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ABSTRACT A multifunctional theranostic platform based on photosensitizer-loaded
plasmonic vesicular assemblies of gold nanoparticles (GNPs) is developed for effective cancer
imaging and treatment. The gold vesicles (GVs) composed of a monolayer of assembled
GNPs show strong absorbance in the near-infrared (NIR) range of 650—800 nm, as a result

of the plasmonic coupling effect between neighboring GNPs in the vesicular membranes.
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The strong NIR absorption and the capability of encapsulating photosensitizer Ce6 in GVs
enable trimodality NIR fluorescence/thermal/photoacoustic imaging-guided synergistic
photothermal/photodynamic therapy (PTT/PDT) with improved efficacy. The Ce6-loaded
GVs (GV-Ce6) have the following characteristics: (i) high Ce6 loading efficiency (up to ~18.4 AN
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wt %; (i) enhanced cellular uptake efficiency of Ce6; (iii) simultaneous trimodality NIR
fluorescence/thermal/photoacoustic imaging; (iv) synergistic PTT/PDT treatment with

improved efficacy using single wavelength continuous wave laser irradiation.
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synergistic therapy

traordinary theranostic modality for

various malignant and nonmalignant
diseases.' 8 This approach utilizes reactive
oxygen species (ROS) generated through
the reaction between photosensitizer (PS)
and oxygen presented in tissues upon the
irradiation of light to achieve effective treat-
ment.®~'? However, the PDT efficacy of
solid tumors is largely limited by issues
including: (i) inadequate selectivity of most
PSs;'37'6 (i) poor water-solubility of most
PSs;'7 2" (iii) self-destruction of PSs upon
light irradiation;*? and (iv) ceasing produc-
tion of singlet oxygen (SO) due to severe
local hypoxia caused by the depletion of
tissue oxygen and disruption of tumor
blood flow.?*** New synergistic treatment
modalities, which combine PDT with other

P hotodynamic therapy (PDT) is an ex-
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therapies such as photothermal therapy
(PTT), hold the promise to overcome current
limitations of PDT, thus achieving enhanced
anticancer efficacy.> 3! Generally, indivi-
dual nanoparticles (NPs) such as gold nano-
rods (GNRs),>”*° carbon nanohorns®® and
graphene oxide'? complexed with PSs on
their surface are used to promote the tumor
accumulation of PSs and to generate heat
for synergistic PDT/PTT. However, this method
has limitations including relatively low load-
ing capacity of PSs due to limited surface
area of NPs and the possible leakage of PSs
coupled/complexed on NP surfaces during
their circulation in biological systems.>?
In addition, PDT/PTT based on photother-
mal coupling agents (PTCAs)/PSs usually
need two lasers in different wavelengths
due to the absorption mismatch of PTCAs

AT AN TS

* Address correspondence to
znie@umd.edu,
Shawn.Chen@nih.gov.

Received for review March 7, 2013
and accepted May 23, 2013.

Published online May 23, 2013
10.1021/nn4011686

©2013 American Chemical Society

WWwWWw.acsnano.org

5320



Photothermal
heating

Fluorescenc

emissior{

Tri-Modal

o: gold nanoparticle (GNP)

0: photosensitizer Ce6

PEG: polyethylene glycol

‘»: reactive oxygen species (ROS) GV-Ce6: Ce6-loaded gold vesicles

Scheme 1. Photosensitizer (Ce6)-Loaded Plasmonic Gold Vesicles (GVs) for Trimodality Fluorescence/Thermal/Photoacoustic
Imaging Guided Synergistic Photothermal/Photodynamic Cancer therapy
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Figure 1. (a) SEM and (b—d) TEM images of plasmonic gold vesicles (GVs) self-assembled from GNPs. (e) Size distribution of
GVs by DLS; (d) UV—vis spectra of BCP-tethered GNPs and GVs.

and PSs.'>*?” The sequential irradiation prolongs
the treatment time and requires precise alignment
of the two light beams. Therefore, there still
remains a grand challenge to develop a simple yet
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effective strategy for simultaneous synergistic PDT/PTT
treatment.

