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ABSTRACT: In this work, we prepared chlorin e6 (Ce6)-functionalized
Pd nanosheets (Pd-PEI-Ce6) for the photodynamic and photothermal
combined therapy that use a single laser. To fabricate the Pd-PEI-Ce6
nanocomposite, photosensitizer Ce6 were chemically conjugated to
polyethylenimine (PEI) and the formed Ce6-PEI conjugates were then
anchored onto Pd nanosheets by electrostatic and coordination
interaction. The prepared Pd-PEI-Ce6 nanocomposite were about 4.5
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- .
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Pd nanosheet Pd-PEI-Ce6

nm in size, exhibited broad, and strong absorption from 450 to 800 nm,

good singlet oxygen generation capacity and photothermal conversion efficiency, and excellent biocompability. Significantly
greater cell killing was observed when HeLa cells incubated with Pd-PEI-Ce6 were irradiated with the 660 nm laser, attributable
to both Pd nanosheets-mediated photothermal ablation and the photodynamic destruction effect of photosensitizer Ce6. The
double phototherapy effect was also confirmed in vivo. It was found that the Pd-PEI-Ce6 treated tumor-bearing mice displayed
the enhanced therapeutic efficiency compared to that of Pd-PEI, or Ce6-treated mice. Our work highlights the promise of using

Pd nanosheets for potential multimode cancer therapies.
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1. INTRODUCTION

Photothermal therapy (PTT), which utilizes the electro-
magnetic radiation (most often in the form of infrared) to
produce significant local hyperthermia for destruction of cells
or tissues,' has recently emerged as a new candidate technique
for cancer treatment. The photothermal conversion efficiency
mainly relies on the kind of photothermal agents if the laser
power is kept constant. Up to now, several types of
photoabsorbing agents such as indocyanine green,” gold
nanostructures,*™ carbon-based nanomaterials,'*~"> copper
chalc0§enide semiconductors,’™2° Pd (palladium) nano-
sheets,”"** Bi,Se; nanoplates™ and W40,y nanowires** have
been developed for cancer PTT. However, the serious
photobleaching of indocyanine green molecules under laser
irradiation limits their wide applications. Although gold
nanostructures are the most studied agents for the near-
infrared (NIR) PTT, many anisotropic and hollow Au
nanostructures lack of good photothermal stability upon
irradiation of NIR laser, thereby inevitably imposing limitations
in their practical therapeutic applications.””**™>* In compar-
ison, the Pd-based species including Pd and Pd@Ag nanosheets
et al,, are new kind of promising photothermal agents because
of their strong absorption in the near-infrared region, high
photothermal conversion efliciency, excellent photothermal
stability and biocompatibility.*"**** More importantly, by
changing the synthesis condition, a series of different sizes of
Pd nanosheets with tunable NIR maximum absorption can be
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prepared. Recently, our group also has prepared ultrasmall Pd
(palladium) nanosheets with the average diameter of ~4.4 nm.
These ultrasmall Pd nanosheets also exhibit high absorption in
the NIR region, good biocompatibility and are easy to clear out
of the body through renal excretion.”

Photodynamic therapy (PDT) is another light-based
technique for cancer therapy by the generation of reactive
oxygen species (ROS) including singlet oxygen.>® However, the
application of many photosensitizers (PSs) in clinic has been
hindered by their limited tumor selectivity, hydrophobicity and
easy aggregation in aqueous solution. For circumventing these
drawbacks, various nanocarriers have been actively developed
for effective delivery of PSs.*

To further improve therapeutic efficiency and obtain the best
treatment effect, it is of great interest to develop combination
therapy in which two or multiple treatment modes are
effectively fell together and simultaneously treat cancer tissues.
Compared with individual treatment method, combined
treatment shows outstanding synergistic or collaborative effect,
makes up the shortcoming of single treatment mode, therefore
high therapeutic index can be achieved.

