refractive
index of the imaging medium. Theoretically, the highest angular aperture obtainable with a
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standard microscope objective would be 180 degrees, resulting in a value of 90 degrees for
the half-angle utilized in the numerical aperture equation. The sine of 90 degrees is one,
which indicates that numerical aperture is limited not only by the angular aperture, but also
by the imaging medium refractive index. A majority of microscope objectives are designed
to operate with air (which has a refractive index of 1.0) as the imaging medium between the
coverslip and the objective front lens. This yields a theoretical maximum numerical aperture
of 1.0, but in actual practice, the highest numerical aperture for a dry objective is about 0.95
(the angular aperture half-angle equals approximately 72 degrees).

The visual field brightness (B) of the microscope is determined by;

Ba (NA)Z/ (M objective ) 2 (3)

where Opjective is the objective lens magnification. Following equation (3) one can conclude
that the brightness will increase as the numerical aperture increases and / or as the objective
magnification decreases.

The resolving power of an objective lens is measured by its ability to differentiate two lines
or points in an object. As the resolving power increases, the smaller the distance between the
two lines or points to be distinguished can be. The more light that is collected by the
objective lens the better resolution is and therefore as N.A. increases, so does the resolving
power. The resolving power can be determined by:

Resolving Power= 0.61 .\ /N.A. 4)

When the light rays come out of an axial object point enters a lens, the light rays with a
larger N.A. are subjected to stronger refraction power and cross the optical axis in positions
with larger differences from the ideal image formation position. As a result spherical
aberrations are proportional to the N.A 3.

The SH signals were obtained in both directions. These signals increased considerably when
the chloroplasts rotated upon being illuminated by linearly polarized femtosecond pulses
laser of paired photons which are effectively equivalent to blue light at half the wavelength
of the irradiating laser (Cox et al., 2004; Reshak et al., 2009; Reshak, 2009). This chromatically
equivalent blue range caused chloroplasts to rotate under the linearly polarized pulses laser
causing orientation parallel to the side walls of the leaf cells. Starch grains are not involved
thus eliminating a possible source of confusion. SHG indicates the non-centrosymmetric
nature of the chloroplast membranes especially when aggregated into grana. The
chloroplast grana and intergranal membranes are exhibit strong birefringence with large
variations (Pantic-Tanner and Eden, 1999; Garab et al., 2005). A low intrinsic birefringence is
expected in intergranal membranes and a high birefringence where the membranes are
stacked. The grana were expected to give a stronger SH signal than the intergranal regions
with unstacked membranes. During rotation of the chloroplast caused by linearly polarized
high light intensity designed to present a smaller interface to the incoming light, the SHG
increased considerably compared with the intergranal regions.

9. Conclusions

The enhancement of the forward direction of SH imaging was demonstrated by using set of
different numerical aperture objectives with different immersion medium. The experiment
shows that the numerical aperture is limited not only by the angular aperture, but also by
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the refractive index of the immersion imaging medium. The SHG signals are dependent on
the numerical aperture and the refractive index of the immersion imaging medium. The
brightness of the image depends on the axial aspect of the chloroplast. The image intensity
also depends on the orientation of the chloroplast in relation to the illuminating polarization
direction. A light-induced re-orientation in dependence of the illumination intensity could
be observed (Reshak et al., 2009; Reshak, 2009).

10. Rotation of birefringent biological microparticles by linearly polarized
laser using multifunctional two-photon laser scanning microscope

