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New nano-reagents with diagnostic imaging and therapeutic functions are very important for precision
medicine against cancer. In this work, a new nanotheraontic agent for magnetic resonance imaging
(MRI) guided combined photothermal therapy (PTT) and chemotherapy was constructed based on
polydopamine (PDA) functionalized copper ferrite nanospheres (PDA@QCFNs). The high relaxivity makes it
possible for PDA@CFNs to become a promising MRI contrast agent, providing necessary and exhaustive
information for tumor diagnosis. In addition, because both CFNs and PDA have strong near-infrared
(NIR) absorption, PDA@CFNs exhibit excellent photothermal performance. Highly effective tumor
ablation is achieved in a mouse model through PTT and pH/NIR triggered on-demand chemotherapy.
These findings reveal that constructing smart pH/NIR responsive multifunctional theranostic agents is
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Introduction

Cancer is one of the leading causes of death in the world."*
Therefore, exploring anti-cancer treatment methods with a high
effectiveness is the focus of current research. Chemotherapy is
currently one of the main cancer treatments, but the intrinsic
deficiencies of chemical drugs, including poor solubility, fast
degradation, and serious side effects to healthy tissues/organs,
result in unsatisfactory treatment effect.>* Benefiting from the
rapid advances in nanoscience and nanomedicine, stimuli-
responsive drug delivery nanosystems have emerged as prom-
ising alternatives for on-demand chemotherapy,®® which exert
anti-cancer effects through various internal/external stimuli like
pH,'"  enzymes,”” redox-responsiveness,’”® temperature,
light,*** and magnetic fields. In recent years, many efforts have
been devoted to constructing drug delivery nanosystems stim-
ulated by the tumor microenvironment,””* showing high
specificity, high therapeutic efficacy, and fewer side effects. In
addition, drug delivery nanosystems present some unique
features against tumor microenvironments, such as low blood
vessel density, hypoxia, weak acidity, redox-responsiveness, and
enzyme overexpression. They are extremely important in regu-
lating tumor occurrence, proliferation and metastasis.>*>*
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a feasible strategy for precision cancer therapy.

However, with the use of chemotherapy on its own, it is difficult
to achieve satisfactory outcomes.

Photothermal therapy (PTT), as a minimally invasive alter-
native therapy for traditional cancer treatment, has received
widespread attention because of its high accuracy and good
safety for normal tissues.”®*** Currently, many nanomaterials
with robust absorption of near-infrared (NIR) and high light-to-
heat conversion efficiency have been efficaciously used for PTT
as photothermal agents, such as colloidal gold nanoparticles, as
either gold nanorods, gold nanoshells,***” copper sulfide
nanoparticles,”®** Mo-based polyoxometalate (POM) nano-
particles,*® carbon nanotubes®"** or palladium nanosheets.**3*
However, their further clinical applications have been limited
owing to the long-term safety. Polydopamine (PDA) has been
considered as the next generation of PTT agent due to its good
biodegradability, absence of long-term toxicity and high pho-
tothermal conversion efficiency (~40%).>**¢ Crucially, the active
shell of PDA serves as a good carrier for chemotherapy drugs®**
via w-m stacking and hydrogen bonding interactions.
Construction of PDA-based stimulus-responsive drug delivery
nanosystems improves the therapeutic effect of the combina-
tion of PTT and chemotherapy.

Herein, we have devised and constructed a theranostic agent
derived from copper ferrite nanospheres as the core and PDA as
the shell (PDA@CFNs) for MRI guided combinatorial PTT/
chemotherapy (Fig. 1). The CFNs exhibit inherently magnetic
properties and high absorbance in the NIR region. As a result,
they have been considered as good MRI imaging contrasts and
PTT agents. The PDA shell not only improved the photothermal
performances of CFNs, but also acted as the carrier of chemo-
therapy drugs (e.g:, doxorubicin, DOX, a commonly used
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Fig. 1 Schematic illustration for the design and synthesis of
PDA@CFNs-DOX for MRI-guided combined PTT and chemotherapy.

chemotherapy in clinic). Most importantly, the on-demand
drug release is realized by the acidity of tumor microenviron-
ments and NIR light irradiation. The improved therapy effect of
the combination of PTT and chemotherapy and fewer side
effects they induced have been proven through in vitro and in
vivo evidence. Therefore, the results showed that PDA@CFNs
are promising pH/NIR responsive multifunctional theranostic
agents for cancer therapy.

