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Abstract: We report energy-transferring organically modified silica nanoparticles for two-photon photody-
namic therapy. These nanoparticles co-encapsulate two-photon fluorescent dye nanoaggregates as an
energy up-converting donor and a photosensitizing PDT drug as an acceptor. They combine two features:
(i) aggregation-enhanced two-photon absorption and emission properties of a novel two-photon dye and
(ii) nanoscopic fluorescence resonance energy transfer between this nanoaggregate and a photosensitizer,
2-devinyl-2-(1-hexyloxyethyl)pyropheophorbide. Stable aqueous dispersions of the co-encapsulating
nanoparticles (diameter e 30 nm) have been prepared in the nonpolar interior of micelles by coprecipitating
an organically modified silica sol with the photosensitizer and an excess amount of the two-photon dye
which forms fluorescent aggregates by phase separation from the particle matrix. Using a multidisciplinary
nanophotonic approach, we show: (i) indirect excitation of the photosensitizer through efficient two-photon
excited intraparticle energy transfer from the dye aggregates in the intracellular environment of tumor cells
and (ii) generation of singlet oxygen and in vitro cytotoxic effect in tumor cells by photosensitization under
two-photon irradiation.

Introduction

Photodynamic therapy (PDT), a light-activated treatment for
cancer and other diseases, has emerged as one of the important
areas in biophotonics, a new field dealing with biomedical
applications of light-matter interactions.1,2 PDT utilizes light-
sensitive drugs or photosensitizers that can be preferentially
localized in malignant tissues. Its therapeutic effect is activated
by photoexcitation of the localized photosensitizer to generate
a cytotoxic species, e.g., singlet oxygen (1O2), free radicals, or
peroxides. This leads to selective and irreversible destruction
of diseased tissues, without damaging adjacent healthy ones.

Despite PDT’s advantages over current treatments (e.g.,
surgery, radiation therapy, and chemotherapy), PDT still has
yet to gain general clinical acceptance. First, currently approved
PDT photosensitizers absorb in the visible spectral regions below
700 nm, where light penetration into the skin is only a few
millimeters, thus clinically limiting PDT to treating topical
lesions. Two-photon absorption (TPA)-induced excitation of
photosensitizers is one of the promising approaches to increase

light penetration. It enables the use of light in the tissue
transparent window (750-1000 nm). Furthermore, due to a
quadratic dependence on laser intensity of TPA, it provides a
tool for improving treatment of deeper tumors with enhanced
spatial resolution.

Approaches to obtain large intrinsic TPA cross sections in
the near-infrared region, include either design of new photo-
sensitizers or chemical modification of existing ones to produce
efficient two-photon sensitization.3 Another approach is to
exploit the energy-transferring combination of existing photo-
sensitizers with TPA dyes. Here, the photosensitizing unit
(energy acceptor) is indirectly excited through fluorescence
resonance energy transfer (FRET) from the two-photon absorb-
ing dye unit (energy donor).4 The FRET approach was realized
by chemically assembling the TPA donors into dendrimer arms
with a photosensitizer as the central core.4b,c Then, energy
harvesting by the TPA donors strongly enhances the efficiency
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of two-photon excitation of the photosensitizer, while preserving
the photophysical properties for PDT due to insignificant
chromophore modification.

Second, the preparation of pharmaceutical formulations of
photosensitizers for parenteral administration is another major
challenge in PDT. Most existing photosensitizers are hydro-
phobic with an inherently poor water solubility and aggregate
easily under physiological condition. Thus, they cannot be
simply injected intravenously. Moreover, even with water-
soluble photosensitizers, the accumulation selectivity to diseased
tissues is not high enough for clinical use. In this respect,
colloidal carriers for photosensitizers,5 such as oil-dispersions,
liposomes, low-density lipoproteins, polymeric micelles, and
nanoparticles, offer benefits of hydrophilicity, appropriate size
for passive targeting to tumor tissues by the enhanced perme-
ability and retention (EPR) effect,6 and the possibility of active
targeting by using surface modification.

To produce efficient two-photon PDT effect by addressing
the above issues together, we introduce a nanomedicine ap-
proach which utilizes nanophotonics7 through the fusion of
nanotechnology with biomedical technology. This approach
involves energy-transferring nanoscopic co-assembly of pho-
tosensitizers and fluorescent TPA dyes produced by physical
entrapment within a single nanocarrier. It provides several
advantages: (i) Co-encapsulation offers ease of preparation as
opposed to chemical conjugation, together with the flexibility
to choose a wide range of donor-acceptor pairs. (ii) Surface
functionalization provides opportunity to improve biodistribution
and to incorporate active targeting. (iii) A nanoscopic volume
offers the opportunity for high level of loading of a TPA donor
to efficiently harvest IR photons.

