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In recent years, imaging-guided photothermal tumor ablation has attracted intense research interest as one
of the most exciting strategies for cancer treatment. Herein, we prepared polydopamine and graphene
quantum dot-capped Prussian blue nanocubes (PB@PDA@GQDs, PBPGs) with high photothermal
conversion efficiency and excellent fluorescence performance for imaging-guided cancer treatment.
Transmission electron microscopy (TEM), UV-vis absorption spectroscopy (UV-vis), fluorescence
spectroscopy, and X-ray photoelectron spectroscopy (XPS) were employed to characterize their
morphology and structures. The photothermal conversion efficiency and therapeutic effect were

evaluated in vitro and in vivo. Results revealed that this nanoagent had excellent biocompatibility and

iii:g’ti% 151;?22?5:;;32);?20 enhanced the photothermal effect compared to blue nanocubes (PBs) and polydopamine-capped
Prussian blue nanocubes (PB@PDA, PBPs). Therefore, our study may open a new path for the production

DOI: 10.1039/d0ra10451d of PB-based nanocomposites as theranostic nanoagents for imaging-guided photothermal cancer

Open Access Article. Published on 24 February 2021. Downloaded on 7/30/2025 10:15:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances treatment.

1 Introduction

Cancer is one of the most fatal health problems worldwide,
thereby forcing researchers to look for effective diagnosis and
treatments."” However, routine single diagnostic or therapeutic
methods for cancer are not efficacious and often result in
unsatisfactory therapeutic effects, such as damage to normal
tissues and drug resistance. Designing an intelligent nano-
carrier integrating multifunctional diagnostic and therapeutic
methods has attracted broad attention in cancer therapy.’**®
Tremendous efforts have been devoted to developing new ways
for cancer diagnosis and therapy.”® Theranostic nanoagents,
integrating diagnostics, and therapeutic moieties in a single
platform have become promising candidates. Various nano-
materials, including Au-based nanostructures,”** carbon
nanomaterials,®® copper sulfide hybrids,"” " iron oxide-based

“Public Experimental Research Center, Xuzhou Medical University, Tong Shan No. 209,
Xuzhou City, 221004, Jiangsu 221004, China. E-mail: qlhuang@xzhmu.edu.cn;
qlhuang@yzu.edu.cn; Fax: +86-516-83262091

’Key Laboratory of Biotechnology for Medicinal Plants, Jiangsu Province and School of
Life Sciences, Jiangsu Normal University, Xuzhou, Jiangsu 221116, China

‘Medical Technology School, Xuzhou Medical University, Xuzhou, Jiangsu 221000,
China

“Department of Physiology, Xuzhou Medical University, Xuzhou, Jiangsu 221004,
China

T Electronic  supplementary
10.1039/d0ra10491d

information (ESI) available. See DOIL

8420 | RSC Adv, 2021, 1, 8420-8429

nanoparticles,”* polymer nanostructures,*** and Prussian
blue (PB) nanocomposites®*>° have been extensively explored as
promising theranostic nanoagents for ablating cancer. Among
these theranostic nanoagents, Prussian blue (PB)-based nano-
agents have unique advantages owing to their high bioavail-
ability and safety.>**® Prussian blue is a typical FDA-approved
clinical drug for the safe and effective treatment of radioactive
exposure. A high absorbance in the NIR region (650-900 nm)
and an excellent conversion capability can be obtained due to
the charge transfer transition between Fe(u) and Fe(ur). During
past decades, PB has been explored as an excellent photo-
absorbing agent for both photothermal therapy (PTT) and
photoacoustic (PA) imaging due to its strong optical absorbance
in the NIR region, high photothermal conversion efficiency, and
superior photothermal stability.>>°

