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ABSTRACT: Prussian Blue-based nanoparticles have been explored as the new

generation of NIR-driven photothermal conversion agent (PTCA) for cancer treatment.

However, PTT treatment alone has limited therapeutic efficiency since it could not
eliminate tumor cells completely. In this paper, we synthesized Prussian Blue
nanocages (PBNCs) loaded with doxorubicin (DOX) (referred to as PBNCs-DOX
nanocomposites) as efficient drug delivery vehicles, combining with photothermal
therapy function of Prussian Blue and chemotherapy function of DOX to enhance the
therapeutic efficiency against hepatocellular carcinoma (HCC). The prepared
PBNCs-DOX nanocomposites were characterized by TEM and the FT-IR spectra.
Fluorescence intensity (FI) measurements determined that the loading content of
DOX in PBNCs was as high as 33.0 wt% and that the loading efficiency was even up
to 88.4 %. The DOX release from the PBNCs could be triggered by the environmental
pH and near infra-red (NIR) laser irradiation. In vitro cytotoxicity assay demonstrated
that the PBNCs-DOX nanocomposites had significantly higher killing efficacy against
HepG2 cells in the presence of NIR irradiation, than those in the absence of NIR
irradiation or those in the presence of NIR irradiation but treated with PBNCs rather
than PBNCs-DOX nanocomposites. Therefore, PBNCs-DOX nanocomposites, which
have integrated the photothermal therapy together with the chemotherapy, might serve

as promising dual-mode therapeutic agents for HCC treatment in the future.

KEW WORDS: Prussian Blue nanocages (PBNCs); Doxorubicin (DOX);

Photothermal therapy; Chemotherapy; pH and photothermal triggered drug release
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1 Introduction

Hepatocellular carcinoma (HCC) is one of the most lethal malignant cancers
worldwide, which were mostly diagnosed at late and advanced stages'. Up to now, the
therapeutic efficiency of the primary curative treatments for HCC including surgical
resection, chemotherapy, radiotherapy, ablative therapy and transarterial
chemoembolization, are still unsatisfactory®, due to their high frequency of tumor
recurrence and strong systemic toxicityS. Therefore, it is an urgent need to develop

new systematic therapeutic approaches for HCC treatments.

Photothermal therapy (PTT) is a non-invasive laser-based therapy technology,
which employs photothermal conversion agent (PTCA) to “heat” cancer tissue and
cells under laser irradiation®, and has been increasingly recognized as a promising
alternative method comparing to the conventional approaches for cancer treatment.
Due to the minimal absorption of near-infrared (NIR, A = 700—-1100 nm) light and the
optimal penetration depth in biological tissue, ideal PTCA should exhibit strong
absorption in the NIR region and high photothermal conversion efficiency™ 6,
However, complete eradiation of tumor cells with PTT alone is difficult because of
heterogeneous laser heat distribution and limited light penetration” ®. In order to
obtain sufficient heating in cancer cell killing and tissue ablation, the relative high
laser power is needed in clinical cancer treatment, which maybe hurts normal tissues.

Multi-mode therapeutic nanoplatform which is combining PTT with other therapeutic
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technologies (such as chemotherapy) has the potential to effectively reduce the laser
power of PTT, which could avoid the damage of healthy tissues, and enhance the cure
rate of cancer treatment due to the synergistic effect’'?. In recent years, various
systems which are able to co-delivery of chemotherapeutic agents together with

PTCAs to the tumor regions, have been developed® > *

. In these systems, Au-based
nanoparticles functionalized with DOX were most extensively studied as the
PTT/chemotherapy agents'®'® '>'® However, these nanomaterials have either low

drug loading capacity, or are concerned with the biological safeties in long term in

Vivo.