To accomplish efficient two-photon excitation using this
concept, the loading density of the energy-donating TPA dye
needs to be much higher than that of the energy-accepting
photosensitizer. In addition, the nanoparticle matrix needs to
be compatible with the PDT application, as well as rigid enough
to preserve the initially loaded energy-transferring composition
without undesirable release. In this regard, organically modified
silica (ORMOSIL) nanoparticles have proven to be biocompat-
ible,8-10 stable without releasing encapsulated hydrophobic
molecules,9 and suitable for PDT drug delivery because their
porous matrix is permeable to oxygen molecules.10

With high loading density of a TPA dye within an individual
nanoparticle, additional nonradiative decay which leads to

fluorescence quenching at high concentrations or in the ag-
gregated state, typically observed for most organic dyes, needs
to be overcome so as to maintain the ability for energy transfer.
Recently, a special class of fluorescent molecules has been
reported, showing intense fluorescence, instead of quenching
in the aggregated state.11 As a highly two-photon active version
of such molecules, we have developed a novel 9,10-bis[4′-(4′′-
aminostyryl)styryl]anthracene dye with a severely distorted
geometry (BDSA, see Figure 1), which forms nanoaggregates
with intense and red-shifted fluorescence as well as enhanced
two-photon absorptivity due to partial planarization of the
geometry upon aggregation and the resultant loose packing of
molecules in the aggregated state.12 The value of TPA cross
section in the aggregated state, measured at 775 nm by the
nonlinear transmission method, is 217 GM. This unusual
fluorescence behavior of BDSA offers an opportunity to prepare
TPA dye-concentrated nanoparticles, which do not exhibit
concentration quenching at high loading.

On the basis of these considerations, we prepared organically
modified silica nanoparticles co-encapsulating a known photo-
sensitizer and an excess amount of BDSA as a two-photon
energy donor. The photosensitizing energy acceptor used in this
work is 2-devinyl-2-(1-hexyloxyethyl)pyropheophorbide (HPPH)
which is an effective photosensitizer in phase I/II clinical trials
at the Rosewell Park Cancer Institute, Buffalo, NY.13 Nano-
photonics is used here to control optical interactions and
dynamics in two ways: (i) aggregation enhancement of two-
photon absorption and emission of BDSA and (ii) efficient
nanoscopic FRET to HPPH. We report two-photon sensitization
of singlet oxygen in an aqueous dispersion of the co-encapsulat-
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Figure 1. Chemical structure of BDSA (top) and optimized geometry of
a model structure with dimethylamino endgroups by semiempirical calcula-
tion (pm3 formalism, bottom), where the torsion angles (æ), indicated by
the solid arrows, are calculated as∼74° in the isolated state due to the
internal steric hindrance arising from the proximate hydrogens indicated
by the dotted arrows.12
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ing ORMOSIL nanoparticles, activated by indirect excitation
of HPPH via efficient intraparticle FRET. Also presented is two-
photon laser scanning fluorescence microscopy imaging of live
tumor cells uptaking the co-encapsulating nanoparticles, as well
as the cytotoxic effect under two-photon irradiation, to dem-
onstrate their potential as a drug-carrier nanoassembly for two-
photon activated PDT.

Experimental Section

Materials. Surfactant, Aerosol OT (AOT, sodium bis(2-ethylhexyl)-
sulfosuccinate, 98%), triethoxyvinylsilane (VTES, 97%), andN-methyl-
2-pyrrolidinone (NMP) were purchased from Aldrich. Cosurfactant,
1-butanol, and NH4OH (28.0-30.0%), are products of J.T. Baker.
Deuterium oxide (99.9 atom % D) was obtained from Isotec Inc. The
drug, HPPH, was provided by the Roswell Park Cancer Institute,
Buffalo, NY. 9,10-Anthracenedipropionic acid, disodium salt (ADPA)
was purchased from Molecular Probes. All the above chemicals were
used as received without further purification. The details on BDSA,
including preparation, semiempirical calculation, and characterizations,
are described in ref 12.

