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logical diseases'? and some dermic

and infectious diseases is based on
selective accumulation of photosensitizers
(PSs) followed by light irradiation at an appro-
priate wavelength.® Type Il PSs used in PDT
are nontoxic in the dark, but when exposed
to light, they begin to generate reactive
oxygen species such as singlet oxygen and
free radicals. These reactive oxygen species
cause oxidization of cancer cell components
and their irreversible damage.

To date, several classes of PSs have been
approved or are under preclinical testing for
PDT. These include porphyrins, chlorines
and bacteriochlorins, phthalocyanines, phe-
nothiazinium compounds, texafrins, etc.* Their
spectral maxima of singlet-oxygen genera-
tion are located in the red or NIR band, from
630 nm (porphyrins) to 730—780 nm (texafrins
and bacteriochlorins),>> and their absorp-
tion coefficients vary from 10000 cm™' M ™'
(porphyrins) to 170000 cm ™' M~ (phthalo-
cyanines).? Although the fluorescence max-
ima of most PSs lie in the visible spectral
band, some metallocomplexes of PSs (for
instance, Yb—hematoporphyrins’), exhibit
additional luminescence bands in the NIR
region. This additional modality is important

P hotodynamic therapy (PDT) of onco-
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ABSTRACT We describe novel composite nanoparticles consisting of a gold—silver nanocage
core and a mesoporous silica shell functionalized with the photodynamic sensitizer Yb—2,4-
dimethoxyhematoporphyrin (Yb—HP). In addition to the long-wavelength plasmon resonance near
750—800 nm, the composite particles exhibited a 400-nm absorbance peak and two fluorescence
peaks, near 580 and 630 nm, corresponding to bound Yb—HP. The fabricated nanocomposites
generated singlet oxygen under 630-nm excitation and produced heat under laser irradiation at the
plasmon resonance wavelength (750—800 nm). In particular, we observed enhanced killing of Hela
cells incubated with nanocomposites and irradiated by 630-nm light. Furthermore, an additional
advantage of fabricated conjugates was an IR-luminescence band (900—1060 nm), originating from
Yb*" ions of bound Yb—HP and located in the long-wavelength part of the tissue transparency
window. This modality was used to control the accumulation and biodistribution of composite
particles in mice bearing Ehrlich carcinoma tumors in a comparative study with intravenously
injected free Yo—HP molecules. Thus, these multifunctional nanocomposites seem an attractive
theranostic platform for simultaneous IR-luminescence diagnostic and photodynamic therapy owing
to Ybo—HP and for plasmonic photothermal therapy owing to Au—Ag nanocages.

KEYWORDS: plasmonic nanoparticles - nanocomposites - photodynamic therapy -
hematoporphyrin - theranostics - Hela cells - xenografted mouse tumor model

for diagnostic purposes in vivo, as the known
tissue transparency window is located with-
in 700—1000 nm.®

Despite the long scientific story, the cur-
rent PDT technologies and PS delivery sys-
tems are not free from serious drawbacks.
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Figure 1. Schematic illustration summarizing how fluorescent composite nanoparticles can be fabricated starting with Ag

nanocubes and ending with silica-coated Au—Ag nanocages functionalized with Yo—HP molecules. The left-bottom photo
shows visible fluorescence of a sample under UV excitation. Designations: EG, ethylene glycol; PVP, poly(vinyl pyrrolidone);
IPA, isopropyl alcohol; TEOS, tetraethyl orthosilicate; APTES, 3-aminopropyltriethoxysilane; Yo—HP, Yb—2,4-dimethoxyhe-

matoporphyrin; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; DMSO, dimethyl sulfoxide.

Most photosensitizers are hydrophobic species and
can aggregate after intravenous injection. Accordingly,
the administered dose should be increased in order to
maintain PDT efficiency, thus causing potential toxicity
to healthy tissues. For circumventing these drawbacks,
significant efforts have been devoted to loading PSs
into various colloidal carriers® that protect PSs from
aggregation in a physiological environment and en-
sure their homogeneous distribution in target tissues.
In the past few years, several types of nanoparticles
have been examined as potential PS carriers.>'® Such
nanoparticles can be optically active PDT moieties (for
instance, quantum dots,"’ porphyrin nanoparticles,'?
self-illuminating nanoparticles,'> etc.) or can be used as
passive carriers for targeted PS delivery. For example,
PS-loaded liposomes and micelles can enhance tumor
uptake and increase cytotoxicity to tumor tissues, as
compared to free PSs.'*'> Moreover, wavelength
selective light-induced release from gold-coated lipo-
somes has been reported recently,'® thus making PS
delivery to be light-controlled in principle.

One of the most popular PS carriers are mesoporous
silica nanoparticles, which have already been em-
ployed as delivery systems for several applications,'’
including delivery of doped porphyrins.'®'® The major
advantages of silica nanoparticles is their high pore
volume and large surface area, making doped PS a
more efficient and nonaggregated producer of singlet
oxygen. Moreover, silica-based nanostructures have
good biocompatibility and can easily be functionalized
with various probe molecules. All these properties make
mesoporous silica very attractive for PDT applications.

A new trend in current nanobiotechnology and
theranostics is the fabrication of multifunctional nano-
particles, which combine the therapeutic and diagnos-
tic modalities in a single nanostructure.’®?' From this
point of view, an attractive option is nanostructures
combining the unique optical properties of plasmonic
nanoparticles?® with the advantages of mesoporous
silica functionalized with appropriate PSs.2° However,
the available data on such composites are very limited
at present. In particular, there are only few publications
describing conjugates of colloidal gold nanoparticles
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with porphyrins>>~22 and phthalocyanine.?**° Recently,

Zhao et al 3! reported the first fabrication of nanocom-
posites comprising a gold nanorod core and a meso-
porous silica shell doped with hematoporphyrin (HP).
The authors demonstrated more efficient generation
of singlet oxygen by composites, as compared to free
HP, and multifunctional properties through two-photon
bioimaging of cells treated with nanocomposites.

In this work, we describe a novel type of nanocom-
posite based on silica-coated gold—silver nanocages
functionalized with the photodynamic sensitizer Yb—2,
4-dimethoxyhematoporphyrin (Yo—HP). The fabricated
nanoparticles combine several promising theranostic
modalities: (i) an easy tunable plasmon resonance across
the 650—950-nm spectral band with possible use as
plasmonic heating labels;*>*® (i) a mesoporous silica
shell that preserves the plasmon resonance from an
aggregation shift** and provides a convenient possibility
of surface or volume functionalization with various mo-
lecular probes;'”* (iii) a combination of singlet oxygen
generation with an additional, 900—1060-nm IR-lumines-
cence band of Yb—HP,”3¢ which can be used for optically
controlled PDT within the tissue transparency window.

