I

yduasnuel Joyny vd-HIN

1duasnuely Joyny Yd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

o NATo

Published in final edited form as:
Adv Mater. 2013 June 11; 25(22): 3055-3061. doi:10.1002/adma.201204623.

Single Continuous Wave Laser Induced Photodynamic/
Plasmonic Photothermal Therapy Using Photosensitizer-
Functionalized Gold Nanostars

Shouju Wang,
Department of Medical Imaging, Jinling Hospital, Clinical School of Medical College Nanjing
University, Nanjing, Jiangsu 210000 (China)

Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical
Imaging and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda, Maryland
20892 (United States)

Peng Huang,

Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical
Imaging and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda, Maryland
20892 (United States)

Institute of Micro-Nano Science and Technology Shanghai Jiao Tong University, Shanghai
200240 (China)

Liming Nie,

Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical
Imaging and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda, Maryland
20892 (United States)

Center for Molecular Imaging and Translational Medicine, School of Public Health, Xiamen
University, Xiamen 361005 (China)

Ruijun Xing,

Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical
Imaging and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda, Maryland
20892 (United States)

Dingbin Liu,

Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical
Imaging and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda, Maryland
20892 (United States)

Zhe Wang,

Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical
Imaging and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda, Maryland
20892 (United States)

“cjr.luguangming@vip.163.comshawn.chen@nih.gov.

Supporting Information
Supporting Information is available online from Wiley InterScience or from the author.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al. Page 2

Center for Molecular Imaging and Translational Medicine, School of Public Health, Xiamen
University, Xiamen 361005 (China)

Jing Lin,

Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical
Imaging and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda, Maryland
20892 (United States)

Shouhui Chen,

Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical
Imaging and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda, Maryland
20892 (United States)

Gang Niu,

Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical
Imaging and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda, Maryland
20892 (United States)

Guangming Lu", and
Department of Medical Imaging, Jinling Hospital, Clinical School of Medical College Nanjing
University, Nanjing, Jiangsu 210000 (China)

Xiaoyuan Chen”

Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical
Imaging and Bioengineering (NIBIB), National Institutes of Health (NIH), Bethesda, Maryland
20892 (United States)

Keywords

Gold nanostar; chlorin e6; continuous wave laser; photodynamic therapy; plasmonic photothermal
therapy

We report a new therapeutic strategy using chlorin e6-functionalized gold nanostars (GNS-
PEG-Ce6) to coordinate photodynamic therapy (PDT) with plasmonic photothermal therapy
(PPTT) upon single continuous wave (CW) laser. PDT is a new kind of cancer treatment
that involves three major components: laser, tissue oxygen and photosensitizers. Without
laser irradiation, photosensitizers are nontoxic to cells. When exposed to laser at appropriate
wavelength, they can emit near-infrared (NIR) fluorescence and transform endogenous
oxygen to singlet oxygen (10,) to kill cancer cells. Because this reaction is based on direct
light administration to tumors, PDT treatment has remarkably improved selectivity and
fewer side effects as compared to conventional chemotherapies and radiotherapies!-31,
However, photosensitizers are prone to self-destruction upon laser irradiation[4].
Additionally, once activated by light, PDT reaction will rapidly cause severe local hypoxia
by depleting tissue oxygen and disrupting tumor blood flow, and eventually cease the
production of 1O [5-71,. These issues have hindered the therapeutic efficacy of PDT and
greatly restricted its potential applications in the clinicl®l. Therefore, to overcome the
intrinsic limitations of PDT, a new strategy is required to improve its therapeutic index upon
prolonged laser irradiation.
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Gold nanostructures such as nanorods, nanocages, and nanostars, have attracted particular
research interest because they can effectively transfer laser energy to generate heat[®-171,
This unique property has opened up the use of nanostructures in biomedical applications for
PPTT treatment[8-21], By loading photosensitizers on nanostructures, researchers have
combined PPTT with PDT to obtain high therapeutic index via synergistic effect[9.22:23],
Unfortunately, due to the absorption mismatch of nanostructures and photosensitizers at NIR
region, most previous work used two different wavelength lasers to excite PDT and PTT
separately. This sequential irradiation complicates the treatment process, and it is difficult to
focus the two laser beams at the same position. Alternatively, photosensitizer-coated gold
nanocages were reported for simultaneous two-photon PDT/PPTT in vitrol!1l. Although
improved outcome from PDT/PPTT treatment was observed, the two-photon excitation
requires femtosecond pulse laser, which demand sophisticated instruments. More
importantly, femtosecond pulse laser can rapidly melt gold nanostructures into gold
nanospheres/aggregates within seconds, and deteriorate their capacity of photothermal
conversion[24-27],