Photothermal therapy (PTT), as a non-invasive and laser-
based methodology to specifically “burn” cancer cells in the
presence of photo-absorbing agents, has attracted much
attention.*** Compared to traditional cancer treatments, PTT
is regarded as a less invasive but efficient tumor-therapeutic
alternative wherein therapeutic effects only occur when
a certain body tissue is exposed to near-infrared (NIR) laser and
accumulates the PTT agent, which is a promising method to
overcome the therapeutic dilemma of cancer with minimal
invasive damage to the surrounding healthy tissue.*** For PTT,
a very important point is the fabrication of photothermal
conversion agents with high biocompatibility, biosafety, and
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photothermal conversion efficiency. A variety of photothermal
conversion agents have been explored, such as various noble
metal nanostructures, carbon nanomaterials, copper chalco-
genides, and organic compounds.®* Though some progresses
have been achieved, the intrinsic instability and potential
toxicity of these nanomaterials have limited their further clin-
ical translations. PB nanomaterials are considered as good
candidates for PTT due to their high biocompatibility and
safety.”*** However, PTT using bare PB nanoparticles (NPs)
often suffers from many disadvantages including the lack of
protection from degradation and low stability in aqueous
media, which limits their further application. Recently, poly-
dopamine (PDA) has been designed to be coated on PB nano-
materials, which gives NPs appropriate bioavailability and
stability.**"” PDA, which is structurally similar to natural
melanin, promises a number of bio-applications in drug
delivery, diagnosis, and therapy due to its many striking phys-
icochemical properties (adhesive, biocompatible, and biode-
gradable).***° Furthermore, PDA has also been demonstrated to
have excellent photothermal activity, which is promising for
photothermal therapy. Therefore, coating PDA on the surface of
PB may result in a composite material with enhanced photo-
thermal performance and better biocompatibility and stability.

As a new therapeutic method, PTT cannot obtain an ideal
therapeutic effect without any imaging techniques in some
cases. Imaging-guided photothermal tumor ablation has
attracted intensive research interests as one of the most exciting
strategies for cancer treatment.**** The combination of fluo-
rescence optical imaging and photothermal therapy displays
huge advantages. Under the fluorescence optical imaging mode,
the parameters of tumors and theranostic nanoagents could be
studied before therapy; the treatment procedure could be
monitored in real-time during therapy; the effectiveness of the
therapy could be assessed after the therapy. As recently devel-
oped fluorescent nanoparticles, graphene quantum dots
(GQDs) are used in fluorescence optical imaging, exhibiting
several advantages over their predecessors, which makes them
excellent alternatives for bio-imaging and image-guided
therapy: (i) GQDs have unique photoluminescence (PL) with
high quantum yield; (ii) GQDs can be easily modified with
tumor targeted molecules; (iii) GQDs have excellent solubility
and chemical inertness, which are beneficial for facilitating safe
and efficient therapy; (iv)] GQDs are a cost-effective and
environment-friendly preparation, which can hardly be realized
with conventional semiconducting quantum dots.>*>*

Owing to the above advantages, we have synthesized
a versatile PB@PDA@GQDs (PBPGs) nanocomposite as an
effective therapeutic agent, which combines PTT and fluores-
cence optical imaging in this work. The fluorescence properties,
photothermal conversion performance, and biocompatibility of
PB@PDA@GQDs (PBPGs) were examined. The as-prepared PBPGs
showed low cytotoxicity, good fluorescence performance, and
excellent photothermal conversion in vitro and in vivo. Importantly,
with the combination of PDA, GQDs, and PB, better therapeutic
effects on the tumor were achieved. Thus, this work opens up a new
access to enhance the photothermal conversion efficiency of
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nanomaterials as promising multifunctional theranostic nanoplat-
forms for biomedical applications.

2 Materials and methods

2.1 Chemicals and materials

K;3[Fe(CN)g], (NH,4),Fe(SO,), - 6H,0, hyaluronic acid (HA, MW < 8 k),
dopamine hydrochloride, carbodiimide (EDC), and N-hydrox-
ysuccinimide (NHS) were purchased from Aladdin Reagent Co., Ltd.
Graphene quantum dots (GQDs) was obtained from XFNANO Co.,
Ltd. (Nanjing, China). Cell counting kit-8 (CCK-8) was purchased
from VICMED Biotechnology Co., Ltd. (Xuzhou, China). Dulbecco’s
Modified Eagle Medium/F12 (DMEM/F12), penicillin-streptomycin,
and fetal calf serum (FBS) were purchased from CLARK Bioscience
Co., Ltd. (USA). All chemicals are analytically pure and were used as
received without further purification. Deionized water was used
throughout the experiments.