RESULTS AND DISCUSSION

Fabrication and Characterization of Nanocomposites. A gen-
eral scheme for the synthesis of composite nanoparti-
cles includes three basic steps (Figure 1). At the first step,
silver nanocubes are prepared by the sulfide-mediated
polyol method*” (with minor modifications®?), in which
Ag(l) is reduced to Ag(0) with ethylene glycol in the
presence of poly(vinyl pyrrolidone) (PVP), and ethylene
glycol serves both as a solvent and as a reducing agent.
It should be emphasized that the preparation of high-
quality Ag nanocubes is a crucial step in Au—Ag nanoc-
age fabrication by the galvanic replacement reaction.®”
According to the method described in ref 37, a trace
amount of Na,S is added to the reaction mixture in order
to limit the formation of twinned Ag seeds and to pro-
mote Ag cube formation. Besides, in this reaction, PVP
selectively binds to {100} Ag facets to facilitate further
the formation of a cubic shape. The average Ag cube
size can be controlled within the 30—60 nm range by
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varying the reaction conditions3”3® After fabrication
of Ag cubes, they serve as templates for a galvanic
replacement reaction between Ag and HAuCl, and for
the formation of a partly hollow Au—Ag alloyed nanos-
tructures called nanocages.®”° This reaction involves
the addition of an aqueous HAuCl, solution to a boiled
suspension of Ag nanocubes. The spectral shift of the
plasmon resonance from 435 nm to 650—900 nm can
be tuned only by controllable addition of HAuCl,, and
the reaction can be stopped at any point to fabricate
Au—Ag nanocages with a desired particle structure and
plasmon resonance wavelength.

At the second step, a mesoporous silica shell
around a nanocage core is fabricated via base-cata-
lyzed hydrolysis of tetraethyl orthosilicate (TEOS),*° as
described in Methods. Specifically, the silica shell was
grown by reducing TEOS with NH,OH in the presence
of isopropyl alcohol. The silica shell thickness can be
controlled over the 20—120 nm range by varying the
TEOS concentration and the reaction time.

The final, third, step involves the amination of silica
with amine groups by a reaction with 3-aminopropyl-
triethoxysilane (APTES) followed by functionalization
of nanocomposites with Yo—HP and the stabilization
of nanocomposites by gum arabic to make them
biocompatible. Note that by contrast to amination of
silica nanospheres in gold-nanoshell fabrication,*' the
electrostatic interaction between Yb—HP and NH3
amine groups is used here at the initial stage of
functionalization followed by chemical cross-linking
through 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide (EDC).

Figure 2 shows TEM images and photos of cuvettes
with Ag nanocubes, Au—Ag nanocages, and silica-
coated nanocages (Figure 2 panels a,b,c, respectively).
From the TEM data [see Supporting Information (SI),
Figure S1], the average edge of silver cubes equals L,, =
40.5 4+ 5 nm and the average yield is about 90%. Along
with these cubes, the TEM images also reveal the minor
presence of triangle and rodlike particles (S, Figure S1).
For high-quality cubes, the extinction spectrum de-
monstrates a sharp major plasmon resonance near
435 nm and two additional resonances at 354 and
391 nm (Figure 2d, curve 1). Actually, the second reso-
nance looks like a weak shoulder because of the small
size of the Ag cubes. For larger cubes, the second
resonance can be clearly seen.”3®

The replacement reaction between Ag and HAuCl,
results in the formation of nanoboxes, nanocages
(Figure 2b, insets), and other porous particles of the
nanocage family with the average particle size L,, =
46.4 £ 5 nm (Figure 2b and SI, Figure S2). According to
the TEM data, the average thickness of the nanobox
wall is about 5—6 nm. The transformation of Ag cubes
into nanocages is accompanied by shifting of plasmon
resonances of extinction®” and static light scattering®
from the blue to the 700—900 nm NIR band, depending
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Figure 2. TEM images and photos of samples with silver
nanocubes (a), Au—Ag nanocages (b), and composite silica-
coated nanocages (c). The insets in panel b illustrate the box
and cage particle morphologies. Panel d shows the extinc-
tion spectra for Ag cubes (1), Au—Ag nanocages (2), and
composite Au—Ag/SiO, particles (3). The scale bars in the
insets are 50 nm.
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Figure 3. DLS number—size particle distributions of Au—Ag
nanocages (a) and silica-coated Au—Ag nanocages (b). The
number-averaged DLS diameters of Au—Ag and Au—Ag/
SiO, particles are 50.8 + 5 nm and 140.4 & 14 nm, respec-
tively, and the average DLS thickness of the silica shell is
about 45 nm.

on the particle size and structure (Figure 2d, curve 2).
As the complete stoichiometric conversion of Ag to Au
results in nanocage fragmentation, the replacement
reaction was stopped when the extinction spectrum
was moved to a desired wavelength (750 nm for
spectrum 2). Thus, our nanocages still contain some
percentage of Ag (about 30—40%, according to the
atomic absorption spectroscopy data).

The prepared Ag nanocubes and Au—Ag nano-
cages exhibit good monodispersity according to the
TEM data. Specifically, the relative full-width half-max-
imum of the number-size distributions of Ag nanocubes
and Au—Ag nanocages is 12% and 10%, respectively.
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The TEM images of composite nanoparticles are
shown in Figure 2c and Figure S3 (Sl). They demon-
strate quite homogeneous and uniform silica shells of
40- and 45-nm thickness, as determined from TEM and
dynamic light scattering (DLS) data, respectively
(Figure 3). As the intrinsic formation mechanism of
the Stober method is the coalescence of small silica
nanospheres, the mesoporous structure of silica shells
(similar to the previously reported observations®'*2)
can be seen in enlarged TEM images (SI, Figure S3). As
pointed out by Zhao et al.*' such a mesoporous
structure can enhance the generation of singlet oxy-
gen and can facilitate its release from doped porphyrin
molecules to the surrounding medium. Compared with
Au—Ag nanocages, the longitudinal plasmon band of
silica-coated Au—Ag/SiO; is slightly red-shifted, which
is similar to the known effects of external dielectric
coating around plasmonic nanoparticles.??

Functionalization of composite nanoparticles with
porphyrins can be performed by a two-step method
described in ref 31, in which a thin silica layer is
deposited first and then the second layer is created
by coating Au/SiO, nanoparticles with hematopor-
phyrin-functionalized silanization precursors. Here,
we used a one-step cross-linking protocol that involves
amination of silica with amine groups by a reaction
with APTES followed by chemical cross-linking through
EDC (see Methods). Figure 4 shows the extinction
spectra of silica-coated nanocages (Au—Ag/SiO,) and
composite nanoparticles functionalized with Yo—HP
molecules (Au—Ag/SiO,/Yb—HP nanoparticles). For
comparison, the spectrum of a free Yo—HP solution
with a characteristic absorption maximum near 400 nm
is also plotted on the same graph. Along with the
790-nm plasmon resonance peak, the spectrum (3)
reveals an additional, 400-nm maximum located just
at the major absorption peak of Ybo—HP. This observa-
tion confirms that Yo—HP molecules have been suc-
cessfully attached to the composite nanoparticle
surface via the one-step functionalization protocol.

