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Tumor penetration of nanocarriers is still an unresolved challenge for
effective drug delivery. Herein, we described a size-switchable
nanoplatform in response to an external near-infrared (NIR) laser for
transcellular drug delivery. The nanoplatform was constructed with
a poly(N-isopropylacrylamide) (PNIPAM)-based nanogel encapsu-
lating chitosan-coated single-walled carbon nanotubes, followed by
loading a chemotherapeutic drug, doxorubicin (DOX). In mice bearing
orthotopic breast tumors, the photothermal effect from single-walled
carbon nanotubes upon NIR irradiation potently inhibited tumor
growth. The antitumor effect of the nanomedicine with NIR irradiation
might be attributed to its capability of transcellular transport and
tumor penetration in mice. In addition, the nanomedicine with NIR
irradiation could elicit an antitumor response by increasing cytotoxic T
cells and decreasing myeloid-derived suppressor cells. These results
validated the application of photo/thermo-responsive nanomedicine
in the orthotopic model of breast cancer.

Despite the advances in developing nanocarriers for tumor-
targeted drug delivery in the past decade, the translation of
research results into clinics remains challenging.! One of the
major hindrances is the insufficient penetration of nanocarriers
in solid tumors.> Typically, nanocarriers can penetrate only
a few cell layers post extravasation from the blood vessels.>?
Moreover, the uneven intratumoral distribution of delivered
drugs may eventually result in compromised therapeutic effi-
cacy regardless of treatment modalities.* To address the pene-
tration issue, utilization of stimuli-responsive nanocarriers to
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overcome the complex physiological and pathological barriers
is an intriguing strategy.>® It is broadly acknowledged that the
physicochemical characteristics, including size, surface charge
and morphology, of nanoparticles substantially influence their
tumor penetration and intracellular delivery.”*® Therefore, the
nanocarriers with a size-switchable property upon tumor-
confined stimuli will potentially enhance tumor penetration.

Photothermal therapy (PTT) by means of light-triggered
heating through light-absorbing photothermal agents provides
a spatiotemporally controllable tool for cancer treatment.'* In
addition to the direct ablation of tumor cells by light-induced
hyperthermia, elevation of temperature can ameliorate the
permeability of blood vessels inside tumors and boost the
release of entrapped therapeutic payloads. For example, Kirui
and co-workers have characterized how mild PTT could
enhance the penetration of macromolecules in tumors.*
Therefore, photothermal effects may act synergistically with
size-switchable nanoparticles to enhance their tumor penetra-
tion ability.

Besides the suboptimal tumor penetration of nanocarriers,
the deficiency of research in orthotopic tumor models might
also impede the clinical translation of nanomedicines. The
majority of preclinical studies of nanomedicines have exploited
murine subcutaneous tumor models. However, these subcuta-
neous tumor models may not resemble the corresponding
orthotopic tumor models in terms of vascular and stromal
microenvironments.”*** Compared with subcutaneous tumor
models, orthotopic tumor models generally better simulate the
physiological situation and therefore can be a more reliable tool
for evaluating the therapeutic effects of nanomedicines against
cancers.'® In particular, examination of tumor penetration of
nanocarriers in orthotopic tumor models is necessary, as the
tumor vasculature influences the tumor penetration of
nanoparticles.'”'s

We have developed a size-switchable nanocarrier in response
to a near-infrared (NIR) laser for targeted drug delivery.'*° We
used thermoresponsive poly(N-isopropylacrylamide) (PNIPAM)

nanogels, which can shrink wupon an increase in
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temperature,”* to encapsulate chitosan-wrapped carbon
nanotubes as a NIR-responsive PTT agent.”® When loaded with
a chemotherapeutic agent doxorubicin (DOX), the nano-
particles have been shown to have potent antitumor activity in
both subcutaneous and orthotopic mouse models of bladder
cancer.'®*® Herein, we aimed to further validate the antitumor
effect of DOX-loaded nanoparticles (NP-DOX) in a mouse model
of orthotopic breast cancer and examine the tumor penetration
of nanoparticles upon NIR irradiation (Scheme 1). In addition,
our data suggested that NP-DOX with NIR irradiation could
elicit an antitumor immune response.

