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(GNR)—photosensitizer complex as a

multifunctional nanomedicine platform
for noninvasive in vivo near-infrared (NIR)
fluorescence imaging and cancer therapy.
Recently, GNRs have attracted attention for
their interesting optical properties, includ-
ing some which may have biomedical ap-
plications. First, GNRs produce a strong
surface plasmon absorption band in the NIR
region and may have utility as ultraefficient
energy quenchers due to their immense
absorption coefficients 10*fold to 10°-fold
higher than those of conventional organic
dyes."? The peak absorption band in the NIR
region can be easily tuned by adjusting its
aspect size and ratio.> In addition, gold
nanoparticles, including GNRs, can quench
the excited energy of fluorochromes even at
a distance of ~40 nm.* Second, poly-
(ethylene glycol)-conjugated GNRs are
circulated in the blood for prolonged
periods>® and may serve as drug delivery
carriers for passive targeting of cancers ow-
ing to their enhanced permeability and
retention (EPR).” Third, the GNR itself can
serve as a drug for hyperthermic treatment
of cancers. Recent studies have shown that
GNRs accumulated in tumor sites can pro-
duce heat and selectively ablate tumors by
absorbing externally applied NIR light.®®

Photodynamic therapy (PDT) is a promis-
ing treatment modality for cancers and
other malignant diseases. Type Il photosen-
sitizers used in PDT are nontoxic to cells in
the absence of light.” When exposed to light
of an appropriate wavelength, these sensi-
tizers become energized and begin to emit
NIR fluorescence and generate reactive oxygen
species including singlet oxygen. Owing to

I n this study, we introduce a gold nanorod
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ABSTRACT A gold nanorod (GNR)—photosensitizer complex was developed for noninvasive

near-infrared fluorescence imaging and cancer therapy. We showed that (a) fluorescence emission

and singlet oxygen generation by AIPcS, were quenched after complex formation with GNRs; (b)

4-fold greater intracellular uptake and better in vitro phototoxicity were observed in GNR—AIPcS,-

treated cells than in free AIPcS,-treated cells; and (c) after intravenous injection of the GNR—AIPcS,

complex, tumor sites were clearly identified on near-infrared fluorescence images as early as 1 h

after injection. The tumor-to-background ratio increased over time and was 3.7 at 24 h; tumor

growth reduced by 79% with photodynamic therapy (PDT) alone and by 95% with dual

photothermal therapy (PTT) and PDT. This novel multifunctional nanomedicine may be useful for

near-infrared fluorescence imaging and PTT/PDT in various cancers.
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this action, tumors can be selectively de-
stroyed using local illumination, while
avoiding the severe side effects associated
with conventional chemotherapy. However,
the limited tumor selectivity of PDT agents
has been the main drawback in the use of
PDT because nonspecific activation of sin-
glet oxygen generation from photosensitizers
can be induced in normal tissues upon expo-
sure to light.

Therefore, we hypothesized that fluores-
cence emission and singlet oxygen genera-
tion (SOG) by photosensitizers may be
effectively controlled by manipulating the
distance between the GNRs and photosen-
sitizers (Figure 1). For example, when photo-
sensitizers are located near a GNR surface,
energy transfer from the photosensitizer to
the GNR is effective, and the photosensiti-
zers may become nonfluorescent and non-
phototoxic. Thus, the GNR—photosensitizer
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Figure 1. Schematic diagram of the GNR—AIPcS, complex for NIR fluorescence imaging and tumor phototherapy.
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Figure 2. (a) Transmission electron microscopy (TEM) image of GNRs. (b) Absorption spectra of the GNR—AIPcS, complex and
free AIPcS,; emission spectrum of free AIPcS,. The arrow indicates the absorption peak of bound AIPcS, on the surface of
GNRs. (c) NIR fluorescence images of PBS, free AlPcS,, and the GNR—AIPcS, complex (final concn = 10 uM AIPcS, equiv)
solution at the Cy5.5 channel. (d) Relevant fluorescence intensity (left) and SOG (right) of 10 «M of the GNR—AIPcS, complex.
(The measured fluorescence and SOG of 10 «M AIPcS, was converted to 100%.)

complex is nonfluorescent and nonphototoxic while in
the circulatory system. A passive targeting mechanism
localizes the complex in tumor tissue, where the
photosensitizers are released from the GNR surface
and become highly fluorescent and phototoxic.
The tumor can then be detected by NIR fluorescence
imaging with a high signal-to-background ratio. The
tumor tissues visualized by NIR fluorescence can
be selectively destroyed in a noninvasive manner by
illumination of the detected tumors with NIR light
during PDT while minimizing phototoxic tissue dam-
age of the surrounding normal tissues. Therapeutic
efficacy of GNR—photosensitizer complexes may be
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enhanced by additional photothermal therapy (PTT)
with GNRs.