To perform simultaneous PDT/PPTT treatment upon single CW laser irradiation and
overcome the internal limitations of PDT, we covalently anchored Chlorin e6 (Ce6, a
commonly used photosensitizer), on the surface of gold nanostar (GNS). Due to its surface
roughness and very high surface-to-volume ratio, GNS has potential of high drug loading
efficiency for photosensitizer delivery[!3.14]. To induce both PDT and PPTT effect by single
NIR-CW laser, we adapted the localized surface plasmon resonance (LSPR) of GNS to fit
that of Ce6. Upon laser irradiation, the GNS component in the nanoconjugates can
continuously produce heat to kill cancer cells. Since this PPTT effect is oxygen-
independent, the hypoxia environment induced by PDT reaction does not weaken the PPTT
treatment[28.2%]. Moreover, the GNS component is very stable upon CW laser irradiation;
this enables PTT effect to accumulate over time. Since the PDT efficiency of Ce6
component decreases over time while the PTT effect gradually increases upon irradiation,
we hypothesize that by adjusting irradiation time, the early-phase PDT effect can be
coordinated with the late-phase PTT effect to obtain improved cancer therapy efficacy
(Scheme 1). To verify our hypothesis, we compared GNS-PEG-Ce6 with free Ce6 and GNS
in breast cancer and lung cancer modals at different irradiation time both in vitro and in vivo.
Our results clearly demonstrate the theranostic potential of using GNS-PEG-Ce6 for
coordinated PDT/PTT treatment upon single CW laser irradiation.

We synthesized GNS following a reported method to avoid potential cytotoxicity from
cetyltrimethylammonium bromide (CTAB)[30l. The LSPR of GNS was adapted at roughly
670 nm by adjusting the concentration of AgNO3. Upon addition of thiol-PEG-amine (M.W.
~ 2000 Da), the PEGylated GNSs (GNS-PEG) were obtained by forming Au-S bonds. The
GNS-PEG exhibited excellent dispersivity and stability in a range of solutions including
ultra pure water, dimethylformamide (DMF), phosphate buffered saline (PBS), and cell
medium with serum (Figure S1). GNS-PEG was easily purified by centrifugation and
conjugated with Ce6 by NHS-EDC reaction in DMF. As shown in Figure S1, GNS-PEG-
Ce6 could be further transferred into ultra pure water, PBS, Dulbecco's modified eagle
medium (DMEM) with 10% serum and Leibovitz's L-15 cell culture medium with 10%
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serum. The UV-Vis spectra showed that GNS-PEG and GNS-PEG-Ce6 were extremely
stable in PBS with 10% serum (Figure S2). Transmission electron microscopy (TEM)
images showed that the size of GNSPEG-Ce6 was 54.2 + 3.5nm (Figure 1a). Dynamic light
scattering (DLS) measurement of GNS-PEG-Ce6 exhibited a slightly larger hydrodynamic
diameter of 78.0 £ 2.9 nm. This 12.0 nm increase in radius is consistent with the length of
PEG chain. Successful anchoring of Ce6 was evidenced by identification of UV-Vis
absorbance and Zeta potential measurement. UV-Vis spectra of GNS-PEG-Ce6 displayed
the characteristic Ce6 Soret peak at 404 and Q-band at 658 nm (Figure 1b, S3). Zeta
potential of purified GNS-Ce6-PEG showed a negative charge at -35.8 £ 2.4 mV, which is
consistent with the previous reported data for Ce6-conjugated nanoparticles[2-311. We then
determined the gold concentration of GNS-PEG-Ce6 by inductively coupled plasma-mass
spectroscopy (ICP-MS). Analysis by ICP-MS and UVVis spectroscopy showed that about 5,
800 Ce6 molecules were anchored on per GNS.