Prussian Blue (PB) is a clinic drug approved by the USA Food and Drug
Administration (FDA) for the treatment of radioactive exposure'’, and PB
nanoparticles have also been developed as a new generation of PTCA due to their
high absorption in NIR region®***. However, the PB nanoparticles without hollow or
porous structures cannot encapsulate drugs with a high efficacy. Recently,
Yamauchi group24’ % have fabricated a novel Prussian Blue nanocages (PBNCs) with
hollow interior cavity and porous outer shell, and it has been applied to loaded
cisplatin and the loading efficacy was almost achieving 100%, but only 5% of the
loaded drugs could be released even after 200 min incubation. Furthermore, the PTT
function of the PBNCs and their combination effect with cisplatin have not been

investigated in their report®.
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Inspired from the high payload of drug into the hollow and porous

nanoparticles'> '

, in this work, we fabricated PBNCs as the hydrophobic drug
delivery vehicles for DOX and further studied their combination effects of
PTT/chemotherapy against HepG2 cells. To the best of our knowledge, the
combination therapy effect of Prussian Blue nanoparticles (PTT) and DOX
(chemotherapy) have not been reported previously. Here, the prepared PBNCs-DOX
nanocomposites were characterized by TEM and the FT-IR spectra; the highly
payload ability of DOX in PBNCs, the photothermal conversion efficiency and the pH
sensitive drug release behavior were also carefully investigated. Furthermore, the

combinated therapeutic effect of PTT/chemotherapy of the PBNCs-DOX

nanocomposites was studied by using CCK-8 assay and Calcein AM staining.

2 Experimental

2.1 Materials

Polyvinylpyrrolidone (PVP, average Mw=40000) were purchased from
Sigma-Aldrich. Doxorubicin hydrochloride (DOX*HCIl) was purchased from Hefei
Biomei biotechnology. Cell Counting Kit-8 (CCK-8) was obtained from Dojindo
Laboratories. Kj3[Fe(CN)¢] (AR), hydrochloric acid (AR), dimethyl sulfoxide
(DMSO,AR), sodium hydroxide (NaOH, AR) were purchased from Sino pharm
Chemical Reagent and used without further purification. Hoechst 33342 and DAPI

were purchased from Sigma-Aldrich, Calcein AM and Lysotracker Green DND-26
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were purchased from Life Technologies. Deionized (DI) water (18.2 MQ-cm, 25C)
was obtained from Milli-Q Gradient System (Millipore, Bedford, MA, USA) and used

in all experiments.

2.2 Instruments

FT-IR spectra of the samples (including PBNCs, standard of the DOX and
PBNCs-DOX nanocomposites) were collected on an FT-IR spectrometer (Nicolet,
USA). The morphology and particle size of the samples were characterized by TEM
(Tecnai F20, FEI, USA) operated at 200 kV. Dynamic light scattering (DLS)
experiments were performed at 25°C on a NanoZS (Malvern Instruments, UK) with a
detection angle of 173°, and a 3 mW He-Ne laser operating at a wavelength of 633
nm. The Z-average diameter and the polydispersity index (PDI) values were obtained
from analysis of the correlation functions using cumulants analysis. The Vis-NIR
absorption spectra and the fluorescence intensity (FI) of DOX, PBNCs and
PBNCs-DOX nanocomposites were detected by a Spectra Max M5 microplate reader
(Molecular Devices, USA) at excitation wavelength of 474 nm and emission
wavelength of 590 nm. Near infrared reflection (NIR) laser irradiation was conducted
with a continuous-wave diode NIR laser at the central wavelength of 808 nm and the
power density of 2 W/em?® (Beijing Kaipulin Optoelectronic, China). The temperature
of the solutions was recorded with a thermocouple microprobe STPC-510P (Xiamen

Baidewo, China). Confocal fluorescence microscopy studies were performed with a

Page 6 of 38



Page 7 of 38

10

11

12

13

14

15

16

17

18

19

20

RSC Advances

Nikon A1R-AI Confocal Microscope System with 488-nm laser excitation for calcein

AM, 405-nm for DAPI and 543-nm for DOX.

2.3 Cell culture

HepG2 cells, a human HCC cancer cell line, were maintained as monolayer
culture in RPMI-1640 medium supplemented with 10% fetal bovine serum (Atlanta
Biologicals, USA) and 1% penicillin-streptomycin (Gibco BRL, USA) at 37°C in a
humidified atmosphere (5% CO,), while the noncancerous NIH/3T3 cells were

cultured in DMEM medium at the same conditions .