By loading photosensitizers on A, > carbon,
silica,” etc. nanostructures, researchers have fabricated some

14,41,42 1 143
Pd,

Received: March 19, 2014
Accepted: May 6, 2014
Published: May 6, 2014

dx.doi.org/10.1021/am501608c | ACS Appl. Mater. Interfaces 2014, 6, 8878—8885


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

successful nanocomposites for not only effective delivery of PSs
but also combining PTT with PDT to eradicate cancer via
synergistic effect. Unfortunately, as nanostructures and photo-
sensitizers at NIR region have different maximum absorptions,
it is difficult to use single wavelength laser for simultaneous
PDT and PTT in most previous work.>>**3*% Using two
wavelength lasers for sequential exciting PDT and PTT will
complicate the treatment process owing to the difficulty in the
focus of the two laser beams at the same position.**—2%*~*
Thus, the development of novel nanomaterials for combining
PDT and PTT with high efficiency is highly desired.

In the present study, we have prepared a Pd-PEI-Ce6
nanocomposite by first modifying Chlorin e6 (Ce6) with
polyethylenimine (PEI) (Ce6-PEI) and then loading the Ce6-
PEI conjugate onto the small Pd nanosheets. The Ce6 and Pd
nanosheets functioned as the PDT and PTT agents,
respectively, and PEI was used to improve the water-solubility
of the system in aqueous solution as well as act as the linker
between Ce6 and Pd nanosheets. The fabricated Pd-PEI-Ce6
nanocomposite exhibited the following advantages: (i) Since
both small Pd nanosheets and Ce6 have strong and matched
maximum absorptions at about 660 nm in the 600 to 800 nm
NIR phototherapeutic window, 660 nm single continuous wave
(CW) laser was employed to excite PDT and PTT
simultaneously, which will greatly simplify the experimental
process and enhance the therapeutic efficiency. (ii) Their sizes
are small (~4.5 nm) and display good singlet oxygen
generation capacity, photothermal conversion efficiency and
excellent biocompability, which will benefit the in vivo
treatment application. (iii) The lower 660 nm laser power
density used (0.5 W/cm?) can protect photosensitizer Ce6
from photobleaching by laser irradiation. We found that the
PDT/PTT double therapy using Pd-PEI-Ce6 had greater
anticancer effects than either PDT using Ce6 or PTT using Pd
nanosheets. Remarkably, when the Pd-PEI-Ce6 was injected
into tumors that were subcutaneously transplanted into mice
and after laser-irradiated, the tumors will be cured completely
in the next 7days.

2. MATERIALS AND METHODS

2.1. Materials. Palladium(II) acetylacetonate (Pd(acac),), N,N-
dimethylpropionamide (DMP), N-hydroxysuccinimide (NHS), 1-
ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride
(EDC), polyethylenimine (PEIL, M, = 60000), and methylthiazolyldi-
phenyl-tetrazolium bromide (MTT) were purchased from Sigma-
Aldrich. Chlorin e6 (Ce6) was ordered from the Frontier Scientific
Inc., U.S.A. All chemicals were obtained from commercial supplies and
used without further purification.

2.2. Preparation of Small Pd Nanosheets. Ten milligrams of
Pd(acac),, 32 mg of poly(vinylpyrrolidone) (PVP, MW = 30000), and
30.6 mg of NaBr were dissolved in 2 mL of DMP, and then 4 mL
water was added to the mixture. After it was kept at room temperature
overnight, the resulting homogeneous yellow solution was transferred
to a glass pressure vessel. The vessel was then charged with CO to 1
bar and heated at 100 °C for 2.0 h. The obtained dark blue products
were precipitated by acetone, further purified by an ethanol—acetone
mixture, and finally stored at 4 °C for future use.

2.3. Synthesis of Ce6-PEl Conjugate. The Ce6-PEI conjugate
was synthesized using a modification of the standard EDC—NHS
reaction. Typically, 10 mg of Ce6 was dissolved in 0.5 mL of dimethyl
sulfoxide (DMSO), followed by the addition of 20 mg of EDC, and 20
mg of NHS to activate for 4.5 h. Then 1 mg of PEI aqueous solution
(1 mL) was added to the above activated solution, and the mixture was
allowed to react at room temperature for 12 h. The unreacted Ce6 and
other chemicals were removed by ultrafiltration. The products were
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dispersed in ultrapure water for further characterization and
application.