As it has been mentioned above, the chloroplast produced very strong birefringence which
is originated from grana and the stacked regions of the thylakoid membranes. The
chloroplast grana and intergranal membranes are distinguished by their birefringence
(Pantic-Tanner and Eden, 1999). A low intrinsic birefringence is expected in intergranal
membranes and a high birefringence where the membranes are stacked. When the incident
beam of the linearly polarized light interacts with the chloroplast a considerable amount of
torque will generates resulting in movements of the chloroplasts. Since the chloroplasts are
non-centrosymmetric particles, measurable amount of second harmonic will generates
without photo-damage or photo-belching by utilizing the fact that the SHG is energy
conservation process. In this case one can expose the chloroplast to the laser radiations without
risk. The intensity distribution of the SHG signals which comes from the chloroplast while
illuminated by linearly polarized laser is shown in Fig. 16. Following these images, one can see
the intensity distribution of the SH signal reduces as a consequence of the rotation during the
exposure time, as axial thickness increases (when the chloroplast rotate around the short axis -
the axis in the plane of the paper) the SHG signal will decrease in intensity, thus one can
conclude that the chloroplast attempt to rotate and move away from the laser light in order to
protect the photosynthetic system from being exposed to high intensity.

(a) (b) S (€)
| Vo

Fig. 16. Intensity distribution of the SH signals during the movements and rotation.
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the direction of rotation

The short axis is in the
plane of the paper

Fig. 17. Selected chloroplast illustrates the rotation around certain axis (axis parallel to the
plane of the paper).

Fig. 17, shows the rotation of the chloroplast around certain axis (axis parallel to the plane of
the paper), by this rotation of the chloroplast the dipole momentum in side the molecules
oriented to be perpendicular to the polarization’s direction of the laser beam. The SHG
signal of the chloroplasts was collected using the objective Olympus uplanApo/IR 60x/1.2
water immersion. The SH signal showed no signs of bleaching during acquisition of
repeated images from a given area, and thus showing no damage to the structure. This is to
be expected since SHG is a coherent process, unlike fluorescence, and no energy is lost
(Gorrell, 2003).

11. Discussion

Previous studies (Bayoudh et al., 2000) demonstrate that displacement of chloroplast inside
the cell is extremely difficult, presumably due to chloroplast adhesion to the cytoskeleton
and connections between organelles. In the present study we demonstrate that displacement
and rotation of the chloroplast inside the cell were done using linearly polarized laser
without photo-damage or photo-belching. For this experiment the setup in Fig. 18 was used.
A linearly polarized laser beam was used to induce second harmonic generation signals
from the chloroplast in Plagiomnium dffine leaves. Since the light can carry angular
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Fig. 18. The experiment the setup

momentum as well as linear momentum, the incident beam of linearly polarized laser
becomes elliptically polarized and gains angular momentum after encroaching on a
birefringent particle whose optical axis is not parallel to that of polarization of the light
(Higurashi et al. 1999; Garab et al.,, 2005). The resulting change in angular momentum
generates a reaction optical torque. Since the chloroplast exhibit a strong birefringence, the
resulting anisotropic interaction with the linearly polarized laser beam strongly contributes
to the optical torque orienting the chloroplast makes it possible to manufacture micromotors
for micromechanical systems. The optical torque can be controlled by changing the laser’s
power following the formula (Higurashi et al. 1999);

Tlinear = —Ssin(Z;r %) sin(26) (5)

