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P
hotodynamic therapy (PDT) can be an
effective clinical treatment for certain
types of cancer because of its rela-

tively low systemic toxicity and its noninva-
sive nature.1 The operational principle for
PDT involves the conversion of ground-
state molecular oxygen (3O2) to singlet oxy-
gen (1O2) by energy transfer from a photo-
excited molecule (a photosensitizer). The
highly reactive 1O2 causes lethal damage
to cancer cells and destruction of tumor
vasculature.2,3 Despite the advantages of
the therapy itself, photosensitizers in use
today display toxic or other side effects that
limit their use. For example, the first-gen-
eration photosensitizer Photofrin lacks a
long wavelength absorption band and it
exhibits prolonged residence time in the
normal tissues of the body. If not protected
from sunlight and other forms of bright
light, the skin and eyes of the patient can
become severely damaged. It takes only a
few minutes of exposure to induce a light
sensitivity response, and this sensitivity can
persist for 4�12 weeks after administration
of the therapeutic.4 More promising sec-
ond-generation photosensitizers, such as
Photosens, are based on a phthalocyanine
motif with a strong long wavelength ab-
sorption band. However, most phthalocya-
nines and their relatives are hydrophobic,
requiring delivery systems for clinical use,5,6

and patient photosensitivity remains a
problem.7 Third-generation photosensiti-
zers involve second-generation photosensi-
tizers modified with targeting molecules for
better tumor selectivity.8

Recent studies using nanoparticle hosts
containing conventional organic photosen-
sitizers have demonstrated improved water

solubility and biocompatibility.9�15 However,
most of these approaches use nonfunc-
tional silica or polymer-based nanomater-
ials as the carriers, and there is still a risk of
the photosensitizer payload leaking from
the carriers into the body before reaching
the target. Nanomaterials that can intrinsi-
cally generate 1O2 when photoexcited, such
as TiO2

16,17 and quantumdots,18,19 can over-
come such problems. However, concerns
regarding biodegradability,20 toxicity of
degradation byproduct,21�24 and relatively
low 1O2 quantum yield18 of such materials
have impeded their clinical application.
It has been recently discovered that the

quantum-confined domains in porous Si
films can generate 1O2 when excited with
visible light, and this energy transfer pro-
cess is very efficient due to the extremely
long lifetime of the excitons and the large
specific surface area of porous Si.25,26 Porous
Si has low toxicity, and most importantly, it
is biodegradable and biocompatibile.27�31
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ABSTRACT Porous Si nanoparticles, prepared from electrochemically etched single crystal Si

wafers, function as photosensitizers to generate 1O2 in ethanol and in aqueous media. The

preparation conditions for the porous Si nanoparticles were optimized to maximize (1) the yield of

material; (2) its quantum yield of 1O2 production; and (3) its in vitro degradation properties. The

optimal formulation was determined to consist of nanoparticles 146 ( 7 nm in diameter, with

nominal pore sizes of 12( 4 nm. The quantum yield for 1O2 production is 0.10( 0.02 in ethanol and

0.17 ( 0.01 in H2O. HeLa or NIH-3T3 cells treated with 100 μg/mL porous Si nanoparticles and

exposed to 60 J/cm2 white light (infrared filtered, 100 mW/cm2 for 10 min) exhibit∼45% cell death,

while controls containing no nanoparticles show 10% or 25% cell death, respectively. The dark

control experiment yields <10% cytotoxicity for either cell type.
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Silicon is a common trace element in humans and the
primary biodegradation product of porous Si, orthosi-
licic acid (Si(OH)4), is the form predominantly absorbed
by humans and is naturally present in numerous
tissues.32�34 We have previously found that porous Si
nanoparticles administered in vivo (mouse model) can
accumulate in tumors and then degrade into compo-
nents that are rapidly cleared by the kidneys in a
relatively short period of time.35 In this study, we show
that porous Si nanoparticles can generate 1O2 and kill
cancer cells in vitro following illumination with a
commercial halogen light or a light-emitting diode
(LED) panel. This study represents the first in vitro

demonstration of photodynamic killing of cancer cells
using porous Si nanoparticles, and it illustrates the
potential for this nanomaterial as a nontoxic, biode-
gradable alternative to molecular PDT agents used in
the clinic today.