2.4. Preparation of Pd-PEI-Ce6 Nanocomposite. Five micro-
liters of PEI-Ce6 conjugate was added to 200 uL of small Pd
nanosheets dispersed in distilled water and the mixture was stirred
overnight. The resultants were centrifuged by adding acetone and
washed three times with ethanol. The products were dispersed in
phosphate buffered solution (PBS) (pH = 7.4).

The content of Ce6 on the Pd nanosheets was determined
indirectly by measuring the amount of unconjugated Ce6 in the
supernatant using Ce6 UV-—vis calibration curve at 658 nm after
centrifuging the reaction solution (Figure S1, Supporting Informa-
tion).

2.5. Singlet Oxygen Generation of Pd-PEI-Ce6. Singlet oxygen
('O,) generation of Pd-PEI-Ce6 was determined by using 1,3-
diphenylisobenzofuran (DPBF) as a chemical 'O, probe, which reacts
irreversibly with 'O, to cause a decrease in the DPBF absorption at
about 400 nm. Briefly, 30 uL of DPBF (1.5 mg/mL in acetonitrile)
was added to a solution of Pd-PEI-Ce6 in acetonitrile (2 mL, S0 ug/
mL in Pd nanosheets). The solution was then irradiated with a 660 nm
CW laser at the power density of 0.01 W/cm? for different periods of
time, and the absorbance of DPBF at 410 nm was measured. Free Ce6
and Pd nanosheets in acetonitrile mixed with DPBF were introduced
as control experiments.

2.6. Photothermal Effect Measurement. The photothermal
conversion effect induced by the Pd-PEI-Ce6 was investigated by
irradiating the Pd-PEI-Ce6 aqueous solution (1 mL) with a 660 nm
laser (0.5 W/ cmz). The temperature of the solution was monitored
using a submerged thermocouple microprobe.

2.7. Cell Culture. Human HelLa cell line was cultured in RPMI-
1640 culture medium supplemented with 10% calf serum, 1%
penicillin and 1% streptomycin. Cells were maintained at 37 °C in a
humidified atmosphere containing 5% CO,.

2.8. Cytotoxicity of Pd-PEI-Ce6. MTT assay was carried out to
evaluate the potential cytotoxicity of Pd-PEI-Ce6 in cells. HeLa cells
were seeded to 96-well plates at a density of 1 X 10* cells per well.
Following cultivation for 12 h, cells were exposed to various
concentrations of Pd-PEI-Ce6 (0, S, 10, 25, 50, 100, 200 ug/mL)
for 12, 24 and 48 h, respectively. A stock solution of MTT (25 uL, S
mg/ mL) was added into each well. After 4 h incubation at 37 °C, the
MTT solution was replaced with 150 L DMSO in each well. The
plates were gently shaken for 20 min at room temperature before
measuring the absorbance at 490 nm. All test samples were assayed in
quintuplicate and the cell viability was calculated using the following
formula: Cell viability = (mean absorbance of test wells — mean
absorbance of medium control wells)/(mean absorbance of untreated
wells — mean absorbance of medium control well) X 100%.

2.9. Cellular Uptake and Intracellular ROS generation of Pd-
PEI-Ce6. HeLa cells were cultured in confocal dishes (35 mm) at a
density of about 1 X 10° cells per dish for 12 h. Pd-PEI-Ce6 (S0 ug/
mL) was added to the dish and the cells were incubated for different
periods of time at 37 °C. Afterward, the cells were washed three times
with PBS and their nucleic were stained with 4’,6’-diamidino-2-
phenylindole (DAPI) solution (S pg/mL). Cell imaging of HeLa cells
was performed by an Olympus FV-1000 laser confocal scanning
microscope. The fluorescence emission of Ce6 was collected under
40S nm laser excitation.

The intracellular ROS generation was monitored by Reactive
Oxygen Species Assay Kit based on DCFH-DA (2,7-dichlorodihydro-
fluorescein diacetate). HeLa cells were incubated with Pd-PEI-Ce6 for
4 h at 37 °C with 5% CO,. After it was washed with PBS for 4 times,
proper amount of DCFH-DA was added and irradiated with a 660 nm
laser for 3 min, and 20 min later, the fluorescence images were taken
by the confocal scanning microscope.