Here we report the design of multifunctional photo-
sensitizer Ce6-loaded plasmonic gold vesicles (GVs) for
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Figure 2. (a) UV—uvis spectra of GVs (black), Ce6 (blue) and GV-Ce6 (red). The arrows indicate characteristic Q-bands of Ce6;
(b) fluorescence emission spectra of GVs, Ce6 and GV-Ce6; (c) Ce6 loading efficiency of GV-Ce6 as a function of Ce6
concentration; (d) the changes of fluorescence intensity at the characteristic peaks of SOSG and Ce6 (528 and 662 nm) as a

function of laser irradiation time.

trimodality fluorescence/thermal/photoacoustic (PA)
imaging guided synergistic PTT/PDT cancer treatment.
The GVs composed of a monolayer of assembled gold
nanoparticles (GNPs) show a strong absorbance in the
NIR range of 650—800 nm, as a result of the plasmonic
coupling between neighboring GNPs in the vesicular
membranes.®* 37 This enables the use of 671 nm laser
irradiation to simultaneously excite both GVs and Ce6
to produce heat and SO, killing cancer cells (Scheme 1).
The heating effect upon laser irradiation dissociates
the Ce6-loaded GVs (GV-Ce6) to release the encapsu-
lated Ce6 molecules. The efficient loading of Ce6 in GVs
significantly increases the accumulation of Ce6 in
cancer cells. The tumor tissues visualized by the fluo-
rescence, thermal and PA signals from GV-Ce6 can be
selectively destroyed in a noninvasive manner by the
illumination of 671 nm laser. Both in vitro and in vivo
therapeutic efficacy of GV-Ce6 were enhanced com-
pared to either individual PTT or PDT alone, or the sum
of PTT/PDT due to the synergistic effect.

RESULTS AND DISCUSSION

Plasmonic GVs were prepared by assembling GNPs
tethered with amphiphilic block copolymers (BCPs)*®
(see details in Supporting Information). GNPs were
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prepared by citrate reduction of HAuCl, in aqueous
phase. GNPs with a diameter of 26.2 + 1.45 nm were
modified with thiol-terminated BCPs of polyethylene
oxide-b-polystyrene (PEO45-b-PS;4s) (M), = 25.7 kg/mol,
PDI = 1.12). The self-assembly of the BCP-tethered
GNPs was triggered by the rehydration of a film of
GNPs in water under sonication. To encapsulate Ce6 in
the GVs, an aqueous solution of Ce6 with a predeter-
mined concentration was used for the rehydration
process. Representative scanning electron microscopy
(SEM) and transmission electron microscopy (TEM)
images shown in Figure 1a,b present the well-defined
vesicular assemblies of GNPs (see Figure S1 and S2 for
more images). The hollow interior of the assemblies
was confirmed by the penetration of electron beam
through the GVs, and the morphology of broken or
collapsed GVs (Figure S3). The GVs are composed of a
monolayer shell of densely packed GNPs (Figure 1a—d).
The GVs exhibit a relatively narrow size distribution and
the average size of GVs is 281.4 4= 62.3 nm, as shown in
dynamic light scattering (DLS) analysis (Figure Te).
Assembly of GNPs significantly reduced the interparti-
cle distance, leading to a red-shift in extinction spectra
due to enhanced plasmonic coupling between adja-
cent GNPs. Upon the formation of GVs, the localized
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Figure 3. Subcellular localization of GVs (a—e), Ce6 (f—j) and GV-Ce6 (k—t) in MDA-MB-435 cells. (a, f, k) Bright field; (b, g, I)
nuclei fluorescence (DAPI); (c, h, m) Ce6 fluorescence; (d, i, n) merged images of b and ¢, g and h, | and m; (e, j, o) merged
images of a, b, and ¢; f, g, and h; k, |, and m. The scale bar is 20 um. (p and q) Ce6 fluorescence in cells after incubation with pure
Ce6 (p) and GV-Ce6 (q) at different time points; (r) the changes of Ce6 fluorescence intensity in cells as a function of incubation time.

surface plasmon resonance (LSPR) peak shifted from
518 to 630 nm and broadened to cover the wavelength
range of 650—800 nm (Figure 1f). The strong absorp-
tion of GVs in NIR range implies the potential use of GVs
as photothermal agents. We, therefore, chose to en-
capsulate photosensitizer Ce6 which can be excited for
PDT upon 671 nm laser irradiation. We expect that the
synergistic PTT and PDT will be achieved upon irradiat-
ing GV-Ce6 complex with 671 nm laser.