2.2 Synthesis of PB nanocubes (PBs)

PB nanocubes were synthesized by a method according to the
early report.*® Typically, 20 mL of 1.0 mM (NH,),Fe(SO,4),-HA
solution (containing 189 mg HA) was slowly dropped into the
as-prepared 1.0 mM K;[Fe(CN)g]-HA solution (20 mL, contain-
ing 189 mg HA) under stirring at 90 °C. Also, a blue dispersion
was formed immediately and continually stirred for another 6 h.
Then, the resulting precipitates were obtained via centrifuga-
tion (10 000 rpm, 5 min) and washed with deionized water to
obtain HA-modified PB nanocubes (PBs). To facilitate the
characterization, a part of the PBs was vacuum-freeze dried and
another part was re-dispersed in water.

2.3 Synthesis of PB@PDA nanocomposites (PBPs)

Briefly, PB (1 mg), EDC (0.1 mg), and NHS (0.12 mg) were dissolved
in 2 mL deionized water in a plastic centrifuge tube under dark
conditions for 12 h. After centrifugation, activated PBs was obtained.
Then, dopamine hydrochloride (1.5 mg) was added to the above
suspended solution (1 mL deionized water) under oscillating
conditions, which was kept overnight. Then, the resulting products
were collected by the same method as that for the PBs.

2.4 Preparation of the PB@PDA@GQDs nanocomposites
(PBPGs)

0.5 mg PBPs were dispersed in 1 mL deionized water by ultra-
sonication. Then, 2 mL (1 mg mL ") GQDs were added to the above
solution at 60 °C and oscillated for 6 h. Then, the resulting products
were collected by the same method as that for the PBs.

2.5 Characterization

The morphology of all the samples was studied using trans-
mission electron microscopy (FEI Tecnai 12). The composition
of the PBPGs was studied on a high-resolution transmission
electron microscope (HRTEM, FEI F-30). The UV-vis absorption
spectra and fluorescence spectra were acquired on a Shimadzu
UV-2550 spectrophotometer in the range of 200-1000 cm ™’
(Varian, America) and an FLS980 Series of Fluorescence

RSC Adv, 2021, 11, 8420-8429 | 8421


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10491d

Open Access Article. Published on 24 February 2021. Downloaded on 7/30/2025 10:15:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Spectrometers (Edin, England), respectively. The X-ray photo-
electron spectra (XPS) were obtained on an ESCALAB 250Xi
system (Thermo Scientific, America). The cell viability was
measured by a Mode 680 Microplate Reader (BIO-RAD, USA).
The fluorescence images of the cells were acquired on a SP5
confocal laser scanning microscope (CLSM, Leica) upon exci-
tation at 405 nm.

2.6 Photothermal performance

The photothermal effect was studied on an 808 nm NIR laser of
Beijing Viasho Technology Co. The temperature of the as-
prepared samples was obtained by an infrared thermal
camera (Fotric S225). For photothermal effect measurement, the
as-prepared samples were exposed to the same NIR irradiation
(808 nm, continuous wave, 1 W, 300 s), and the temperature change
and the photothermal images were recorded using an infrared
thermal camera (Fotric S225). The photothermal conversion effi-
ciency (n) was calculated according to the early literature.*® Also, an
aqueous dispersion of PBPGs (0.5 mg mL~") was irradiated by an
808 nm laser (1 W ¢cm ™ ?) for 3 consecutive laser-on/off cycles to
obtain the photothermal stability.

2.7 Cell viability assay and photothermal toxicity in vitro

The cytotoxicity of the as-prepared samples toward mice normal
neuroglial cell lines BV2 and the glioma cancer cell C6 was
tested according to a standard CCK-8 method. The absorbance
of the solution at 450 nm was measured using a microplate
reader. Three independent experiments were carried out to
obtain the cell viability and photothermal toxicity.

2.8 Invivo infrared thermal imaging

Normal (NS, 100 pL), PBs, PBPs, and PBPGs were injected
intravenously into the tumor of the mice. The infrared thermal

View Article Online
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images and spatial temperature distributions of the tumors
were obtained on an infrared thermal camera (Fotric $225)
during laser irradiation (808 nm, 1 W cm™?) for 3 min.