2.10. In Vitro PDT/PTT Combined Effects Induced by 660 nm
CW Laser. HeLa cells were seeded onto 96-well plates with a density
of 1 X 10° cells per well and incubated for 12 h. After cell attachment,
Pd-PEI-Ce6 (containing SO yg/mL Pd nanosheets), Pd-PEI (50 ug/
mL), and Ce6 (2.77 ug/mL) were added to the wells and continued to
culture for 12 h. After they were washed three times with PBS, the cells
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in each well were exposed to 660 nm laser (0.5 W/cm?) for § min.
After staining with propidium iodide reagent (PI, 10 sg/mL), the cell
fluorescence (Ex = 488 nm) was then assessed using the confocal
fluorescent microscope. To quantitatively measure the number of
HeLa cells that survived before and after irradiation, the cell viability
was also measured by MTT assay as described above.

2.11. In Vivo PDT/PTT Combined Effects Induced by 660 nm
CW Laser. The PDT/PTT combined anticancer effects of Pd-PEI-
Ce6 in vivo were tested using S180-bearing mice. All animals were
maintained and used in accordance with the Animal Management
Rules of the Ministry of Health of the People’s Republic of China and
the guidelines for the Care and Use of Laboratory Animals of China.
Female Kunming mice (~20 g provided from Laboratory Animal
Center of Xiamen University) were subcutaneously injected S180 cells
(~2 X 10°) into the right rear legs in the mice. When the tumors
reached about 70 mm® in volume, the mice were intratumorally
injected with 80 yL of Pd-PEI-Ce6 (corresponding to S0 yg/mL Pd
and 2.77 pug/mL Ce6). For control groups, mice were treated with the
same volume of Pd-PEI (S0 pg/mL), free Ce6 (2.77 ug/mL), and
PBS, respectively. The tumors were irradiated with the 660 nm CW
laser at a power density of 0.5 W/cm? for 5 min. During the laser
irradiation, real-time temperature change of tumor surface was
monitored by an infrared thermography (HM-300, Guangzhou SAT
Infrared Technology Co., Ltd.). After treatment, the tumor sizes were
measured by a caliper every 2 days, and the tumor volume was
calculated as length X (width)* X 1/2. Relative tumor volumes were
calculated as V/V, (V,, and V stand for the tumor volume on the initial
day and on the day of measurement, respectively).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of the Pd-PEI-Ce6
Nanocomposite. The synthetic procedure for the Pd-PEI-
Ce6 nanocomposite is represented in Scheme 1. Chlorin e6
(Ce6) is a widely used photosensitizer for experimental
photodynamic therapy with limited water solubility. To
improve its water-solubility, as well as effectively anchor onto
the Pd nanosheets, the Ce6 was first conjugated with branched

Scheme 1. Preparation and Phototherapy Applications of
Pd-PEI-Ce6 Nanocomposite
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polyetheneimine (PEI), a hydrophilic polymer with abundant
primary, secondary and tertiary amino groups, via amidation
between the carboxyl group of Ce6 and the amino group of PEI
in the presence of NHS and EDC as coupling agents (Scheme
1). The formation of Ce6-PEI conjugate was evidenced by zeta
potential, Fourier transform infrared spectroscopy (FTIR) and
UV—vis measurements (Figure la—c). Free Ce6 showed a zeta
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Figure 1. (a) ¢ Potential distributions of Ce6, Ce6-PEI, Pd
nanosheets, and Pd-PEI-Ce6 in water. (b) FTIR spectra of Ce6,
PEI and Ce6-PEL (c) UV—vis absorption spectra of Ce6 and Ce6-PEI
in PBS. (d) Photographs of Pd nanosheets (1), Ce6-PEI (2), and Pd-
PEI-Ce6 (3) in PBS (pH = 7.4). (e) TEM images of Pd-PEI-Ce6.

