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NIR-Laser-Switched In Vivo Smart Nanocapsules for
Synergic Photothermal and Chemotherapy of Tumors

Zhougi Meng, Fang Wei, Ronghua Wang, Mengge Xia, Zhigang Chen,* Huiping Wang,*

and Meifang Zhu*

Cancer poses a great threat to human health and life. Among
cancer therapeutics, chemotherapy has been widely applied,
in which the active drug should reach the tumor in vivo at
the appropriate concentration, and administration of the drug
should then be maintained for the required time to produce the
therapeutic effect. To facilitate the delivery and dose control of
drugs, advanced stimuli-responsive nanocarriers have recently
received a great deal of attention. Stimuli-responsive nanocar-
riers are able to deliver drugs in response to specific stimuli,
either endogenous variations (such as pH,[!! enzyme concen-
tration, and redox gradients(?)) or exogenous stimuli (including
temperature,l’l magnetic field," ultrasound intensity,®! light,[®
and electric pulses’)). It should be noted that with endog-
enous variations, the precise control of drug delivery is diffi-
cult because of the uncontrollable specific microenvironments
and individual differences in the human body.®l In addition,
although the release of drugs with exogenous stimuli in vivo is
feasible, it is still difficult to attain precise control of the drug
release due to the large-scale area of exogenous stimuli, usu-
ally causing undesirable side effects. Therefore, it is worthwhile
to further develop drug-release technologies, ideally with more
benign side effects.

It is well known that near-infrared (NIR) light can pen-
etrate the skin/tissue to irradiate optically sensitive nano-
particles in vivo.[*%] Lately, NIR laser-induced photothermal
ablation therapy (NIR-PAT) has attracted much interest
as a minimally invasive therapeutic methodology for can-
cers. A prerequisite for the development of NIR-PAT is to
obtain photothermal nanoagents (PNs). So far, different
kinds of PNs have been developed, including polymer nano-
particles,” noble-metal nanomaterials,!'! carbon-based
nanomaterials,’? and semiconductor nanomaterials.*3] Qur
group has developed several semiconductor PNs, including
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Cu,_ S and WO;_["! based nanoagents for the photo-
thermal ablation of cancer cells in vivo. Nevertheless, it
should be pointed out that NIR-PAT will cease immediately
if the NIR laser irradiation is shut off.

To further improve the therapeutic effects from chemotherapy
or NIR-PAT, the combination of chemotherapy and NIR-PAT
has attracted increasing attention, and several stimuli-respon-
sive nanocomposites have been investigated, including PN@
liposome, 116 PN@silical’”! and PN@polymer,'®l Among
these nanocomposites, PN@polymer perhaps represents the
most promising one, because the stimuli-responsive behavior
of polymers has been demonstrated to be well regulated. For
example, the low critical solution temperature (LCST) of
polymer nanogels can be varied from 26 to 90 °C.1'] Currently,
several kinds of PN@thermal-responsive polymers have been
developed, such as polymer-based PN@PNIPAM,?% carbon-
based PN@PNIPAMPYU and noble-metal-based PN@PEG/
NIPAM,'® which can deliver drugs under irradiation of an NIR
laser, greatly improving chemo/photothermal therapy. It should
be pointed out that for all these stimuli-responsive nanocom-
posites, the intelligent release (switching off/on) by NIR lasers
is not yet well established due to the lack of or inadequacy of
intelligent release systems. Therefore, it is still necessary to fur-
ther develop smart nanocomposites that can be switched off/
on controllably by an ex vivo NIR laser for simultaneous photo-
thermal/chemotherapy of tumors.

Here, we describe the design and fabrication of the “smart”
MEO,MA@MEO,MA-co-OEGMA-CuS-DOX composite (abbre-
viated as G-CuS-DOX), which consists of thermosensitive
MEO,MA@MEO,MA-co-OEGMA nanogels (abbreviated as
G) with an LCST of 42 °C, that serve as the nanocarriers, CuS
nanoparticles as the photothermal component, and doxorubicin
(DOX) as the anticancer drug (Figure 1a). G-CuS-DOX nano-
capsules allow the application of photothermal therapy and
drug release simultaneously, which can be switched off/on by
an ex vivo NIR laser (Figure 2a). Subsequently, nanocapsules
were injected into the tumor and close to cancer cells. Under
irradiation with a 915-nm laser, cancer cells can be efficiently
destroyed; both the tumor growth and metastasis lesions in
liver tissue showed significant inhibition, indicating the excel-
lent Synergic photothermal/chemotherapy effects compared to
photothermal therapy or chemotherapy effect alone.