To roughly estimate the number of Yb—HP mol-
ecules bound to one composite particle, we applied
the following approach. First, we used a calibration
curve (SI, Figure S4) to find that the Yo—HP concentra-
tion was about 20 mg/L in a free Yo—HP solution
(Figure 4, spectrum 1). Almost the same concentration
was found for functionalized composite nanoparticles,
as the 400-nm maxima for composites (Figure 4, curve 3)
and superposition of spectra 1 and 2 (Figure 4, curve 4)
coincided. The numerical concentration of nanocages
was estimated by two methods. First, we used the
initial mass of silver (50 mg) distributed over 41-nm
silver cubes in a 40 mL volume to find the number
concentration Nag = 2.1 x 10'® cubes/L. Then, keeping
in mind all preparative manipulations, we found
N =2 x 10" Au—Ag cages/L.
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Figure 4. Extinction spectra of free Yb—HP solution (curve
1, concentration of about 20 mg/L), Au—Ag/SiO, compo-
sites (curve 2, number concentration of about 2 x 10™#
particles/L), and those functionalized with Yb—HP (3).
Spectrum 4 is the superposition of spectra (1) and (2); AAsoo
is the difference between the nanocomposite absorption
and the background absorption at 400 nm (see text). All
experimental spectra were measured in a 2-mm cuvette.

In the second method, we used the experimental
extinction Apax = 0.9 (Figures 2 and 4), the optical path
/=0.2 cm, and the experimental extinction cross section
Oext = 7 X 107> m? for 45-nm Au—Ag nanocages.”
Then, calculations by the known single-scattering and
absorption formula** Ny, = 2.3An./(0ex) gave 1.5 x
10" particles/L, in reasonable agreement with the
above mass—volume estimate of 2 x 10'* particles/L.
Finally, we used the molecular mass of Yb—HP (873 Da’)
to find the number of bound molecules per composite
particle, Nup/Np = 7 x 10*

This crude calculation seems overestimated be-
cause of the overvalued concentration of bound
Yb—HP, which was found from absorption Azqo. How-
ever, it would perhaps be more correct to calculate the
concentration of bound Yb—HP from the difference
between the nanocomposite absorption and the back-
ground absorption at 400 nm, AA4qe = 0.2 (Figure 4),
which corresponds to a Yo—HP concentration of about
10 mg/L. Then, by dividing the plasmon resonance
extinction Amay = 0.4340.,Ny/ and the contribution of
Yb—HP to the absorption at 400 nm AA 40 = 0.434¢&400[c]/
([c] is the molar concentration of bound Yb—HP), we get
the following equation:

Nyp

Npp AAsoo TexiNa
Np

= (1)

Amax €400

where &40 is the molar absorption coefficient (cm™'

M~") and N, is the Avogadro number. After introducing
Oexe =7 X 1072 M2, AAsoo/Amax = 0.23, and €490 = 2 X
10°cm™" M~ into eq 1, we get Nyyp/Np, = 4.8 x 10

It is instructive to compare our Nyp/N,, ratios with
those reported by Zhao et al3' from the absorption
spectra of gold-nanorod—HP composites. From their
data, A;5s =0.34 and [cyp] = 5.6 x 1078 M, we find Aggo/
A5 = 0.14. By using an experimental estimate of the
extinction coefficient for rods geg =1 x 10~ "> m?,* we
get Nyp/Np = 4200, which is almost two times greater
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than the reported value of 1900.3" However, both
numbers (4200 and 1900) are significantly lower than
the above estimate of 4.8 x 10* for our nanocompo-
sites. This difference, at least partly, can be attributed to
the difference in the particle surface area. Indeed, the
ratio between the surface areas for silica-coated nano-
cages (120 nm in diameter) and nanorods (15 x
45 nm)®' is about 6, which is almost two times lower
than 4.8 x 10%/4.2 x 10% = 11.4. Therefore, the above
high load of the fabricated nanocomposites with
Yb—HP (4.8 x 10* molecules per particle) means some
type of volume or aggregate distribution within the
silica shell, rather than monolayer packing.

For possible applications, it is important to demon-
strate the integrity of fabricated hybrid nanoparticles
to variations in pH, washing, and potential leaching of
the dye molecules. The integrity test was performed
by changing the pH of nanocomposite solutions from
2 to 13, which was followed by centrifugation, redis-
persion of particles, and spectroscopic examination of
the redispersed samples at the same pH (see Methods).
Figure 5a shows extinction spectra of three redispersed
samples with pH 2, 7, and 13. Because of possible
particle aggregation at low and high pH, the spectra
reveal slight variations near the plasmonic peak and in
the short-wavelength region below 600 nm. However,
the Yb—HP peaks at 400 nm are clearly seen in all three
spectra. This confirms the integrity of our nanocompo-
sites at low, medium, and high pH after centrifugation
and washing. To make this conclusion more convin-
cing, we plotted the short-wavelength parts of the
spectra in Figure 5b and extracted the Yb—HP absorp-
tion peaks by subtraction of the backgrounds (dashed
lines in Figure 5b) from the extinction spectra. The
resultant Yo—HP peaks of redispersed nanocompo-
sites at pH 2, 7, and 13 (Figure 5c¢) are almost the same
within the limits of experimental error. Similar results
were obtained for a longer incubation time (10 h; see S,
Figure S4c and S4d).

For normalization of experimental data [e.g., for the
deoxygenation of blood samples with fabricated na-
nocomposites (see later)], one needs to accurately
quantify Yo—HP in composite particles in order to
account for the variation in dye loading between each
batch of particles. Although the spectra of free Yo—HP
and those within the particles are similar, it would be
desirable to have a direct technique for determination
of Yb—HP content in hybrid particles. To this end, we
used a method in which washing of the Yo—HP mole-
cules out of the composites was followed by spectro-
scopic examination (see Methods). We found that the
Yb—HP molecules could be washed out of the compo-
sites by a mixture of ethanol (45%, v/v), dimethyl
sulfoxide (DMSO, 45%), and water (10%).

In Figure 6, we compare two methods for quantify-
ing Yb—HP in nanocomposites with a 60-nm silica
shell. The first method was explained in Figure 4 and
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Figure 5. (a) Extinction spectra of nanocomposite solutions
at pH 2, 7, and 13 after incubation (10 min), centrifugation,
and redispersion. For comparison, the circles show the
initial spectrum before pH adjustment and centrifugation—
redispersion. Panels b and c show the short-wavelength
parts of the spectra (b) and the Yb—HP absorption peaks
(c) obtained by subtraction of the background (dashed
lines).
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Figure 6. Extinction spectra of composite particles in water
before (1) and after (2) washing off the Yo—HP molecules.
Curve 3 shows an absorption spectrum of Yb—HP molecules
in the washing ethanol-DMSO—water mixture (see
Methods). For comparison, the circles (4) show an extinction
spectrum of silica-coated nanocages before functionaliza-
tion with Yo—HP molecules (Au—Ag/SiO,, silica shell thick-
ness of about 60 nm). The left-top inset illustrates deter-
mination of Yb—HP from the difference (AA) between the
extinctions of nanocomposites and silica-coated nano-
cages. The right-bottom inset shows an enlarged fragment
with two additional characteristic peaks of Yo—HP at 536
and 573 nm. All spectra were measured in a 2-mm cuvette.

utilizes the difference AA between the extinctions of
nanocomposites and silica-coated nanocages. From
the left-top inset in Figure 6, AA = 0.142, and from
water calibration of SI, Figure S4a, we obtain a Yo—HP
concentration of 7.4 mg/L, which is somewhat lower
than the above estimate (10 mg/L) for the sample in
Figure 4 with a 40-nm silica shell. The second method is
based on the above-described washing technique.
Figure 6 shows extinction spectra of composites before
(1) and after (2) washing off the Yo—HP molecules and
an absorption spectrum of the washed-off molecules in
ethanol—-DMSO—water. The absorption peak Aso0 =
0.183 and the calibration curve in SI, Figure S4b
(ethanol—DMSO—water was used as a solvent for free
Yb—HP) yield a Yo—HP concentration of 7.1 mg/L, in
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good agreement with the above estimate of 7.4 mg/L
for nanocomposites. Thus, both methods give consis-
tent data for the Yo—HP molecules included in the
hybrid particles.