potential at —24.4 mV, which changed to +31.3 mV after PEI
modification (Figure la). As demonstrated in Figure 1b,
compared with the spectrum of pure PE], in the FTIR of Ce6-
PEI, the absorption at ~1650 cm™" became stronger because of
the formation of amido bond between Ce6 and PEI molecules.
In addition, an obvious absorption peak at about 2900 cm™
occurs, corresponding to the CH, stretching vibration of the
PEI in the Ce6-PEI conjugate. From the absorption spectra,
Ce6-PEI conjugate shows the similar characteristic absorption
peaks as free Ce6 with Q-band at 658 nm (Figure 1c). These
results suggested that Ce6 was successfully modified with PEL
The synthesized Ce6-PEI conjugate exhibited excellent water
solubility, forming a transparent light green solution in
phosphate buffered saline (2 in Figure 1d). Then the Ce6-
PEI conjugate was anchored onto small Pd nanosheets by both
electrostatic interaction between the positive charge Ce6-PEI
and negative charge Pd nanosheets as well as coordination
between Pd and the free NH, of Ce6-PEI conjugate.
Transmission electron microscopy (TEM) measurements
show that the prepared Pd-PEI-Ce6 are similar to the starting
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Pd nanosheets (data not shown) with a mean diameter of about
4.5 nm (Figure le), indicating that the surface modification
with Ce6-PEI did not significantly change the size and shape of
Pd nanosheets. The Pd-PEI-Ce6 nanocomposite demonstrated
very stable in different physiological solutions. No significant
spectra changes have been observed for the nanocomposite
stored in these solutions for 6 h (Figure S2, Supporting
Information). In addition, after PEI-Ce6 conjugated with Pd
nanosheets, the Pd-PEI-Ce6 had a zeta potential between the
values of Ce6-PEI and Pd nanosheets, suggesting that Ce6-PEI
conjugates were successful anchored on Pd nanosheets.

3.2. Photophysical and Photochemical Properties of
Pd-PEI-Ce6 Nanocomposite. The small Pd nanosheets
exhibit a strong absorption in the range of 450—800 nm with
the maximum peak located at about 660 nm (Figure 2a). After
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Figure 2. (a) UV—vis absorption spectra of Ce6, Pd-PEI-Ce6, and Pd
nanosheets. (b) Temperature versus time plots of Pd nanosheets (50
ug/mL), Pd-PEI-Ce6 (S0 pg/mL Pd and 2.77 ug/mL Ce6), Ce6 (2.77
ug/mL), and water under 660 nm laser irradiation at 0.5 W/cm?. (c)
Decay curves of DPBF absorption at 410 nm in different solutions as a
function of irradiation time of 660 nm laser at 0.01 W/cm? (d)
Normalized absorbance of Ce6, Pd-PEI-Ce6 and Pd nanosheets at 658
nm after different time of irradiation (660 nm, 0.5 W/cm?).

the Ce6-PEI conjugate was loaded, the UV—vis spectrum of Pd-
PEI-Ce6 showed the characteristics of both Pd nanosheets and
Ce6. Besides the obvious wide absorption of Pd nanosheets, the
characteristic Ce6 absorption peaks at 658 and 500 nm appear.
The consistent maximum absorptions of Pd nanosheets and
Ce6 in Pd-PEI-Ce6 nanocomposite implied that single
wavelength laser, that is, 660 nm, can be used to irradiate
them for both PTT and PDT. Moreover, according to the
standard absorption curve of Ce6 at 658 nm, the loading
amount of Ce6 onto Pd nanosheets was determined to be
5.25% (Figure S1, Supporting Information).

Next, the photothermal conversion effect of Pd-PEI-Ce6
nanocomposite under the irradiation of 660 nm continuous
wave laser was investigated. Both Pd nanosheets and Pd-PEI-
Ce6 solutions with the same Pd amounts were exposed to the
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660 nm laser at a power density of 0.5 W/cm? for 12 min, then
the temperature changes were recorded. As presented in Figure
2b, similar temperature increases were observed for both small
Pd nanosheets (~24 °C) and Pd-PEI-Ce6 (~22 °C), whereas
free Ce6 solution or pure water exhibited a negligible change.
These data confirm that the Pd-PEI-Ce6 nanocomposite could
rapidly and efficiently convert the 660 nm laser energy into
thermal energy.