RESULTS AND DISCUSSION

Cetyltrimethylammonium bromide (CTAB)-coated
GNR was prepared by the seed-mediated method.'®
A TEM image of the CTAB-coated GNR showed that the
average length and width were 33.7 +3.5and 9.1+ 1.4
nm, respectively (about 3.7:1 aspect ratio) (Figure 2a).
Thiol-terminated monomethoxy poly(ethylene glycol)
(mPEG-SH) and positively charged short peptide
RRLAC were sequentially conjugated on the surface
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of the GNR through thiol chemistry. Hydrophobic
amino acids leucine (L) and alanine (A) were intro-
duced to promote self-assembly of the peptides on the
GNR surface. Positively charged arginine (R) was intro-
duced to form a charge complex with the negatively
charged photosensitizers (Supporting Information,
Figure S1a). Conjugating mPEG-SH before RRLAC helps
prevent aggregation of GNRs during the conjugation
process. When RRLAC was conjugated first on the GNR
surface before PEGylation, the GNR formed an aggre-
gate during the RRLAC conjugation process (Support-
ing Information, Figure S1b). PEG—GNR—RRLAC pre-
pared in this study showed a strong absorption band in
the NIR region (Figure 2b). The zeta potentials of the
CTAB-coated GNR, PEG—GNR, and PEG—GNR—RRLAC
were +53.1, —4.34, and +37 mV, respectively. The nega-
tively charged photosensitizer Al(lll) phthalocyanine
chloride tetrasulfonic acid (AIPcS4) was then incorpo-
rated onto the positively charged PEG—GNR—RRLAC
by mixing the AIPcS, and PEG—GNR—RRLAC aqueous
solutions for 12 h to yield a PEG—GNR—RRLAC/AIPcS,
charge complex (i.e.,, a GNR—AIPcS, complex). After
removal of the remaining free AIPcS,, a new peak at 675
nm, corresponding to AlPcS,, appeared. The zeta poten-
tial of the GNR—AIPcS, complex was measured as —8.44
mV, which indicated that AIPcS,, a negative charge, was
bound to the positively charged peptide by a charge—
charge interaction, and thus the charge at the surface of
the GNR was changed from positive to negative. From
the UV/vis absorption spectrum, the molar ratio of bound
AlPcS, per GNR was calculated at 2500:1.

The AIPcS, used in this study is a second-generation
photosensitizer that has good optical properties for
NIR fluorescence imaging and PDT. Its molar extinction
coefficient, fluorescence quantum yield, and singlet
oxygen quantum yield at about 675 nm are reported to
be 170000M ' cm~',0.59,and 0.38, respectively." '3
Since the main absorption band of the GNR in the NIR
region significantly overlapped with the emission band
of AIPcS, (Figure 2b), we assumed that fluorescence
and also SOG of AIPcS, may be inhibited due to energy
transfer from the excited AIPcS, to the GNR and also
due to self-quenching between the bound photosen-
sitizers. When the NIR fluorescence of PBS, AlPcS,, and
the GNR—AIPcS, complex solution was visualized with
the fluorescence imaging system at the Cy5.5 channel
(ex = 615—665 nm, em = 695—770 nm), fluorescence
quenching was observed in the GNR—AIPcS, complex
solution (Figure 2¢). The fluorescence and SOG inhibi-
tory characteristics of the GNR were quantified. The
GNR—AIPcS, complex had a fluorescence intensity
corresponding to 0.4% and a SOG efficiency of 0.03%
based on free AIPcS, (Figure 2d). This confirms that,
when AIPcS, is adjacent to the GNR surface, the
fluorescent signal and SOG are effectively inhibited.
In other words, the fluorescence and SOG of AlPcS,
recover when the compound is released from the GNR

Figure 3. TEM images of SCC7 cells treated with (a) free
AIPcS, and (b) the GNR—AIPcS, complex. In the case of the
GNR—AIPcS, complex-treated cells, many GNRs are seen in
the cytosolic vesicles. The arrows indicate cytosolic vesicles
containing GNRs.

surface. About 80% of the bound AIPcS, is released
slowly over 24 h in a physiological buffer solution
(Supporting Information, Figure S2).