Results and discussion

CFNs were synthesized according to the literature published
earlier with minor modifications.* The X-ray diffraction (XRD)
pattern of CFNs shows that all diffraction peaks could be well
indexed to the cubic spinel structure of CuFe,0, (JCPDS 25-
0283, Fig. S1 in ESIf). As shown in the scanning electron
microscopy (SEM) image and transmission electron microscope
(TEM) image (Fig. 2A and B), the uniform CFNs are obtained,
and the average diameter is about 100 nm. The result of X-ray

Fig. 2 (A) SEM of CFNs. (B) TEM of CFNs. (C) SEM of PDA@CFNSs. (D)
TEM of PDA@CFNs.
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Fig. 3 (A) Plots of temperature over a period of 600 s versus the

concentration (200 pg mL™%) of CFNs and PDA@CFNSs. (B) Tempera-
ture curve of different concentrations of PDA@CFNSs (0, 50, 100, 200,
and 400 pg mL™Y) under an 808 nm laser (1.5 W cm™2). ***p < 0.05 by
Student's two-tailed t test.

photoelectron spectroscopy (XPS) is further verified the
composition of CFNs, which contains Cu, Fe, and O elements
(Fig. S21). After coating CFNs with PDA shell, the SEM and TEM
images exhibit that the PDA@CFNs we obtained are still show
uniform and monodispersed morphology with the thickness of
the PDA shell of 25 nm (Fig. 2C and D). The appearance of the N
peak in the XPS spectrum of PDA@CFNs proved that the PDA
shell has been successfully coated on the surface of CFNs.
Moreover, the PDA shell makes PDA@CFNs disperse well in
water, and the hydrodynamic size is about 200 nm (Fig. S37).

PDA®@CFNs exhibit stronger absorbance in the near-infrared
(NIR) region than that of CFNs due to the self-polymerization
process of dopamine (Fig. S41). Then we investigated the pho-
tothermal performances of CFNs and PDA@CFNs by irradiating
with 808 nm laser (1.5 W cm™?). Although the temperature of
both CFNs and PDA@CFNs solutions increased with the irra-
diation time extending, PDA@CFNs displayed better photo-
thermal conversion properties, as shown in Fig. 3A. After 600 s
exposure to laser, the temperature of PDA@CFNs rapidly
increased to 65 °C at the concentration of 400 pg mL™*, which
could kill the cancer cells effectively (Fig. 3B). Infrared thermal
images further illustrate the excellent photothermal perfor-
mances of PDA@CFNSs (Fig. S51). The photothermal conversion
efficiency is calculated to be 38.2%, which could be attributed to
the PDA shell (Fig. S61). Such high photothermal conversion
efficiency and good photothermal stability indicate PDA@CFNs
are potential candidates for PTT.

Subsequently, through strong -7 stacking and hydrogen
bond interaction, we loaded anti-cancer drug DOX on the
surface of PDA@CFNs at a content of 648.58 pug mg ™. Different
pH conditions were used to study the durative release behavior
of the drug. The drug release is obviously depending on the pH
value as it shows in Fig. 4A. However, the release rate of DOX is
still slowly even at the condition of pH 5.0, which helps in long-
term continuous treatment of cancer without frequent admin-
istration. All of them achieved a faster release rate after irradi-
ation with 808 nm laser (1.5 W cm ™2, 10 minutes per pulse)
(Fig. 4B), indicating that the drug release of PDA@CFNs is
responsive to pH and NIR laser. These results show that
PDA@CFNs could act as promising smart stimuli-responsive
drug delivery nanosystems for on demand chemotherapy.