Luminescent and Photodynamic Properties of Nanocompo-
sites. It is well-known®® that the energy transfer pro-
cess from fluorescent molecules to metal nanoparticles
results in emission quenching and can reduce singlet
oxygen generation efficiency. However, in the nano-
composites prepared by our one-step method, the
mesoporous silica layer prevents direct contact be-
tween Yb—HP molecules and nanocages, thus pre-
venting energy transfer from Yb—HP to the Au—Ag
core. Extensive measurements of the luminescence
emission spectra at 400-nm excitation with a broad range
of nanocomposite particle concentrations (2 x 10" to
032 x 10' particles/L) and concentrations of free
Yb—HP (20 mg/L to 32 ug/L) revealed nonlinear behavior
of the spectra (S, Figure S5) except for the dilute samples
discussed below.

Figure 7 shows typical fluorescent emission spectra
recorded at a 400-nm excitation of free Yo—HP and
Au—Ag/SiO,/Yb—HP water solutions at roughly
equivalent concentrations of Yo—HP (32 ug/L). Two
fluorescence peaks at 580 and 630 nm and a weak
fluorescence band near 680 nm are clearly seen for
both Yb—HP and nanocomposite solutions. Two fluo-
rescence bands near 620—630 and 670—680 nm are
well-known for free HP molecules. However, to the best
of our knowledge, the intense 580-nm emission peak
of Yo—HP has never been reported.

From emission measurements of samples with differ-
ent concentrations (SI, Figure S5), the fluorescence in-
tensity of Yo—HP was found to be quenched with a
quenching factor of about 0.7 for the most diluted
sample shown in Figure 7. As the Yo—HP molecules are
well separated by a 40-nm shell from the Au—Ag core,
the energy transfer from Yb—HP to the metal core seems
low in our nanocomposites. Perhaps an additional
quenching factor is due to the large surface density of
the Yo—HP molecules attached to the composite surface.

It should be emphasized that the observed fluores-
cence quenching in Figure 7a is quite small, about 30%.
This is in contrast with the previously reported data for
silica-coated gold nanorods functionalized with HP*'
(the quenching factor was about 3). We also note
(S, Figure S5) that the shape of the composite 630-nm
emission band was somewhat different from that of free
Yb—HP at Yo—HP concentrations above 32 ug/L.

To check whether this change in observed fluores-
cence spectra may have been caused by the inner filter
effects (nonlinear absorption of both excitation and
emission light),*® we compared the measured and
corrected spectra by using eq S1 (Sl, section S3). It
follows from SI, Figure S5 that the distortion of the
630-nm emission band is not related to selective
attenuation of the emitted light, at least for diluted
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Figure 7. (a) Fluorescence spectra of free Yb—HP (1) and
composite nanoparticles Au—Ag/SiO,/Yb—HP (2) at a 400-
nm excitation. The concentration of Yo—HP in both samples
is about 32 xg/L, and the nanocomposite concentration
equals 0.32 x 10"? particles/L. The photos on the right panel
show cuvettes with the fluorescent nanocomposites
Au—Ag/SiO,/Yb—HP (1), silica-coated particles Au—Ag/SiO,
(2), and free Yb—HP solution (3). Photos were taken under
white (b) and UV (c) light excitation.

samples. However, we cannot exclude some contribu-
tion from spurious light scattering, which could have
distorted the emission spectra. Second, eq S1 only
gives an approximate correction, as it does not take
into account the instrumental geometry of the incident
beam and the detector viewing angle (SI, section S3).
Finally, the change in the 630-nm emission band could
have been caused by the locally high concentration of
Yb—HP molecules in (or on) the silica shell.
Straightforward evidence for the successful func-
tionalization of composite particles with Yo—HP is
provided by the photo in the right part of Figure 7.
Shown here are cuvettes containing composite parti-
cles with attached Yb—HP (1), without Ybo—HP (2), and
with free Yo—HP molecules (3). Under white light illu-
mination, the first two cuvettes (1 and 2) demonstrate a
blue-green color and the third cuvette shows a faintish
pink color because of the selective absorption near
400 nm. When irradiated with a UV lamp, the first and
third cuvettes exhibit intense pink fluorescent emission,
whereas the second cuvette retains its blue color.
Additional evidence for the successful functionali-
zation of nanocomposites comes from measurements
of singlet oxygen ('O,) generation. To assess the
efficiency of 'O, generation in a biological environ-
ment, we applied a method developed by Stratonnikov
et al.*” In this method, the time-dependent consump-
tion of oxygen in PS-containing blood samples is
measured under irradiation with a low level of laser
fluence when the following relationship holds:

Teor = fpprlColP ()

where I'ppr is the oxygen consumption rate owing to
PDT (M/s), fepr is the molecular oxygen consumption
fluence (J/cm?), [Co] is the initial molar concentration of
PS, and P (W/cm?) is the energy fluence rate. At the
initial time of irradiation, when the decrease in the PS
concentration owing to photodecomposition is small,
the oxygen consumption rate owing to PDT, Ippr (M/s)
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can be calculated by the initial slope through the
following equation:

dSo,
dt

where [HbT]=([Hb;]+[Hb;0,])/4 is the total molar con-
centration of hemoglobin in blood, [Hb,] and [Hb,0,]
are the molar concentrations of hemoglobin structural
units free from oxygen and bound to oxygen molecules,
respectively; and So, = [Hb;0,]/([Hb;] + [Hb;05]) is
the hemoglobin oxygen saturation. Combining eqs 2
and 3, we get

— 4[HbT] (3)

Tppr =

dSo, (0)
—4[HbT] T

4
[ColP @

feor =
where the fopr parameter has the physical meaning of
delivered fluence, at which for every PS molecule, one
oxygen molecule is consumed in the PDT reaction. In
other words, the fppt parameter is equal to the number
of the singlet oxygen molecules produced by one PS
molecule at an irradiation dose of 1 J/cm?.