Preparation of Dye-Encapsulating ORMOSIL Nanoparticles.The
nanoparticles, encapsulating either one or both of HPPH and BDSA,
were synthesized by coprecipitating the dyes with polymeric organically
modified silica sol in the nonpolar core of AOT/1-butanol micelles in
deionized water or D2O. NMP was used as a hydrophilic solvent which
has unlimited water miscibility as well as suitable solubility for both
HPPH and BDSA. To obtain a clear solution of prepolymerized silica
sol, 0.2 g of VTES in 2 mL NMP was hydrolyzed and condensed in
the presence of 40µL of NH4OH at room temperature for 12 h to 1
day, until adding one drop of the resulting solution into excess pure
water made white bulk precipitate without liquid phase of unreacted
VTES or oligomers. After syringe filtering by membrane filter (0.2
µm pore size), 0.15 mL of the sol solution was homogeneously mixed
with 0.57 mL NMP solutions containing either or both HPPH (0.15
mg; 1.1 wt % loading with respect to the added VTES amount) and
BDSA (1.35, 2.7, or 4.05 mg; 10, 20, or 30 wt % loading amount,
respectively). The micelles were prepared by dissolving 0.22 g of AOT
and 0.4 mL of 1-butanol in 10 mL of water or D2O. Nanoprecipitation
was induced by one-shot syringe injection of the above NMP solutions
(0.6 mL) into the prepared micelle dispersions under vigorous magnetic
stirring. The resulting mixtures were further stirred at room temperature,
to ensure completion of sol-gel condensation within the coprecipitated
nanoparticles. After 2 days of stirring, AOT and 1-butanol were
removed either by dialyzing the water dispersion against water in a
12-14 kDa cutoff cellulose membrane for 48 h, or by thoroughly
washing the D2O dispersion withn-hexane.

Characterization. Transmission electron microscopy (TEM) was
performed to determine the size and shape of the prepared nanoparticles,
using a JEOL JEM-100cx microscope at an accelerating voltage of 80
kV. Absorption and fluorescence spectra were acquired using a
Shimadzu UV-3101 PC spectrophotometer and a Jobin-Yvon Fluorog
FL-3.11 spectrofluorometer, respectively. Fluorescence quantum yields
(Φf) of the BDSA-entrapping nanoparticles were determined using
methanol solution of rhodamine B as a reference for which the
absorbance was kept below 0.1 at the excitation wavelength (480 nm).
Two-photon excitation for the fluorescence and the singlet oxygen
generation experiments, as well as for two-photon laser scanning
fluorescence microscopy was performed at 850 nm using a Ti:sapphire
laser (Tsunami, Spectra-Physics) pumped by a frequency-doubled diode-
pumped solid-state laser (Millennia, Spectra-Physics). It provided 90
fs pulses at 82 MHz repetition rate. A spectrum analyzer (IST-REES,
Germany) was used to monitor the wavelength and the bandwidth of
excitation light.

Fluorescence lifetime measurements were performed using the time
correlated single photon counting (TCSPC) technique. For this mea-

surement, a Ti:sapphire laser providing 800 nm femtosecond pulses
was used as the excitation source, and a SPC-830 TCSPC module
(Becker & Hickl) with an H7422 (Hamamatsu) detector having a
response time in the range of 250 ps was used for the measurements.
For measuring the lifetime of the donor molecules (BDSA) in presence
and absence of the acceptor molecules (HPPH), a band-pass filter
(HQ540/80-2p from Chroma) was used to cut off the acceptor emission.
For an estimation of the instrument response function (IRF), a dye with
a known fluorescence lifetime (from Streak camera measurements) less
than 50 ps was used. By deconvoluting this IRF with the obtained
lifetime, a lifetime much shorter than the detector response can be
estimated.14 In our case, we used the SPCImage software (Becker &
Hickl) for deconvolution and data fitting to estimate lifetime values.

For quantitative comparison, the concentrations of the nanoparticle
water dispersions were kept the same for all the sample sets. The
dispersions of all examined HPPH-loaded nanoparticles had the
absorbance of 0.07 at 665 nm.