2.4 Preparation of the DOX-loaded PBNCs

PBNCs were prepared according to the reported literature with a few
modifications®®. Briefly, PVP (6 g) and K3[Fe(CN)s] (113.1 mg) were added into
round-bottom flask containing 40 mL HCI solution (0.01M) with magnetic stirring.
Untill a clear solution was obtained, the flask was heated to 80°C and maintained at
this temperature for 20 h. Then, the resulted free nanoparticles in the solution were
collected by centrifuging at 40000 g for 20 min, and washed with 40 mL of DI water
for three times. After drying in vacuum at 50°C for 12 h, the Prussian Blue
nanoparticles were obtained. For the preparation of PBNCs, the Prussian Blue
nanoparticles (20 mg) and PVP (100 mg) were added to a Teflon vessel containing 20
mL HCI solution (1.0 M). After magnetic stirring for 2 h, the vessel was transferred

into a stainless autoclave and heated at 140°C for 4 h in an electric oven. After that,



10

11

12

13

14

15

16

17

18

19

20

RSC Advances

the autoclave was cooled down to room temperature naturally. The obtained
nanoparticles were collected by centrifuging at 50000 g for 10 min, and washed with
20 mL of DI water for three times. After drying in vacuum at 50°C for 12 h, the

PBNCs were obtained.

DOX was incorporated into PBNCs using nanoprecipitation method. Briefly,
PBNCs were dispersed into DI water, and the final concentration of PBNCs solution
was adjusted to 0.5 mg/mL. DOXeHCI (final concentration: 0.25 mg/mL) was
subsequently added into above PBNCs solution under ultrasonication. Then the
mixtures were transferred into a sealed vial and then 1 M NaOH solution was added
drop wise under magnetic stirring to neutralize the HCI. After that, the mixture was
stirred at 1000 rpm at room temperature for 24 h under dark conditions to allow the
penetration of DOX through the porous channels and deposition into the hollow
interiors of PBNCs. Precipitates were collected by centrifuging above mentioned
reaction solution, and washed with equal volume of DI water for three times. After

drying in vacuum at 50°C for 12 h, the PBNCs-DOX nanocomposites were obtained.

The amount of DOX loaded in PBNCs was analyzed as follows. 0.28 mg of
nanocomposites were dispersed in 1 mL DMSO, and sonicated for 5 min to ensure
complete dissolution of the DOX from PBNCs. The supernatant was then collected
for FI measurement after complete centrifugation of the dispersion. The fluorescence

intensity of the supernatant was determined using a SpectraMax M5 microplate reader
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at the excitation wavelength of 474 nm and emission wavelength of 590 nm, and the
concentrations of DOX were obtained from a calibration curve, which was linear over
the concentration of DOX from 0.1pg/mL to 4ug/mL with a correlation coefficient of

R?=0.995.

Encapsulation efficiency= (weight of DOX loaded into the PBNCs)/(initial

feeding weight of DOX).

Loading content = (weight of DOX loaded into the PBNCs)/(weight of the

PBNCs + DOX loaded into the PBNCs)

2.6 In vitro drug release

In order to evaluate the drug release behavior of DOX loading in PBNCs,
PBNCs-DOX nanocomposites (DOX concentration 26.74 ug/mL) were dispersed in 1
mL of buffer solutions with ultrasonication at pH values of 7.2 (phosphate buffer
solution, 10 mM), 6.5 (phosphate buffer solution, 10 mM) and 4.8 (acetate buffer, 10
mM) respectively, and then stirred at 37 °C. At determined time intervals, above
solutions were centrifuged at 50000 g for 10 min at 4 °C, and 500 pL of supernatants
were withdrawn while the same volume of counterpart fresh buffers were added to the
residual composite solutions. The amount of released DOX in the supernatant was
determined by detecting the fluorescence intensity of DOX. To study whether the
DOX release from the nanocomposites could be triggered by the NIR laser irradiation,

the nanocomposites solutions were irradiated with the NIR laser (808 nm, 2 W/cm?)
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for 5 min at the predetermined time intervals, followed by centrifugation and the
supernatants were collected for analysis of the released DOX. All experiments were

performed in triplicate. Results were presented as mean = standard deviation (SD).