The singlet oxygen ('O,) generation capability of Pd-PEI-
Ce6 upon 660 nm laser irradiation was assessed by monitoring
the time-dependent photodegradation of diphenylisobenzofur-
an (DPBF), a widely used singlet oxygen capture (Figure 2c).
In the presence of Pd-PEI-Ce6 (containing SO ug/mL Pd
nanosheets and 2.77 pg/mL Ce6), the DPBF absorption at 410
nm significantly decreased when exposed to the 660 nm laser at
a power density of 0.01W/cm’ suggesting the efficient
generation of 'O, by Pd-PEI-Ce6, although the 'O, production
ability by Pd-PEI-Ce6 was weaker than that of free Ce6 owing
to the irradiation light absorbed partly by the carrier Pd
nanosheets.

In addition, the photostability of Pd nanosheets, free Ce6,
and Pd-PEI-Ce6 after 660 nm laser irradiation for different
periods was also investigated. It was found that after 5 min laser
exposure at 0.5 W/cm?, the absorption values of free Ce6 and
Pd-PEI-Ce6 at 658 nm decreased about 15% and 7%,
respectively, while the absorption of Pd nanosheets almost
unchanged (0.7% of decrease), indicating the irradiation energy
generated by the lower 660 nm laser power density (0.5 W/
cm®) caused little photobleaching to the Ce6 (Figure 2d and
Figure S3, Supporting Information).

Taken together, Pd-PEI-Ce6 nanocomposite with out-
standing properties, such as excellent photothermal conversion
effect, high singlet oxygen generation capability and good
photostability upon 660 nm CW laser irradiation, make them a
promising candidate for application in PTT/PDT combined
treatment.

3.3. In Vitro Cytotoxicity and Cellular Uptake of Pd-
PEI-Ce6 Nanocomposite. Before the in vitro PDT/PTT
combined therapy in cells, we first performed standard MTT
assay to examine the cytotoxicity of the designed Pd-PEI-Ce6
nanocomposite. Different amounts of Pd-PEI-Ce6 were added
to wells containing HeLa cells. After incubation for 12, 24 and
48 h, respectively, the cell viability was quantified by using the
methyl thiazolyl tetrazolium (MTT) assay. Encouragingly, it
was found that Pd-PEI-Ce6, even at a high dose concentration
of 200 pg/mL, exhibited no appreciable negative effect on the
viability of cells after 24 h exposure. When the incubation time
was extended to 48 h, the viability percentage was somewhat
lower, but still kept above 75% (Figure 3a). Observation from
microscopic images also indicated that the cells retain good
morphology and biological activity (Figure 3b). The results
suggest that Pd-PEI-Ce6 nanocomposite possess good
biocompatibility.

To examine the cellular uptake of Pd-PEI-Ce6, HeLa cells
were incubated with Pd-PEI-Ce6 at 37 °C for 2, 4, and 6 h,
respectively. After they were washed with PBS several times,
cell nuclei were stained with DAPI and fluorescence imaging
was performed by confocal microscopy. As shown in Figure 3c-
h, strong red fluorescence of Ce6 was observed inside the cells
and the fluorescence increased over incubation time, indicating
the efficient cellular uptake of Ce6 loaded nanoparticles. In
addition, the uptake of nanoparticles by cells was also
concentration-dependent (Figure S4, Supporting Information).
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Figure 3. Cell cytotoxicity and cellar uptake of Pd-PEI-Ce6. (a) Cell
viability of HeLa cells after incubation with increased concentration of
Pd-PEI-Ce6 for 12, 24, and 48 h, respectively. (b) The cell
morphology of HeLa cells incubated with 200 pg/mL Pd-PEI-Ce6
for 12 h. (c-h) HeLa cells incubated with Pd-PEI-Ce6 (containing SO
pug/mL Pd nanosheets and 2.77 pg/mL Ce6) for 2 (c and d), 4 (e and
f), and 6 h (g and h), respectively.