2.9 In vivo tumor growth study

Male Balb/c mice (8 weeks) were obtained from Xipuer-BiKai
experimental animals Co., Ltd (Shanghai, China). All the
animal studies were approved by the Institutional Animal Care
and Treatment Committee of the Xuzhou Medical University.
C6 cells (1 x 107 cells per mL in PBS) were subcutaneously
injected into the right flanks of the Balb/c nude mice to estab-
lish the glioma mouse model. Five groups (n = 4 per group)
were used in the in vivo photothermal experiments: (i) the
control group mice without laser exposure and injection of
nanomaterials; (ii) the control group mice with irradiation but
no injection nanomaterials; (iii-v) the groups with irradiation
and injection of different nanomaterials (iii-PBs, iv-PBPs, v-
PBPGs) of 6 mg kg '. During the treatment, the size of the
tumors and the body weights of the mice were monitored every
two days for 2 weeks. The volume of the tumors was calculated
using (tumor length) x (tumor width)*/2. Finally, the tumors
were harvested and collected immediately for H&E and Ki67
staining.

3 Results and discussion

The morphology and size of the as-prepared samples were
observed from the transmission electron microscopy (TEM)
images. It can be found that the PB nanoparticles have a cubic
shape with a size of about 50 nm, as shown in Fig. 1a. There is
a vague thin coating layer on the nanoparticle surface due to
a small amount of hyaluronic acid on the surface of Prussian
blue. After the introduction of dopamine hydrochloride
(Fig. 1b), there was an obvious coating layer on the outer of PB,

[— T

————— 50 nm

————— 50 nm

————— 50 nm —————— 50 nm

Fig. 1 TEM images of (a) PBs, (b) PBPs, (c) PBPGs, and (d) EDS mapping of PBPGs (green-Fe, orange-N, yellow-O and red-C).
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which reflected that PDA was formed successfully on the surface
of PB. For PBPGs, it showed uniform distribution of the nano-
particles on the surface of the PDA-coated PB NPs due to the
presence of GQDs on its surface in Fig. 1c. The successful
preparation of PBPGs was also demonstrated by energy dispersion
spectrum (EDS) elemental mapping. It is clear that four elements
marked by different colors (iron-green; nitrogen-orange; oxygen-
yellow; carbon-red) were found in Fig. 1d. It is obviously that the
PBPGs nanocomposites were prepared in our work.

UV-vis and fluorescence spectroscopy were carried out to
investigate the formation of these nanocomposites. The repre-
sentative images and UV-vis spectra of the as-prepared samples
(GQDs, PBs, PBPs, and PBPGs) are shown in Fig. S11 and Fig. 2a.
Obviously, the color of the sample changed from blue to black
when the PBPGs were obtained (Fig. S1t). A broad absorption
(550-900 nm) was found in the PB cubes in Fig. 2a due to the
charge carrier hopping of Fe>* and Fe*'. In the spectrum of
PBPs, a slight blue-shift was seen compared to that of the
pristine PB cubes. However, there is little change in the
absorption spectrum of the PBPGs due to the insignificant
absorption of GQDs. Fig. 2b represents the fluorescence spectra
of all the samples. Before the presence of GQDs, the fluores-
cence signals for PB and PBPs cannot be found. After the GQDs
were introduced, a weak peak at 438 nm in the PBPGs was found
in spite of the fluorescence quenching of GQDs on PDA.
Considering the properties of PDA, the fluorescence spectra of
PBPGs in different pH solutions were also acquired. It can be
found that a strong fluorescence emission of PBPGs was found
at pH 5.5 in Fig. 2¢, which should be derived from the GQDs
dissociating on the surface of PDA. Clearly, these results further
confirmed the successful preparation of polydopamine and
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graphene quantum dot-capped Prussian blue nanocubes.
Moreover, the zeta potential of the nanocomposites was also
measured to monitor and verify the successful formation of the
PBPGs. As can be observed in Fig. 2d, there is an obvious change
in the zeta potential of PBs, PBPs, and PBPGs, indicating the
composition change on the surface of the PBs.