RESULTS AND DISCUSSION

Porous Si nanoparticles were prepared by electro-
chemical etching of single-crystal silicon wafers in
ethanolic HF solution, lift-off the porous Si film, ultra-
sonication, and finally filtration of the formed particles
through a 0.45 μm membrane (Supporting Informa-
tion, Scheme S1). To study the effect of the pore size in
the nanoparticles on the generation of singlet oxygen,
porous Si nanoparticles with different average pore
sizes (7.9�17.6 nm) were prepared by using various
etching current densities from 50 to 400 mA/cm2

(Table 1). The as-prepared nanoparticles possess a
hydrogen-terminated surface (Supporting Informa-
tion, Figure S1), and their average hydrodynamic size
measured by dynamic light scattering (DLS) is∼100 to

200 nm. Scanning electron microscope (SEM) images
reveal a well-ordered mesoporous nanostructure
(Table 1).
The generation of 1O2 by photoexcited porous Si

nanoparticles in ethanol was detected using the che-
mical trapping reagent 1,3-diphenylisobenzofuran
(DPBF). DPBF reacts with 1O2 irreversibly, undergoing
a 1,4-cycloaddition that is detected as a decrease in the
intensity of the DPBF absorption band at 410 nm.36,37

As shown in Figure 1a, the absorption intensity of the
solution containing porous Si nanoparticles and DPBF
decreases gradually as a function of time under light
irradiation (halogen lamp fitted with an IR filter and a
454�500 nm bandpass filter), while the change is
negligibly small in the absence of light (Figure 1b).
DPBF was observed to undergo slight decomposition
under the irradiation conditions (in air), even in the
absence of porous Si nanoparticles (Supporting Infor-
mation, Figure S2). The data presented here are cor-
rected for this self-photobleaching. To confirm that the
decomposition of DPBF is caused by 1O2 instead of a
direct reaction with photoexcited porous Si nanopar-
ticles, the photolysis reaction was carried out in a
solution depleted of O2 (by N2 purge for 30 min). The
decrease of the absorption of DPBF in O2-depleted
solution was negligible compared to that of the air-
saturated solution (Figure 1d). The dependence of the
reaction on dissolved O2 provides clear evidence that
1O2 is generated by the porous Si nanoparticles in the
photosensitized process. The photosensitization reac-
tion accelerates with increasing nanoparticle concen-
tration (Supporting Information, Figure S3).
The quantum yield for 1O2 generation by porous Si

nanoparticles was determined using a comparative

TABLE 1. Characteristics of Porous Si Nanoparticles (PSiNP) Prepared with Different Etching Current Densities

a PSiNP size (nm) represents the average hydrodynamic size measured by DLS. b Pore size (nm) represents the average pore size of the freestanding film measured by SEM.
c Plan-view images of freestanding porous Si films, showing the pore morphology scale bar is 50 nm. d Morphology of porous Si nanoparticles prepared from the films in panels
c. Scale bar is 1 μm. e 1O2 quantum yield of the porous Si nanoparticles.
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method.38 A plot of optical absorbance at 410 nm as
a function of irradiation time is consistent with a
first order reaction (Figure 1c). The 1O2 quantum
yield was calculated by comparison with a standard
photosensitizer,39

ΦPSiNP ¼ Φs
kPSiNP
IPSiNP

Is
ks

(1)

where kPSiNP and ks are the rate constants for decom-
position of DPBF by porous Si nanoparticles and by a
standard photosensitizer, respectively. IPSiNP and Is
represent light absorbed by the porous Si nanoparti-
cles and by the photosensitizer standard, respectively,
which are determined by integration of the optical
absorption bands in the wavelength range 454�
500 nm. To evaluate the method and our experimental
setup, the 1O2 quantum yield of methylene blue (MB)
was determined to be 0.53 using rose bengal (RB,ΦRB =
0.86 in ethanol40) as a standard, which is in good
agreement with the published data (ΦMB = 0.52 in
ethanol40). Similarly, by taking RB as a standard, the 1O2