The higher concentration of nanoparticles, the more nano-
particles were taken up. The excellent cellular uptake of Pd-
PEI-Ce6 is a benefit for the following phototherapy because the
cells can easily be destroyed by both 'O, and heat produced
from the nanoparticles. Furthermore, the outstanding fluo-
rescent imaging properties of Pd-PEI-Ce6 also provide the
possibility of imaging-tracking therapy.

3.4. In Vitro PDT/PTT Anticancer Effects of Pd-PEI-
Ceb6. As designed, the Pd-PEI-Ce6 nanocomposite will have
PDT activity together with PTT ability upon 660 nm
illumination. Since the lifetime of singlet oxygen is very short
(eg, 52 ps in acetonitrile solution and 3 us in water), if
temperature increases, it might quench singlet oxygen and
affect PDT efficiency. In our cell experiments, the production of
ROS by Pd-PEI-Ce6 still can be observed after 3 min 660 nm
laser irradiation at 0.5 W/cm® (Figure SS, Supporting
Information), which imply that the temperature increase
caused by the Pd nanosheets had little influence on the
production of ROS.

We used the propidium iodide (PI), a nucleic acid dye which
stains the dead cells, staining experiments to assess the viability
of HeLa cells treated with the Pd-PEI-Ce6 upon laser
irradiation. After incubation with Pd-PEI nanosheets, Pd-PEI-
Ce6 or Ce6 for 12 h, the treated cells were then irradiated with
a 660 nm laser at a power density of 0.5 W/cm? for S min. After
staining the samples with PI following the standard protocol,
microscopic images were performed and shown in Figure 4.
More intense red fluorescence was observed from Pd-PEI-Ce6
treated cells than Ce6 or Pd nanosheets treated ones, which
means that Pd-PEI-Ce6 kill more cells than either free Ce6 or
Pd nanosheets alone after S min of irradiation.
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Figure 4. Fluorescence images of HeLa cells incubated with Ce6 (2.77
ug/mL, a and b), Pd-PEI nanosheets (50 pg/mL, c and d) and Pd-
PEI-Ce6 (containing SO yg/mL Pd nanosheets and 2.77 yg/mL Ce6, e
and f) for 12 h with irradiation by a 660 nm CW laser at a power
density of 0.5 W/cm? for § min. The cells were stained with propidium
iodide (PI). (g) The corresponding cell viability after different

treatments.

The efficiency of the above materials killing HeLa cells was
further analyzed by the MTT assay. As shown in Figure 4g,
when the Pd-PEI-Ce6 (containing SO yg/mL Pd nanosheets
and 2.77 ug/mL Ce6) were incubated with the cancer cells and
subsequently irradiated using the 660 nm laser at 0.5 W/cm?
for S min, about 50% of the cells survived. While about 65% or
72% of HeLa cells survived when the cells were incubated with
Pd-PEI (50 pug/mL) or Ce6 (2.77 ug/mL) alone after
irradiation for 5 min. Moreover, in the absence of laser
irradiation, no significant photodynamic or phototherapy
anticancer effect was observed in any group. Also without any
materials, the laser only did not cause any cytotoxicity. This
further confirmed that the combined PDT and PTT multi-
modal nanoplatform based on Pd-PEI-Ce6 was a more eflicient
therapeutic protocol against cancer cells than either PDT or
PTT alone.

3.5. In Vivo PDT/PTT Anticancer Effects of Pd-PEI-Ce®6.
The excellent in vitro phototherapeutic performance of Pd-PEI-
Ce6 encouraged us to pursue their application in in vivo PDT/
PTT combined therapy against kunming mice bearing S180
tumor. When the tumor volume grew to approximately 70
mm®, the mice were randomly separated into four groups (five
mice per group) and each tumor was injected a single time with
80 uL of PBS or 80 uL of a PBS dispersion of Ce6 (2.77 ug/
mL), Pd-PEI (50 pug/mL Pd nanosheets), or Pd-PEI-Ce6
(containing SO pg/mL Pd nanosheets and 2.77 ug/mL Ce6),
respectively. After injection, the tumors were then exposed to a
660 nm laser at a power density of 0.5 W/cm?* for 5 min.
During the laser irradiation, full-body thermographic images
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and the temperature profile (Figure S) were recorded by an
infrared camera. For the Pd-PEI nanosheets and Pd-PEI-Ce6
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Figure S. (2) IR thermal images of tumor-bearing mice with PBS, Ce6
(2.77 pg/mL), Pd-PEI (50 pg/mL Pd nanosheets), and Pd-PEI-Ce6
(contajning 50 ug/mL Pd nanosheets and 2.77 ug/mL Ceb) injection
exposed to the 660 nm laser at power densities of 0.5 W/cm” recorded
at 0 and S min, respectively. (b) The corresponding temperature
change of the tumor sites with irradiation by 660 nm laser (0.5 W/
cm?).