Successful loading of Ce6 in GVs was confirmed by
UV—vis absorbance and fluorescence emission spec-
tra. After loading Ce6, the absorption of GV-Ce6 dis-
plays the characteristic Soret peak of Ce6 at 404 nm,
and the Q-bands at 651 and 706 nm (Figure 2a),'®
along with a color change of the solution from blue to
dark black (Figure 23, inset). The characteristic peaks of
Ce6 loaded by GVs are not totally matching with the
peaks of pure Ce6, which is attributed to the interaction
between Ce6 and GVs. Meanwhile, we also observed
that the fluorescence of Ce6 was markedly quenched
once it was loaded by GVs (Figure 2b). The drug loading
efficiency of Ce6 in GVs was quantified by using the
UV—uvis calibration curve of Ce6 at 663 nm (see Figure S4).
When the weight ratio of Ce6 to GVs is 33%, the loading
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efficiency of Ce6 is ~14.1 wt % (Figure 2c). At a weight
ratio of 60%, the Ce6 loading efficiency is up to
18.4 wt %. For a comparison, positively charged GNRs
(with LSPR at ~671 nm) as control were used to load
negatively charged Ce6 by electrostatic interactions
between GNRs and Ce6. The maximum loading effi-
ciency of Ce6 onto the GNRs is less than 10 wt % (Figure S5).
This indicates that GVs can overcome the surface-area-
limited drug loading on NPs by offering a large interior
space to maximize loading capacity.®®

To evaluate the efficiency of photothermal heating
of GV-Ce6, solutions of different samples were exposed
to 671 nm laser at 2.0 W/cm? (the same laser wave-
length and intensity was used in all the experiments).
The temperature of GVs and GV-Ce6 solutions rose
rapidly over 42 °C within 5 min, while PBS and pure Ce6
solutions exhibit negligible increase in temperature
(Figure S6). GV-Ce6 produced higher heating effect
than GV alone, due to the absorbance of loaded Ce6 in
GV-Ce6 at 671 nm. Under the same optical densisty
(OD) absorbance of GNRs and GV-Ce6 at 671 nm, the
efficiency of photothermal heating of GV-Ce6 is com-
parable to that of above-metioned GNRs (see Figure S7).
These results suggest that GV-Ce6 can be used as
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Figure 4. (a) MDA-MB-435 cell viability at different concentrations of GVs, Ce6, and GV-Ce6 for 12 h at 37 °C with or without
irradiation for 3 min with a 671 nm laser (2 W/cm?). Fluorescence images of Calcein AM and Ethidium homodimer-1 co-
staining cancer cells incubated with (b) GVs (36.8 ug/mL), (c) Ce6 (10 «M), and (d) GV-Ce6 at a Ce6 concentration of 10 uM for

12 h at 37 °C after irradiation. Scale bars: 50 um.

PTCAs for efficient PTT, while it has a higher loading
capacity of Ce6 for PDT than GNR systems. The as-
sembled GVs can be dissociated to release Ce6 en-
capsulated in the hollow cavity of GVs upon laser
irradiation, thus achieving efficient PDT treatment
(Figure S8). The generation of SO from GV-Ce6 was
quantified by measuring the fluorescence signal of
singlet oxygen sensor green (SOSG) which reacts with
SO generated from GV-Ce6.° The fluorescence inten-
sity of SOSG at 528 nm increases with the prolonged
irradiation, accompanied with a decrease in the fluo-
rescence intensity of Ce6 at 662 nm (Figure 2d and
Figure S9). The fluorescence intensities remain unal-
tered upon laser irradiation for systems with SOSG
alone or a mixture of SOSG and GVs (Figure S10).