quantum yield of the porous Si nanoparticles as a
function of average pore size was determined. As
reported in Table 1, the intermediate pore size of
9.2�11.8 nm appears to be optimal for 1O2 generation.
In the present study, nanoparticles made using an
etching current density of 200 mA/cm2 were chosen
for the in vitro tests, because this preparation provided

a compromise between maximizing the total yield of
nanoparticles and maximizing the 1O2 quantum yield.
Singlet oxygen generation by porous Si has been

studied,26 and it is thought to undergo the following
processes: (1) porous Si is photoexcited into a singlet
energy state; (2) the material undergoes intersystem
crossing to a long-lived triplet state; (3) energy transfer
from the excited triplet state on porous Si to the triplet
ground state of oxygen (3O2), generating singlet oxy-
gen (1O2). The

1O2 excited state can then relax back to
the ground state 3O2 via radiative or nonradiative
(collisional) deactivation.26 For gas-phase oxygen, the
efficiency of 1O2 generation has been reported to
increase with increasing porosity of the porous Si
film.41 Moreover, for gas-phase oxygen the radiative
deexcitation route dominates, while nonradiative re-
laxation is the main relaxation pathway for 1O2 in
solution.42 In the present work, no specific depen-
dence of 1O2 quantum yield on porosity was observed.
This is attributed to the process by which the nano-
particles are prepared; ultrasonic fracture of the porous
Si film into particles changes the poremorphology and
it generates fresh reactive surfaces that are readily
oxidized. The degree of oxidation is dependent on pore
size,43 and surface oxides may enhance nonradiative
pathways and hinder triplet�triplet energy transfer.44

The concentration of 1O2 in aqueous solution was
further quantified using singlet oxygen sensor green

Figure 1. Time course of the absorption spectrum of the singlet oxygen indicator DPBF with porous Si nanoparticles (PSiNP)
(a) in the presence of and (b) in the absence of light. Solutionmeasurements were obtained in air-saturated ethanol. (c) Decay
curves of the (background-corrected) 410-nm absorption bands from (a) and (b). (d) Decay curves of the (background-
corrected) 410-nm absorption band from DPBF in irradiated solutions containing PSiNP, in either air-saturated or N2-
saturated solutions.
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(SOSG) reagent, which is highly selective for 1O2 and
does not have any appreciable response to hydroxyl
radical ( 3OH) or superoxide ( 3O2

�) species.45 In the
presence of 1O2, SOSG emits strong green fluorescence
(excitation/emission maxima ∼504/525 nm), which
corresponds to the formation of an endoperoxide by
the reaction of 1O2 with the anthracene component of
SOSG.46 When the assay solution containing porous Si
nanoparticles was irradiated with light from a tungsten
halogen lamp (filtered through a short pass infrared
and a 454�500 nm bandpass filters), the fluorescence
emission intensity at 520 nm was observed to increase
gradually (Supporting Information, Figure S4a). An
equivalent sample maintained in the dark showed no
increase in fluorescence signal (Supporting Informa-
tion, Figure S4b). The rate of SOSG endoperoxide
formation followed first order kinetics (Figure 2),47

and the quantum yield for 1O2 generation by porous
Si nanoparticles in water was determined to be 0.17(
0.01 using eq 1 (relative to ΦRB = 0.75 in H2O

40).

In support of the conclusion that the observed signal
was due to 1O2 generation from photoexcited porous
Si nanoparticles, no increase in fluorescence was ob-
served for an irradiated sample that had been deox-
ygenated (by spargingwith nitrogen gas for 30min), or
that contained SOSG alone (no nanoparticles, Figure 2).
The phototoxicity of porous Si nanoparticles toward