Dispersion stability of the GNR—AIPcS, complex in
the presence of serum proteins was tested prior to the
in vitro cell studies. For comparison, the CTAB-coated
GNR and the GNR—AIPcS, complex were dispersed in
each of the following: deionized water, phosphate
buffered saline (PBS), and cell culture media containing
10% fetal bovine serum (FBS). The GNR—AIPcS, com-
plex was well-dispersed in all test solutions and showed
no aggregation behavior for 7 days (Supporting Informa-
tion, Figure S3). Although CTAB-coated GNRs were
shown to be stable in both deionized water and PBS,
they formed aggregates in the cell culture media contain-
ing FBS and sedimented out of solution within 4 h. This
indicates that PEGs on the surface of the GNR—AIPcS,
complex were enough to prevent interaction between
serum proteins and GNRs, which is important to achieve a
long blood half-life of GNRs in vivo.

Squamous cell carcinoma (SCC7) cells were treated
with free AIPcS, and the GNR—AIPcS,; complex to
evaluate the degree of photosensitizer uptake into
the cancer cells. When a cross section of photosensiti-
zer-treated cells was observed by TEM, GNRs were
easily seen inside the GNR—AIPcS,; complex-treated
SCC7 cells, and many of them were in the cytosolic
vesicles, such as the endosomes and lysosomes
(Figure 3); the GNR—AIPcS, complex was therefore
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Figure 4. Intracellular uptake and in vitro phototoxicity of the GNR—AIPcS, complex. (a) Confocal microscopy images of SCC7
cells incubated for 4 h in free AlPcS, and the GNR—AIPcS, complex (5 1M AIPcS, equiv). Left picture: fluorescence image (red
color indicates fluorescence signals from AIPcS,). Right graph: fluorescence intensity analyzed from the yellow line on the left
images. (b) Effect of serum concentration on the intracellular uptake of free AIPcS, and the GNR—AIPcS, complex (n =4).(c) In
vitro phototoxicity of free AIPcS, and the GNR—AIPcS, complex (final concn = 5 uM AIPcS, eq, n = 4).

internalized via the endocytic pathway. About 4-fold
greater fluorescence was detected in the GNR—AIPcS,
complex-treated cells than in the free AIPcS,-treated
cells (confocal micrographs, Figure 4a), which means
cellular uptake of AIPcS, was greatly improved by
complexing with GNR. Cellular uptake of photosensiti-
zers is significantly reduced in serum because nonspe-
cific binding to serum proteins prevents intracellular
uptake of many photosensitizers.''> AIPcS, is also
known to bind serum albumin with high affinity,
predominantly by electrostatic interaction.'® We stud-
ied the effect of serum proteins on the intracellular
uptake of AlPcS, by measuring the amount of AlPcS,
taken up into SCC7 cells in the presence of different
serum concentrations in the cell culture media. Fluo-
rescence intensities of AIPcS, from cell lysates were
measured and compared. As shown in Figure 4b,
cellular uptake of free AIPcS, significantly decreased
with increasing serum concentrations, indicating that
reduced AIPcS, uptake is due to the nonspecific bind-
ing of the photosensitizer molecules to serum proteins.
In contrast, cellular uptake of GNR-complexed AlPcS,
was not much affected by serum concentration, result-
ing in much better internalization in the cancer cells.
Because cytotoxic singlet oxygen has a very short
radius of action (<0.02 um) in comparison with the
size of tumor cells (=10 um),'” cellular internalization
of photosensitizers is important for inducing photo-
dynamic damage to cancer cells.'® In other words,
photosensitizers in the extracellular space do not
effectively damage cancer cells even if they are
accumulated within tumor tissue. Complexing AlPcS,
to PEGylated GNRs improves intracellular uptake of
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AIPcS, by about 4-fold. Therefore, GNR—AIPcS, com-
plex phototoxicity was expected to be greater than
that of free AIPcS, in in vitro and in vivo studies.

The phototoxicity of free AIPcS, and the GNR—AIPcS,
complex was evaluated in vitro (Figure 4c). SCC7 cells
treated with free AIPcS, exhibited reduced cell viability
with increasing light dose, and 36% of the SCC7 cells
were dead at a light dose of 10 J cm 2. When the cells
were treated with the GNR—AIPcS, complex (4 h after
incubation, 5 uM AIPcS, equiv), 78% of the SCC7 cells
were dead at a light dose of 5 J cm ™2, Dark toxicity was
observed in neither the free AIPcS; nor the GNR—
AIPcS, complex-treated cells.