To assess the cellular uptake behavior and localiza-
tion of GV-Ce6, human breast cancer cells (MDA-MB-435)
were incubated with GVs (36.8 ug/mL), Ce6 (10 uM)
and GV-Ce6 (10 uM Ce6, 36.8 ug/mL GVs). DAPI (4',6-
diamidino-2-phenylindole) staining was used to visua-
lize nuclei. Figure 3a—o shows the fluorescence images
of MDA-MB-435 cells incubated with GVs, Ce6, and GV-
Ce6 (see low magnification images in Figure S11).
For GVs exposure group, cells did not exhibit any red
fluorescence signal. For cells incubated with free Ce6
or GV-Ce6 at the same Ce6 concentration, GV-Ce6
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showed a stronger fluorescence signal inside cells than
free Ce6 (Figure 3i—o and Figure S12), implying a
possible better performance of using GV-Ce6 for PDT
than that of using free Ce6, as PDT effect is strongly
dependent on the uptake of PSs by tumor cells.

To quantify the cellular uptake efficiency of Ce6,
fluorescence intensities of free Ce6 and GV-Ce6 in
MDA-MB-435 cells were recorded on flow cytometry
at different incubation time points (Figure 3p,q). The
fluorescence intensity of Ce6 in both systems increased
as a function of time (Figure 3r), while the GV-Ce6
group showed a significantly higher fluorescence in-
tensity of Ce6 than free Ce6 group. The mean fluo-
rescence intensity (4.46 x 10° au) of Ce6 in GV-Ce6
system was 47-fold stronger than that in free Ce6
system (9.2 x 10 au) after 0.5 h incubation. For GV-
Ce6 group, the fluorescence intensity of Ce6 rapidly
increased and saturated after 6 h. In contrast, the
fluorescence intensity of Ce6 in free Ce6 group gradu-
ally increased in the course of 24 h. This indicates a
more rapid and effective cellular uptake of GV-Ce6. This
is because the internalization efficiency of GV-Ce6
through endocytosis is higher than that of free Ce6
through passive diffusion into cells. In addition, the
encapsulation of Ce6 in GVs avoids the direct contact of
Ce6 with cells during the circulation or internalization of
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Figure 5. (a) In vivo NIR fluorescence image of MDA-MB-435 tumor-bearing mice at preinjection and postinjection of GV-Ce6.
(b) Thermal images of tumor-bearing mice exposed to 671 nm laser (2.0 W/cm?) for 6 min at postinjection of GV-Ce6. Red
circles indicate the location of tumors. (c) Heating curves of tumors upon laser irradiation as a function of irradiation time. (d)
In vivo photoacoustic (PA) images and (e) average PA intensity of tumor tissues at preinjection and postinjection of GV-Ce6.

Yellow circles indicate the injected location.

Ce6 in biological systems, thus facilitating their biome-
dical application.

To verify the uptake mechanism of GV-Ce6, we
incubated MDA-MB-435 cells with GV-Ce6 at low
temperature (4 °C), which would inhibit the cellular
endocytosis.>*~*2 The fluorescent images showed that
the uptake of GV-Ce6 was significantly depressed at
4 °C compared to that at 37 °C after 1 h, suggesting
GV-Ce6 were internalized via energy-dependent en-
docytosis (Figure S13). To further study the subcellular
localization of GV-Ce6, we used LysoTracker to stain
lysosome and traced GV-Ce6 by a confocal laser scanning
microscopy (CLSM). Figure S14 clearly showed the
fluorescence signals from Lysotracker (green) match
well with the fluorescence signals from GV-Ce6 (red),
suggesting that majority of GV-Ce6 nanoparticles co-
localized with the lysosomes, which is the fate of most
nonviral vectors.*'*? We suggest one possible endo-
cytic pathway: GV-Ce6 was engulfed into cytoplasm and
trafficked into the early endosomes, then into the late
endosomes/lysosomes, and finally located in lysosomes.