2.7 In vitro cytotoxicity assay

A CCK-8 assay was carried out to investigate the cytotoxicity of PBNCs without
DOX loaded and PBNCs-DOX nanocomposites. In a typical experiment, NIH/3T3
cells were first seeded in a 96-well plate with density of 1 x10* cells per well at 37°C
in a humidified atmosphere (5% CO,) for 24 h. Then, the cell culture medium was
discarded, and the cells were washed three times with PBS to remove dead cells. After
that, the cells were incubated with gradient concentrations of nanoparticles (PBNCs
concentration: 0, 1.56, 3.12, 6.25, 12.5, 25, 50, 100ug/mL) dispersed in fresh medium
for 24 h, respectively. Then after the cells were washed three times with PBS to
remove free composites, the CCK-8 assay was used to detect the cell survival rate
according to the manufacturer’s protocol. Cell viability was calculated as follows: cell
viability (%) = (ODsample=ODplank)/(ODcontror= ODptank) % 100. The ODgample and
OD.ontrol are the absorbance values of the treated cells (as indicated) and the untreated
control cells (without composites), respectively. The ODpnk Was the absorbance of
CCK-8 itself at 450 nm measured by the SpectraMax M5 microplate reader. All
experiments were performed in quadruplicate. Results were presented as mean =+

standard deviation (SD).

Page 10 of 38



Page 11 of 38

10

11

12

13

14

15

16

17

18

19

20

RSC Advances

2.8 Evaluation of the photothermal performance

The evaluation of photothermal performance of PBNCs and PBNCs-DOX
nanocomposites was carried out by monitoring the temperature of 1.0 mL
nanoparticle solution at gradient concentrations (PBNCs concentration: 0, 12.5, 25, 50,
100 pg/mL) induced by NIR laser irradiation. Briefly, 1 mL of nanoparticle solution
was added to a quartz cuvette and irradiated by NIR laser with the wavelength of 808
nm at the power density of 2 W/ecm? for 5 min. The temperature of the sample solution
was measured by using a digital thermometer (with an accuracy of 0.1 °C) with a

thermocouple probe. Meanwhile, ImL DI water was used as a control.

2.9 Cancer cell ablation efficiency of PBNCs-DOX nanocomposites

Cancer cell ablation efficiency of PBNCs-DOX nanocomposites on HepG2 cells
was qualitative evaluated using confocal microscopy. Typically, HepG2 cells (5 x 10%)
were seeded onto 35 mm glass-bottom Petri dish and cultured for 24 h at 37 °C in the
incubator. Then the culture medium of above cells was replaced with nanocomposites
dispersion in fresh culture medium and the cells were incubated for another 24 h in
the incubator. Subsequently, fresh culture medium was added and the cells were
exposed to NIR laser radiation (2 W/cm?) for 2 min, after that the cells were washed
three times with PBS to remove free nanocomposites. Finally, the cells were washed
with PBS and stained with 2 uM calcein AM for the visualization of living cells with

confocal fluorescence microscope with 488-nm laser excitation.
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To further investigate the cancer cell ablation efficiency of PBNCs-DOX
nanocomposites quantitatively, the CCK-8 assay was used. HepG2 cells with density
of 1x10* cells per well were first seeded in a 96-well plate at 37°C in a 5% CO,
atmosphere for 24 hours. Then, the cell culture medium was discarded, and the cells
were washed three times with PBS to remove dead cells. After that, the cells were
incubated with PBNCs, DOX (equivalent concentration to the DOX in the
nanocomposites), and our nanocomposites for 24 h, respectively. Afterwards, the cells
were exposed to NIR laser (808nm, 2W/cm?) for 2 min as indicated. Then after the
cells were washed three times with PBS to remove free nanocomposites, the CCK-8
assay was used to detect the cell survival rate according to the manufacturer’s
protocol. All experiments were performed in quadruplicate. Results were presented as

mean + standard deviation (SD).

2.10 Confocal microscopy study of cellular uptake of PBNCs-DOX

Cell uptake of PBNCs-DOX nanocomposites was performed on HepG2 cells
using confocal microscopy. HepG2 cells (3 X 10" were seeded onto 35 mm
glass-bottom Petri dish and cultured for 24 h at 37 °C in the incubator. Then the
culture medium of above cells was replaced with PBNCs-DOX nanocomposites
(DOX: 10 pg/mL) dispersion in fresh culture medium and the cells were incubated for
another 4 h in the incubator, while the cells of control group were incubated with only

fresh culture medium. After that, the cells were washed three times with PBS to
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remove free nanocomposites. Finally, the cells were fixed with 4% paraformaldehyde
in PBS for 15 min, and the nuclei were then stained with 5.0 uM DAPI. Cells were
imaged by confocal microscopy (Nikon A1R-AI Confocal Microscope System) with

543 nm laser excitation for DOX and 405 nm laser excitation for DAPI.