Figure 8a shows the time-dependent deoxygena-
tion of blood samples incubated with Au—Ag/SiO,/
Yb—HP nanocomposites (curve 2). The capability of
free Yo—HP molecules and a simple mixture of Yo—HP
and silica-coated Au—Ag/SiO, nanocages to generate
singlet oxygen was also recorded under the same
conditions for direct comparison (curves 1 and 3,
respectively). The inset illustrates a typical run to follow
the deoxygenation dynamics of a blood sample incu-
bated with free HP molecules in the pulsed mode
of laser irradiation with 6-s light intervals (633 nm,
30 mW/cm?) followed by 10-s dark intervals. As can be
seen in Figure 8a, oxygen saturation gradually de-
creased with increasing illumination time. From the
initials slope of these curves, we calculated the PDT
efficiency in terms of the fopr parameter, as shown in
Figure 8b. It follows from Figures 7 and 8b that both
fluorescence and PDT efficiencies of Au—Ag/SiO,/
Yb—HP nanocomposites are slightly lower than those
for the free Yo—HP molecules. The lowest PDT effi-
ciency was recorded for a simple mixture of Yo—HP
and silica-coated particles. A weak reduction in the
photooxidation efficiency of nanocomposites, com-
pared to that of free Yb—HP at the same concentration,
differs from the usual strong fluorescence and PDT
quenching of PSs near the metal particle surfaces.***

On the other hand, HP molecules revealed an al-
most three times higher PDT efficiency as compared
with both free Yo—HP molecules and nanocomposites.
This is not surprising, as the phototoxicity of Yo—HP
metallocomplexes has been shown’ to be relatively
low because of the reduced generation of the singlet
oxygen. The reason is that the Yb*>" ion luminescence
level lies between the triplet energy level of HP and the
singlet oxygen level. Accordingly, the photoexcitation
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Figure 8. (a) Oxygen saturation dynamics in three blood
samples incubated with free Yb—HP (1), Au—Ag/SiO,/
Yb—HP nanocomposites (2), and a mixture of Yo—HP and
silica-coated nanocages (3). The inset shows a typical
deoxygenation record for free HP molecules (4) irradiated
with 6-s light pulses (633 nm, 30 mW/cm?) followed by 10-s
dark pauses (5). (b) Comparison of PDT efficiency in terms of
the fppr parameter for the same samples 1—4 in panel a.
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Figure 9. NIR luminescence spectrum of free Yo—HP (1) and
nanocomposites (2) in water.

energy of HP molecules is transferred to the Yb*" ion
rather than to oxygen, thus causing a decreased effi-
ciency of singlet-oxygen generation. In a sense, it is a
penalty for the additional IR luminescence (Figure 9)
related to the transition of the 4f electrons of Yb*" ions
(®Fs;» — °F,,) owing to the excitation of z-electrons
belonging to the organic part of the Yo—HP com-
plexes.3® Both free Yo—HP molecules in water and
those included in hybrid nanoparticles reveal two IR-
luminescence bands located near 930 and 977 nm.
Although this IR luminescence in water is relatively
weak, its spectral position can be important for potential
diagnostics in vivo because of the low tissue absorp-
tion in this spectral band.

Photothermal and Biodistribution Properties. Incorporat-
ing a metal-nanoparticle core into nanocomposites
provides an additional important property that can
be used in two modalities. First, such nanocomposites
can serve as simple photothermal labels for plasmonic
photothermal therapy (PPTT) of cancer*® or as com-
bined labels for a dual PPTT/PDT cancer therapy.*®
Further, moderate hyperthermia has been shown to
release the bound anticancer drug®® or PS,*® which
then regained its fluorescence and singlet oxygen
generation, which had been quenched because of
the proximity of the metal core.

VOL.5 = NO.9 = 7077-7089 = 2011 ACS

NANO)
NANO

WWww.acsnano.org

J1O1LdV

7083



In our previous comparative study of the photothermal
efficiency of gold nanorods, silica/gold nanoshells, and
Au—Ag nanocages,* the Au—Ag nanocages were shown
to have the maximal specific photothermal efficiency per
metal particle mass, followed by gold nanorods and silica/
gold nanoshells. Here, we examined whether the compo-
site nanoparticles retained their photothermal proper-
ties as compared to bare Au—Ag nanocages.

Figure 10a shows a general scheme for thermo-
graphic measurements. The water solutions of compo-
site particles and bare nanocages (sample volume of
1.5 mL) were irradiated with an IR laser (808 nm, 1 W/cm?,
5 min) from the top of Eppendorf tubes. The tempera-
ture—space distribution was recorded with a thermo-
vision camera placed perpendicularly to the tube axis.
For each irradiation run, the dynamic images from the
thermovision camera were recorded every 10 s. The
plots in Figure 10b illustrate the temperature kinetics
recorded for the hottest region of the images. For
suspensions with roughly equal number concentra-
tions of about 2 x 10" L7', both particle types
revealed close photothermal parameters. Specifically,
the recorded temperature rapidly grows for 100 s and
then slowly increases to steady-state values of about
75—80 °C. Note that the heating process is essentially
nonlinear with respect to the particle concentration, as
is evident from the temperature plots recorded after
4-fold dilution (curves 3 and 4).

The IR luminescence of nanocomposites (Figure 9)
can be used for in vivo PDT experiments by some
analogy with the data of Shirmanova et al.*>' from an
in vivo study of photosensitizer pharmacokinetics as
probed by fluorescence transillumination imaging. The
promising capabilities of composite plasmonic-PDT
nanostructures have been demonstrated quite re-
cently by Jang et al,*® who developed a gold nanorod
photosensitizer complex, (GNR)—Al(lll) —AIPcS4, for non-
invasive near-infrared fluorescence imaging and cancer
therapy (AIPcS4 means phthalocyanine chloride tetrasul-
fonic acid). Here, we report preliminary data for ex vivo
distribution of Au—Ag/SiO,/Yb—HP nanocomposites in
tumor-bearing mice. The biodistribution of pure Yo—HP
molecules was also measured for direct comparison.

We used a xenografted mouse tumor model to assess
the utility of the Au—Ag/SiO,/Yb—HP composites for IR
luminescence measurements with healthy and cancerous
tissues. The nanocomposite solutions were introduced
into the tail vein of mice (n = 4) bearing Ehrlich carcinoma
tumors. For comparison, free Yo—HP solution was intra-
venously administered to a similar mice group. At 20 h
after injection, tumor, liver, spleen, muscle, and skin
samples were taken for IR luminescence examination
at an excitation wavelength of 405 nm. It follows from
Figure 11 that the biodistributions of molecular Yo—HP
and nanocomposites are similar with a good accumu-
lation contrast in tumor tissue. In agreement with the
published data for the biodistribution of gold nano-
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Figure 10. Scheme for thermographic measurements (a)
and the kinetics of heating for silica-coated Au—Ag nano-
cages (1, 3) and bare nanocages (2, 4). Measurements were
made under NIR illumination (1 W/cm?, 808 nm) of two
suspensions with particle concentrations of 2 x 10" L™’
(1,2)and 0.5 x 10" L' (3, 4).
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Figure 11. The average integral luminescence intensities
over the 900—1060-nm spectral band recorded with
405-nm excitation for five mice organs taken 20 h after
intravenous injection of Yb—HP (A) and Au—Ag/SiO,/
(Yb—HP) nanocomposites (B). The numbers designate
tumor (1), liver (2), spleen (3), muscle (4), and skin (5). Bars
designate SD (n = 4).

particles,*> we found significant accumulation of na-
nocomposites in the liver and spleen.