Laser-triggered PTT/PDT effects of GVs, Ce6, and
GV-Ce6 were analyzed by 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Cell
viability was normalized by control group. The cell
viability of irradiated groups gradually decreased with
increasing the concentration of GVs, Ce6, and GV-Ce6
(Figure 4a and Figure S15). In contrast, the groups
without laser irradiation exhibited negligible toxicity
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to MDA-MB-435 cells (Figure 4a). For treatment groups,
the PDT/PTT efficacy of GV-Ce6 system is significantly
improved, in comparison with GVs and free Ce6 sys-
tems at all the studied concentrations. The treatment
efficacy of the GV-Ce6 system is about 45—70% higher
than the sum effect of individual GVs and Ce6 system
when 5% or 10% Ce6 was used (Figure S15). This result
indicates that both synergistic PDT/PTT effect and
enhanced cellular uptake are responsible for the im-
proved therapeutic efficacy of GV-Ce6. In contrast,
GNRs absorbed with Ce6 (GNR-Ce6) without irradiation
exhibit obvious dark cytotoxicity within 5—20 uM,
presumably due to the toxicity of cetyltrimethylammo-
nium bromides (CTAB) on the surface of GNRs (Figure
S16). For GNR-Ce6 with laser irradiation, the cytotoxi-
city is ascribed to both the toxicity of CTAB and the
PDT/PTT effect, while the contribution of CTAB is more
significant. After the subtraction of the toxicity of CTAB,
GV-Ce6 showed a better performance in PDT/PTT than
that of GNR-Ce6, owing to its good biocompatibility
and high Ce6 loading efficiency.

The synergistic PDT/PTT effects of GV-Ce6 on MDA-
MB-435 cells were further verified using Calcein AM
and ethidium homodimer-1 co-staining. In the control
group, cells all displayed green fluorescence, which
suggests that laser irradiation alone cannot kill cells
(Figure S17). In the GVs and Ce6 groups, some cells
were killed and displayed red fluorescence (Figure 4b,c).
In the GV-Ce6 group, without laser irradiation, cells
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Figure 6. (a) Tumor growth curves of different groups of tumor-bearing mice after treatment. Tumor volumes were
normalized to their initial sizes. Error bars represent the standard deviations of 4—6 mice per group. Asterisk indicates P <
0.05. (b) H&E stained tumor sections collected from different groups of mice 14 days post treatment. Arrows indicate the
sporadic necrotic areas. (c) H&E stained images of major organs collected from control and GV-Ce6 administrated and

irradiated mice at 2 and 14 days post treatment.

displayed green fluorescence, suggesting that GV-Ce6
is nontoxic to tumor cells in the dark (Figure S18a).
Upon laser irradiation, all cells were killed, as indi-
cated by the intense homogeneous red fluorescence
(Figure 4d). The population of dead cells gradually
increased with increased concentration of GV-Ce6
(Figure S18b—d). The PDT/PTT treatment using GV-
Ce6 is highly selective and localized. Cells without
irradiation (outside the region of laser spot) displayed
green fluorescence, while cells were locally killed with-
in irradiation region (Figure $19). The above results are
in a good agreement with MTT assay.

We investigated the feasibility of using GV-Ce6 for
in vivo trimodality fluorescence/thermal/PA imaging-
guided synergistic PTT/PDT. Athymic nude mice with
subcutaneous MDA-MB-435 breast cancer xenografts
were selected as the animal model. When the size of
tumors reached ~60 mm?, the mice were intratumo-
rally injected with 50 uL GV-Ce6 (100 uM Ce6). NIR
fluorescence and PA imaging were employed to moni-
tor the efficacy of treatment in vivo. After injection,
intense fluorescence signal was observed in the tumor

LIN ET AL.

area (Figure 5a). Meanwhile, thermal images were re-
corded using an infrared thermal camera (Figure 5b).
Upon laser irradiation, the local temperature of tumor
rapidly increased to >42 °C, which is high enough to
ablate the malignant cells. The surrounding healthy
tissue showed negligible increase about 1—2 °C, while
no significant temperature change was observed in
other parts of the mice. No significant temperature
rising was observed in other body parts of the mice.
To confirm that the PTT effect was originated from the
GV component in GV-Ce6, we also tested tumor in-
jected with GVs or Ce6 (at the same dose as GV-Ce6)
upon laser irradiation (Figure 5c). For GV-Ce6, the tumor
temperature increased about 10 °C within 6 min, which
is slightly higher than that of GVs, due to the absor-
bance of loaded Ce6 in GV-Ce6 at 671 nm (Figure S20).
For Ce6 and PBS, the tumor tissues did not show any
significant temperature changes (Figure S21). Intense
PA signal was observed in the tumor region injected
with GC-Ce6 (Figure 5d). The average PA intensity
(2.25 £ 0.21 au) of GV-Ce6 was 3.8-fold stronger than
that before particle injection (0.59 + 0.03 au)
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(Figure 5e). The fluorescence, thermal and PA signal
were ascribed to the presence of GV-Ce6.