The synthesis of G-CuS-DOX nanocapsules consisted of four
steps, as demonstrated in Figure 1a. The first step was to prepare a
thermosensitive MEO,MA nanogel (abbreviated as M) by a simple
polymerization reaction (step 1 in Figure 1a)."¥ M exhibits
an average hydrodynamic diameter of =90 nm (Figure Sla,
Supporting Information) and an LCST of =31 °C (Figure S1b,
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Figure 1. Synthesis scheme and characterization of MEO,MA@MEO,;MA-co-OEGMA-CuS-DOX (G-CuS-DOX) nanocapsules. a) Synthesis scheme.
b—d) TEM images. e) Size distribution. f) Transmittance versus temperature for a G-CuS aqueous dispersion (10 mg mL™"), g) UV-vis absorbance
spectra of G-CuS dispersions with different Cu concentrations (25-140 ppm). The inset shows a photograph of a G-CusS dispersion (10 mg mL™).
h) Temperature curves of G-CuS dispersions (Cu concentration: 10-120 ppm) under irradiation with a 915-nm laser (2.0 W cm™) as a function of

time (0-300 s).

Supporting Information).'®>1% For in vivo application of ther-
mosensitive nanogels, the LCST must be tuned to a value above
the body temperature (>37 °C) but below the hyperthermia tem-
perature (typically, <43 °C) of the photothermal conversion.['3]
In the second step (step 2 in Figure la), to adjust the LCST,
the p(MEO,MA-co-OEGMA) copolymer was used as a shell
layer to coat on the M seeds, by subsequent seed emulsion
polymerization.'819%5 The resulting MEO,MA@MEO,MA-
c0-OEGMA nanogel (abbreviated as G) has an average hydro-
dynamic diameter of =254 nm (Figure Sla, Supporting Infor-
mation) and an LCST of about 42 °C (Figure S1b, Supporting
Information). The increases in size and LCST indicate efficient
coating of the p(MEO,MA-co-OEGMA) copolymer, similar to
findings in previous reports.'®1*<l The functional groups of
G could be deduced from FTIR spectra (Figure S2, Supporting
Information).

The third step was the preparation of CuS nanoparticles as
photothermal nanoagents in G by an in situ co-precipitation
method at 80 °C (step 3 in Figure 1a). Figure 1b and 1c show

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

TEM images of the G-CuS nanocapsules. Almost no nano-
particles can be found outside of the nanocapsules, while there
are some CuS nanoparticles with a diameter of 9.2 £ 3.5 nm
that are well dispersed in G. This should be attributed to the fact
that G can simultaneously serve as a nanoreactor and ligand.['8"!
The high-resolution TEM (HRTEM) image (Figure 1d) indi-
cates clear lattice fringes, suggesting that the CuS nanoparticle
is a single crystal. The interplanar d-spacing is determined to
be 3.04 A, agreeing with (102) lattice fringes of a hexagonally
structured Cu$S crystal.'*! Furthermore, G-CuS nanocompos-
ites exhibit an average hydrodynamic diameter of about 274 nm
(Figure le) and an LCST of about 42 °C (Figure 1f), which is
very close/equal to the values measured for G (254 nm, 42 °C),
indicating that the preparation process of CuS has no obvious
adverse effect on the diameter and thermosensitivity of the
nanogels.