Detection of Singlet Oxygen. One- and two-photon induced
generations of singlet oxygen were monitored by singlet oxygen
luminescence and chemical oxidation methods, respectively. Singlet
oxygen luminescence at 1270 nm was recorded for the surfactant-
removed D2O dispersions, using a SPEX 270M spectrometer (Jobin
Yvon) equipped with an InGaAs photodetector (Electro-Optical Systems
Inc.). A diode-pumped solid-state laser (Millenia, Spectra-Physics) at
532 nm was used as the excitation source. Chemical oxidation of ADPA
in the nanoparticle water dispersions was used as a chemical method
to detect singlet oxygen generation.10 It was monitored by a decrease
in the absorbance of the added ADPA at 400 nm under excitation with
850 nm. The mixture solution was prepared by combining 1 mL of the
stock dispersions of nanoparticles in water with 0.1 mL of ADPA stock
solution in water (0.5 mM). Two-photon excitation at 850 nm was
performed by focusing the laser beam through a cuvette (1 cm path
length and 2 mm width) containing 0.5 cm3 solution.

In Vitro Studies with Tumor Cells: Nanoparticle Uptake and
Two-Photon Excited Fluorescence Imaging.HeLa (human cervix
epitheloid carcinoma) cells (American Type Culture Collection, Ma-
nassas, VA) were cultured in a Minimum Essential Medium (MEM)
supplemented with 10% fetal bovine serum (FBS), following the
established protocol. The detailed procedures are described elsewhere.9b,10

For nanoparticle uptake, cells in a 60-mm suspension in the medium
was combined with nanoparticle dispersion and incubated at 37°C (5%
CO2) for 3 h. Two-photon laser scanning fluorescence microscopy was
performed using confocal laser scanning microscopy (Bio-Rad, model
MRC-1024), with an upright microscope (Nikon, model Eclipse E800).
A water immersion objective lens (Nikon, Fluor-60X, NA 1.0) was
used for cell imaging. A long-pass filter (585 LP) was used as the
emission filters for imaging. For localized spectrofluorometry, the
fluorescence signal was collected without filtering, from the upper port
of the confocal microscope, using a multimode optical fiber of core
diameter 1 mm, and was delivered to a spectrometer (Holospec from
Kaiser Optical Systems, Ann Arbor, MI) equipped with a cooled charge
coupled device (CCD) camera (Princeton Instruments, Monmouth
Junction, NJ) as a detector.

Results and Discussion

Dye encapsulation in ORMOSIL nanoparticles was ac-
complished in the nonpolar interior of aqueous AOT micelle
by transient emulsification and spontaneous coprecipitation via
a “solvent displacement” process, i.e. diffusive depletion of
hydrophilic solvent into the aqueous exterior.15 Figure 2 shows
representative TEM images of nanoparticles entrapping
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1.1 wt % HPPH (a) and 1.1 wt % HPPH/20 wt % BDSA (b),
where the sizes are estimated as 25( 7 and 30( 6 nm,
respectively.

To produce fluorescent domains of BDSA aggregates in the
particle matrix, the following amounts were loaded to induce
phase separation: 10, 20, and 30 wt % with respect to the total
VTES amount. All the prepared nanoparticles entrapping BDSA
exhibited almost the same fluorescence spectra peaking at∼610
nm. A representative spectrum of the nanoparticles entrapping
20 wt % BDSA is shown in Figure 3, along with typical state-
dependent spectra of BDSA in PMMA films (monomer state
at 0.5 wt % and aggregated state at 30 wt %). Typically, at
lower concentrations in the polymer matrix, BDSA emits blue-
shifted, greenish fluorescence, because it exists in the molecu-
larly dispersed frozen monomer state withπ-conjugation limited
by a distorted geometry.12 At concentrations high enough to
induce self-aggregation, the BDSA emission is red-shifted to
orange without quenching. This shift is a consequence of
molecular stacking by aggregation which results in partial
planarization due to severe intramolecular steric hindrance,
which not only extends theπ-conjugation but also diminishes
intermolecular quenching effects, derived from loose packing
of molecules retaining a certain amount of distortion. Accord-
ingly, the intense orange fluorescence from the prepared
nanoparticles suggests that the loaded BDSA exists in the
aggregated state at the studied loading concentrations of 10-

30 wt %. Importantly, as opposed to concentration quenching
generally observed for most dye aggregates, fluorescence
quantum yields of the BDSA-loaded nanoparticles are rather
increased by raising the extent of aggregation with higher
loading (Figure 3 (inset)).