To investigate more details of the cellular uptake of the nanoparticles and the pH
sensitive drug release behaviour, HepG2 cells were incubated with PBNCs-DOX
nanocomposites dispersion (DOX: 10 pg/mL) for 1 h, 4 h and 24 h, and free
DOX-treated cells were used as control. After incubation, the drug-containing
solutions were removed and 1 puM Lysotracker Green DND-26 (an acidic organelle
dye, Ex 504 nm, Em 511 nm) was added. After 20 min incubation, 5 mg/ml Hoechst
33342 (a nuclear dye, Ex 345 nm, Em 478 nm) was further added and incubated for
another 10 min. Afterwards, the cells were carefully washed by pre-warmed culture

medium for 3 times, then subjected to confocal laser scanning microscopy analysis.

2.11 NIR laser-triggered drug release behaviour of PBNCs-DOX nanocomposites in

HepG2 cells

To evaluate the NIR laser-triggered drug release behaviour of PBNCs-DOX
nanocomposites, HepG2 cells were incubated with PBNCs-DOX nanocomposites
dispersion (DOX: 3 pg/mL) for 4 h, and free DOX-treated cells were used as a control.
After incubation, the drug-containing solutions were removed and the cells were left

un-irradiated or exposed to NIR laser irradiation (808 nm, 2 W) for 2 min,
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respectively. Finally, the cells were fixed with 4% paraformaldehyde in PBS for 15
min, and the nuclei were then stained with 5.0 uM DAPI for 10 min. Cells were
imaged by confocal microscope (Zeiss LSM780) with 543 nm laser excitation for

DOX and 405 nm laser excitation for DAPI.

3 Results and discussion

3.1 Preparation and characterization of PBNCs-DOX nanocomposites

The overall experimental design and synthetic strategy are schematically
illustrated in Fig. 1. The as-prepared PBNCs were obtained by using a
“surface-protected etching” approach®®. During the process of preparation, PVP firstly
absorbed onto the surface of Prussian Blue nanoparticles to form a protection layer
due to the binding of its amide group to iron ions”’, and then the PVP protection layer
would decrease the etching rate on particle surface while the etching rate to interior of
Prussian Blue nanoparticles was not affected®” *. So the nanoparticles with hollow
interior cavity and porous shell were formed and named as PBNCs. The PBNCs with
the above structures were endowed with the potential as drug delivery vehicles. Hence
in this work, DOX was loaded into PBNCs using a nanoprecipitation method®®. The
DOX molecules would penetrate through the porous shell and precipitate into the

hollow interior cavity of PBNCs.

In order to further study this nanoprecipitation process, the dependence of DOX

concentration on the morphology of the obtained drug-loaded nanoparticles was
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further investigated by TEM and DLS experiments. As shown in TEM (Fig. 2A), the
average size of PBNCs without drug loading was about 80 nm. The transparency of
the cores of the PBNCs confirmed their cube-shaped hollow characteristics. The shell
with a thickness of around 15 nm exhibited an obvious porous structure. DLS
experiment (Fig. 3A) revealed that the average hydrodynamic size of PBNCs was
209.6 nm, and the PDI value of 0.281, which showed good disperse distribution of
PBNCs. The average hydrodynamic size of PBNCs is larger than their size
determined by TEM, which might be attributed to slight aggregation of a few
nanoparticles obtained from water phase synthesis™. When the initial feeding
DOX*HCI content was 0.25 mg/mL, nearly all the DOX molecules deposited in
PBNCs as there was no apparent increase for the average size of the nanocomposites
compared with initial PBNCs (Fig. 2A and Fig. 2B), and DLS experiment revealed the
hydrodynamic size was not obviously changed. However, as the feeding amount of
DOX<HCI was further increased to 0.5 mg/mL, large DOX aggregations could be
observed in addition to the PBNCs (Fig. 2C), and even more serious aggregation was
observed at same feeding conditions while without the usage of PBNCs (Fig. 2D).
Additionally, DLS experiment (Fig. 3A) revealed the remarkable increase of average
hydrodynamic size of nanocomposites (reached to 601.8 nm) and relatively weak
disperse distribution (PDI value of 0.411). These results demonstrate that DOX
molecules are preferentially deposited into the interior hollow cavity of PBNCs and

the PBNCs are functional as precipitation templates in the loading process. The initial



10

11

12

13

14

15

16

17

18

19

20

RSC Advances

feeding concentration of 0.25 mg/mL of DOX was used for further studies.