As a result of their hydrophilicity, G-CuS nanocomposites
can be well dispersed in water, phosphate buffer saline (PBS),
Dulbecco’'s modified Eagle medium (DMEM), and fetal bovine
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Figure 2. Intelligent DOX release switched “on” or “off” by an ex vivo NIR laser. a) The release scheme. b) UV-vis absorbance spectra of the dispersions
containing G-CuS, free DOX, G-CuS-DOX or G-DOX; the inset shows photographs of them. ¢) Cumulative release of DOX from G-DOX or G-CuS-DOX
under irradiation of a 915-nm laser (2.0 W cm™) for different times (0~14 min). d) Effects of the irradiation—non-irradiation cycle number (A: 0 times;
B: 1 time; C: 2 times; D: 3 times) on cumulative DOX release from G-CuS-DOX with the 915 nm laser (1.6 W cm™2, 5-min “on”/55-min “off” for every
cycle). The data represent the mean + standard deviation of triplicate measurements.

serum (FBS) solution. No obvious agglomeration is displayed
after storing for several weeks (Figure S3, Supporting Informa-
tion). The G-CuS aqueous dispersions with different Cu con-
centrations (10-120 ppm, determined by ICP-AES) exhibit a
green color (typical, the inset of Figure 1g). Their optical prop-
erties are studied by using UV-vis spectroscopy (Figure 1g).
The G-CuS nanocomposites show enhanced photoabsorption
as the wavelength increases from 550 to 950 nm. In particular,
the absorption intensity in the NIR region increases linearly
with the Cu concentration in nanocapsules (such as, at 915 nm,
Figure S4, Supporting Information). Such a strong absorption
of G-CuS in the NIR region implies a potential for their photo-
thermal conversion upon 915-nm laser irradiation.
Subsequently, the photothermal performance of the aqueous
dispersions was investigated under irradiation of a 915-nm
laser with an intensity of 2.0 W cm™2 (Figure 1h). The blank
test demonstrates that the temperature of pure water (or PBS,
DMEM, FBS solution without CuS) is only increased by less
than 3 °C from the room temperature of 25 °C (Figure S5, Sup-
porting Information). With the addition of G-CuS nanocompos-
ites (Cu concentration: 10-120 ppm), the temperature increases
dramatically with the increase of the irradiation time from 0 to
100 s, and then remains fairly constant upon further irradia-
tion to 300 s. The temperature elevation (AT) at 300 s, which is
calculated from Figure 1h, increases almost linearly from 8.5 to
31.3 °C with the Cu concentration from 10 to 120 ppm (Figure S6,
Supporting Information). Thus, one can conclude that CuS in
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the nanocapsules can rapidly and efficiently convert the NIR
laser energy into heat, arising from a strong photoabsorption in
the NIR region.[1#b152]

The last step was loading DOX as the model anticancer drug
in the G-CuS nanocomposites (step 4 in Figure 1a), because
the G-CuS aqueous solution had a zeta potential of -19.7 mV
and could thus absorb positively charged drugs, such as DOX,
by electrostatic interactions,!'%22 forming G-CuS-DOX with a
zeta potential of —-11.3 mV. The original solution of free DOX
has a yellow-red color (inset of Figure 2b). The loading of DOX
into the nanocarriers changes the color from green G-CusS to
red-brown G-CuS-DOX, or from colorless G to red G-DOX (the
inset of Figure 2b). Their optical properties were also investi-
gated by UV-vis spectroscopy (Figure 2b). The free DOX solu-
tion exhibits a typical absorption peak around 480 nm, whereas
G-CuS-DOX shows both the characteristic absorption peaks
from DOX in the visible region and a broad plasma absorption
band from G-CusS in the NIR region (Figure 2b). Furthermore,
both the G-CuS-DOX and G-DOX solutions show obvious flu-
orescence quenching compared with the free DOX solution
(Figure S7, Supporting Information), which illustrates that
DOX is tightly bound to G-CuS and G,?’) demonstrating the
successful loading of DOX. It should be noted that the loading
of DOX has no obvious effect on the photothermal properties
of CuS, and the G-CuS-DOX nanocapsules retain their excel-
lent photothermal performance (Figure S8, Supporting Infor-
mation). In addition, the DOX loading content (LCpoyx, W/W%)
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and the encapsulation efficiency (EEpox, w/w%) are summa-
rized in Table S1, Supporting Information.