The spectral matching for FRET between HPPH and the
BDSA aggregate, both entrapped separately in nanoparticles,
is shown in Figure 4. The aqueous dispersion of HPPH-loaded
(1.1 wt %) nanoparticles exhibits typical HPPH fluorescence
with peak at∼667 nm, indicating that by coprecipitation with
polymeric VTES sol, the hydrophobic HPPH molecules have
successfully been embedded in the particle matrix, without self-
aggregation or significant interaction with water. Note that the
HPPH fluorescence is completely quenched in water dispersions
by self-aggregation.10 Moreover, the HPPH absorption in
nanoparticles has significant spectral overlap with the fluores-
cence of BDSA aggregates, which enables an energy transfer
between them. This spectral matching, together with the
aggregation-enhanced fluorescence of BDSA, allows the ap-
proach based on the use of BDSA aggregates to overcome the
issue of fluorescence quenching in the preparation of donor-
concentrated FRET nanoparticles.

Figure 5 shows the one-photon excited fluorescence spectra
of the water-dispersed nanoparticles co-encapsulating HPPH (1.1
wt %) and BDSA (20 wt %). When excited at 425 nm, the
obtained fluorescence spectrum of the co-encapsulating nano-
particles is a composite of the emission contributions from the
donor BDSA aggregates and the acceptor HPPH. Compared with
the fluorescence intensities of the nanoparticles containing the
corresponding amount of each dye separately, BDSA emission
is quenched by∼70% and HPPH emission is amplified∼5
times, indicating the occurrence of FRET. This energy harvest-
ing provides evidence that HPPH and the BDSA aggregates
have successfully been co-encapsulated in the same nanospace
by coprecipitation with polymeric VTES sol.

Indirect two-photon excitation of HPPH was examined with
the HPPH-loaded nanoparticles with different amounts of
BDSA. For quantitative comparison, only the BDSA amount
was varied under the same conditions, the concentration of the
nanoparticles in water dispersion was same for every sample
set. Equality in the amounts of the loaded HPPH was controlled

Figure 2. TEM images of silica nanoparticles entrapping (a) 1.1 wt %
HPPH and (b) 1.1 wt % HPPH/20 wt % BDSA.

Figure 3. Normalized fluorescence spectra of BDSA, entrapped in PMMA
films (a: 0.5 wt %, b: 30 wt %) and in water-dispersed silica nanoparticles
(c: 20 wt %). (Inset) Dependence of fluorescence quantum yields (Φf) of
BDSA-loaded silica nanoparticles on the loading amount.

Figure 4. Normalized absorption (dashed) and fluorescence (solid) spectra
of HPPH (1.1 wt %) and BDSA (20 wt %) entrapped separately in water-
dispersed silica nanoparticles. The excitation wavelengths are 600 and 480
nm for HPPH and BDSA, respectively.
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spectrophotometrically, as described in the Experimental Sec-
tion. Figure 6 shows the fluorescence spectra of the nanoparticle
dispersions, obtained by excitation at 850 nm. Under two-photon
excitation, the water dispersion of the HPPH-only silica nano-
particles demonstrates weak fluorescence (Figure 6a). However,
the HPPH component of the emission from the HPPH/BDSA
co-encapsulating nanoparticles is amplified by factors of∼10
and∼30 for the BDSA loading of 10 and 20 wt %, respectively,
which is much greater than the one-photon FRET amplification
obtained by the excitation at 425 nm (Figure 5). More
pronounced energy harvesting by two-photon excitation is
unambiguously attributed to a large difference in the two-photon
absorptivities between HPPH and BDSA at the wavelength of
850 nm. Due to low two-photon absorptivity of HPPH itself,
direct excitation of HPPH would have a minimal contribution.
Therefore, the intense two-photon fluorescence of HPPH is
mainly originating from the indirect excitation through the
intraparticle FRET, indicating that the energy of the near-IR
light is efficiently up-converted by BDSA aggregates to excite
HPPH.

To confirm the occurrence of FRET, we also used fluores-
cence lifetime measurements. Figure 7 shows the fluorescence
decay curves with a biexponential fit for nanoparticles doped
with (1) 20 wt % BDSA and (2) 1.1 wt % HPPH/20 wt %
BDSA. In the case of nanopartilcles encapsulating BDSA alone,
the fluorescence decay was found to be biexponential in nature,
with an average lifetime (τm) of 636 ps. In case of nanoparticles
co-encapsulating BDSA and HPPH, the average lifetime of
BDSA was found to be shortened to 173 ps, using a biexpo-
nential fitting. FRET efficiency of this donor-acceptor pair can
be estimated using the equation, 1- τDA/τD, whereτDA is the
lifetime of the donor in the presence of acceptor andτD is the
lifetime of the donor alone. From this data, the estimated FRET
efficiency of the BDSA/HPPH pair, when co-doped in silica
particles, was found to be 73%, which is in close agreement
with the FRET efficiency estimated from the fluorescence
quenching of the donor (BDSA) in Figure 5.