The successful loading of DOX into PBNCs was further confirmed using FT-IR
spectroscopy which could identify the chemical groups of DOX, PBNCs and
PBNCs-DOX nanocomposites (Fig. 3B). The peaks at 2086 cm™ (attributed to the CN
stretching in the Fe*"-CN-Fe’") and 1656 cm™ along with a shoulder peak around
1600 cm™ (attributed to the C=0O stretching vibration of PVP amide unit), were the
typical bands of PBNCs?’. The spectrum of PBNCs-DOX nanocomposites also
showed characteristic DOX absorption peaks at 1571 cm™ (attributed to the C=C
stretching vibration in aromatic ring) and 1108 cm™ (attributed to the C-O stretching

vibration in the C-OH), which confirmed the successful loading of DOX into PBNCs.

The successful loading of DOX into PBNCs could be also confirmed by
UV-VIS-NIR absorption and fluorescence emission spectra. As shown in Fig. 3C, the
PBNCs-DOX nanocomposites displayed the characteristic absorption peak of DOX at
490 nm, and the broad absorption band of the PBNCs from 600 nm to 900 nm, which
was attributed to the charge transfer transition between Fe’" and Fe*" in PBNCs™. The
strong NIR region (700-900 nm) absorption was essential for NIR light driven
photothermal application. In addition, compared to the strong fluorescence emission
of free DOX, the fluorescence signal from DOX in PBNCs-DOX was almost
completely quenched (Fig. 3D), which could occur when the fluorophores attached to

a metal nanoparticle surface with close proximitylz.
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3.2 DOX loading efficiency and pH/photothermal-responsive drug release

The amount of DOX loaded into PBNCs was evaluated by measuring the
fluorescence intensities of the loaded DOX in our nanocomposites, and calculated
from the standard curve. According to the methods described in the Experimental
section, the encapsulation efficiency (88.4%) and the loading content (33.0%) were
calculated. The high drug loading capability should be attributed to the big interior
cube-shaped cavity of PBNCs, simple n—n stacking and hydrophobic interactions.

These results suggested the great potential of PBNCs as drug delivery vehicles.

The DOX released from PBNCs-DOX nanocomposites was measured under
different buffer conditions at pH7.4, 6.5 and 4.8, which was used to simulate the
corresponding physiological environments of normal physiological environment,
tumor cell environment and acidic cellular endosomes, respectively. As shown in Fig.
4A, the DOX released more rapidly from PBNCs at pH value of 4.8 than those at pH
value of 7.4 or 6.5; meanwhile, the released amount of DOX was 25.5% =+ 0.3% at pH
value of 4.8 compared with 10.6% =+ 0.3% and 9.8% =+ 0.2% at pH value of 6.5 and
7.4 after 15 h release, respectively. These results can be explained by the protonation

of amino group in DOX molecule and the increased solubility at low pH value®'.

Whether the DOX release from PBNCs-DOX could be triggered by the NIR
laser was also investigated. During the DOX release experiments in buffer conditions

of pH 4.8, 6.5 and 7.4, the solutions were irradiated for 5 min at each incubation time
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pointof 1,2, 3,4,5,6,7,9, 11, 13, 15 h. As shown in Fig. 4A, after the irradiation at
1 h, the cumulative release of DOX rapidly increased from 3.1 £+ 0.1% to 9.5 + 0.06%
at pH 4.8, from 1.0 £ 0.03% to 3.0 £ 0.03% at pH 6.5 and from 0.9 = 0.01% to 2.8 £
0.04% at pH 7.4, respectively. The enhanced DOX release under NIR laser irradiation
could be attributed to heat generated from the photothermal effect of PBNCs-DOX
nanocomposites, which could accelerate the DOX dissolution from PBNCs. These
results demonstrate that the DOX release behaviour from PBNCs-DOX

nanocomposites could be triggered by pH and NIR laser irradiation.