To achieve the controllable release of DOX, G-CuS-DOX
aqueous dispersions (10 mg mL™!, LCpox = 1%) were con-
tinuously irradiated by a 915-nm laser with a power density of
2.0 W cm for different times (0~14 min). The solutions were
then centrifuged and the concentration of released DOX was
determined by UV-vis spectroscopy at 480 nm (Figure 2c). For
comparison, the release of DOX from G-DOX nanocompos-
ites (without CuS) was also recorded under otherwise identical
conditions. The cumulative release of DOX from G-DOX is
8.5% at 2 min, and then remains almost unchanged. In contrast,
the cumulative release of DOX from G-CuS-DOX nanocap-
sules increases almost linearly from 3.6% (at 0 min) to 43.7%
(at 8 min), then exhibits a slow increase to 50.4% (at 14 min).
Furthermore, the release rate of DOX from G-CuS-DOX
becomes faster by increasing the intensity of the 915-nm laser
(Figure S9, Supporting Information). This controllable release
results from the fact that CuS in the G-CuS-DOX nanocap-
sules converts the 915-nm laser energy to heat and then con-
fers the temperature elevation, leading to dissociation of the
electrostatic interactions between DOX and G-CuS and con-
trolled volume-shrinkage of G-CuS (Figure 2a and Figure S10,
Supporting Information).'% 13" It is well known that the drug
release ideally is carried out by controllably switching on or
off the drug supply in order to maintain the active drug at the
appropriate concentration in vivo for the required time to pro-
duce a continuous therapeutic effect. To realize the on/off release,
we investigated the effects of the irradiation-non-irradiation cycle
number on the DOX release, by irradiating G-CuS-DOX solutions
(10 mg mL™, LCpox = 1%) with a 915-nm laser (1.6 W cm™)
for 5 min each hour (Figure 2d). Without any irradiation of the
laser, the cumulative release of DOX from G-CuS-DOX solution
is only 8.2% at room temperature (RT) after 1 h, and it remains
nearly unchanged during the next 4 h (A group). After the first
5-min irradiation (T > 42 °C) at 1 h, the cumulative release of
DOX (B-D groups) increases remarkably to 27.4%, and remains
almost unchanged during the subsequent non-irradiation term
(at RT for 3 h, for the B group), indicating that 5-min on/long-
time off release behavior takes place. Similarly, after the second
5-min irradiation (T > 42 °C) at 2 h, an obvious increase in the
cumulative DOX release is obtained (groups C and D), i.e., the
release percentage increases to 41.6%, and then remains nearly
the same in the non-irradiation term (at RT for 2 h, for group
C). Lastly, the third 5-min irradiation (T > 42 °C) at 3 h leads to
a slight rise of released DOX to 46.3%, which then also remains
unchanged during the following non-irradiation term (at RT).
This irradiation-induced increase implies the switch-on effect
in the DOX release, while the unchanged DOX content in the
non-irradiation term indicates the switch-off effect for the DOX
release. The present NIR-laser-switched release process should
be attributed to the controllable temperature cycle (above or
below 42 °C) of the G-CuS-DOX solution (Figure 2a), which is
different from the traditional endogenous!!? or exogenous*”-24l
stimuli-responsive nanocarriers that usually are spontaneous
and/or cannot be shut off. Based on the above DOX-release
results, one can conclude that the release of DOX from G-CusS-
DOX nanocapsules can be efficiently controlled (turning on/off,
rate adjustment, etc.) by 915-nm laser irradiation (on/off mode

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the irradiation time, power control), revealing a unique and
intelligent release mode.

Ideal nanocomposites must be nontoxic for biological
applications. The cytotoxicity of G-CuS and G-CuS-DOX were
evaluated by a cell counting kit-8 (CCK-8) assay with human
hepatocarcinoma cells SMMC-7721 (7721 cells) and benign
prostatic hyperplasia epithelial cell line (BPH-1 cells). The
results confirm that both G-CuS and G-CuS-DOX aqueous
dispersions have very low cytotoxicity (Figure S11, Supporting
Information).