It should be noted that the luminescence intensity
of tissue samples can be affected by their intrinsic
optical properties such as absorption, scattering, and
autofluorescence. However, these factors are more
important for UV—vis spectral band than for IR lumi-
nescence. For example, the autofluorescence of endo-
genous liver porphyrins can greatly contribute to the
630-nm fluorescence of exogenous porphyrin mol-
ecules but not to IR luminescence. Further, the IR
(900—1050 nm) absorption coefficients of tissues are
very low.® Accordingly, the data of Figure 11 should be
considered an approximate yet reliable estimate of
Yb—HP content. To make the IR-luminescence mea-
surements more sample-independent, we developed a
procedure for sample preparation and measurements
(see Methods), in which the optical effects related to
the intrinsic tissue properties are minimized by using
homogenized tissue suspensions instead of intact
samples. Our previous experiments showed that both
methods (intact tissue samples and homogeneous
suspensions) give comparable yet not identical results.”

VOL.5 = NO.9 = 7077-7089 =

A AN

WWww.acsnano.org

J1O1LdV

7084



=== Untreated
mm Yb-HP

=== NC

Cell viability (%)
)
o

(4}
o

0.07 0.175 0.35 0.7
Yb-HP concentration (mg/L)

1.4

(b) === Untreated
===+ Yb-HP
mmm +NC
=== + Light
100 | ==+ Yb-HP+Light

= ===+ NC+Light

=

=2

3

8

>

© 50

O

0

Yb-HP 1.4 mg/L, 625 nm, 50 mWem-2, 15 min

Figure 12. (a) MTT assay for free Ybo—HP and nanocomposites (NC) by using HeLa cells. The incubation time was 15 min and no
lightirradiation was applied. The abscissa labels indicate the concentrations of Ybo—HP molecules in free Yo—HP solutions and
in NC suspensions. (b) Cell viability as determined by MTT assay for HelLa cells under various treatment conditions. The
concentrations of free Yb—HP and nanocomposites are 1.4 mg/Land 1.5 x 103 particles/L, respectively; the light wavelength
and power density are 625 nm and 50 mW cm 2, respectively. Bars designate SD (n = 3).

For proving the potential utility of nanocomposites
as a new theranostic agent, we examined the viability
of Hela cells (MTT assay, see Methods) at various
concentrations of free Yo—HP and nanocomposites
without light treatment. Additionally, an MTT cytotoxi-
city test was performed for Hela cells incubated with
free Yo—HP or nanocomposites. This was followed by
15-min light excitation at 625 nm and a power density
of 50 mW cm 2 (Figure 12).

It follows from Figure 12a that the viability of the
cells after treatment with free Yo—HP molecules at
concentrations ranging from 0.07 to 1.4 mg/L is close
to that for the untreated control cells. Similar data were
obtained for nanocomposites loaded with Yo—HP at
the same concentrations, although the viability per-
centage was somewhat lower (80—100%). Irradiation
of Hela cells with a light-emitting diode (625 nm, 50
mW cm™2, 15 min), with or without treatment with free
Yb—HP molecules (1.4 mg/L), results in a similar de-
crease in cell viability to 75%. However, under the same
irradiation conditions, we observed enhanced killing of
Hela cells incubated with nanocomposites loaded
with the same concentration of Yo—HP (Figure 12b).

CONCLUSIONS

In this work, nanocomposites with an Au—Ag na-
nocage core and a silica shell functionalized with the
photosensitizer Yo—HP have been successfully fabri-
cated. These novel nanocomposites have uniform dis-
tributions over the core and outer shell sizes, are stable
in aqueous solution, and demonstrate an absorption
peak near 400 nm, corresponding to the absorption of
bound Yb—HP molecules. According to the spectral
estimations, the number of Yb—HP molecules per one
composite particle is about 4.8 x 10, The visible fluo-
rescence, IR-luminescence, and singlet oxygen generation
of bound Yb—HP molecules are not quenched owing
to metal—PS interaction because of the separation
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from the nanocage core by the mesoporous silica shell.
Under UV excitation, the nanocomposites reveal quite
intense fluorescent emission of light, which is visible by
the naked eye because of two fluorescence peaks near
580 and 630 nm. To the best of our knowledge, the
intense fluorescent peak at 580 nm of YB—HP com-
plexes is reported here for the first time. Owing to the
presence of an additional IR-luminescence band of
Yb—HP molecules, the fabricated nanocomposites
might one day be used for the in vivo optical monitoring
and real-time therapy of tumors in combination with
PDT and plasmonic heating. Furthermore, similarly to
the silica-coated nanorods,*® the silica-coated Au—Ag
nanocages can possess one more useful modality re-
lated to efficient generation of optoacoustic response,
which is now used widely in biomedical studies.>*

In general, tissues have high molar extinction coeffi-
cients and small penetration depths at visible wave-
lengths.® Therefore, HP and Yb—HP are not optimal
dyes for fluorescence and IR-luminescence bioimaging
because of the 400-nm excitation wavelength. Perhaps
it would be a good idea to functionalize composite
particles with a luminescent dye possessing NIR excita-
tion/emission bands. For example, we have recently
fabricated antimicrobial nanocomposites containing
silica/gold nanoshells or Au—Ag nanocages and indo-
cyanine green (ICG).>® ICG is the most red-shifted
fluorescence dye (810-nm emission at 780-nm excita-
tion) approved for clinical practice. Unfortunately, ICG
has no PDT activity either. The same is true for other
dyes approved for clinical applications (porphyrins,
phthalocyanines, texafrins, bacteriochlorins), which
are quite limited in number. Being effective PDT
agents, these dyes have no IR-luminescence. There-
fore, further studies are needed to find optimal ther-
anostic hybrid particles possessing photothermal,
photodynamic, and IR-luminescence bioimaging
modalities.
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MATERIALS AND METHODS

Materials. The following reagents were used: AgNO;
(>99.9%; Aldrich, 20.913-9), ethyleneglycol (EG) (99%, Aldrich;
293237), poly(vinyl pyrrolidone) (PVP) (M,, = 55000; Sigma—
Aldrich; 85.656-8), isopropyl alcohol (IPA) (chemical grade;
Vekton Co., Russia), tetraethyl orthosilicate (TEOS) (98%; Aldrich),
30% aqueous solution of ammonia (Aldrich), 3-aminopropyl-
triethoxysilane (APTES) (98%; Sigma), acetone (chemical grade;
Vekton, Russia), absolute ethanol (99.99%; Sharlau; 64-17-5),
Na,S x 9H,O (analytical grade; GOST 2053-77; Radian Co.,
Russia), condensed argon (99.99%), 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (Sigma—Aldrich), dimethyl sulfox-
ide (DMSO), tetrachloroauric acid (>99%; Sigma—Aldrich), nitric
acid (chemical grade; GOST 4461-77; Radian, Russia), hydro-
chloric acid (chemical grade; GOST 3118-77; Radian, Russia),
Milli-Q water (18 MOhm x cm; Millipore), gum arabic (Sigma—
Aldrich). Yb—2,4-dimethoxyhematoporphyrin IX dipotassium
salt was obtained as described in ref 7. The chemical structures
and physical data can be found in refs 7 and 56.