cancer cells was tested in vitro using the MTS (3-(4,
5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium) cell viability assay.
HeLa and NIH-3T3 cells were irradiated for 10 min in
a PBS buffer containing 0, 25, 50, and 100 μg/mL
porous Si nanoparticles. As shown in Figure 3, cell
viability decreased with increasing concentration of
porous Si nanoparticles and with increasing light in-
tensity for both cell types studied. The maximum
degree of cell death observed with the experimental
protocol of Figure 3 was∼45%. For HeLa cells, minimal
cytotoxicity was observed in the dark, even with
porous Si nanoparticle concentrations as large as 100
μg/mL, indicating a low level of dark toxicity for the
nanoparticles themselves. The morphology of HeLa
cells exposed to 100 μg/mL porous Si nanoparticles
in the dark for 10 min, or with light exposure up to 60
J/cm2 (100 mw/cm2, 10 min) but without nanoparti-
cles, showed no significant change compared to an
untreated control (Figure 4). However, under the same
light exposure conditions, HeLa cells in the presence of
porous Si nanoparticles lost their adherent nature and
shrank to assume a spherical-like morphology
(Figure 4d). Similar phototoxicity characteristics were
observed using a blue (λmax = 458 nm, fwhm = 22 nm)
LED panel as the light source (Supporting Information,
Figure S5a). The NIH-3T3 cells displayed qualitatively
the same behavior, although they were more sensitive
to the illumination protocol than HeLa cells; cytotoxi-
city associated with immersion in buffer and light
irradiation was observed, even in the absence of Si
nanoparticles (Figure 3b and Supporting Information,

Figure 2. Increase in fluorescence intensity of SOSG endo-
peroxide as a function of irradiation time in the presence of
SOSG alone, SOSG with RB, and SOSG with porous Si
nanoparticles (PSiNP) in air and in N2 saturated solution,
respectively.

Figure 3. Photoinduced toxicity exhibited by (a) HeLa cells and (b) NIH-3T3 cells treated with porous Si nanoparticles. The
medium containing the porous Si nanoparticles (PBS buffer) was replaced with cell growth medium (RPMI-1640 medium
supplemented with 10% FBS) immediately after irradiation. Cell viability quantified by MTS assay. Illumination was
accomplished with a (IR filtered) halogen lamp. Each data point represents the mean of three independent experiments.
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Figure S5b). In addition, NIH-3T3 cells showed some
dark toxicity at the largest nanoparticle concentra-
tion (100 μg/mL porous Si nanoparticles). However,
as was observed with the HeLa cells, the degree of

photoinduced cell death increased with increasing
nanoparticle concentration.
A second illumination protocol was tested in which

the nanoparticles and cells were irradiated in culture
medium (RPMI-1640 medium without added FBS)
rather than in buffer, and the nanoparticles were not
removed with a postirradiation rinse but allowed to
incubatewith the cells for 24 h postirradiation (Figure 5).
Both HeLa and NIH-3T3 cell lines required a signifi-
cantly lower dose of light and silicon nanoparticles to
achieve ∼45% cell death with this protocol.
The increased degree of cell death observed in the

experiments in which porous Si nanoparticles were
irradiated in culture medium could be attributed to
long-lived toxic species that are generated by the
action of 1O2 with organic species present in the
vicinity of the nanoparticles during irradiation. This
interpretation is consistent with prior studies onmicro-
meter-sized particles of porous Si:48 significant cell
death was observed for microparticles incubated in
cell culture medium for 24 h, and the authors of this
prior work attributed the toxicity to persistent organic
peroxides generated by the reaction of 1O2 or other
reactive oxygen species with amino acids such as
tryptophan, histidine, and tyrosine.48

Figure 4. Phase contrast microscope images of HeLa cells
treated with (a) PBS in the dark for 10 min (dark control), (b)
100 μg/mLporous Si nanoparticles (PSiNP) in the dark for 10
min, (c) PBS under 60 J/cm2 light irradiation for 10min (light
control), and (d) 100 μg/mL PSiNP under 60 J/cm2 light
irradiation for 10 min. The scale bars are 50 μm.