To explore the photophysical and photochemical properties of GNS-PEG-Ce6, we first
compared the fluorescence intensity of GNS-PEG-Ce6 and Ce6. We observed that the
fluorescence of Ce6 was markedly quenched once it was anchored on the surfaces of
GNSPEG due to the strong GNS surface plasmonic effect (Figure 1c). Next, we investigated
the 10, producing ability of GNS-PEG-Ce6 upon laser irradiation at 671 nm. The generation
of 10, was determined by the fluorescence signal of singlet oxygen sensor green (SOSG).
Interestingly, although the fluorescence of Ce6 was highly quenched by GNS, the 10,
producing ability of GNS-PEG-Ce6 was considerably high (about 75% of free Ce6),
implying its potential in biomedical applications. When sodium azide (NaNs, a well-

known 10, scavenger) was added, the fluorescence signal of SOSG in both free Ce6 and
GNS-PEG-Ce6 solutions were remarkably inhibited, further confirming the generation

of 10, during laser irradiation process (Figure 1d). Finally, various concentrations of GNS-
PEG-Ce6 solutions were exposed to 671 nm laser at 2.0 W/cm?2. We noted that the
temperature of solutions rose rapidly in the beginning 4 min of irradiation and then reached
a plateau. A positive correlation between the plateaued temperature and the concentration of
GNS-PEG-Ce6 was also observed (Figure S4). At the same concentration (0.7 nM), GNS-
PEG solution showed similar temperature change with GNS-PEG-Ce6, while free Ce6
solution exhibited negligible temperature increase (Figure 1e). These results implied that
GNS-PEG-Ce6 can produce heat upon laser irradiation, which encouraged us to apply this
new nanoconjugate for coordinated PDT/PPTT treatment.

Given that photodegradation may greatly restrict the efficiency of both PDT and PPTT
treatment, we investigated the photostability of Ce6, GNS-PEG, and GNS-PEG-Ce6
respectively. UV-Vis spectra were measured by spectrometer after giving different periods
of laser irradiation (671 nm, 2.0 W/cm?). As shown in Figure 2a and 2c, the Soret peak of
Ce6 at 404 nm decreased immediately upon the irradiation and almost disappeared after 3
min of persistent irradiation in both free Ce6 and GNS-PEG-Ce6 solutions. Since no new
absorption peak appeared, this degradation was solely attributable to true photobleaching,
but not to photomodification[32]. It is worth noting that the LSPR of GNS at ~670 nm didn't
change after 10 min of persistent irradiation at the same experimental conditions in both
GNS-PEG and GNS-PEG-Ce6 solutions (Figure 2b-c, S5). These evidences indicated that
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GNS is very stable upon CW laser irradiation, while Ce6 molecules would undergo
photobleaching regardless of their anchoring on GNS. The 10, generation ability of free
Ce6 and GNS-PEG-Ce6 also obviously decreased after 3 min of irradiation, which is
consistent with the change of UV-Vis spectra (Figure 2d-f). Moreover, as shown in TEM
images, GNS-PEG and GNS-PEG-Ce6 particles remained the typical multi-branch shape
after irradiation (Figure 2b-c), which is another direct evidence to prove our hypothesis. It
should be noted that the photostability of gold nanostructures is different under pulse laser
and CW laser. Femtosecond or nanosecond pulse laser can melt and reshape gold
nanostructures to nanospheres even in picoseconds[?4-261. This irreversible transformation of
shape will dramatically deteriorate their heat producing ability[2427]. On the contrary, gold
nanostructures are extremely stable under CW laser in aqueous solutions or biological
tissues[331. We recorded the UV-Vis spectra of gold nanorods upon the laser irradiation for 1
h. As shown in Figure S6, there was no significant difference between UV-Vis spectra
before and after irradiation. Therefore it is preferable to use CW laser instead of pulse laser,
so that the therapeutic efficiency of PPTT treatment can accumulate to the desired level by
simply adjusting the irradiation time.