Fabrication of Silver Nanocubes. Au—Ag nanocages were pre-
pared by a two-step process previously reported by Skrabalak
et al,”’ with a minor modification.’” In the first step, Ag
nanocube templates were prepared. Briefly, 30 mL of ethylene
glycol was added to a 250-mL round-bottomed flask and was
heated in an oil bath at 150 °C under magnetic stirring. After 50-
min preheating, a flow of argon was introduced at a rate of
1200 mL/min. After 10 min, a sodium sulfide solution in EG
(0.35 mL, 3 mM) was quickly injected into the preheated EG
solution, followed by injection of a PVP solution in EG (7.5 mL, 20
g/L) and 8 min later by injection of a silver nitrate solution in EG
(2.5 mL, 48 g/L). Shortly after the addition of AGNO3, the reaction
solution went through four distinct stages of color change from
golden yellow to deep red, reddish gray, and then green ocher
within about 30 min. The reaction solution was then quenched
by placing the reaction flask in an ice—water bath. The resultant
product was washed by centrifugation (12000g, 30 min) and
was redispersed with acetone, followed by redispersion in
ethanol to remove excess EG and PVP. Finally, the Ag nanocubes
were redispersed in 40 mL of ethanol. In a typical synthesis, the
product contained 0.05 g of solid Ag, corresponding to cubic
nanoparticles with an edge length of about 40 + 5 nm, a
number concentration of about 1.7 x 10" L', and an extinc-
tion coefficient at 440 nm of about 220 cm™".

Fabrication of Au—Ag Nanocages. The isolated Ag nanocubes
were converted into Au nanocages via the galvanic re-
placement reaction.” Briefly, a PVP water solution (100 mL, 1
g/L) was heated at 100 °C under magnetic stirring, followed by
injection of 2 mL of the as-prepared nanocubes suspension in
ethanol. After 3 min, 10 mL of a T mM HAuCl, solution was
added drop by drop over 10 min. The addition of HAuCl, to the
reaction mixture was accompanied by four distinct changes in
color from orange yellow to deep red, purple, and finally light
blue. The appearance of a light blue color indicates the success-
ful formation of Au nanocages owing to the galvanic re-
placement reaction between solid Ag and Au®>" ions. The
reaction solution was then quenched by placing the reaction
flask in an ice—water bath. This was followed by the addition of
NH4OH (0.7 mL, 30 wt %) to dissolve solid AgCl formed as a
byproduct. The nanocages were washed by centrifugation
(12000g, 20 min) and were redispersed with water three times.
Finally, the Au nanocages were redispersed in 4 mL of water.In a
typical synthesis, the product contained nanocages with an
average edge length of about (43—46) £ 5 nm and the plasmon
resonance peak near 750—800 nm, depending on the Ag/Au
conversion ratio.

Fabrication of Silica-Coated Nanocages. In a typical silica-coating
procedure, 4 mL of as-prepared Au nanocages was added to
18 mL of isopropyl alcohol. Under continuous magnetic stirring,
a water—ammonia solution (0.5 mL, 30 wt %) and TEOS
(0.05 mL) were consecutively added to the reaction mixture in
order to obtain Au—Ag nanocages with a 45-nm silica-shell
coating (Au—Ag/SiO,). The reaction was allowed to proceed for
50 min at room temperature under continuous stirring. The
resulting Au—Ag/SiO, colloids were purified by repeated cen-
trifugation at 6000g for 10 min and by washing with ethanol in
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order to remove reaction impurities. In between the different
centrifugation steps, the samples were ultrasonically redis-
persed. Finally, the colloids were redispersed in 10 mL of
ethanol.

Fabrication of Au—Ag/Si0,/Yb—HP Nanocomposites. First, the silica-
coated nanocages were functionalized with amine groups. A 50
uL portion of APTES was added to 10 mL of silica-coated
nanocages suspension. The reaction was allowed to proceed
for 1 h at 70 °C without stirring. The amino functionalization
reaction could be monitored visually by observing the separa-
tion of the solution into two layers as the amino-coated
nanoparticles precipitated to the bottom, leaving a clear etha-
nol solution at the top. The precipitate was washed several
times with water and was finally redispersed ultrasonically in
10 mL of a Yb—HP water solution (200 mg/L). Because of the
electrostatic interaction between the positively charged pri-
mary amine groups on the nanoparticle surface and the carbox-
yl groups of Yo—HP, the photosensitizer was adsorbed on the
silica-coated nanocages. To obtain strong covalent binding, we
used EDC as a zero-length cross-linking agent to couple amino
and carboxyl groups. A 1 mL portion of EDC solution in DMSO (1
g/L) was added to the suspension under continuous stirring.
The reaction was allowed to proceed for 2 h at room tempera-
ture. Composite Au—Ag/SiO,/Yb—HP nanoparticles were
washed several times by centrifugation (6000g, 10 min) and
reinsertion in 10 mL of water. For enhancing colloidal stability, a
gum arabic solution (100 uL, 2 g/L) was added to the composite
suspension (10 mL). After 10 min, the nanocomposites were
washed one more time and were finally redispersed in 10 mL of
water. The final product contained silica-coated nanocages with
an edge length of about (43—46) £ 5 nm, silica shell thickness of
about 45 nm, a number concentration of about 2 x 10" mL~",
and a Yb—HP concentration of about 10 g/L or about 48000
Yb—HP molecules per nanoparticle.

Measurements. TEM images were obtained with a Libra-120
transmission electron microscope (Carl Zeiss, Germany). Extinc-
tion spectra were recorded with a Specord BS-250 UV-—vis
spectrophotometer (Analytik Jena, Germany). DLS measure-
ments were made with a Zetasizer Nano-ZS instrument
(Malvern, UK).

The gold and silver percentages in Au—Ag nanocages were
determined by atomic absorption spectroscopy. In a typical
protocol, 50 uL of Au—Ag nanocages solution was added to 950
uL of aqua regia (3HCI/THNOs). After 1 h, 9 mL of water was
added to the reaction mixture. Au and Ag contents were
determined with a Dual Atomizer Zeeman AA spectrometer
iCE 3500 (Thermo Scientific Inc., USA). To calibrate the atomic
absorption spectrometer (AAS) for quantitative analysis of Au
and Ag, we used two procedures. In the first one, the AAS was
calibrated by using an HAuCl, solution in 0.1 M HCl and an
aqueous solution of AgNOs. In the second method, we used
gold (15 nm) and silver (20 nm) colloids with known Au and Ag
contents, as determined from citrate reduction of HAuCl, and
EDTA reduction of AgNOs.>® These colloids were treated by
adding the same aqua regia (3HCI/THNO3) mixture as used for
Au—Ag nanocages. Both calibration procedures gave consis-
tent data within 10% experimental error.