Figure 5. Phototoxicity exhibited by (a and c) HeLa cells and (b and d) NIH-3T3 cells treated with porous Si nanoparticles. In
these experiments, the cells were not rinsed postirradiation as in Figure 3; instead, the cells were allowed to incubatewith the
nanoparticles in the culture medium for 24 h postirradiation. In panels a and b, the cells were irradiated with an (IR filtered)
halogen lamp; in panels c and d, the cells were irradiated with a blue LED panel (λmax = 458 nm). The medium containing the
porous Si nanoparticles was RPMI 1640medium that did not contain FBS. Note the lower light flux and lower concentration of
porous Si nanoparticles in this figure relative to that in Figure 3 and Figure S5. Cell viability was quantified byMTS assay. Each
data point represents the mean of three independent experiments.
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In comparison with a conventional PDT agent such
as methylene blue, the porous Si nanoparticles are
∼150-fold less effective on a mass basis. Under the
conditions of experiments in Figure 5, the 50% inhibi-
tory concentration (IC50) of methylene blue (ΦMB =
0.39 in PBS40) was found to be 0.19μg/mL for HeLa cells
and 0.18 μg/mL for NIH-3T3 cells (24 h incubation after
a 10-min application of 5 J/cm2 light by IR-filtered
halogen lamp, cells and nanoparticles in cell culture
medium, no added FBS), compared to∼30 μg/mL and
∼25 μg/mL for porous Si nanoparticles, respectively.
The relatively low effectiveness of the porous Si nano-
particle system can be attributed to the relatively low
quantum yield of 1O2 generation in H2O (ΦPSiNP = 0.17
( 0.01), but it is also possible that dissolution of the
porous Si nanoparticles in the cell culture medium
during the course of the experiment plays a role. In
separate experiments, we found that ∼54% of the
hydrogen-terminated porous Si nanoparticles degrade
within 10 min at 37 �C in RPMI-1640 medium without
added FBS (Supporting Information, Figure S6). Photo-
degradation of the porous Si matrix may produce
transient SiH4 or other cytotoxic species that could
contribute to cell death. The rapid degradation of the
nanoparticles in buffer solutions places a limitation on
PDT applications for the present nanoparticle formula-
tion. The extent of degradation of the porous Si
nanoparticles decreased to 32% when 10% FBS was
present in the medium, although the addition of FBS
was found to suppress the generation of 1O2, as has
been reported previously.49 We attribute the increased
stability of the porous Si nanoparticles in the presence
of FBS to nonspecific adsorption of proteins on the
nanoparticle surface. Much longer-lived nanoparticles
based on oxidized porous Si have been developed, and
their ability to image tumors in live animals has been
demonstrated.35 These latter Si-based nanoparticles
contain a silica shell and they display strong photo-
luminescence (10% quantum yield).35 However, the
quantum yield for 1O2 generation with this oxidized
formulation under the conditions of the present ex-
periments was <3%.
It is worth noting that porous Si has also been

proposed as an agent for cancer thermotherapy. Lee,
et al. reported a marked photothermal effect by ex-
posing porous Si to near-infrared light irradiation.50

The possibility that the cell viability data presented in

this work result from photothermal (localized heating)
effects rather than fromphotochemical (1O2generation)
effects was assessed by monitoring the local
temperature in the culture medium during irradia-
tion. In the absence of porous Si nanoparticles,
application of the irradiation protocol used in the
present work increased the temperature in the wells
by 8.0 �C or by 5.8 �C for the IR-filtered tungsten-
halogen or the LED source, respectively (Supporting
Information, Figure S7a,b). In the presence of 0.1mg/mL
of porous Si nanoparticles (equal to the largest quan-
tity used in the cell culture experiments), the tem-
perature increase for the IR-filtered tungsten�
halogen source was not distinguishable from the
control, and the temperature increase for the LED
source was 6.7 �C, approximately 1 �C warmer than
the control. When a larger quantity of porous
Si nanoparticles was present (6 mg/mL, in deionized
water), a significant temperature rise (to 52 �C) was
observed, corresponding to 23 �C greater than the
control (Supporting Information, Figure S7c). Further-
more, if the irradiation power density on a sample
containing 6 mg/mL of porous Si nanoparticles was
increased to 300 mW/cm2, the temperature rise was
36 �C greater than the control (Supporting Informa-
tion, Figure S7d). Thus, although significant tempera-
ture increases can be obtained upon irradiation of
porous Si nanoparticles in media, under the condi-
tions of the cell culture experiments in the present
work, the temperature rise is negligible.
In conclusion, porous Si nanoparticles function as