XPS analysis provides detailed information on the chemical
composition of the as-prepared nanocomposites. Though the
same elements (C, N, O, and Fe elements) exist in the PB and
PBPGs in the fully scanned spectra demonstrated (Fig. 3a1 and
b1), there is tremendous difference in the detailed electronic
states of the elements' higher-resolution spectra. In Fig. 3a2, the
C 1s spectrum of PBs displayed the presence of C-C (284.8 eV),
C-N (285.6 eV), C-OH (286.6 eV), C=0 (287.6 eV), and O-C=0
(288.8 eV) species. By comparison, the proportion of C-N (285.7
eV), C-OH (286.6 eV), and C=0 (287.7 eV) species was signifi-
cantly increased in the C 1s spectrum of the PBPGs in Fig. 3b2,
which is mainly derived from PDA and GQDs.***® Similarly, in
contrast to the N 1s signal in PBs (Fig. 3a3), different signals
were observed in PBPGs (Fig. 3b3) due to the linkage of PDA and
GQDs.**** The high-resolution N 1s spectrum of PBPGs
(Fig. 3b3) could be deconvoluted into five deconvoluted peaks
centered at 397.9 eV, 399.8 eV, 400.6 eV, 401.8 eV, and 402.9 eV,
which are assigned to Prussian blue N (-N=C), pyridinic N (N
doped GQDs), pyrrolic N (PDA), graphitic N (N doped GQDs),
and hyaluronic acid N (-N-C), respectively.***¢ The binding
energies of Fe 2p;, and Fe 2p,, were observed at 712.2 and
721.4 eV, respectively, which originated from the presence of
Fe*" in PB (Fig. 324 and b4).”” Another peak centered at 708.5 eV
can be ascribed to the Fe 2ps, of [Fe (CNg)]>~.>” Taken together,
the results confirmed the successful synthesis of the PBPGs.

(b)

Intensity (a.u)

400 500 600 700
Wavelength (nm)

(d)

Zeta Potencial (mV)

-604

(a) UV-vis, (b) fluorescence spectra of the prepared samples, (c) fluorescence spectra of PBPGs at different pH, and (d) zeta potential of the
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Fig. 3 XPS spectra of PBs (al—-a4) and PBPGs (b1-b4).

PB-based composites have good photothermal conversion
performance, which could be used as photothermal agents to
treat cancer under NIR irradiation. The photothermal perfor-
mances of the as-prepared samples are shown in Fig. 4. The
temperature elevation of the aqueous dispersions of PBPGs with
different concentrations is given in Fig. 4a and b. As shown in
Fig. 4a and b, the temperature increased quickly with the
concentration of the PBPGs suspension under NIR laser irra-
diation. The temperature for 500 pg mL~' concentration
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increased to 29.9 °C after 5 min irradiation of the 808 nm laser,
which clearly demonstrated that PBPGs had favorable photo-
thermal performance (Fig. 4b). The photothermal performances
of PBs, PBPs, and H,O were also studied under the same
experimental parameters. Fig. 4c and d exhibited the tempera-
ture elevation of aqueous dispersions of PBs, PBPs, and H,0O
(500 pg mL™") under the same NIR irradiation (808 nm,
continuous wave, 1 W, 5 min). As the control, the temperature of
pure water was only increased to 1.6 °C, and those of PBs and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) IR thermographic images of PBPGs at different concentrations acquired at 0, 1, 2, 3, 4, and 5 min (from left to right). (b) The corre-

sponding photothermal conversion curves. (c) IR thermographic images of different samples with 500 pg mL™! concentration acquired at 0, 1, 2,
3,4, and 5 min (from left to right). (d) Photothermal conversion curves of different samples with 500 pg mL™. (e) Photothermal stability of PBPGs

for three consecutive cycles.