To investigate the combined photothermal/chemotherapy
effects in vitro from G-CuS-DOX, the 7721 cell viability was
measured after incubation with G-CuS-DOX (10 mg mL™;
LCpox = 1%) under laser irradiation at 915 nm. For system-
atic comparison, we also investigated the single chemo-
therapy effects for free DOX (100 pg mL™) and “delivery
DOX” (which is DOX that is only released from G-CuS-DOX),
and single photothermal therapy from G-CuS nanocompos-
ites (10 mg mL~!, Figure 3). Obviously, free DOX shows a high
pharmaceutical activity, i.e., less than 40% of the cells sur-
vive (Figure 3a). Without the irradiation of the NIR laser, all
the experimental groups, including G-CusS, the delivery DOX,
and G-CuS-DOX, show high cell viability (>90%) (Figure 3a),
and the heating-delivery DOX from G-CuS-DOX at 37-42 °C
also exhibits high cell viability (>80%) (Figure S12, Supporting
Information), demonstrating the low cytotoxicity and high sta-
bility of G-CuS-DOX. It should be pointed out that although
a small amount of DOX could be spontaneously released
from the G-CuS-DOX group (without NIR laser, Figure 2c),
the much lower dose of DOX cannot effectuate effective inhi-
bition of cancer cell growth (Figure 3a and Figure S12, Sup-
porting Information). With an increase of the laser intensity
from 1.2 to 2.4 W cm™2, the temperature of the G-CuS aqueous
dispersion increases from 42 to 50 °C (inset in Figure 3a), and
the G-CuS+NIR group causes a remarkably lower cell viability
(such as, P < 0.01 for 2.0 versus 0 W cm™2), verifying the photo-
thermal therapy effects of G-CuS. Similarly, with the increase
of the laser intensity from 1.2 to 2.4 W cm™2, the cell viability
from the delivery DOX group sharply decreases (such as,
P < 0.05 for 2.0 versus 0 W cm™2, Figure 3a). These results can
be attributed to the fact that a higher laser intensity or more
irradiation—non-irradiation cycle numbers results in a larger
release of DOX from the G-CuS-DOX solution, as demon-
strated in Figure S9, Supporting Information and Figure 2d,
which brings about a better chemotherapeutic effect. Impor-
tantly, for the G-CuS-DOX+NIR group, the cell viability
decreases remarkably with an intensity increase from 1.2 to
2.4 W cm™ (such as, P < 0.01 for 2.0 versus 0 W cm™2). In par-
ticular, when the laser intensity reaches to 2.0 or 2.4 W cm™,
the G-CuS-DOX+NIR group reveals the lowest cell viability
(versus delivery DOX or G-CuS+NIR, P < 0.05 for 2.0 W cm™?;
P < 0.01 for 2.4 W cm™2) among all these groups (Figure 3a),
owing to the synergic photothermal/chemotherapy effect,
which is much higher than either the single photothermal
therapy effect or the chemotherapy effect.

When the 915-nm laser intensity reaches or exceeds
2.4 W cm™?, the solution remains at high temperature (=50 °C),
and long-time (=8 min) irradiation would cause the inactiva-
tion of the released DOX (such as P < 0.01 for 8 min versus

Adv. Mater. 2016, 28, 245-253
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Figure 3. Therapy effects in vitro. a) Cell viability values (%) from free DOX (100 pg mL™"), the “delivery DOX” (released from 10 mg mL™' G-CuS-DOX by

NIR laser), G-CuS (10 mg mL™") and G-CuS-DOX (10 mg mL™"

, LCpox = 1%) under irradiation of a 915 nm laser at different intensities (0-2.4 W cm™2)

for 5 min. b) Cell viability values (%) from different groups under the 915 nm laser irradiation at an intensity of 2.0 W cm™2 for various irradiation times

(0-8 min).
deviation of three experiments, *P < 0.05, ** P < 0.01.