For measurements of visible fluorescence spectra, we used a
Perkin-Elmer LS-55 spectrofluorometer. The IR-luminescence
spectra of Yo—HP were measured with a homemade setup
(Institute of Radio Engineering and Electronics, Russian Acad-
emy of Sciences) that includes high-power super luminescent
diodes (400 nm, 50 mW and 530 nm, 70 mW) and an FSD-8
minispectrometer operating in the spectral interval 250—1100 nm.

Testing the Integrity of Nanocomposites. To test nanocomposite
integrity to pH variations, washing, or leaching of the dye
molecules, we placed 500 uL of particle solutions in three tubes
and adjusted their pH to 2, 7, and 13 by adding 20 uL of 1 M HCl,
100 mM PBS, and 1 M NaOH, respectively. After 10 min following
the pH adjustment, all samples were centrifuged and redis-
persed in solutions containing 500 L of water and 20 uL of the
same pH-adjusting supplements (1 M HCl, 100 MM PBS,and 1 M
NaOH). Finally, the UV—vis spectra of the samples were mea-
sured. The same test was also performed for a longer incubation
time (10 h).
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Determination of Yb—HP in Nanocomposite Particles. Composite
nanoparticles were centrifuged and redispersed in a washing
mixture consisting of ethanol (45%, v/v), dimethyl sulfoxide
(DMSO, 45%), and water (10%). The redispersed particles were
treated with ultrasound for 10 min and then were centrifuged
and redispersed in water. The washing-mixture supernatant
liquid and redispersed particles were used for measurements of
UV—vis spectra.

Detection of Singlet Oxygen Generation. The time-dependent
consumption of oxygen in PS-containing blood samples was
measured as described in detail in ref 59. Briefly, the oxygena-
tion degree of the samples was determined from transmittance
spectra (510—580 nm) measured with a 125-um layer contain-
ing 33% (v/v) of red blood cells, 50% of blood serum, and 17% of
a PS aqueous solution. The kinetics of oxygen saturation were
measured by using the time-dependent spectra of light from a
halogen lamp source, diffusely transmitted through samples
that were continuously irradiated by 6-s laser light pulses
(633 nm, 30 mW/cm?) followed by 10-s dark pauses. These
spectra were measured with a LESA-01-Biospec (Russia) setup®®
that allows real-time measurements of the diffuse transmittance
spectra (430—630 nm), the backscattered laser radiation (633 or
680 nm), and PS fluorescence spectra (690—850 nm). The
number of the singlet oxygen molecules produced by one PS
molecule at an irradiation dose of 1 J/cm? was calculated by eq 4.

Photothermal Measurements. For time-dependent photother-
mal measurements, we used a homemade setup (Figure 10)
consisting of an IR laser (ACCULASER, 808 nm, 1 W at the distal
fiber end, CW regime). The samples were placed in Eppendorf
tubes and were irradiated from the top of the tubes (5 min, laser
power density of 2.5 W/cm? at a beam diameter of 6 mm). For
real-time measurements of spatial temperature distribution in
both in vivo and in vitro experiments, an IR Imager IRISYS 4010
(Infrared Integrated System Limited, UK) was used.

Biodistribution Measurements. Animals were bred under SPF
(Standard of Care for Specific Pathogen Free Animals) condi-
tions and were barrier-maintained during the experiment.
Drinking water and conventional food were provided ad libi-
tum. The experimental protocol was approved by an indepen-
dent ethic committee prior to the study. Ehrlich carcinoma cells
were subcutaneously implanted into the hind flank of each
mouse, and tumors were allowed to grow for about two weeks.
Animals were divided in two equivalent groups (four mice per
group). The nanocomposite and free Yb—HP solutions were
introduced into the tail vein of the mice from the first and
second group, respectively. At 20 h after injection, the following
organs were collected for IR-luminescence examination: tumor,
liver, spleen, muscle, and skin. For ex vivo measurements of
IR luminescence, we used a prototype of the fiber-laser
oncofluorimeter,” recording the integral backscattered lumi-
nescence signal within the 900—1060 nm spectral interval at a
405-nm excitation (20 mW at the distal fiber end) of samples
placed in the wells of a culturing plate. The excitation and
recording directions were close to the plate normal. The
biodistribution of nanocomposites or free Yo—HP can be
estimated in terms of the average integral IR-luminescence
intensity (the area S under the IR-luminescence spectrum) or
in terms of the luminescence contrast, calculated as the ratio
S/S0, where Sy is the area under the IR-luminescence spectra of a
healthy reference tissue. In this work, the reported data corre-
spond to the average integral intensities.

We also developed a procedure for sample preparation and
measurements, in which 100 mg of tissues was homogenized in
4 mL of PBS in a hand glass homogenizer to a homogeneous
mass. The resulting suspension was diluted with PBS to a mass/
volume concentration of 25 g/L and was placed in a standard
four-side 1-cm cell for fluorescence measurements. UV—vis
fluorescence and IR-luminescence spectra (300—1050 nm, ob-
servation angle of 90°) were measured with a homemade setup
(IREE RAS) at 400-nm or 530-nm excitation by high-power
superluminescent diodes (50 mW and 70 mW, respectively).

Cell Viability Determination. HelLa cells (Saratov Science Re-
search Veterinary Station, Saratov, Russia) were maintained at
37 °C and 5% CO, in complete DMEM medium (Biolot Co.,
Russia) supplemented with 10% bovine serum, 300 mg/L
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L-glutamine, 100 mg/L ampicillin, 50 mg/L gentamicin, and 2.5
mg/L amphotericin B (all from Biolot). The cell suspension was
centrifuged at 1000g for 5 min and then was redispersed in
Hanks' solution (Biolot). A 1 mL portion of the cell suspension
(10® cells/L) was incubated with 0.2 mL of free Yo—HP or
nanocomposite solutions for 15 min, and then the mixture
was illuminated with a light-emitting diode (AFS photothera-
peutic apparatus, Polyronic Co., Russia) for 15 min at 625 nm and
a power density of 50 mW cm 2 Untreated Hela cells and HelLa
cells treated separately with PS (Yo—HP and NC—SiO,—Yb—HP)
or light were used as controls. Cell viability was measured by the
MTT assay.?® In brief, after incubation with PSs followed by light
illumination, the cells were centrifuged at 1000g for 5 min,
redispersed in 0.5 mL MTT solution (Sigma, USA), and incubated
for 1 h in the dark at 37 °C. Then, the cells were centrifuged at
1000g for 5 min and redispersed in 0.5 mL DMSO (ACS grade
DMSO, Amresco, USA) to dissolve formazan crystals. The sam-
ples were centrifuged at 12000g for 5 min in 1.5 mL Eppendorf
tubes (Eppendorf Minispin), and 0.2 mL of the supernatant
liquids was transferred to 96-well plates. Absorbance values at
492 nm were collected on a Multiskan Ascent microplate reader
(Thermo Fisher Scientific Inc.).
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