We used a xenografted mouse tumor model to
assess the utility of the GNR—AIPcS, complex for in
vivo cancer imaging. The SCC7 cell line was subcuta-
neously implanted into the hind flank of each mouse,
and the tumor was allowed to grow to about 20 mm?>.
Following intravenous injection with PBS (4 mice, 150
uL/mouse), free AIPcS, (3 mice, 1 mg AIPcS, equiv
kg™"), and the GNR—AIPcS, complex (5 mice, 1 mg
AIPcS, equiv kg™"), NIR fluorescence images (Cy5.5
channel) were obtained 1, 4, and 24 h after injection,
respectively (Figure 5a). In the mice receiving both free
AIPcS, and the GNR—AIPcS,; complex, tumor sites
showed higher fluorescence intensities from the initial
imaging time point, indicating greater accumulation of
the injected photosensitizers in the tumor sites. In
particular, tumor sites in the GNR—AIPcS; complex
group were clearly discriminated from the surrounding
normal tissues 1 h after injection. As shown in the
fluorescence images, background signals produced
from the tumor's surroundings were much lower
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Figure 5. Evaluation of NIR fluorescence images in vivo. (a) Near-infrared (NIR) fluorescence images (Cy5.5 channel) of PBS
(left), free AlPcS,-treated (middle), and GNR—AIPcS, complex-treated (right) mice were obtained 1, 4, and 24 h after injection.
The arrows indicate tumor sites. (b) Tumor-to-background ratio (TBR) calculated from the NIR fluorescence images at 1, 4, and
24 h. Symbols indicate the PBS-treated group (n = 4), the free AlPcS,-treated group (n = 3), and the GNR—AIPcS, complex-

treated group (n = 5).
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Figure 6. In vivo PDT and PTT. (a) Thermographic images captured after 1 min of light illumination, and thermographic
monitoring in the tumors of GNR—AIPcS;-injected and PBS-injected mice. (b) TUNEL staining of the tissue sections
(magnification x20). Normal or apoptotic cell nuclei are shown in green and brown, respectively. Empty areas in the tissue
sections (GNR—AIPcS, complex + PDT and GNR—AIPcS, complex + PTT + PDT) are due to washout of the destroyed tumor
cells during the staining procedure. (c) Tumor size after each therapy session. Points, mean; bars, standard deviation; PBS +
PDT (n = 7); free AIPcS, + PDT (n = 7); GNR—AIPcS, complex + PDT (n = 7); GNR—AIPcS, complex + PTT (n = 5); GNR—AIPcS,
complex + PTT + PDT (n = 7); n = number of tumors involved.

in the GNR—AIPcS,; complex group. The tumor-to-
background ratio (TBR) of fluorescence increased with
time (Figure 5b) and reached a maximum 24 h after
injection. The mean TBR values at 24 h were 3.7 for
GNR—AIPcS, complex-treated mice and 2.3 for free
AIPcS,-treated mice.

Although the GNR—AIPcS, complex was expected to
enhance delivery of AIPcS,; to tumor sites, similar
fluorescence intensities at the tumor site were noted
24 h after injection in mice treated with free AIPcS, and
in those treated with GNR—AIPcS,. We hypothesize
that some amount of AIPcS, in tumor tissues was still
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located on or near the GNR surface, and therefore, its
fluorescence was quenched and could not be detected
by NIR fluorescence imaging. Therefore, we assumed
that the bound photosensitizers might be detached
from the GNR surface by heating, resulting in the
recovery of the quenched fluorescence. A recent study
by Kuo et al. also demonstrated stimulated drug
release from the GNR surface by heat generation
during NIR light illumination."® To verify this assump-
tion, free AIPcS,; and the GNR—AIPcS,; complex were
intravenously injected into five tumor-bearing mice.
The tumor sites were irradiated with an 810 nm CW
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laser (3.82 W cm ™2, 229 J cm™?) 24 h after injection.
Upon illumination, tumor surface temperatures reached
about 65 °C (Figure 6a) and fluorescence intensity
increased by 1.5-fold (Supporting Information, Figure
S4), indicating that hyperthermia released the bound
photosensitizers, which then regained their fluores-
cence and photosensitivity. No change (i.e., 1.07 & 0.05
times) in fluorescence intensity was observed before
and after illumination of the free AIPcS,-treated mice.
Therefore, it seems at least 1.5-fold more AlPcS, accu-
mulated in tumors when AIPcS; was delivered in
complex with GNR.