free DOX (see Figure S13, Supporting Information)). Thus,
915-nm laser irradiation at an intensity of 2.0 W cm™ was
selected for the later cell experiments. Subsequently, the effects
of irradiation time (0-8 min) on cell viability were also studied
(Figure 3b). With the increase of irradiation time to 6-8 min,
the cell viability of the G-CuS-DOX+NIR group decreases (such
as P <0.01 for 6 versus 0 min), and is actually the lowest among
all these groups at the same irradiation time (versus DOX
delivery P < 0.05, or G-CuS+NIR P < 0.01 at 6 min). Simul-
taneously, to visually evaluate the viability difference in cel-
lular level, the cells from different groups (control, free DOX,
G-CuS+NIR, and G-CuS-DOX+NIR) were stained with calcein-
AM and ethidium homodimer-1 to distinguish live (green)
and dead (red) cells (Figure 3c). The majority of dead cells is
observed in the G-CuS-DOX+NIR group, which is consistent
with the previous CCK-8 assay of the cell proliferation rate. All
these results show that G-CuS-DOX exhibits excellent synergic
photothermal/chemotherapy effects that can be switched on
controllably and adjusted by the irradiation intensity and time
of the ex vivo NIR laser.

Based on their synergic photothermal/chemotherapy in
vitro, G-CuS-DOX nanocapsules may have great potential as
novel nanoagents for the therapy of tumors in vivo. Firstly,
we investigated the on/off release behavior of DOX in tumor
tissue. A G-CuS-DOX solution was injected into the SMMC-
7721 tumor in mice. After 30 min, we find that the content of
G-CuS-DOX and/or DOX in the blood is very low (all <0.3%)
in the absence of an NIR laser, indicating that negligible spon-
taneous release of DOX into the blood occurs (Figure Sl4a,
Supporting Information). Subsequently, the tumors were irradi-
ated by a 915-nm laser (2.0 W cm™) for 10 min (temperature
maintained at 47 °C). The cumulative release of DOX in the

Adv. Mater. 2016, 28, 245-253
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c) The confocal images of the 7721 cells from the control group and the experimental groups. The data are shown as mean * standard

tumor increases to 55.14%, indicating that the release of DOX
from G-CuS-DOX nanocapsules in tumor can be efficiently
controlled by the 915-nm laser (Figure S14b, Supporting Infor-
mation). It should be noted that pathological processes will not
cause the pre-release of DOX from nanocapsules (Figure S15,
Supporting Information).

To investigate their immediate therapy, tumors were injected
with G-CuS and G-CuS-DOX solution, and then irradiated
by the 915-nm laser (2.0 W cm™) for 10 min (T = 47 °C) at
24 h post-injection. After 48 h, the combined therapy effects
were evaluated by ultrasound (US) imaging. For comparison,
tumors were injected with PBS, G-CusS, or G-CuS-DOX without
NIR laser irradiation under otherwise identical conditions,
and the therapy effects were also estimated by US imaging.
Obviously, US images from the flow-mode cannot visualize
blood flow in tumors due to their small size (Figure S16, Sup-
porting Information, upper row, yellow circles), while from
B-mode US images the surface of the tumors can be distin-
guished from the soft tissue in mice, but the interior cannot
be visualized (Figure S16, Supporting Information, middle
row, yellow circles). Subsequently, the mice from all groups
were injected with the contrast agent via retro-orbital injection
(ROI) to further analyze the inside of the tumor, after which the
increased US contrast images were observed in vivo under US
contrast-mode (Figure 4a). For mice injected with PBS, G-CusS,
and G-CuS-DOX without NIR laser irradiation, the complete
power Doppler enhancement occurs immediately, following
slow infusion of the contrast media, and prominent color flare
is observed homogeneously throughout the entire tumors
(Figure 4a, yellow circles).?’l However, for G-CuS+NIR and
G-CuS-DOX+NIR groups, the contrast agents cannot completely
perfuse the tumor, forming black defects (Figure 4a yellow or red
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Figure 4. Immediate therapy effects in vivo. a) In vivo ultrasound images in contrast mode of the tumor-bearing mice from different groups (PBS, G-Cus,
G-CuS-DOX, G-CuS+NIR laser, G-CuS-DOX+NIR laser); circles: tumor; scale bar: 5 mm. b) H&E-stained tumor sections collected from these groups;
arrows: damaged areas for cells. The magnifications are 100x (middle row) and 400x (lower row).