injected mice, the tumor temperature increased quickly from 35
to 52 °C after S min of laser exposure (Figure Sa). In
comparison, only 4 °C temperature increase was observed for
the saline or Ce6 injected mice. These results revealed that the
Pd-PEI-Ce6 nanoparticles have the ability to induce hyper-
thermia by converting the 660 nm NIR light energy to heat in
vivo.

The PDT/PTT phototherapeutic efficacy of Pd-PEI-Ce6 was
further investigated. Tumor sizes are measured every 2 days
after the above treatment and the relative tumor volume for
each group is plotted as a function of time (the day in which
the laser irradiation began was designated as day 1). As shown
in Figure 6b, the mice treated with Ce6 (PDT alone) displayed
slight decrease in tumor growth as compared to the PBS-
treated mice, whereas the Pd-PEI treated mice (PTT alone)
remarkably suppressed tumor growth during the initial S days
and showed a slight growth after Day 5. In marked contrast, for
the mice treated with both Pd-PEI-Ce6 and 660 nm laser, the
solid tumor was rapidly reduced and completely eliminated
from the mice after 7 days of treatment (Figure 6b). The
corresponding photographs of the mice taken on day 1, day 3,
and day 9 after different treatments are also presented in Figure
6a. These results demonstrated that PDT/PTT combined
treatment using Pd-PEI-Ce6 was more effective in destroying
tumors than PDT or PTT alone.

In addition, during this treatment period, neither obvious
toxic side effect nor death was observed in all experimental
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Figure 6. (a) Representative photographs of mice bearing $180 tumor
after different treatments. (b) Growth of S180 tumors in different
groups of mice after treatment. The relative tumor volumes were
normalized to their initial sizes.

groups, implying that the Pd-PEI-Ce6 was not significantly
toxic to the mice.

Bl CONCLUSION

In summary, Pd-PEI-Ce6 nanocomposites have been success-
fully fabricated for near-infrared photodynamic and photo-
thermal combination therapy of cancer both in vitro and in
vivo. In the nanocomposite, Ce6 and Pd nanosheets served as
the PDT and PTT agents, respectively, and PEI acted as the
linker between Ce6 and Pd nanosheets. Since both small Pd
nanosheets and Ce6 have strong and matched maximum
absorptions in the 600 to 800 nm NIR phototherapeutic
window, 660 nm single continuous wave (CW) laser with lower
power density (0.5 W/cm?) was employed to excite PDT and
PTT simultaneously. In vitro cytotoxicity and in vivo antitumor
efficiency examinations demonstrated the PDT/PTT double
therapy using Pd-PEI-Ce6 had greater anticancer effects than
either PDT using Ce6 or PTT using Pd nanosheets alone. This
multifunctional therapeutic system should hold significant
promise in the development of a new generation of cancer
treatment systems.
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Further details of the UV—vis absorption spectra and linear
curve of Ce6, UV—vis spectra of Pd-PEI-Ce6 dispersed in PBS
and PBS with 10% FBS immediately and after 6 h, UV—vis
absorption spectra changes of Ce6, Pd nanosheets and Pd-PEI-
Ce6 nanocomposite after 660 nm laser irradiation at 0.5W/ cm?
for different time, confocal fluorescence image of HeLa cells
incubated with Pd-PEI-Ce6 nanocomposite at different
concentrations and confocal fluorescence images of Hela
cells to detect oxidative stress using Image-iT LIVE Reactive
Oxygen Species (ROS) Kit. This material is available free of
charge via the Internet at http://pubs.acs.org.
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