We assessed the capability of the encapsulating nanoparticles
to generate singlet oxygen, by monitoring the oxygen lumines-
cence under the excitation at 532 nm. Instead of water, D2O
was used as a dispersion solvent, because it extends the lifetime
of singlet oxygen. As shown in Figure 8, the characteristic
singlet oxygen emission with a peak at 1270 nm was clearly
observed under the photoexcitation of the dispersion of nano-
particles co-encapsulating HPPH (1.1 wt %) and BDSA

Figure 5. One-photon excited fluorescence spectra of the same amount of
water-dispersed silica nanoparticles entrapping (a) only 20 wt % BDSA,
(b) only 1.1 wt % HPPH, and (c) 1.1 wt % HPPH/20 wt % BDSA together.
Because of significant overlapping of BDSA and HPPH emission spectra,
the composite fluorescence spectra in (c) were deconvoluted. (d, e) Curves
representing the deconvoluted BDSA and HPPH fluorescence spectra,
respectively. The excitation wavelength was 425 nm.

Figure 6. Two-photon excited fluorescence spectra of the same amount
of water-dispersed silica nanoparticles, entrapping (a) 1.1 wt % HPPH, (b)
1.1 wt % HPPH/10 wt % BDSA, and (c) 1.1 wt % HPPH/20 wt % BDSA.
The excitation wavelength is 850 nm.

Figure 7. BDSA fluorescence decay for nanoparticles doped with (a) 20
wt % BDSA and (b) 1.1 wt % HPPH/20 wt % BDSA, each plotted with
the best-fitted kinetic functions (solid line). Instrument response function
(IRF) is shown as unlabeled dashed line.

Figure 8. Emission of singlet oxygen generated in the D2O dispersion of
nanoparticles co-encapsulating 1.1 wt % HPPH/20 wt % BDSA. The
excitation wavelength was 532 nm.
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(20 wt %), indicating the generation of singlet oxygen (1O2) by
sensitizing with HPPH. These data confirm the previous report10

that the polymerized VTES matrix is suitable for PDT due to
its porosity, which allows molecular oxygen to diffuse in and
out of the particle matrix.

It is difficult to observe singlet oxygen emission in water
dispersions under the two-photon excitation conditions, due to
the short lifetime of singlet oxygen in water, the relatively low
inherent efficiency of two-photon processes, and the small
volume of excitation due to quadratic intensity dependence of
two-photon excitation. Thus, to evaluate the ability for the two-
photon sensitization of singlet oxygen in water, we employed
a chemical method based on the oxidation of disodium salt of

9,10-anthracenedipropionic acid (ADPA).16 In this approach,
photobleaching of the ADPA absorbance was used to monitor
singlet oxygen generation.4c,10Figure 9 shows the bleaching of
ADPA in water in the presence of nanoparticles co-encapsulating
HPPH (1.1 wt %) and BDSA (20 wt %), under two-photon
irradiation at 850 nm, where ADPA has no linear absorption.
As one can see, in the presence of the HPPH/BDSA co-
encapsulating nanoparticles, the ADPA absorption below∼450
nm was decreased continuously over the course of irradiation,
while HPPH and BDSA showed no noticeable changes in their
absorptions above 450 nm, suggesting that both compounds are
stable under these irradiation conditions. It should be stressed
that the observed photobleaching of ADPA is not caused by its
photoreaction in the excited state, but by the oxidation caused
by singlet oxygen liberated from the particles after the generation
by two-photon excited photosensitizers entrapped inside. In the
case of nanoparticles containing only HPPH, only a minimal
photobleaching of ADPA was observed under the same irradia-
tion conditions, as shown in the inset of Figure 9. This confirms
that the intraparticle FRET, based on the use of fluorescent
BDSA aggregates, is truly manifested in the two-photon-
sensitized generation of singlet oxygen in water.