In vivo therapeutic efficacy was first investigated by
thermographic analyses of tumor hyperthermia during
NIR illumination. As shown in Figure 6a, the maximum
temperature of the tumor surface in the PBS-treated
mouse was only about 43 °C during PTT (810 nm, 3.82
W cm 2,229 J cm ™). In contrast, tumor temperature in
the GNR—AIPcS, complex-treated mouse rapidly
reached ablative temperatures of >60 °C within 25 s
of 810 nm illumination and was maintained at about 65
°C thereafter. Temperatures above 60 °C cause instan-
taneous coagulative necrosis and irreversible cell
death.?° Tumor temperature in the GNR—AIPcS, com-
plex-treated mouse did not increase upon 670 nm
illumination (331 mW cm™2, 60 J cm™?), indicating
that no hyperthermic effect was induced by PDT
irradiation conditions (data not shown here). One day
after light treatment, tumor tissues were collected from
the mice and tumor sections were stained using the
TUNEL technique with the ApopTag kit to assess
tissue damage. As shown in Figure 6b, tumor sections
from PBS-treated mice showed no signs of tissue
damage after either PDT or PTT. Stained tumors sec-
tions from AIPcS,-treated mice showed an increased
number of brown spots, indicating that some apopto-
tic damage was induced after PDT. In mice injected
with  GNR—AIPcS, and irradiated with NIR lights
(i.e., either 670 nm alone or 810 nm/670 nm combined),
TUNEL staining clearly showed severe apoptosis and
significant tissue loss across a large tumor area. Inter-
estingly, polymorphonuclear (PMN) cells were rarely,
if ever, seen in the tumors that received dual PTT/PDT
therapy, although many PMN cells were observed in
the tumors treated with PDT alone. In mice injected
with  GNR—AIPcS, and treated with PTT alone,
tumor apoptosis was increased somewhat beyond
that in the AIPcS,-treated mice but not as significant
as in mice treated with PDT alone or PTT/PDT dual
therapy.

METHODS
Preparation of GNRs. GNRs were prepared by a seed-mediated
method as described by Hongwei et al.'® In brief, the method

JANG ET AL.

The anticancer efficacy of GNR—AIPcS, was further
evaluated by measuring tumor growth rates. When
their tumor sizes reached about 20 mm3 (day 0), the 33
mice were divided into 5 groups. Mice in groups 1 and
2 received an intravenous injection of either sterilized
PBS (150 uL/mouse) or free AIPcS, solution (1 mg
AlPcS, kg™ ") on day 1, followed by PDT light treatment
(670 nm, 331 mW cm ™2, 60 J cm™?) 24 h after injection
(day 2). Mice in groups 3, 4, and 5 received an intrave-
nous injection of GNR—AIPcS, solution (1 mg AlIPcS,
equiv kg~ ") on day 1. After injection (24 h), mice in
group 3 were irradiated with a 670 nm CW laser for PDT
(331 mW cm ™2, 60 J cm™2). Mice in group 4 received
PTT (810 nm, 3.82 W cm 2,229 J cm™2). Mice in group 5
received PTT first, followed by PDT. Remarkably, en-
hanced in vivo therapeutic effects were observed in the
GNR—AIPcS, complex-treated groups compared with
that in the free AIPcS,-treated group (Figure 6¢). The
mean tumor sizes in groups 3 and 5 were 20.6% (P <
0.001) and 5.1% (P < 0.001), respectively, on day 8
compared with group 1. No apparent tumor mass was
detected for any of the 7 mice in group 5 until day 5,
and a tiny tumor mass was detected in 3 mice on day 8
(Supporting Information, Figure S5). On day 13, no
detectable tumor mass was seen in 3 of the 7 mice.
The PTT-only treated mice in group 4 also showed
slightly improved therapeutic outcomes in comparison
to group 2 on days 3—5, which corresponds with the
TUNEL staining results. However, tumor growth rate
was reversed after day 6 due to rapid regrowth of the
surviving cancer cells. Although a remarkable thera-
peutic effect was not obtained with PTT in comparison
to PDT in this study, optimization of the PTT irradiation
conditions may enhance the therapeutic outcome of
treatment with GNR—AIPcS, for tumor hyperthermia.

CONCLUSION

We have verified that the GNR—AIPcS, complex is not
only useful for NIR fluorescence imaging of tumor sites
but also helpful for improving therapeutic efficacy in
vivo. By combining AlPcS, with the GNR, highly effective
PTT/PDT dual therapy becomes possible, although PDT
alone was also proven effective for obtaining significant
anticancer therapeutic effects. We are currently attempt-
ing the introduction of targeting ligands at the end of the
PEG chain, which may further improve tumor targeting
efficiency of GNR—photosensitizer complexes. We be-
lieve that the proposed GNR—photosensitizer complex
may be used to visualize and treat various diseases that
occur within reach of an endoscope.

was as follows: the seed solution was prepared by mixing
cetyltrimethylammonium bromide (CTAB) solution (7.5 mL,
100 mM CTAB in deionized water) with 250 uL of 10 mM HAuCl,
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aqueous solution. While the mixture was stirred at 400 rpm, 600
uL of 10 mM NaBH, was added, and the mixture was stirred at
900 rpm for 2 min; subsequently, it was maintained at 25 °C for 2
h. Meanwhile, 1.7 mL of 10 mM HAuCl, aqueous solution was
added to 40 mL of 100 mM CTAB aqueous solution, followed by
sequential addition of 250 uL of 10 mM AgNOs aqueous solu-
tion and 270 uL of 100 mM ascorbic acid aqueous solution.
Thereafter, 420 ul of the seed solution was added and reacted
for 12 h; the reaction mixture was then centrifuged at 15 000g at
25 °C for 15 min to obtain the GNRs.