3.3 In vitro cytotoxicity

One of the most concerns of nanoparticle for biomedical application is the
toxicity®>. Therefore, the cytotoxicity of PBNCs and PBNCs-DOX nanocomposites
was evaluated by CCK-8 assay of the cell viabilities on noncancerous NIH/3T3 cells.
As shown in Fig. 5A, the cell viabilities of NIH/3T3 cells maintained above 85% even
under the high incubation concentration of 100 pg/mL after incubating with PBNCs
for 24 h. These results suggested the good biocompatibility and no obvious
cytotoxicity of PBNCs for noncancerous NIH/3T3 cells. However, after loaded with
DOX, the PBNCs-DOX nanocomposites exhibited significant cytotoxicity on the cells
and the cell viability decreased to 48.3 + 11.1% at the DOX concentration of 50
ug/mL, this was ascribed to the high cytotoxicity of the released DOX on NIH/3T3

cells®.
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3.4 Temperature elevation induced by NIR laser irradiation

The evaluation of photothermal performance of PBNCs was carried out by
monitoring the temperature of 1.0 mL PBNCs aqueous solution at gradient
concentrations (0, 12.5, 25, 50, 100 pg/mL) induced by 808 nm laser irradiation (2
W/em?®). As shown in Fig. 4B, the temperature of PBNCs aqueous solution at
concentration of 12.5 pg/mL was rapidly raised from 27.7 °C to 48.4 °C after 300 s
NIR laser irradiation. While the concentration of PBNCs aqueous solution increased
upto 100ug/mL, the temperature even reached to 83.9°C, which is sufficient to kill
cancer cells™. As control, the temperature of pure water (0 pg/mL) was only increased
from 27.4 °C to 34.8 °C. These results clearly demonstrated that PBNCs exhibited a
better photothermal effect than those photothermal agents based on Prussian Blue

- 1.5 21,30
nanoparticles

, and could convert the 808 nm laser energy into heat very
efficiently. In addition, the similar photothermal performance of PBNCs-DOX
nanocomposites was observed at the same concentration (Fig. 4C), which indicates

that the photothermal effect of PBNCs could almost not be affected after the loading

of DOX.

3.5 Cancer cell ablation efficiency of PBNCs-DOX nanocomposites

As discussed above, the PBNCs-DOX nanocomposites display excellent
phototherapy and highly chemotherapy drug loading ability, so the combinated

therapeutic effect to cancer cells was further investigated. The combinated therapeutic
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effect of as-synthesis composites were qualitatively evaluated by confocal imaging of
HepG2 liver cancer cells with or without NIR laser irradiation. After incubated with
PBNCs-DOX nanocomposites (DOX concentration: 25 pg/mL) or PBNCs with
corresponding concentration for 24 h, HepG2 cells were irradiated with NIR laser
(808 nm, 2W/cm?) for 2 min. Then the cells were stained by fluorescence dye calcein
AM, which could selectively permeate into living cell. As shown in Fig. 6, green
fluorescence of calcein AM was hardly seen in the cells incubated with PBNCs-DOX
nanocomposites and irradiated under NIR laser, which indicated that HepG2 cells
were nearly completely killed under the combination of photothermal therapy and
chemotherapy. However, only a part of HepG2 cells were killed under either
incubation with PBNCs-DOX nanocomposites alone or irradiation with NIR laser
alone in the presence of PBNCs. Meanwhile no apparent cell death was observed
under incubation with PBNCs alone, which means the neglected cytotoxicity of

PBNCs.

We further quantitatively evaluated the combinated therapeutic effect of our
nanocomposites on HepG2 cells using CCK-8 assay after incubation with different
concentration of PBNCs and PBNCs-DOX nanocomposites. As shown in Fig. 5B, the
cell viability of HepG2 cells incubated with PBNCs alone was above 85% at any
observed concentration. Moderate cell viabilities were obtained when treated with
PBNCs-DOX nanocomposites in the absence of NIR irradiation (63.7 + 7.4%), free

DOX in the absence of NIR irradiation (57.3 + 3.2%), or PBNCs in the presence of
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NIR irradiation (39.3 + 6.2 %) at the observed maximum concentration. However,
less than 14.6 = 1.1% of the PBNCs-DOX nanocomposites treated cells were still
alive with NIR irradiation. These results suggested that the PBNCs-DOX
nanocomposites could combine the photothermal therapy and chemotherapy under
NIR laser irradiation, and exhibited better therapeutic effect than any single

therapeutic strategy alone.