The potential of the HPPH/BDSA co-encapsulating nano-
particles as a drug-carrier nanoassembly was evaluated in vitro
by fluorescence imaging of live tumor cells under two-photon
excitation at 850 nm. Figure 10 shows the two-photon laser
scanning microscopic image of HeLa cells treated with nano-
particles co-encapsulating HPPH (1.1 wt %) and BDSA (20 wt
%). An intense fluorescence signal is observed from the cells,
indicating active uptake of the co-encapsulating nanoparticles
by tumor cells. The localized spectrum in the inset of Figure
10 shows that the two-photon fluorescence from the cytoplasm
exhibits the characteristic HPPH fluorescence. This affirms that
the indirect two-photon excitation of HPPH through intraparticle

(16) Lindig, B. A.; Rodgers, M. A. J.; Schaap, A. P.J. Am. Chem. Soc.1980,
102, 5590.

Figure 9. Photobleaching of ADPA by singlet oxygen generated upon two-
photon excitation of the water-dispersed nanoparticles co-encapsulating 1.1
wt % HPPH/20 wt % BDSA at 850 nm. (Inset) ADPA remaining in water
dispersions of the nanoparticles encapsulating 1.1 wt % HPPH (square)
and 1.1 wt % HPPH/20 wt % BDSA (circle), as a function of time of
irradiation with 850 nm.

Figure 10. Merged transmission (blue) and two-photon excited fluorescence
(red) images of HeLa cells, stained with nanoparticles co-encapsulating 1.1
wt % HPPH/20 wt % BDSA. (Inset) Localized two-photon fluorescence
spectrum from the cytoplasm of the stained cell. The excitation wavelength
is 850 nm.

Figure 11. Transmission images of HeLa cells treated overnight with
nanoparticles containing 20 wt % BDSA (a, b) and 1.1 wt % HPPH/20 wt
% BDSA (c, d). Left column (a, c): before irradiation. Right column (b,
d): 15 min after 90 s of irradiation with femtosecond pulsed laser at 850
nm (30 scans of 3 s each with 10 s interval).
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FRET is still operative in the cellular environment, suggesting
the intracellular stability of the ORMOSIL nanoparticles co-
encapsulating HPPH and BDSA. The intracellular FRET ef-
ficiency was estimated up to 36% by using “acceptor bleaching”
method,17 without correcting for donor bleaching due to the
generated singlet oxygen (see Supporting Information).

Two-photon induced cytotoxic effect with nanoparticles co-
encapsulating 1.1 wt % HPPH/20 wt % BDSA is shown in
Figure 11. Two-photon irradiation of HeLa cells treated
overnight with nanoparticles containing only BDSA (20 wt %)
did not cause any significant change in cell morphology (Figure
11, upper row). On the contrary, drastic changes in the
morphology of HeLa cells, which were treated overnight with
nanoparticles containing 1.1 wt % HPPH/20 wt % BDSA, have
been observed after irradiation under the same conditions (Figure
11, lower row). These changes are associated with cell necrosis
and are apparently induced by the reactive oxygen species
generated by HPPH which is excited as a result of two-photon
excitation of BDSA, followed by energy transfer to HPPH.

Conclusions

We have prepared stable aqueous dispersions of organically
modified silica nanoparticles (e30 nm), co-encapsulating a
photosensitizing anticancer drug, HPPH, and fluorescent ag-
gregates of a two-photon absorbing dye, BDSA. It has been
shown by two-photon spectroscopic measurements that the
BDSA aggregates, formed by phase separation from the particle

matrix, can efficiently up-convert the energy of near-IR light
and transfer it to the co-encapsulated HPPH molecules through
the intraparticle FRET, which results in enhanced two-photon
generation of singlet oxygen in water. Using two-photon laser
scanning fluorescence microscopy, we demonstrated that the
co-encapsulating nanoparticles are actively uptaken by tumor
cells in vitro, and that the excitation efficiency of HPPH through
energy transfer from two-photon excited BDSA is preserved in
the intracellular environment. Cytotoxic effect induced by the
co-encapsulating nanoparticles under two-photon irradiation was
demonstrated, as compared to the control cells treated with
nanoparticles encapsulating BDSA only and irradiated under
the same conditions. It can be concluded that our approach of
two-photon induced intraparticle FRET, based on the use of
two-photon fluorescent aggregates as a donor and a photosen-
sitizing drug as an acceptor, offers a simple and proper
methodology for developing formulations of drug-carrier nanoas-
semblies applicable in two-photon activated PDT.
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