In vivo therapeutic efficacy of Ce6, GV and GV-Ce6
was assessed by monitoring the growth rate of tumors.
The size of tumors was normalized to their initial size.
Ce6, GV and GV-Ce6 administration/irradiation groups
showed remarkable delay in tumor growth or tumor
regression compared with the control group after two
weeks (GVs vs Ctl, P < 0.001; Ce6 vs Ctl, P < 0.0001;
GV-Ce6 vs Ctl, P < 0.0001) (Figure 6a). In contrast, the
groups without laser irradiation showed no apparent
change of tumor size compared with the control group,
indicating the therapeutic effect was highly light-
dependent. It is noteworthy that GV-Ce6 treated group
exhibited higher therapeutic efficacy as compared
with Ce6 and GV treated group on day 14 (GV-Ce6 vs
GV, P<0.0001; GV-Ce6 vs Ce6, P < 0.0001). These results
clear demonstrated the synergistic effect of PDT/PTT
over any single modality treatment solely. H&E stain-
ing of tumor sections was performed on day 14 in
Figure 6b. In PBS, GVs, Ce6 treated group, the histolo-
gical section showed infiltrating tumor cells with highly
pleomorphic nuclei and many mitoses, indicating lim-
ited benefit from laser treatment. In contrast, intensive
necrosis area stained by eosin dominated tumor sec-
tion in GV-Ce6 treated group. Pyknosis can also be
observed in GV-Ce6 treated tumor cells, resulting from
irreversible condensation of chromation in the nuclei
of tumor cells undergoing necrosis or apoptosis. Since
part of the intratumoral injected nanoparticles would
leak into circulation and prominently accumulate in
reticuloendothelial system of spleen and liver,”*** we
also collected major organs including heart, liver,
spleen, lung and kidney from the mice at 2 days and
14 days after treatment (Figure 6c¢). Neither obvious
damage nor inflammation was observed compared
to the control group, probably resulting from the low

EXPERIMENTAL SECTION

Preparation of GV-Ce6. Plasmonic GVs were prepared by as-
sembling GNPs tethered with ampbhiphilic block copolymers
(BCPs) using film rehydration method. GNPs were prepared by
citrate reduction of HAuCl, in aqueous phase. Briefly, GNPs were
modified with thiol-terminated BCPs of polyethylene oxide-b-
polystyrene (PEO45-b-PS,45) (M, = 25.7 kg/mol, PDI = 1.12). The
self-assembly of the BCP-tethered GNPs was triggered by
rehydration of a thin film of the GNPs dried on a glass substrate
in water with sonication. To encapsulate Ce6 in the vesicles, an
aqueous solution Ce6 with predetermined concentration of Ce6
was used as solvent for the rehydration process. After that, the
solution was centrifuged at 9000 rpm for 5 min, decanted and
suspended in ultra pure water or PBS for further characteriza-
tion and application.

Characterization of GV-Ce6. The morphologies of assemblies
were imaged using a Hitachi SU-70 Schottky field emission
gun Scanning Electron Microscope (FEG-SEM) and a Tecnai TF30
TEM (FEI, Hillsboro, OR) equipped with a Gatan Ultrascan 1000
CCD camera (Gatan, Pleasaton, CA). Samples for SEM were
prepared by casting a 5—10 uL of NP aqueous solution on

LIN ET AL.

cytotoxicity and immunogenicity of gold nano-
particles*> These results indicate that GV-Ce6 has
excellent theranostic capability without noticeable
toxicity, and is suitable for imaging-guided synergistic
PTT/PDT of tumor in vivo.