To quantify the cellular uptake of Ce6, we then conducted flow cytometry assays in breast
cancer cell line MDA-MB-435. The mean intensity of fluorescence was 1.37-fold greater in
GNS-PEG-Ce6 (1.45 x 10°) than that in free Ce6 treated cells (6.01 x 10%) after 24 h
incubation (Figure 3b). As shown in fluorescence images in Figure 3a, cells exhibited
significantly higher signal in GNS-PEG-Ce6 treated group than in free Ce6 treated group.
Further analysis of fluorescence intensity profiles of fluorescence images was shown in the
Supporting Information (Figure S7). These results validated the enhanced cellular uptake of
GNS-PEG-Ce6.

The phototoxicity of free Ce6, GNS-PEG and GNS-PEG-Ce6 was examined by thiazolyl
blue tetrazolium bromide (MTT) assay on breast cancer cell line MDA-MB-435 and lung
cancer cell line A549. Because most of Ce6 molecules were photobleached upon irradiation
(671nm, 2.0 W/cm?) after 3 min while GNSs still remained their PPTT activity, we
hypothesized that extending irradiation time over 3 min can improve therapeutic efficiency
of both GNS-PEG and GNS-PEG-Ce6, but not of Ce6. As expected, MTT assay results
showed that 10 min of irradiation produced higher anti-cancer efficiency than 3 min of
irradiation in GNS-PEG and GNS-PEG-Ce6 treated cells, but didn't increase cytotoxicity
much in free Ce6 treated cells. This result indicates the difference of photostability between
Ce6 and GNS upon CW laser (Figure S8a-b, d-e). It should be noted that GNS-PEG-Ce6
kills more cells than either free Ce6 or GNS-PEG alone after 10 min of irradiation (Figure
3d, S7f). Given that the cytotoxicity of GNS-PEG was negligible at low concentrations, this
improved efficiency over free Ce6 at all concentrations may partially be attributed to the
enhanced cellular uptake of GNS-PEG-Ce6. In order to confirm that the synergistic PDT/
PPTT effect also contribute in GNS-PEG-Ce6 treatment, we then incubated GNS-PEG-Ce6
treated MDA-MB-435 cells with 100 mM NaN3 for 30 min before irradiation. The reason
that we chose this concentration of NaNs is that it can fully protect cells against PDT
damage from high concentration of Ce6 (Figure S8c). The phototoxicity of GNS-PEG-Ce6
with NaN3 turned to be similar with that of GNS-PEG. This result suggested that both
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synergistic PDT/PPTT effect and enhanced cellular uptake are responsible for the improved
therapeutic efficiency of GNS-PEG-Ce6. It is interesting to note that GNS-PEG-Ce6 showed
higher therapeutic effect than the mixture of free Ce6 and GNS-PEG at the same
concentration, which can be attributed to the enhanced cellular uptake efficiency of Ce6
after conjugation with GNS-PEG (Figure S9). The fluorescence live/dead cells staining
agreed well with the MTT assay of phototoxicity (Figure 3c). Additionally, no significant
dark cytotoxicity was observed in all groups (Figure S8g-i).