circle), which potentially reveals the presence of a necrotic core
within the tumors. To further evaluate the therapy effect, mice
from different groups were scarified, and tumors were collected
and fixed for histological analysis, as shown in H&E-stained
images (H&E: hematoxylin/eosin) (Figure 4b). For PBS, G-Cus,
and G-CuS-DOX groups without NIR laser irradiation, cells
in their tumors mostly retain their normal morphology with
apparent membrane and nuclear structure. Importantly, for the
G-CuS+NIR group after NIR laser irradiation, several segmental
damaged areas are observed at 100x magnification (arrows) and
a section of pyknotic cells or cytolysis are revealed at 400x mag-
nification, indicating that part of the cancer cells in the mice
from the G-CuS+NIR group have been destroyed (Figure 4b).
Furthermore, for the G-CuS-DOX+NIR group, one can find the
largest damaged areas for 100x magnification (arrows), and a
majority of the cancer cells are severely necrotized. In particular,
from the image at 400x magnification, the maximum cytolysis
and the loss of cell morphology are clearly observed. These data
verify that G-CuS-DOX nanocapsules possess the most excellent
immediate effects for in vivo therapy.

It is common knowledge that the metastatic spread of cancer
cells is directly or indirectly responsible for more than 90% of
cancer deaths, %l therefore, it is of great importance to restrain
metastatic tumors. For subcutaneous transplanted SMMC-7721
tumors, the cancer cells would be prone to spread to the liver to
generate liver metastasis. Therefore, we analyzed the number
of metastatic tumor nodules in livers and the tumor volume
from different groups at 7 days post-treatment (Figure 5a,b, and
Figure S17 and S18, Supporting Information). For PBS, G-Cus,
G-CuS-DOX and the DOX group, tumors almost remain at
their original diameter (Figure S17, Supporting Informa-
tion). In addition, in livers from these four groups, there are
numerous off-white suspected metastatic tumor nodules; no
significant differences in nodule number can be found among

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

these four groups (Figure 5a,b and Figure S18, Supporting
Information). These suspected metastatic tumor nodules were
confirmed by histopathology (H&E slices). These data reveal
that the growth/metastasis of tumors cannot be inhibited after
7 days by the materials alone and/or DOX without NIR laser
irradiation. In contrast, for the G-CuS+NIR group, the growth
of tumors shows a significant inhibition after 7 days (versus
PBS or G-CusS, all P < 0.01), and there are fewer metastatic
tumor nodules in the livers (versus PBS or G-CusS, all P < 0.01;
Figure 5a,b, Figure S17 and S18, Supporting Information).
This finding demonstrates that the growth and metastasis of
tumors have been partly inhibited by the photothermal effects
from G-CuS. More importantly, for the G-CuS-DOX+NIR
group, the growth of tumors also suffers a similar inhibition
(versus PBS or G-CuS-DOX P < 0.01; versus DOX P < 0.05),
while almost no metastatic tumor nodules are observed (versus
PBS, G-CuS-DOX, DOX P < 0.01; versus G-CuS+NIR P < 0.05,
Figure 5a,b and Figure S18, Supporting Information). There-
fore, the metastasis of tumors can be efficiently inhibited by
G-CuS-DOX nanocapsules with an NIR laser due to the syn-
ergic photothermal/chemotherapy effects.

To kill the tumors in mice, we carried out a long-term
therapy for the G-CuS-DOX+NIR group. For comparison,
tumors from G-CuS-DOX, DOX and the G-CuS+NIR groups
were also studied (Figure 5c—f). For the G-CuS-DOX group
(without laser irradiation), the tumor volume remains almost
unchanged during the first ten days, but boosts rapidly in the
subsequent term (from 10 to 24 days, Figure 5c,d). In addition,
for G-CuS+NIR or DOX groups, the tumor volume shows an
obvious decrease during the first ten days, but recurrent growth
occurs from 10 to 24 days (DOX versus G-CuS-DOX P < 0.05,
G-CuS+NIR versus G-CuS-DOX P < 0.01). In discrepancy with
the other three groups, the volume of the tumors from the
G-CuS-DOX+NIR group shows a continuous decrease and the
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Figure 5. a,b) Analysis of tumor metastases to livers from different groups at 7 days post-treatment in vivo: a) the quantification of average liver
metastases tumor nodules per mouse; b) representative photos of liver and H&E-stained liver slices, arrows: metastases tumor nodules (yellow),
metastases area (blue). c—f) Therapy effects in vivo during 24 days: c) tumor growth curves from different groups; d) tumors from mice (yellow circles)
at 24 days, e) average weights of the tumors and f) H&E-stained tumor slices from different groups at 24 days. Data represented as the mean * standard

deviation of six mice, *P < 0.05, **P < 0.01.