PBPs rose to 23.4 °C and 24.4 °C, respectively. Compared with
the other samples, the highest temperature rise curves (29.9 °C)
indicated that PBPGs had excellent photothermal conversion
ability. To investigate the photothermal stability, three cycles of
laser on/off irradiation at a power of 1 W cm™> were also catried
out, as shown in Fig. 4e. Comparing the results of the three
cycles, no noticeable temperature attenuation is observed,
which indicates the good photothermal stability of the PBPGs.
The calculated photothermal conversion efficiency (PCE 7) is
46.5%, which is higher than that of the PB nanoparticles
(36.7%) and carbon dots/PB nanocomposites (~30%) reported
in early literatures®?” (Fig. S2+).

For a cancer therapeutic agent, high safety and cyto-
compatibility in vitro are essential. To show the high safety and
in vitro cytocompatibility of PBPGs, normal neuroglial cell line
BV2 and the glioma cancer cell C6 were incubated for 24 h with
a concentration range of the as-prepared samples in Fig. S37
and Fig. 5. The as-prepared samples have no toxicity to normal
glial cells BV2 in Fig. S3.1 For glioma cancer cell C6, over 80% of
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the C6 cells survived at all the testing concentrations, implying
the low cytotoxicity of PBPGs in Fig. 5a. Photothermal therapy,
as a minimally invasive therapeutic methodology, is a prom-
ising method to eliminate the cancer cells. The anticancer
performances of PBPGs in vitro by photothermal therapy
methods are discussed in Fig. 5b. It can be seen that there were
almost no dead cell for all the groups with the as-prepared
samples. However, under laser irradiation, the C6 cell viability
of PBPGs was only 8%, which is the lowest in all the testing
samples under NIR laser irradiation. This means that 808 nm
light activated the PBPGs, which had a lethal effect on the
cancer cells.

The PTT efficacy of PBPGs was further investigated in vivo, as
shown in Fig. 6. Fig. 6a provides the real-time IR thermal photos
of the tumor-bearing mice treated with different nanomaterials
(NS, PBs, PBPs, and PBPGs) exposed to 808 nm laser (1 W cm™?)
for 3 min. It can be seen that the saline-injected tumor (NS)
appears pink-red without an obvious change during the irradi-
ation time. There was a little change in the temperature of the
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(a) The viability of the C6 cells detected by the CCK8 assay after incubating with different nanomaterials with different concentrations. (b)

The viability of the C6 cells detected by the CCK8 assay after incubating with different nanomaterials of 200 pg mL~* concentration under laser

irradiation or without laser irradiation.
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Fig. 6 (a) IR thermal images of tumor-bearing mice treated with different samples (NS, PBs, PBPs, and PBPGs) under 808 nm laser (1 W cm™2)
irradiation. (b) Photos of the tumor-bearing mice and the tumors after two weeks with different injection groups (I (NS), Il (NS + laser), and Il1-V
(PB + laser, PBPS + laser, and PBPGs + laser)). (c) The curves of the relative volume of the tumors from different mice with different injection
groups (I (NS), Il (NS + laser), and llI-V (PB + laser, PBPS + laser, and PBPGs + laser)). (d) The curves of the weight of the tumors from different

mice with different injection groups (I (NS), Il

irradiated region during 3 min, with a low elevation (2.3 °C). For
the PBs- and PBPs-injected tumors, the irradiated tumor region
exhibited a medium color change. However, the irradiated
tumor in the PBPGs-injected mice showed obvious color change
from pink-red to bright yellow, and its temperature goes up
rapidly from 37.3 °C to 56.2 °C in 3 min. Clearly, PBPGs has the
highest PTT efficacy in vivo. To further investigate the thera-
peutic effects of the tumor, the mice in these five groups were
observed for 14 days and were sacrificed to harvest the tumors at
the 14th day. The relative volumes of the tumors in the mice
were measured every two days. The photos of the tumor-bearing
mice and the curves of the tumor volume and weight (five
groups: I (NS), IT (NS + laser), and I1I-V (PBs + laser, PBPs + laser,

Dapi

PBs

PBPGs

Fluorescence

(NS + laser), and llI-V (PB + laser, PBPS + laser, and PBPGs + laser)).

and PBPGs + laser)) are shown in Fig. 6b-d. It can be found that
the relative volume of the tumors from groups I (NS) and II (NS +
laser) goes up rapidly in 14 days, respectively (Fig. 6¢c). However,
the relative volumes of tumors in group II-V (PB + laser, PBPS +
laser, and PBPGs + laser) obviously goes up slowly in 14 days. In
particular, for group V (PBPGs + laser), there is hardly any
change in the relative volume of the tumors, suggesting the
effective inhibition of tumor growth (Fig. 6c¢). Simultaneously,
the tumor weight in these five groups exhibits a similar trend in
Fig. 6d, revealing the high PTT efficacy of the PBPGs.