Results and discussion

The nanoparticles in this study were prepared according to
a reported protocol.” One major component of the NPs, PNI-
PAM, features a thermoresponsive phase transition that might
change the size of the NPs in response to the surrounding
temperature. To demonstrate the thermoresponsive size change
of NP-DOX, we measured the size of NP-DOX at different
temperatures by dynamic light scattering (DLS). As shown in
Fig. 1, when the temperature was increased from 37 °C to 42 °C,
the hydrodynamic size of NP-DOX changed from ~320 nm to
~240 nm. Afterward, we decreased the temperature to 37 °C,
and the size of NP-DOX was back to ~300 nm (Fig. 1). The size
shrinkage of nanoparticles underwent little decay after three
rounds of temperature changes, thereby suggesting that the
nanoparticles were relatively stable.

At the cellular level, lysosomes of 4T1 cells incubated with
the NPs for a predetermined time were stained with green-
colored fluorescent LysoTracker and observed by confocal
microscopy. Without NIR, the lysosomes were generally
observed as green fluorescent dots (Fig. 2A). By contrast, after
NIR irradiation, the green dot-like lysosomes in the cells were
fused with the neighboring dots, indicating the destabilization
of lysosomes (Fig. 2A). The destabilization of lysosomes, which
could be ascribed to the NIR-induced photothermal effect, may

CD8* T cells

4T1 cells @

Scheme 1 Schematic illustration of NIR-responsive and size-switch-
able nanomedicines for chemo-photothermal therapy. This scheme
uses elements from Servier Medical Art (https://
www.smart.servier.com).
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Fig. 1 Reversible size change behavior of NP-DOX at temperatures
between 37 °C and 42 °C.

facilitate lysosomal escape of the NPs.>* Next, we asked whether
DOX was able to pass through the neighboring cells. As seen in
Fig. 2B, the red fluorescence of DOX indicated the uptake of NP-
DOX in the cells. At the beginning, the cellular uptake of NP-
DOX was similar with or without NIR (Fig. 2B and C). However,
DOX fluorescence from NP-DOX + NIR irradiation was much
stronger than that from NP-DOX in coverslip II (1.8 times) and
III (2.7 times) (Fig. 2B and C). These results suggested that NIR
irradiation enhanced the transcellular transport of DOX.

@ with NIR
Wl without NIR

o
@

e
S

NP-DOX+NIR

wverage optical density of DOX
2
a

°
8

N\
)

Coverslip | Coverslip lll

Fig. 2 (A) Lysosomes of 4T1 cells post incubation with NP-DOX with/
without NIR irradiation for predetermined time were monitored by
confocal microscopy. The lysosomes were stained with LysoTracker
Green. (B) Successive transportation of DOX with/without NIR irradi-
ation between 4T1 cells on three coverslips. The nuclei were stained
with Hoechst 33342. (C) Quantitative analysis of DOX fluorescence in
three sets of coverslips. ***, P < 0.001.
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Encouraged by the excellent tumor-targeting and tumor
penetration ability of NP-DOX with NIR irradiation, we pro-
ceeded to evaluate its antitumor activity in mice bearing
orthotopic breast tumors. When the average sizes of tumors
reached about 60 mm?, the mice were administered with PBS,
free DOX, NP-DOX, DOX plus NIR irradiation, NP plus NIR
irradiation and NP-DOX plus NIR irradiation. Tumor volumes of
the mice were recorded every three days. From the results of the
tumor volumes, we found that NP and NP-DOX with NIR irra-
diation could potently inhibit tumor growth in mice (Fig. 3A
and B). By contrast, the tumors continued to grow in mice upon
the other four treatments (Fig. 3A and B). These results sug-
gested that NIR-induced hyperthermia was able to suppress
tumor growth. According to our previous report,' carbon
nanotubes embedded in the nanocarriers could convert NIR
efficiently into heat and consequently increase the tumor
temperature to be higher than 50 °C. Such a high temperature
prevented tumor growth. After the mice were sacrificed, the
tumors from the NP-DOX + NIR group were significantly smaller
than those from the NP + NIR group (Fig. 3C and D). These
results suggested that there might be synergistic chemo-pho-
tothermal effects against tumors.