In order to demonstrate the utility of this new nanoconjugate for in vivo applications, we
analyzed the theranostic ability of GNS-PEG-Ce6 in an MDA-MB-435 tumor bearing mice
model. A series of images are shown in Figure 4. First, 17.5 nM GNS-PEG-Ce6
(corresponding to 100 uM Ce6) in 50 pL of PBS was administered by intratumoral injection,
which is the most efficient way for delivery of both PDT photosensitizers and PPTT
converters[34:35], We then evaluated the fluorescence signal by Maestro 2 imaging system
after injection of GNS-PEG-Ce6 in tumor-bearing mice. A strong fluorescence signal was
observed in the tumor region within 4 h after injection (Figure 4a). Since NIR fluorescence
can penetrate deep tissues, this signal is particularly useful in locating tumor and focusing
laser beam under endoscopy!8l. Next we analyzed the temperature change of tumor upon
laser irradiation using an infrared thermal camera. Various laser power densities at 0.25
W/cm?, 0.5 W/ecm?, and 1.0 W/cm? were tested (Figure 4b). When the laser power density
was lower than 0.5 W/cm?, the GNS-PEG-Ce6-injected tumors exhibited a mild temperature
increase up to 35.7 — 40.5 °C after 6 min of irradiation. Once exposed to laser at power
density at 1.0 W/cm?, the temperature of tumor increased rapidly to 51.2 + 1.4 °C, which is
high enough to ablate the malignant cells. The surrounding healthy tissue showed a
moderate increase to 35 — 40 °C. No significant temperature change was observed in other
parts of the mouse (Figure S10). These results highlighted the tumor selectivity of PPTT
upon laser irradiation. To confirm that the PPTT effect was from the GNS component in
GNS-PEG-Ce6, we also tested tumor injected GNS-PEG or Ce6 (at the same dose as GNS-
PEG-Ce6) upon laser irradiation at 1.0 W/cm2. For GNS-PEG, the tumor temperature
increased to 49.8 + 1.6 °C within 6 min, which is similar to GNS-PEG-Ce®6. For ce6, in
contrast, the tumor didn't show any significant temperature change (Figure 4b-c).

We then compared the in vivo therapeutic efficiency of free Ce6, GNS-PEG, and GNS-PEG-
Ce6 by measuring tumor growth rates. When the tumor size reached ~60 mms3, MDA-
MB-435 tumor-bearing nude mice were divided into 7 groups. Mice in group 1, 2 and 3
received an intratumoral injection of 50 pL of 17.5 nM GNS-PEG-Ce6 (6 tumors each
group), 17.5 nM GNS-PEG (6 tumors each group) or 100 uM free Ce6 (6 tumors each
group), followed by 6 min of laser irradiation at 1.0 W/cm? at 4 h post-injection. In parallel
studies, mice in group 4, 5 and 6 received the intratumoral injection of 50 pL of 17.5 nM
GNS-PEGCe6 (4 tumors each group), 17.5 nM GNS-PEG (4 tumors each group) or 100 uM
free Ce6 (4 tumors each group), with no laser irradiation. As control groups, mice in group 7
received an intratumoral injection of 50 uL PBS (4 tumors), followed by 6 min of laser
irradiation at 1.0 W/cm?2. The tumor sizes were measured every two days after treatment
(Figure 4f). We observed apparent anti-cancer effect in free Ce6 treated group, GNS-PEG
treated group, and GNS-PEG-Ce6 treated group two weeks post-therapy (Figure 4d, 4f).
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Compared with the control group, the relative tumor volume was significantly reduced in
free Ce6 (p = 0.001), GNS-PEG (p = 0.002) and GNS-PEG-Ce6 (p < 0.001) treated groups.
In addition, the parallel groups without laser irradiation showed no apparent change of
tumor size, suggesting that either free drugs or nanoconjugates by themselves cannot affect
the tumor growth rate. The enhanced in vivo therapeutic efficiency was confirmed in GNS-
PEG-Ce6 treated group compared with those in free Ce6 treated group (P = 0.039) and
GNS-PEG treated group (P = 0.026). This result was in good agreement with in vitro
studies. Since the tumor sizes of GNSPEG-Ce6 treated group began to show statistical
significant difference from free Ce6 and GNS-PEG treated group on day 8 (GNS-PEG-Ce6
vs. Ce6, P=0.045; GNS-PEG-Ce6 vs. GNS-PEG, P=0.038), we carried out haematoxylin
and eosin (H&E) staining of tumor sections at that time point. As shown in Figure 4e,
apparent extensive cancer necrosis was noticed only in tumors with GNS-PEG-Ce6
treatment. In free Ce6 or GNS-PEG treated group, we observed sporadic necrotic areas
surrounded by malignant cells with nuclear atypia, implying the remaining tumors began to
regrow after treatment. In control group, H&E staining sections didn't reveal any obvious
tumor necrosis (Figure 4e). Our results suggested that Ce6-modified GNS can coordinate
PDT with PPTT treatment to obtain higher anti-cancer efficiency than either therapeutic
modality alone. It is worth noting that this improved efficiency was obtained upon single
laser irradiation, thus there's no need to switch between different wavelength lasers.