intrinsic photosensitizers to generate measurable
quantities of 1O2. The measured quantum yield of
1O2 by photoexcited porous Si nanoparticles was 0.10
( 0.02 in ethanol and 0.17 ( 0.01 in H2O. Porous Si
nanoparticles irradiated with blue light show photo-
toxicity toward human HeLa and NIH-3T3 cancer cells
in vitro. Although the porous Si nanoparticles used in
this study are not as effective as conventional molec-
ular PDT agents (based on IC50 values), they overcome
some of their shortcomings: (1) the nanoparticles are
not cytotoxic in the absence of light and (2) they
degrade quickly to apparently nontoxic byproducts
in buffer or culture media, minimizing the possibility
of long-term patient photosensitivity. However, the
rapid dissolution of the nanoparticle formulation used
in this study limits its prospects for in vivo studies.

EXPERIMENTAL METHODS

Reagents. Boron-doped p-type Si wafers (0.0008�0.0012Ω-
cm resistivity, Æ100æ orientation) were obtained from Siltronix.
Aqueous hydrofluoric acid was purchased from EMDChemicals.
Methylene blue (MB), Rose Bengal (RB), and 1,3-diphenyliso-
benzofuran (DPBF) were obtained from Sigma-Aldrich Chemicals.
Singlet oxygen sensor green (SOSG) reagent was purchased

from Molecular Probes, Inc. RPMI-1640 cell media, fetal bovine
serum (FBS), trypsin, and Dulbecco's phosphate buffered saline
(DPBS) were obtained from Thermo Scientific. CellTiter 96
Aqueous MTS Reagent Powder was purchased from Promega.

Preparation of Porous Si Nanoparticles. Porous Si nanoparticles
were prepared by anodic electrochemical etch of Si in 3:1 (v/v)
48% aqueous HF/ethanol. A Teflon etch cell that exposed
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8.8 cm2 of the polished Si wafer surface was used. Samples were
etched at a constant current density of 50, 100, 200, 300, or 400
mA/cm2 for 150 s. The porous Si filmwas then removed from the
crystalline Si substrate by application of a current pulse of 4mA/
cm2 for 250 s in a solution of 3.3% aqueous HF in ethanol. The
freestanding porous silicon film was fractured into nanoparti-
cles by ultrasonication for∼16 h in ethanol under a nitrogen gas
atmosphere. The large fragments were removed by filtration
through a 0.45 μm nylon filter membrane (GE Osmonics
Labstore). The porous Si nanoparticles were collected on a
100 kDa Amicon Ultra-4 membrane (Millipore) and washed
three times with ethanol. FT-IR spectra were acquired using a
Nicolet 6700 spectrometer equipped with a Smart-iTR attenu-
ated total reflectance attachment.

Characterization of Porous Si Nanoparticles. Scanning electron
microscope (SEM) images were obtained using a Philips XL30
field emission ESEM. Dynamic light scattering (Zetasizer Nano
ZS90, Malvern Instruments) was used to determine the hydro-
dynamic size of the porous Si nanoparticles.

Detection of Singlet Oxygen by Chemical Trapping. DPBF was used
as a 1O2 trapping reagent in ethanol solution. In a typical
experiment, 2 mL of an ethanol solution containing 0.08 mM
DPBF and 10 μg/mL porous Si nanoparticles was placed in a
sealed quartz cuvette. A 150 W tungsten halogen lamp (Fiber-
Lite MI-150, Dolan-Jenner Industries) filtered through a short
pass infrared and a bandpass filter (454�500 nm) was used as
the light source. The absorbance of the solution at 410 nm was
measured every 1 min for a 10 min period with an ultravio-
let�visible spectrophotometer (SpectraMax Plus 384, Molecular
Devices). The decrease of the absorbance caused by photo-
bleaching of DPBF was measured and corrected in all experi-
ments. The natural logarithm values of absorption of DPBF at
410 nm were plotted against the irradiation time and fit by a
first-order linear least-squaresmodel to get the decay rate of the
photosensitized process. The 1O2 quantum yield of porous Si
nanoparticles in ethanol was calculated using Rose Bengal as a
standard (ΦRB = 0.86 in ethanol40). The 1O2 quantum yield of
porous Si nanoparticles in aqueous solution was determined
using the SOSG assay for 1O2; the fluorescence spectrum (LS50B
spectrofluorimeter, Perkin-Elmer instruments) was integrated in
thewavelength range from500 to570nm for solutions containing
5 μM SOSG and 10 μg/mL PSiNP in water, using an excitation
wavelength of 488 nm. The absolute quantum yield for 1O2

generation by porous Si nanoparticles in H2Owas calculated using
Rose Bengal as a standard and assumingΦRB = 0.75 in H2O.