Preparation of PEG—GNR—RRLAC. Aqueous solution containing
CTAB-coated GNRs were centrifuged at 15 000g for 15 min and
decanted; the GNRs were then resuspended in deionized water
to remove excess CTAB. The concentration of GNR solution was
150 nM after resuspension. To conjugate monomethoxy poly-
(ethylene glycol) thiol (MPEG-SH; MW 5000 kDa; SunBio, Inc.),
100 uL of mPEG-SH (1 mM) solution was added to 500 uL of 150
nM GNR solution and stirred at 25 °C for 20 h. The GNR solution
was then centrifuged, decanted, and redispersed in deionized
water three times to remove unreacted mPEG-SH. Finally, 900
uL of PEGylated GNR (PEG—GNR) aqueous solution was ob-
tained. The RRLAC peptide (MW 617.34 Da, Peptron Inc.) was
dissolved in deionized water to prepare a 2 mM RRLAC peptide
solution. The RRLAC solution (100 uL, 2 mM peptide) was added
to 900 uL of the PEG—GNR solution and stirred at 25 °Cfor 12 h
to further conjugate the peptides on the PEG—GNR surface. The
mixture was centrifuged, decanted, and redispersed in deion-
ized water three times to remove unconjugated peptides. The
GNRs were finally redispersed in 500 uL of deionized water to
obtain the PEG—GNR—RRLAC solution in which both the PEG
and RRLAC peptides were conjugated on the GNR surface. Both
mMPEG-SH and RRLAC were conjugated on the surface of GNR
through a thiol chemistry. The number of conjugated RRLAC per
GNR was calculated by analyzing the amount of unconjugated
peptides in the supernatant by using high-performance liquid
chromatography (HPLC), and the molar ratio was found to be
2667:1. HPLC analysis was performed on a Waters 2690 (Waters,
USA) HPLC system equipped with XTerra RP18, 5 um, 4.6 x 250
mm reverse-phase column. The mobile phase for HPLC analyses
was acetonitrile (0.1% trifluoroacetic acid) with a flow rate of 1
mL/min at room temperature.

For comparison, PEG—GNR—RRLAC preparation was also
attempted by changing the order of the conjugation procedure
(i.e., conjugating RRLAC first and then mPEG-SH). The overall
conditions for conjugation, such as concentration of reagents
and reaction time, were exactly the same, except that the order
of conjugation of mPEG-SH and RRLAC was reversed. After
completion of all the conjugation procedures, the UV/vis spec-
trum and zeta potential of the GNRs prepared were analyzed.

Preparation of the GNR—AIPcS, Complex. The GNR—photosensi-
tizer charge complex was prepared by mixing the positively
charged PEG—GNR—RRLAC with the negatively charged photo-
sensitizer Al(lll) phthalocyanine chloride tetrasulfonic acid
(AIPcS,, Frontier Scientific, Inc.). First, AIPcS, aqueous solution
(100 uL, 4 mM) was added to 500 uL of the 150 nM PEG—
GNR—RRLAC solution, and the mixture was stirred at 25 °C for 12
h to form a charge complex. Free AIPcS, that did not form a
complex with PEG—GNR—RRLAC was removed by passing the
resulting solution through a PD-10 desalting column (GE
Healthcare), thereby yielding a purified PEG—GNR—RRLAC/
AlPcS, charge complex. To calculate the amounts of AIPcS,
attached per GNR, the absorption spectrum of the purified
GNR—AIPcS, complex solution was measured using a UV/vis
scanning spectrophotometer (DU730, Beckman) immediately
after the purification process. The CTAB-coated GNR has molar
absorption coefficients of 1.3 x 10°and 4.6 x 10°M ™' cm ™' at
510and 785 nm, respectively.21 AIPcS, is known to have a molar
absorption coefficientof 1.7 x 10°M ™' cm ™' at675 nm."" These
values were used to calculate the average number of AIPcS,
bound per GNR in the GNR—AIPcS, complex.