CONCLUSION

In summary, we have developed a novel theranostic
platform based on photosensitizer-loaded plasmonic
vesicular assemblies for cancer imaging and treatment.
The strong NIR absorption induced by plasmon cou-
pling between adjacent GNPs and the capability of
encapsulating active compounds such as Ce6 in GVs
enables the trimodality NIR fluorescence/thermal/PA
imaging-guided synergistic photothermal/photody-
namic therapy with improved efficacy. The GV-Ce6
we developed shows the following characteristics:
(i) high Ce6 loading efficiency in the hollow interior of
GVs; (i) enhanced delivery of Ce6 into cells; (iii) simul-
taneous trimodality NIR fluorescence/thermal/PA ima-
ging; and (iv) synergistic PTT/PDT treatment with
improved efficacy using single wavelength contin-
uous wave laser irradiation. In addition, the multi-
functional vesicular nanocarrier has high solubility
and stability in aqueous solution, and good biocom-
patibility, thus facilitating its biomedical applica-
tions, particularly for cancer theranostics. To further
improve the performance of the GV platform in
bioimaging and drug delivery, more efforts shall be
undertaken to: (i) accurately control the size of GVs in
the range of 50—150 nm; (ii) tune the LSPR peak of
GVs in the longer NIR range; (iii) use biodegradable
polymers for assembly; (iv) modify the surface of GVs
with specific biomarkers to achieve targeting pur-
poses; and (v) systemically assess the toxicity, bio-
compability, pharmacokinetics and biodistribution
of the GVs in vivo.

silicon wafers, and dried at room temperature. TEM samples
were prepared by casting a 5—10 uL of GVs aqueous solution on
300 mesh copper grids covered with carbon film, and dried at
room temperature. Hydrodynamic diameter of GVs in ultra pure
water was measured by a SZ-100 nanoparticle analyzer (HORIBA
Scientific, Tokyo, Japan). UV—vis spectra were measured by a
Genesys 10S UV—vis spectrophotometer (Thermo Scientific,
Waltham, MA). Fluorescence intensity was monitored with an
F-7000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan).
Thermal images were captured by a SC300 infrared camera
(FLIR, Arlington, VA) and processed with Examin IR image soft-
ware (FLIR). The excitation source was a 671 nm diode-pumped
solid-state laser system (LASERGLOW Technologies, Toronto,
Canada).

Ce6 Loading Efficiency Measurements. In the calibration curve,
the absorption intensity is linearly proportional to the concen-
tration of Ce6, following a regression equation: Y = 0.146 +
0.028X (R* = 0.9977) (Figure S4). UV—vis measurements of GV-
Ce6 at different concentrations were carried out. To estimate
the amount of Ce6 loaded by GVs, the GV-Ce6 was collected by
centrifugation, and the unconjugated Ce6 in the supernatant
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was quantified by using Ce6 UV calibration curve at 663 nm (in
PBS solution). Every experiment was repeated three times.

Single Oxygen Detection. Singlet oxygen sensor green (SOSG)
was employed to evaluate the singlet oxygen generation (SOG)
of GV-Ce6. A certain of GV-Ce6 was mixed with SOSG (1 uM) in
water containing 2% methanol. The mixture solutions were
irradiated with an NIR laser (671 nm, 2 W/cm?). SOSG fluo-
rescence was excited with a light resource of 494 nm wave-
length. The SOG of samples was quantified by comparing the
SOSG fluorescence enhancement with the background or con-
trol samples.

Light to Heat Conversion. Samples in Eppendorf tubes were
irradiated upon an 808 nm laser at power density of 2W/cm?.
The laser spot was adjusted to cover the whole surface of
samples. Real-time thermal imaging of samples was recorded
using a FLIR thermal camera and quantified by FLIR Examiner
software.

Subcellular Localization and Uptake Efficiency. MDA-MB-435 cells
were plated at least 24 h before incubation with GV-Ce6 in
LabTek Il coverglass (Nalge Nunc Internationl, Rochester, NY) at
adensity of 5 x 10% cells/mL and grown to 60—80% confluence.
The cells were incubated with GVs (36.8 ug/mL), Ce6 (10 uM)
and GV-Ce6 (10 M) in the dark for 2 h. After incubation, the cells
were thoroughly washed three times with PBS. Images were
acquired by a laser scanning confocal microscope (FLUOVIEW
FV10i, Olympus). The fluorescence micrographs shown are
representative of at least three independent experiments. For
cellular uptake experiment, the cells (5 x 10* cells per well) were
seeded in 6-well plates and incubated overnight, and then
incubated with 10 uM GV-Ce6 or Ce6. After different incubation
times (0.5, 1, 2, 6, and 24 h), cells were rinsed with PBS three
times, tripsinized, and resuspended with medium. Afterward,
the cells were collected by Accuir C6 flow cytometer using
CFlow Plus software (BD, Ann Arbor, MI). All data was analyzed
using 10 000 cells by FlowJo version 7.6.5 (FlowJo, Ashland, OR).