trend suggests an elimination at 24 days post-treatment (all P <
0.05, Figure 5¢,d). The animals were sacrificed at 24 days post-
treatment. Tumors were collected and weighed, and the results
were consistent with the tumor volume (Figure 5e). Finally, the
slices from the tumors were stained with H&E (Figure 5f). Evi-
dently, the H&E images from G-CuS-DOX+NIR group confirm
that cancer cells have suffered the most serious fibrosis com-
pared with the other three groups, in which the cellular mor-
phology has almost disappeared and a great number of nuclei
have been dissolved (Figure 5f). Partial fibrosis is observed in
the G-CuS+NIR group, and fewer are observed in the G-CusS-
DOX and DOX groups.

The differences in therapeutic effects among these groups
have also been analyzed. On the one hand, DOX, as a
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chemotherapeutic agent for SMMC-7721 tumors, will not show
satisfying anticancer treatment effects if multiple and high dos-
ages are not supplied for long periods.'®! As a result, in the
initial term of one-time DOX treatment, the inhibition of tumor
growth emerges, while it relapses ultimately, as revealed in the
tumor change from DOX group. On the other hand, although
the one-time photothermal therapy can inhibit the tumor
growth in the initial period, recurrent tumor growth occurs in
the later period due to the disappearance of the therapy effects
without NIR laser irradiation, as confirmed by the G-CuS+NIR
group. In contrast, for the G-CuS-DOX+NIR laser group, ex
vivo 915 nm laser irradiation as exogenous stimulus can be
converted into in vivo heat (as endogenous stimulus), inducing
a rapid increase of the tumor temperature (i.e., above 42 °C),
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resulting in photothermal ablation of cancer cells in vivo.
Simultaneously, a higher temperature (i.e., higher than the
LCST) would release the “switch” of responsive nanocapsules
to release DOX, resulting in continuous chemotherapy effects.
Therefore, G-CuS-DOX nanocapsules show excellent synergic
photothermal/chemotherapy effects for cancer cells in vivo
under irradiation of an NIR laser, far exceeding the effects from
photothermal therapy or chemotherapy alone. Furthermore, it
is expected that, if part of the G-CuS-DOX nanocapsules is cap-
tured by normal tissues (such as liver and kidney), the photo-
thermal effect cannot be produced and thus almost no drug
can be released in the absence of an NIR laser, thus avoiding
unpleasant side-effects successfully.

In summary, G-CuS-DOX nanocapsules have been
designed and synthesized to serve as a new type of “smart
nanobiomaterial”. Under irradiation of an NIR laser, a solu-
tion of nanocapsules (Cu: 10-120 ppm) exhibits a rapid tem-
perature elevation from 34 to 57 °C in 5 min due to efficient
photothermal effects of the CuS nanoparticles. Simultane-
ously, higher temperatures (i.e., higher than the LCST) result
in shrinkage of the nanocapsules, leading to the controllable
release of DOX. However, if the NIR laser is switched off, the
solution temperature decreases again, leading to interruption
of both photothermal and chemotherapeutic effects. Moreover,
when the nanocapsule solution is injected into the tumor of
the mice, the temperature elevation and DOX release in the
tumor can be switched on/off by the ex vivo NIR laser, for con-
trollable and efficient synergistic photothermal/chemotherapy
for the tumor. Therefore, the demonstrated intratumor injec-
tion of smart G-CuS-DOX nanocapsules provides a versatile
and efficient method for future tumor therapy, but we antici-
pate that this method can also be extended to intravenous
injection of the nanocapsules after conjugation of the target
molecules.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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