where 7 is the optical torque generated by the linearly polarized laser acting on birefringent
particle, P is the power of the linearly polarized laser at the particles, @ and Aare the
frequency and the wavelength of the linearly polarized laser, respectively, € is the angle
between the polarization direction and the slow birefringence axis of the particle (the axis
along which the index of refraction is largest), to obtain considerable amount of the optical
torque the angle 6 should be greater than zero, moreover the optical torque should be
strong enough to overcome the Brownian motion, the latter is randomly oriented, and R is
the retardation of the particle, defined as R=Anxd, where An is the birefringence defined
as An=n,—-ny, and d is the thickness of the particle. From this formula it is clear that laser
power and the retardation term play major role in reducing / increasing the optical torque
at a certain frequency and wavelength. The contribution of retardation part is come from the
property of the particle so one has to select thick particle which possesses large
birefringence in order to gain considerable amount for R. The laser’s power P is one
property of the setup meaning that it is under control, and one can increase / reduce the
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power to a certain limit without causing photo-damage or photo-belching to the sample by
utilizing the fact that the SHG is known to leave no energy deposition to the interacted
matters due to their virtual energy conservation characteristic. Since both P and R are
proportional to 7, a particle with large R helps to use less laser’s power, however by
increasing the laser’s power one can gain considerable amount of 7, which eventually
overcomes the Brownian motion and the adhesion power of the chloroplast to the
cytoskeleton and connections between organelles resulting in increasing the speed of the
rotation. When a chloroplast inside a cell was rotate and displaced from its original position
the nearby chloroplasts were rotating and displaced as well and followed the nearest
neighbor. That is attributed to the fact that the chloroplasts were connected to each other by
fine cytoplasmic strands or microfilaments. Thus, in general to maximize the signal short
pulses should be used and average laser power should be kept in limit to prevent heating of
the sample. We should emphasize that the asymmetric shape will contribute to the optical
torque. Optically induced torque is always a result of transfer of angular momentum from
light to a particle with conservation of momentum as an underlying principle.
Consequently, rotation can be induced by a beam of light that carries angular momentum or
by a beam that carries no angular momentum but where angular momentum is induced in
the beam by the particle.

It is well known from Maxwell’s theory that electromagnetic radiation carries both energy
and momentum. The momentum may have both linear and angular contributions; angular
momentum has a spin part associated with polarization (Allen et al., 1992) and orbital part
associated with spatial distribution (Bijersbergen et al., 1992). Any interaction between
radiation and matter is inevitably accompanied by an exchange of momentum. This often
has mechanical consequences some of which are related to radiation pressure.

Light can carry angular momentum in two distinct forms; spin angular momentum,
associated with the polarization state of the beam and orbital angular momentum,
associated with the spatial distribution of the beam (Padgett and Allen, 2000). Optical torque
is produced if either of these two forms of angular momentum is altered during the
scattering of light.

The optical torque acting on the particle is equal and opposite to the rate of change of the
angular momentum of the laser beam as it passes through the particle. Since the chloroplasts
are birefringent particles, the angular momentum is transferred to the polarization state of
the transmitted beam. Before acting on birefringent particles the linearly polarized light
composed of equal quantities of left and right circular polarization, so it contains no net
angular momentum. Generating a torque on chloroplasts (birefringent particles) causes an
imbalance in the power of the left and right circular components of the transmitted beam,
the spin torque acting on the chloroplasts is;

T=(PRight—Pzgﬁ)/wo (6)
where Pg;, and B, are the right and left circularly polarized components, respectively;

@y is the optical angular frequency. If there is no particles then Py, = P -

This work describes experiments using linearly polarized laser to probe chloroplast. The
linearly polarized laser was used to induce motion and tumbling of the chloroplast in cells
of living leaf tissue.
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12. Conclusions

We have demonstrated the movements and the rotation of the chloroplast of the
Plggiomnium dffine leaves while being illuminated by linearly polarized laser. Since the
chloroplast produced very strong birefringence, the resulting anisotropic interaction with
the linearly polarized laser beam strongly contributed to the optical torque orienting the
chloroplast which makes it possible to manufacture micromotors for micromechanical
systems. The torque can be controlled by changing the laser’s power. The laser power and
the retardation part play a major rule in reducing /increasing the optical torque at a certain
frequency and wavelength. The contribution of retardation part comes from the property of
the particle so one has to select thick particle which possess large birefringence in order to
gain considerable amount for R. The laser’s power P is one property of the setup that means
it is under control, and one can increase/reduce the power to certain limit without cause
photo-damage or photo-belching to the sample by utilizing the fact that the SHG is known
to leave no energy deposition to the interacted matters due to their virtual energy
conservation characteristic. Since both of P and R, proportional to 7, a particle with large R
it helps to use less power, however, by increasing the laser’'s power one can gain
considerable amount of 7 which is overcomes to the adhesion power of the chloroplast to
the cytoskeleton and connections between organelles resulting in increasing the speed of the
rotation.
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