Hematoxylin and eosin (H&E) staining was employed to
evaluate the antitumor efficacy of the nanoparticles. From H&E
images (Fig. 4A), more apoptotic or necrotic cells were found in
the NP-DOX plus NIR group in comparison to PBS and free DOX
groups (Fig. 4B). Fig. 4C displays the results of the Ki-67 assay.
With the aid of NIR irradiation, brown dots were reduced by NP-
DOX (Fig. 4D), which indicated a potent inhibitory effect on
tumor cell proliferation.
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Fig.3 (A) In vivo bioluminescence photographs to monitor the growth
of Luc-4T1 orthotopic tumors. (B) Quantification of bioluminescence
in mice. (C) Images of the tumors collected from different groups of
mice at the end of the treatments. (D) Average weights of tumors
collected from mice at the end of the treatments as indicated. *, P <
0.05; *** P < 0.001.
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Fig. 4 (A) Typical H&E-staining images of tumor sections obtained
from mice receiving the treatments as indicated. (B) Statistical data
were obtained from 4 sections per tumor and 4 tumors per treatment
group. (C) Typical immunohistology images of Ki-67-stained tumor
slices from 24 h treatment mice after injections. (D) Statistical data
were obtained from 4 sections per tumor and 4 tumors per treatment
group. *, P < 0.05; ** P < 0.01; *** P < 0.001.

Based on the superior therapeutic outcome of the photo-
thermal and chemotherapy, we next asked whether the dying
tumor cells might release a large amount of antigens and elicit
local immune response.” In particular, tumor cells undergoing
apoptosis could provide antigens for dendritic cells.”® As
professional antigen-presenting cells, dendritic cells play key
roles in the initiation and regulation of anticancer immunity.*”
Therefore, we further studied the effects of NPs on dendritic
cells. CD11c" dendritic cells are representative antigen-pre-
senting cells for the induction of antitumor immunity.>® We
found that NP-DOX with NIR irradiation significantly increased
the percentage of CD11c" dendritic cells, as compared with DOX
and NP-DOX without NIR irradiation (Fig. S1AY). Similarly, NP-
DOX with NIR irradiation significantly increased the percentage
of CD80'CD86" cells, as compared with DOX and NP-DOX
without NIR irradiation (Fig. S1Bt). These cells are mature
dendritic cells which may induce a cytotoxic T cell response.*
Based on these findings, we next tested the effects of DOX and
NP-DOX on CD8" cells that are cytotoxic T cells combating
cancer cells.** We found that NP-DOX with NIR irradiation also
increased the percentage of CD8" cells (Fig. S2AT), while that of
T helper cells CD4" remained almost unchanged (Fig. S2Bt).
NP-DOX/NIR-induced increase in CD8" cells was in agreement
with the increase in CD80'CD86" cells. Besides the anticancer
immunity, we have also examined the negative regulator such as
CD4'FoxP3" cells, which are regulatory T cells (Tregs) and could
be immunologic barriers for CD8" cells-mediated antitumor
immune response.*® Results indicated that the levels of
CD4'FoxP3" cells were similar between DOX, NP-DOX and NP-
DOX with NIR irradiation (Fig. S3t1). These results suggested
that NP-DOX with NIR irradiation might not suppress CD8" cell-
mediated antitumor immune response. Furthermore, we found
that CD11b'Gr-1" myeloid-derived suppressor cells were

This journal is © The Royal Society of Chemistry 2020
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significantly reduced by NP-DOX with NIR irradiation (Fig. S47).
As these cells have been suggested to be responsible for lung
metastasis of breast cancer,® the NP-DOX/NIR-induced
decrease in CD11b"Gr-1" cells might prevent the tumor metas-
tasis. These results provided preliminary data of NP-DOX/NIR-
associated immune response. Further mechanistic studies
would be required to elucidate how the immunologic system is
activated by nanomedicines against cancer.

Conclusions

In summary, we have demonstrated that photo/thermo-
responsive nanomedicines could provide synergistic chemo-
photothermal therapy in mice bearing orthotopic breast
tumors. The death of tumor cells upon NP-DOX and NIR might
elicit CD8" cell-mediated antitumor immune response to
further enhance the antitumor effects of NP-DOX. The findings
in this study validated the application of photo/thermo-
responsive nanomedicines in the orthotopic tumor model.
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