Analysis of Fluorescence and SOG from the GNR—AIPcS, Complex. To
observe fluorescence inhibitory characteristics, the GNR—
AIPcS, complex and AIPcS, were dissolved in PBS (6.7 mM, pH
7.4,NaCl 154 mM), and their fluorescence values were measured
(ex =660 nm, em = 690 nm). In this study, 10 uM AIPcS, equiv
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was added in each solution. A fluorescence image of the 96-well
plate containing PBS, AIPcS,, and the GNR—AIPcS, complex aque-
ous solution was obtained using IVIS Lumina (Caliper Life Sciences,
Cy5.5 channel: ex = 615—665 nm, em = 695—770 nm). To observe
an inhibitory characteristic with respect to SOG, each of the AIPcS,
and GNR—AIPcS,, complex and a singlet-oxygen-detecting reagent
(singlet oxygen sensor green, Molecular Probes) were dissolved in
PBS (saturated with oxygen gas) solution containing AlPcS, and the
GNR—AIPcS, complex. Each solution was irradiated with a CW laser
bean at 670 nm (irradiation dose rate = 26.3 mW cm 2 irradiation
dose = 0.79 J cm™?). SOG from the GNR—AIPcS, complex was
quantified by comparing to that from free AIPcS,. All experiments
were performed in triplicate.

Cellular Uptake of AIPcS, and the GNR—AIPcS, Complex TEM Analysis.
To examine cellular internalization of GNRs, we performed TEM
investigation of the cancer cells treated with AIPcS, and the
GNR—AIPcS, complex. Squamous cell carcinoma (SCC7) cells
obtained from the American Type Culture Collection (Rockville,
MD) were maintained in RPMI 1640 medium supplemented
with 10% FBS (GIBCO, Invitrogen) and 1% penicillin—strepto-
mycin (GIBCO, Invitrogen) in a humidified 5% CO, incubator at
37 °C. The SCC7 cells were dispensed into a 100 mm dish at a
concentration of 5 x 10* cells/mL and incubated for 24 h for cell
attachment. The free AIPcS, and AIPcS,—GNR complex solution
were added to the dishes at a concentration of 5 uM AIPcS,
equiv. After 4 h of incubation, the cells were washed three times,
trypsinized, centrifuged, and fixed. After further processing of
the cells, sample sections were observed by TEM.

Fluorescence Analysis. The SCC7 cells were plated at a density
of 90000 cells/well onto a LabTek Il chambered coverglass
(Nalge Nunc International Corp.) and incubated for 24 h for cell
attachment. The free AIPcS, and the GNR—AIPcS, complex were
each dissolved in fresh RPMI medium with 10% FBS to achieve
an equivalent concentration of 5 uM AIPcS,. The existing cell
culture medium was replaced with 600 uL of fresh medium
containing AIPcS, or the GNR—AIPcS, complex. After the cells
were incubated for 4 h, they were washed three times and a
fresh cell culture medium was used. Subsequently, NIR fluores-
cence images (ex =633 nm, em = 636—721 nm) were acquired
using a confocal laser scanning microscope (ZEISS LSM 510
META). Fluorescence intensity from the cells was also analyzed
using Axio vision software.

We further investigated the effect of serum concentration in
the culture medium on the cellular uptake of the photosensi-
tizers. SCC7 cells were seeded in each well of 96-well plates
(9000 cells/well) and incubated for 24 h for cell attachment.
Thereafter, fresh cell culture medium containing different per-
centages of FBS was used to dissolve free AIPcS, and the
GNR—AIPcS, complex. After the existing culture medium was
replaced with 200 uL of fresh medium containing free AIPcS, or
the GNR—AIPcS, complex (5 uM AIPcS, equiv), the cells were
incubated for 4 h. Subsequently, the cells were washed three
times with PBS buffer and treated with 200 uL of 0.1% SDS/0.1 M
NaOH solution for 2 h for cell lysis. Fluorescence signals from the
cell lysates were measured using a fluorescence plate reader
(ex = 660 nm, em = 690 nm).

In Vitro Phototoxicity Test. SCC7 cells were seeded in each well
of 96-well plates at a density of 9000 cells/well and incubated
for 24 h. Thereafter, the AIPcS,; and the GNR—AIPcS, complex
were diluted with a cell culture medium containing 10% FBS to
obtain an equivalent concentration of 5 uM AIPcS,. The existing
culture medium was replaced with 200 uL of fresh medium
containing free AIPcS, or the GNR—AIPcS, complex, and the
cells were incubated for 4 h. For the untreated control group,
the same volume of fresh culture medium without photosensi-
tizers was added to the plate. After the cells were washed twice,
a fresh cell culture medium was added. The PDT-treated groups
were irradiated with a 670 nm CW laser beam at doses of 5 and
10 J cm™? and at a dose rate of 50 mW cm 2. The cells were
incubated for an additional 24 h, and cell viability was measured
using a cell counting kit-8 (Dojindo Laboratories). Cell viability
was calculated as a percentage compared to untreated control
cells. Dark toxicity of the free AlPcS, and GNR—AIPcS, complex
was also evaluated by incubating these compounds for 4 h at
the same concentration without light treatment.
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In Vivo Studies in a Xenograft Tumor Model. All animal studies
were approved by the Institutional Animal Care and Use
Committee. Female athymic nude mice (Balb/c-nu, ca. 19—22
g) were used for the in vivo experiments. SCC7 cells (2 x 10°
cells/0.05 mL of RPMI) were implanted subcutaneously into the
hind flank of each mouse, and the tumor size was measured
daily.? The animals were chosen for in vivo studies when their
tumor sizes reached ~20 mm?>.