To quantify the oxygen tension in tumors after coordinated PDT/PPTT treatment,
photoacoustic imaging was performed in MDA-MB-435 tumor bearing mice (Figure 4g).
We intratumorally injected 50 uL of PBS, 17.5 nM GNS-PEG-Ce6 (corresponding to 100
UM of Ce6), 17.5 nM GNS-PEG, or 100 uM Ce6 into mice. The tumors were exposed to 671
nm laser at 4 h post-injection (1.0 W/cm?2, 6 min). Compared to PBS injected group (52%),
average fractional oxygen saturation inside tumors was remarkably decreased in free Ce6
(27%), GNS-PEG (32%) and GNS-PEG-Ce6 (25%) treated group (Figure 4h). Since
hypoxia environment only cease the generation of 10, and leave the heat production
unaffected(®7:28.29] this result can partially explain the higher therapeutic efficiency of
coordinated therapy than PDT alone.

In summary, for the first time we constructed GNS-PEG-Ce6 for coordinated photothermal/
photodynamic therapy upon single CW laser irradiation both in vitro and in vivo. Our
experimental results demonstrated that the difference in photostability between
photosensitizers and gold nanostructures can be used to modulate PDT and PTT by adjusting
irradiation time. Compared with previously reported photosensitizer-modified
nanostructures(®22.23] our strategy significantly improved the anti-cancer effect and greatly
simplified the treatment process. Therefore, we believe that this GNS-PEG-Ce6 is high
translational from proof-of-concept to real clinical practice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
A schematic representation for explaining coordinated PDT/PPTT treatment upon single
laser irradiation.
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Figure 1.

Time (min)

(a) TEM images of GNS-PEG-Ce6 dispersed in ultra pure water. Scale bar, 50 nm. (b)
Normalized UV-Vis spectra of GNS-PEG and GNS-PEG-Ce6. Arrows indicate the
characteristic absorption peaks at 404 and 658 nm. (c) Fluorescence spectra of free Ce6,
GNS-PEG and GNS-PEG-Ce6. (Insert are the fluorescence images of 0.175 nM GNS-PEG,
1 uM free Ce6 and 0.175 nM GNS-PEG-Ce6. From left to right: GNS-PEG, free Ce6,
GNSPEG-Ce6) (d) SOSG fluorescence intensity (FI) at 530 nm in PBS, 0.175nM GNS-
PEG, 1 uM free Ce6 (-/+ 10 pM NaN3) and 0.175 nM GNS-PEG-Ce6 (—/+ 10 uM NaNj3)
solutions after 671 nm laser irradiation (2.0 W/cm?2, 10 min). (e) Heating curves of PBS, 0.7
nM GNS-PEG, 4 uM free Ce6 and 0.7 nM GNS-PEG-Ce6. Arrow indicates the start time
point of laser irradiation (2.0 W/cm2, 10 min).
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Figure 2.

