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CThW3 Fig. 1. Fluorescence emission spec-
tra and peak wavelengths for A) free NADH, 469
nm; B) immortalized (normal) cells, 455 nm; C)
carcinogen transformed cells, 450 nm; and D)
chemoprevented cells, 455 nm.
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CThW3 Fig. 2. Representative lifetime fit
(average lifetime = 2.42 ns) for chemoprevented
HBE cells.

2.5 * 0.1 ns, respectively, which were longer than
that of free NADH (0.36 ns).>* Because lifetimes
are sensitive to local physical conditions, similar
lifetimes among cell lines suggest that the de-
creased fluorescence intensity observed was due
mainly to decreased NADH concentration
among cell lines and not due to differing non-ra-
diative decay mechanisms. The increased lifetime
of cellular vs. free NADH, as well as the lifetime
values reported here, were consistent with those
previously reported for protein-bound mito-
chondrial NADH.*

This work illustrates a non-invasive optical
method to monitor cellular NADH and probe
metabolic activity. Because the HBE cells model
various cancer stages, methods used here provide
an understanding of the cellular contribution to
tissue autofluorescence, leading possibly to opti-
cally-based methods for detecting and monitor-
ing cancer progression and treatment.
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Photonic crystals are materials with a dielectric
property periodicity, which results in linear or
nonlinear light property modulation.! Recent
studies on man-made nano-periodic structures
indicate strong enhancement in second-har-
monic-generation (SHG)? due to the break down
of optical centro-symmetry within the materials.
Such SHG enhancement by the existence of pho-
tonic crystal effect has also been demonstrated
using Hyper-Rayleigh scattering recently.” There-
fore, it is reasonable to speculate that the highly
organized biological nano-structures may all be-
have as nonlinear photonic crystals. Examples of
highly organized biological nano-structures in-
clude stacked membranes, such as myelin sheath,
endoplastic reticulum, grana in the chloroplast,
Golgi apparatus, microfibrils and collagen bun-
dles. Here we present a study using a multi-modal
nonlinear microscopy,* which reveals nonlinear
optical activities in those naturally occurring bio-
photonic crystalline structures. This technique,
based on a femtosecond Cr:forsterite laser at 1230
nm, combines different imaging modalities in-
cluding second-, third-harmonic generations,
and multi-photon fluorescence.

Plant cell wall consists of microfibrils orderly
arranged to form macrofibrils. This crystalline
structure provides active SHG. Figure 1A shows
the micro-spectrum measured from the cell wall
in maize stem. THG and SHG centered at 410 and
615 nm can be observed. Strong THG is induced
by optical inhomogeneity. The biophotonic crys-
tal effect on SHG generation is further confirmed
by the significant SHG from the stone cell of pear
fruit (Figure 1B) with extensive secondary wall
development of the sclerenchyma. Moreover,

starch granule consists of crystalline amylopectin
lamellae organized into effectively spherical
blocklets and large concentric growth rings.
These structural features are responsible for the
strong SHG that we observed (Figure 1C). Its al-
ternating crystalline and semi-crystalline rings
with spatial modulated nonlinear properties
could behave as 3D nonlinear photonic
“bandgap” crystals' and provide possible phase
matching mechanism.

The SHG intensity can vary according to the
orientation of bio-photonic structures. For in-
stance, by varying the incident light polarization
(shown as arrows in Figure 2B-2D), the concen-
tric silica deposition in the dumb-bell-shaped sil-
ica cells of rice leaf produces orientated SHG im-
ages in respecting to the orientation of the
illumination polarization. In contrast, no polar-
ization dependency was found in THG images
(Figure 2A). This mechanism provides opportu-
nity for structural studies using SHG with con-
trolled illumination polarization. Apart from
mineral deposition in plant cells, laminated
membrane structures are also potential candi-
dates for producing strong SHG activity. In
chloroplasts, in addition to the 2PF signals (Fig-
ure 2H) generated from the auto-fluorescing
photosynthetic pigments, THG and SHG appear
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CThW4 Fig. 1. Emission spectra from vari-
ous biophotonic crystalline structures excited by
a 1230 nm femtosecond Cr:forsterite laser. (A) is
from the cell wall of maize (Zea mays) stem, (B)
pear (Pyrus serotina R.) stone cell, and (C) potato
(Solanum tuberosum L.) starch granule. Same ex-
citation intensity and signal integration time
were applied.
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CThW4 Fig.2.