Laser-Induced Synergistic PTT/PDT Effect. MDA-MB-435 cells
(1 x 10* cells per well) were seeded in 96-well plates and
incubated overnight at 37 °C in a humidified 5% CO, atmo-
sphere. After being rinsed with PBS (pH 7.4), the cells were
incubated with GVs (0—73.6 ug/mL), Ce6 (0—20 uM) and GV-
Ce6 (0—20 uM) for 12 h at 37 °C under the same conditions.
Afterward, the cells of experimental group were rinsed again
with PBS and immersed in 200 uL of fresh culture medium,
and subsequently illuminated using a 671 nm laser with
energy density of ~2 W/cm? for 3 min. The laser spot was
adjusted to fully cover the area of each well. After illumina-
tion, cells were incubated for 24 h in a 5% CO,, 95% air
humidified incubator at 37 °C. Dark control group was keep
under identical conditions as the experimental group except
for illumination. The standard MTT assay was carried out to
evaluate the cell viability.

The synergistic PDT/PTT effects of GV-Ce6 on MDA-MB-435
cells were further verified using Calcein AM and ethidium
homodimer-1 co-staining. MDA-MB-435 cells (5 x 10* cells
per well) were seeded in 6-well plates and incubated overnight
at 37 °Cin a humidified 5% CO, atmosphere. After being rinsed
with PBS (pH 7.4), the cells were incubated with GVs (36.8 ug/mL),
Ce6 (10 uM) and GV-Ce6 (10 uM Ce6, 36.8 ug/mL GVs) for 12 h at
37 °C under the same conditions and then irradiated with
671 nm laser at a power density of 2 W/cm? for 3 min.

In Vivo Fluorescence and Photoacoustic Imaging of GV-Ce6. All
animal operations were in accord with institutional animal use
and care regulations. Tumor-bearing mice were prepared by
subcutaneously injecting a suspension of 5 x 10° MDA-MB-435
cellsin PBS (100 uL) into bilateral shoulders of female nude mice
(six weeks old, 20—25 g). When the tumor size reached
~60 mm>, 50 uL of GV-Ce6 (corresponding to 100 uM Ce6)
was intratumorally injected into the tumor-bearing mice.
The fluorescent scans were recorded on a Maestro all-optical
imaging system (Caliper Life Sciences, Hopkinton, MA). Photo-
acoustic (PA) imaging was performed by a Vevo 2100 LAZR
system (VisualSonics, Inc, New York, NY) equipped with a
40 MHz, 256-element linear array transducer on tumors.

In Vivo Thermal Imaging. When the tumor size reached
~60 mm?, 50 uL of GV-Ce6 (corresponding to 100 uM Ce®6),
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368 ug/mL GVs, or 100 uM Ce6 was intratumorally injected
into the tumor-bearing mice. Thermal imaging was recorded
by a SC300 infrared camera (FLIR) when the tumors were
exposed to 671 nm laser (LASERGLOW Technologies) of
power density at 2 W/cm?.

In Vivo Phototoxicity Study. When the tumor size reached
~60 mm?3, 50 uL of GV-Ce6 (corresponding to 100 uM Ce6),
368 ug/mL GVs, or 100 uM Ce6 was intratumorally injected into
the tumor-bearing mice. MDA-MB-435 tumor-bearing mice
were divided into 7 groups of five animals per group to quantify
the growth rate of tumors after the following treatments: (a) PBS
administrated and irradiated; (b) Ce6 administrated only; (c) GVs
administrated only; (d) GV-Ce6 administrated only; (e) Ce6
administrated and irradiated; (f) GV administrated and irra-
diated; and (g) GV-Ce6 administrated and irradiated. For irra-
diated groups, the tumors were exposed to 671 nm laser of
power density at 2 W/cm?. The spot of laser beam was adjusted
to cover the entire region of tumor. The size of tumors was
measured by caliper every other day after the treatment. The
volume of tumor (V) was calculated by the following equation:
V = A-B%/2, where A and B are the longer and shorter diameter
(mm) of the tumor, respectively. The relative volume of tumors
was evaluated by normalizing the measured values to their
initial sizes.
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