40

In Vitro Degradation. A series of eight vials containing 0.02mg/
mL of porous Si nanoparticles in 1 mL PBS, RPMI-1640 medium,
or RPMI-1640 medium with 10% FBS were incubated at 37 �C
(porous Si nanoparticles incubated in water at 25 �C were used
as control). At a given time point, one of the vials was removed
from the pool of samples and subjected to silicon analysis. The
silicon analysis was performed on 0.5 mL of the liquid, which
was first filtered with a centrifugal filter (30K Da weight cutoff,
Millipore) to remove the undissolved nanoparticles. The filtrate
was then diluted with 2% aqueous HNO3 and subjected to
analysis by inductively coupled plasma optical emission spec-
troscopy (Optima 3000DV ICP-OES, Perkin-Elmer Instruments).

Cell Culture and In Vitro PDT. HeLa and Mouse embryonic
fibroblast NIH 3T3 cell lines were cultured in RPMI 1640medium
supplemented with 10% fetal bovine serum (FBS) at 37 �C in a
5%CO2 atmosphere. For in vitro PDT tests, the cells were seeded
in 96-well plates at a density of 1 � 104 cells/well and cultured
for 24 h. An aliquot of 200 μL of PBS buffer containing 0, 25, 50,
or 100 μg/mL of porous Si nanoparticles was injected, and
immediately afterward the cells were exposed to a 150 W
tungsten halogen lamp filtered with a short-pass infrared (IR)
filter for 10min at different intensities to apply a total light dose
of 15, 45, or 60 J/cm2. Alternatively, an LEDpanel (λmax = 458 nm,
fwhm= 22 nm) at a light dose of 6, 12, or 18 J/cm2was used. The
control cells were maintained in the dark for the same period of
time. After exposure, the buffer containing the nanoparticles
was removed, the cells were washed twice with PBS solution,
and they were then either subjected to cell viability assays or
placed under the microscope for observation of morphology.
For the cell viability experiments, the plates were further

incubated in RPMI 1640 medium supplemented with 10% FBS
for 24 h and assayed using the CellTiter 96 AQueous One
Solution Cell Proliferation (MTS) assay according to the instruc-
tions provided by the vendor. In a second protocol, the porous
Si nanoparticles were suspended in 200 μL of RPMI 1640
medium (with no added FBS) and added to the culture plates
as described above, but the porous Si nanoparticles were not
removed and the cells were not washed with PBS after irradia-
tion. The cells were then incubated and subjected to MTS assay
as described above, 24 h postirradiation. Smaller doses of
porous Si nanoparticles (0, 6.25, 12.5, 25 μg/mL) and lower light
doses (5 J/cm2 IR-filtered halogen lamp or 1.5 J/cm2 LED lamp)
were applied in this set of experiments. Each experiment was
repeated three times independently.

Temperature Measurements of Porous Si Nanoparticles Undergoing
Irradiation. OnemL solutions of RPMI-1640medium supplemen-
ted with 10% FBS and containing 0.1 or 6 mg/mL porous Si
nanoparticles were exposed to a tungsten halogen lamp (100 or
300 mW/cm2) filtered with a short-pass infrared (IR) filter or a
blue LED lamp (λmax = 458 nm, fwhm = 22 nm, 30 mW/cm2)
continuously for 10 min. Media that contained no porous Si
nanoparticles were irradiated under the same conditions as
controls for each group. The temperature of each solution was
recorded bymeans of an in situ thermocouple probe at intervals
of 1 min using an OMEGA HH309A thermometer/data logger.
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H2O. This material is available free of charge via the Internet at:
http://pubs.acs.org.
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