RSC Adv, 2021, 11, 6472-6476 | 6473
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Fig. 4 (A) DOX release from PDA@CFNs-DOX at pH 7.4, pH 6.6, pH
6.0 and pH 5.0 at 37 °C. (B) NIR-triggered release of DOX from
PDA@CFNs-DOX at pH 7.4, pH 6.6, pH 6.0 and pH 5.0, which were
irradiated with an 808 nm NIR laser (1.5 W cm™2) for 10 min at different
time points. *p < 0.05 and **p < 0.01 by Student's two-tailed t test.

For further biological application, we evaluated the potential
cytotoxicity of PDA@CFNs through CCK-8 assay using mouse
colon cancer cells (CT26). As shown in Fig. 5, after CT26 cells
incubating with different concentration of PDA@CFNs (from
12.5 to 200 pg mL~") for 24 h, the cell viability is close to 90%
even at a high concentration of 200 pg mL™', indicating
PDA®@CFNs have no obvious cytotoxicity to CT26 cells. These
findings illustrate that PDA@CFNs are provided with low cyto-
toxicity and good biocompatibility.

Inspired by the above-mentioned results, we further inves-
tigated anticancer ability of PDA@CFNs in vitro and in vivo.
CT26 cells were coped with free DOX, PDA@CFNs and
PDA@CFNs-DOX with and without NIR laser irradiation.
PDA@CFNs-DOX showed better anticancer ability than that of
free DOX as shown in Fig. 5B, which could be ascribed to that
PDA@CFNs-DOX are more liable to internalization into cancer
cells. It can be proved by a confocal laser scanning microscope
(CLSM) (Fig. S77). The result shows CLSM images of CT26 cells
incubated with free DOX and PDA@CFNs-DOX for 0.5 h, 1 h and
3 h at 37 °C. Obviously, the stronger red fluorescence can be
seen from the cells incubated with PDA@CFNs-DOX than that
from free DOX, demonstrating that PDA@CFNs are good carrier
for DOX. Compared with single chemotherapy and PTT,
PDA@CFNs-DOX showed the most effective anticancer effect
after exposed to NIR laser for 10 minutes. This result can be
further proved by the live—dead cell staining technique
(Fig. S8t). The significantly improved treatment effect is
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Fig. 5 (A) Cell viability of CT26 cells treated with different concen-
trations of PDA@CFNs (12.5, 25, 50, 100 and 200 pg mL~Y) determined
by the CCK-8 assay. (B) Cell viability of CT26 cells incubated with free
DOX, PDA@CFNs-DOX, PDA@CFNs + NIR, and CFNs @PDA-DOX +
NIR. ***p < 0.001 by Student's two-tailed t test.
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Fig. 6 In vivo thermal imaging of mice at 24 h after treatment with
saline (control) +NIR and PDA@CFNs-DOX + NIR.

attributed to the excellent photothermal performances of
PDA@CFNs, which can trigger and accelerate the DOX release
into cells as well as kill cancer cells by photothermal effect.
Importantly, the enhanced anti-cancer efficacy of chemotherapy
combined with PTT can reduce side effects of chemotherapy
drug.

Subsequently, CT26 cancer cells were planted into the right
axilla of female Balb/c mice to establish CT26 tumor-bearing
mice model to further study the efficacy of tumor suppres-
sion. All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of Jilin
University and experiments were approved by the Animal Ethics
Committee of the First Hospital of Jilin University. Then we
randomly divided CT26 tumor-bearing mice into six groups: (a)
saline (control group), (b) 808 nm laser (NIR group), (c)
PDA®@CFNs, (d) PDA@CFNs + 808 nm laser, (¢) PDA@CFNs-
DOX, (f) PDA@CFNs-DOX + 808 nm laser. The surface temper-
ature changes of the tumor area irradiated with NIR laser for 10
minutes were monitored by using an infrared thermal imaging
camera after the injection of PDA@CFNs-DOX. As shown in
Fig. 6, the tumor temperature quickly rises above 50 °C, which is
sufficient to ablate the tumor in the body. On the contrary, even
when exposed to the NIR laser under the same circumstances,
the tumor injected with saline did not heat up significantly.
Such results indicate that PDA@CFNs-DOX has good photo-
thermal properties in vivo. The tumor size and body weight of
the mice were measured every other day (Fig. 7A and B). During
treatment, no reduction in body weight in all groups over time,
which indicates that the treatment drugs have no obvious acute
toxicity. As shown in Fig. 7B, compared with the control group
and laser group, the tumor growth after single chemotherapy
and PTT was slightly slower, but the tumor could not be
completely eliminated at the 6™ days. By comparison, the
tumors treated with PDA@CFNs-DOX and NIR irradiation were
completely eradicated within 6 days and didn't recur within 14
days (Fig. 7B and C), indicating that synergistic effect of
chemotherapy and PTT have improved the therapy effect.
Interestingly, the tumor of single PTT group gradually reduced
and disappeared after 14 days treatment, indicating the good
treatment effect of PTT, which could be ascribed to the good
photothermal effect of both PDA and CFNs. The survival rates of
mice of PTT/chemotherapy group and PTT group are obvious