For in vivo NIR fluorescence imaging, three mice in the
AlPcS-treated group and five mice in the GNR—AIPcS, com-
plex-treated group received intravenous injections of the drug
solution at a dose of 1T mg AlPcS, equiv/kg. Four mice in the
control group received intravenous injections of sterilized PBS
solution (150 uL/mouse). Drug solutions were prepared by
dissolving AIPcS,; and the GNR—AIPcS, complex in sterilized
PBS (6.7 mM, pH 7.4, NaCl 154 mM). NIR fluorescence images
were obtained using an IVIS Lumina (Cy5.5 channel, ex =
615—665 nm, em = 695—770 nm) at 1, 4, and 24 h after injec-
tion.

The effect of PTT on photosensitizer release from the
GNR—AIPcS, complex was also investigated with the fluores-
cence imaging system. Five tumor-bearing mice received an
intravenous injection of free AIPcS, (3 mice, T mg of AIPcS,/kg)
and GNR—AIPcS, complex (2 mice, 1 mg of AlPcS, equiv/kg).
Twenty-four hours after drug injection, NIR fluorescence images
were obtained before and immediately following PTT
(irradiation condition = 810 nm, 3.82 W cm™2, 229 J cm ™ ?).

To investigate tumor hyperthermia and tissue damage
upon light illumination, 12 mice were tested. Briefly, four mice
in the control group received intravenous injection with ster-
ilized PBS solution, followed by light treatment using a 670 nm
CW laser for PDT (2 mice, 331 mW cm 2,60 J cm™2) and an 810
nm CW laser for PTT (2 mice, 3.82 W cm 2,229 J cm™2) 24 h after
injection. Two mice in the AIPcS,-treated group received in-
travenous injection of the free AIPcS, solution (1 mg of AIPcS,/
kg) followed by light treatment for PDT 24 h after injection. Six
mice in the GNR—AIPcS, complex-treated group received in-
travenous injection of the GNR—AIPcS, complex solution (1 mg
of AIPcS, equiv/kg) followed by light treatment using a 670 nm
CW laser for PDT (2 mice), an 810 nm CW laser for PTT (2 mice),
and sequential PTT/PDT dual therapy (2 mice) 24 h after
injection. Increasing temperatures in tumor tissues during
PDT and PTT were measured by using an IR camera to record
thermal images of PBS-treated mice and GNR—AIPcS, complex-
treated mice (FLIR, Thermovision A40) in real time during 670
and 810 nm light illumination. The temperature increase was
analyzed using ThermaCAM Researcher software. One day after
light treatment, tumor tissues from all mice were collected,
dipped into OCT compound, sectioned, and stained using the
TUNEL technique with the ApopTag kit (Chemicon). Normal or
apoptotic nuclei were stained green and brown, respectively.

For the in vivo tumor growth study, 33 mice were divided
into 5 groups on day 0. Mice in groups 1 and 2 received
intravenous injections of either sterilized PBS (7 mice, 150 uL/
mouse) or free AIPcS, solution (7 mice, 1 mg of AIPcS,/kg) on
day 1, followed by light treatment for PDT (670 nm, 331 mW
cm 2,60 J cm™?) 24 h after injection (day 2). Mice in groups 3, 4,
and 5 received intravenous injection of the GNR—AIPcS, com-
plex solution (1 mg of AIPcS, equiv/kg) on day 1. After 24 h, mice
in group 3 were irradiated with a 670 nm CW laser beam for PDT
(7 mice, 331 mW cm 2,60 J cm ™ 2). Mice in group 4 received PTT
(5 mice, 810 nm, 3.82 W cm ™2, 229 J cm™?). Mice in group 5
received PTT first (7 mice, 810 nm, 3.82Wcm ™ 2,229 Jcm ™ ?) and
then PDT (670 nm, 331 mW cm 2,60 J cm ™~ 2). Thereafter, tumor
volumes were measured daily. When the tumor sizes of the
control group exceeded 700 mm? (day 8), the measurements
were halted in all groups, except group 5, which was monitored
until day 13.

Statistical Analysis. Data are expressed as mean =+ standard
deviation. Student's t-test was used for statistical analyses.
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