(A) is the THG image showing dumb-bell-shaped silica cells whereas (B)—(D) show

the orientation of SHG images change with laser polarization (shown as arrow). (E) is the paradermal
TEM image showing silica cells. (F)—(H) are scanning images corresponding to THG, SHG, and 2PF from
chloroplasts inside a live mesophyll cell from Commelina communis L. showing sub-organellar structures.
Scale bar: 15 pm. s: silica cell. g: grana. sg: starch granule.

in different sub-organelle compartments (Figure
2E 2G). Matching with TEM images, we con-
cluded that the SHG signals are the result of the
orderly stacked thylakoid membranes in grana
and the highly birefringent starch granules inside
the chloroplasts. The stacked thylakoid mem-
branes of grana and the orderly deposited amy-
lopectin in the starch granules provide the struc-
tural requirement for efficient SHG resembling
the behavior of photonic crystals. Our results re-
veal photonic crystal-like optical activity in living
cells using a multimodality microscopy. This type
of highly-penetrative yet noninvasive microscopy
is useful for investigating the dynamics of struc-
ture-function relationship at the molecular and
subcellular levels.
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Use of porphyrin photosensitizers in photody-
namic therapy (PDT) is gaining acceptance
worldwide as an alternative treatment of tumors'
and age-related macular degeneration.” Utility of
porphyrins is based on their special ability to ac-
cumulate in pathologic cells, and to transfer ab-
sorbed photon energy efficiently to extremely ac-
tive singlet oxygen molecules, which then wipe
out the surrounding tumor. So far, the limited
penetration depth by visible light into biological
tissue has allowed only few types of skin, breast
and certain endoscopically accessible cancers to
be treated in this fashion. It has been proposed
that by utilizing two-photon absorption (TPA),
in which case illumination is carried out at near-
IR wavelengths, the PDT may be delivered deeper
into the tissue. However, tetrapyrrolic photosen-
sitizers studied so far display disappointingly
small TPA cross-sections, typically on the order
ofi6p, =1 -10GM (1GM =1+ 10" cm* -
s/photon).’

Here we introduce new porphyrin photosensi-
tizers with greatly enhanced TPA cross-section in
near-IR range of wavelengths. One particular ex-
ample is 5-(4-diphenylaminostilbene), 15-(2,6-
dichlorophenyl)-21H,23H-porphine  hereafter
referred as DPASP. The design of DPASP was
based on structure-property relationships, em-
pirically known to enhance TPA cross-section in
organic m-conjugated chromophores.** In this
case introduction of a 4-(diphenylaminostil-
bene)-substituent into the meso-position of the
tetrapyrrol ring results in 20 times enhancement
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CThW5 Fig.1. One- (solid) and two- (dash)
photon absorption spectra of DPASP in toluene.

in TPA cross-section at A, = 780 nm. We
demonstrate for the first time that efficient two-
photon-excited singlet oxygen generation is
achieved by using an allowed transition between
the states with the same parity, i.e. the g-g transi-
tion.

Ti:sapphire regenerative amplifier (CPA-1000,
Clark MRX) was used to pump an optical para-
metric amplifier, OPA, (TOPAS, Quantronix),
which yielded 100-fs laser pulses in the wave-
length range from 1.1 to 1.6 pm. TPA spectra
were obtained by tuning the OPA with second
harmonic crystal at the output and registration of
one-photon fluorescence.
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CThW5 Fig. 2. (a) The 1Ag - 3):‘g lumines-
cence spectra of molecular oxygen in toluene.
Dashed and solid curves represent, respectively,
the spectra measured with one- and two- photon
excitation. Both spectra are normalized to unity.
(b) The dependence of the oxygen luminescence
intensity I on the average laser intensity P upon
two-photon excitation. Experimental data are
shown by black squares. Solid curve is the best
power-law fit = P" with n=2.1 = 0.1.
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