UV-Vis spectra of (a) 1 uM free Ce6, (b) 0.175 nM GNS-PEG, (c) 0.175 nM GNSPEG-Ce6
after different time of irradiation (671 nm, 2.0 W/cm?). Inserts are TEM images of GNS-
PEG and GNS-PEG-Ce6 after irradiation. Scale bars, 50 nm. SOSG fluorescence spectra of
(d) 1 uM free Ce6, (e) 0.175 nM GNS-PEG-Ce6 after different time of irradiation (671 nm,
2.0 W/cm?). (f) SOSG fluorescence intensity at 530 nm in PBS, 0.175 nM GNS-PEG, 1 uM
free Ce6 and 0.175 nM GNS-PEG-Ce6 after different time of irradiation (671 nm, 2.0
Wicm?).

Adv Mater. Author manuscript; available in PMC 2014 August 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al.

(2) | GNS-PEG-Ce6 (b)«

(©)

Page 13

Count

== GNS-PEG-Ce6
p Ce6
GNS-PEG
Control

Ll

4

6
10

FI'(Ces)

Relative cell viablity (%)
B [=2] @
b 2 d

N
-l

o
T

000 025 050 1.00
[ce6 equiv] (uM)

Figure 3.

Bl GNS-PEG-Ceb
Il Ce6
0 GNS-PEG

B GNS-PEG-Ce6
+NaN,

2.00 4.00

(@) Fluorescence image of MDA-MB-435 cells incubated with 0.875 nM GNS-PEG, 5 uM
free Ce6 or 0.875 nM GNS-PEG-Ce6 after 24 h. Scale bars, 50 um. (b) Flow cytometric
analysis of mean fluorescence intensity (n = 10, 000 cells) in MBA-MB-435 cells incubated
with media (orange), 0.875 nM GNS-PEG (green), 5 uM free Ce6 (blue), and 0.875 nM

GNSPEG-Ce6 (red) for 24 h. (c) Fluorescence image of Calcein AM/Ethidium
homodimer-1 stained MDA-MB-435 cells incubated with media, 1 uM free Ce6

,0.175 nM

GNS-PEG or 0.175 nM GNS-PEG-Ce6 for 24 h after laser irradiation (671 nm, 2.0 W/cm?).
Scale bars, 50 um. (d) Relative viability of MDA-MB-435 cells incubated with various
concentrations of free Ce6, GNS-PEG, GNS-PEG-Ce6 with or without 100 pM NaN3 after

irradiation by 671 nm laser (2.0 W/cm2, 10 min).
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Figure4.
In vivo theranostic applications of GNS-PEG-Ce6. (a) Fluorescence imaging of MDA-

MB-435 tumor-bearing mice at pre-injection and 4 h post-injection of GNS-PEG-Ce6. (b)
Thermal imaging of MDA-MB-435 tumor-bearing mice exposed to 671 nm laser (1.0
W/cm?2) for 6 min at 4 h post-injection of PBS, Ce6, GNS-PEG, or GNS-PEG-Ce6. Photo in
left panel indicates mice in irradiation process. Circles indicate the location of tumors. (c)
Heating curves of tumors upon 671 nm laser irradiation over time. (d) Representative photos
of MDA-MB-435 tumor-bearing mice from different groups 14 days after treatment. Circles
indicate the location of tumors. (e) H&E stained tumor sections collected from different
groups of mice eight days post treatment. Arrows indicate the sporadic necrotic areas. (f)
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 means P < 0.05. (g) Ultrasound (upper row) and
photoacoustic (lower row) imaging of MDA-MB-435 tumor-bearing mice exposed to 671
nm laser (1.0 W/cm?) for 6 min at 4 h post-injection of PBS, Ce6, GNS-PEG, or GNS-PEG-
Ce6. Circles indicate the region of interest in tumors. Scale bars, 1 mm. (h) Quantitative
analysis of fractional oxygen saturation of photoacousitc data in figure g.
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