It is well known that bio-imaging can be used to guide the
design of the photothermal therapy. PBPGs could be used as
optical nanoprobes for bio-imaging at the cellular level due to

Merge

Fig. 7 CLSM images of C6 cells incubation with PBs and PBPGs (blue refer to nucleus; green refers to fluorescence emission).
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Fig. 8 TEM images of (a and b) C6 cells and (c and d) C6 cells incubated with PBPGs for 12 h.

their unique fluorescence properties and biocompatibility.
Fig. 7 shows the confocal laser scanning microscopy (CLSM)
images of the C6 cells treated with PBs and PBPGs. It can be
found that no any fluorescence emission was seen in the cyto-
plasm of the C6 cells incubated with PBs. However, obvious
green fluorescence emission was seen in the cytoplasm of the
C6 cells incubated with PBPGs under 405 nm laser excitation,
which indicated that PBPGs could be efficiently taken up by the
C6 cells. However, almost no fluorescence emission was seen in
the cytoplasm of normal glial BV2 cells incubated with PBPGs

Heart

NS

PBPGs

Spleen

under the same experimental condition in Fig. S4.7 It was found
that PBPGs possessed great promise in serving as effective
optical nanoprobes in tumor diagnosis and treatment due to
the acidic microenvironment in the tumor.

The uptake of PBPGs by Cé6 cells was further confirmed by
TEM. As shown in Fig. 8a, there are no nanoparticles in C6 cells
without the introduction of PBPGs. However, when C6 was
incubated with PBPGs, many PBPGs were found in the cyto-
plasm of the C6 cells, which further demonstrated that PBPGs
could be efficiently taken up by the C6 cells.

Fig. 9 H&E staining of the major organs of mice injected with NS and PBPGs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Ki-67 expression in the tumor of group | (NS) and group V (PBPGs + laser). (b) The relative intensity of Ki67 of group | (NS) and group V

(PBPGs + laser). Representative images are provided as indicated; scale bar, 100 pm. Data are mean + SD from three independent experiments.

Unpaired t test; ***p < 0.001.

The potential toxicity of PBPGs in vivo was also investigated
using the H&E staining test, as shown in Fig. 9. The major
organs including the heart, liver, spleen, lungs, and kidneys
were collected and stained with H&E. Compared to the control
groups, no notable toxicity was observed in the tissues from the
animals of the PBPGs groups. All these results suggested that
PBPGs have negligible toxicity in vivo, which is crucial for in vivo
biomedical applications.

To clarify the role of PBPGs with laser irradiation in prolif-
eration inhibition, Ki67 staining was used as a marker to assess
the proliferative fraction in tumors. The results in group V
(PBPGs + laser) showed much slighter Ki67 staining than that of
mice in the normal NS group (group I) (Fig. 10a and b). This
finding collectively revealed that PBPGs with laser irradiation
inhibit the growth of cancer in vivo.

4 Conclusion

In summary, polydopamine and graphene quantum dot-capped
Prussian blue nanocubes were successfully prepared by a simple
chemical synthesis method. Various spectroscopic and microscopic
techniques were used to characterize this nanocomposite. The as-
prepared PBPGs nanocomposite not only had good bio-imaging
property and high photothermal conversion efficiency but could
also efficiently illuminate C6 tumor cells due to its unique fluores-
cence properties and could realize excellent photothermal thera-
peutic effect for tumor-bearing mice employing photothermal
therapy. Therefore, PBPGs can act as a biocompatible multifunc-
tional bio-imaging and photothermal nanoagent. In the present
findings, the PBPGs nanocomposite has the potential for bio-
imaging and tumor photothermal therapy, facilitating bioimaging-
guided cancer photothermal therapy in a single system.
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