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Body weight. (B) Relative tumor volume of the mice after
treatment with saline as a control, control + NIR, PDA@CFNs,
PDA@CFNs + NIR, PDA@CFNs-DOX, PDA@CFNs-DOX + NIR. (C)
Photographs of excised tumors from epresentative euthanized mice
after various treatments on the 6th day (D) survival rates of six groups
of mice (n = 5) as a function of time post-treatments. (E) H&E staining
of tumor slides from CT26 tumor bearing mice on the 5th day. *p <
0.05, **p < 0.01 and ***p < 0.001 by wilcoxon rank sum test.

higher than that of other groups (Fig. 7D). In addition, the
histological analysis (H&E staining) of tumor tissue further
showed that compared with other treatments, synergistic PTT/
chemotherapy damaged the tumor tissue more severely
(Fig. 7E).

Due to their inherent paramagnetic properties (Fig. 8A), we
assessed the potential of PDA@CFNs as T,-weighted MRI
contrast agent. As shown in Fig. 8B, the T, MRI signal intensity
of PDA@CFNs decreased sharply as the Fe concentration
increase, and through calculation, the value of transverse
relaxation (r,) is determined to be 142.05 mM ' s™". In order to
further evaluate its ability to be used as a promising contrast
agent in vivo MR imaging, the CT26 tumor-bearing mice
received a tail vein injection of PDA@CFNs. A significant
blackening effect was noticed in the tumor area with the
extending of injection time, as shown in Fig. 8C, indicating that
PDA@CFNs can accumulate at the tumor area by enhanced
permeability and retention effect (EPR).***> These results prove
that PDA@CFNs can be used as a T,-weight MRI contrast agent
in vitro and in vivo.

To further assess the potential of PDA@CFNs in bio-
applications, we investigated their long-term toxicity after
injection 30 days. The blood routine and blood biochemical
analysis showed that there was no significant difference
between the experiment group and control group (Fig. S91). In
addition, the main organs of the heart, liver, spleen, lung and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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venous injection of PDA@QCFNs at 0, 1, 2 and 24 h.

Low

kidney were collected and analyzed by H&E staining. As shown
in Fig. $10,T no obvious tissue damage or inflammatory lesions
were observed in all major organs. These results indicate that
PDA@CFNs exhibit good biocompatibility and low long-term
toxicity, which makes it promising as a nanothernostic agent
for clinical application.

Conclusions

In summary, we successfully constructed the PDA functional-
ized CFNs nanocomposites for MRI-guided PTT/chemotherapy
synergistic therapy. Because both CFNs and PDA have strong
NIR absorption capacity, PDA@CFNs exhibit excellent photo-
thermal performance. In addition, PDA shells enable nano-
composites act as carrier of chemotherapy drugs, and achieve
PH/NIR light responsive on-demand drug release, reducing
the adverse side effects of chemotherapy drugs. Compared with
single PTT and chemotherapy, PDA@CFNs showed significantly
improved therapeutic effects in vitro and in vivo. The high
relaxivity of PDA@CFNs makes it serve as good MRI contrast
agent, which provides necessary and exhaustive information for
tumor diagnosis. Such good biocompatibility, high synergistic
antitumor effect, and low side effects indicate PDA@CFNs
promising candidates for future tumor treatments.
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