3.5 Confocal microscopy study of cellular uptake of PBNCs-DOX

To investigate the cellular uptake and localization of the PBNCs-DOX
nanocomposites in HepG2 cells, confocal microscopy fluorescence imaging was
performed. HepG2 cells were incubated with PBNCs-DOX nanocomposites (10
ng/mL), whereas the HepG2 cells only incubated with culture medium were used as a
control. As shown in Fig. 7, the red fluorescence of the released DOX from
PBNCs-DOX nanocomposites in treated cells clearly showed the effective
internalization of nanocomposites, which was not observed in control group. To
further determine the subcellular localization of nanocomposites, the bright filed
images were added to overlay with the red DOX fluorescence and the blue
fluorescence of nuclear that is stained with DAPI. Based on these merged images, we
can confirm that most of the nanocomposites were localized in the peri-nuclear
regions, which clearly demonstrated the internalization of the PBNCs-DOX

nanocomposites.
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To investigate more details of the cellular uptake of the nanoparticles and the pH
sensitive drug release behaviour inside the cells, we used Hoechst 33342 and
LysoTracker Green DND-26 to stain the cell nuclei and lysosome, respectively. As
shown in Fig. 8, the PBNCs-DOX nanocomposites displayed a clear co-localization
with LysoTracker green after 1 h incubation, indicating the nanocomposites taken up
by HepG2 cells was delivered to lysosomes and then DOX was released from the
nanocages in the lysosomes. With the increasing of incubation time, more red
fluorescence of DOX can be observed in the cells; after 24 h incubation, the red
fluorescence signals of DOX can be clearly found in the nuclei. These results
suggested that the internalized nanocomposites were delivered to lysosomes where the
acidic enviroment accelerated the release and then promoted the nuclei entrance of
DOX 35. In contrast, free DOX was found to localize in the nuclei only with 1 h
incubation, since free DOX (a small molecule) can be quickly transported into cells

and enter the active site (nuclei) by passive diffusion®.

Furthermore, the NIR laser-triggered drug release behaviour of PBNCs-DOX
nanocomposites could be also observed in the cells (Fig. 9). Compared with the cells
incubated with the nanocomposites without NIR laser irradiation, a higher red
fluorescence intensity of the released DOX could be seen in the cytoplasm of the cells
under the NIR laser irradiation, and some of DOX fluorescence even appeared in the
cell nuclei. In contrast, there were no increasing of the DOX fluorescence signals in

the free DOX-treated cells under the NIR laser irradiation comapring to those without
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irradiation. However, the fluorescence in these free DOX-treated cells was much
higher than those in the nanocomposites-treated cells; meanwhile, most of the
fluoresence signals accumulated in the nuclei in the free-DOX treated cells, due to the

rapid membrane transport of small chemical molecules by passive diffusion.

4 Conclusions

In summary, the PBNCs-DOX nanocomposites were successfully developed for
combining photothermal therapy with chemotherapy for the ablation of hepatocellular
carcinoma cells. The PBNCs showed excellent biocompatibility, high photothermal
conversion efficiency, and relatively high drug loading efficiency for DOX. The
PBNCs-DOX nanocomposites under NIR laser irradiation showed significant
enhancement of therapeutic effect on hepatocellular carcinoma cells (HepG2 cells)
than any individual therapy approach alone in vitro. Therefore, PBNCs-DOX
nanocomposites, which have integrated the photothermal therapy together with
chemotherapy, could serve as promising dual-mode therapeutic agents for HCC

treatment in the future.
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hepatocellular carcinoma; CCK-8: Cell Counting Kit-8; PDI: polydispersity index;

DAPI: 4',6-diamidino-2-phenylindole.
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Figure caption

Fig. 1 Schematic view of the synthesis procedure of PBNCs-DOX nanocomposites.

Fig.2 TEM images of PBNCs (A), PBNCs-DOX nanocomposites obtained with initial
DOX concentration of 0.25 mg/mL(B), 0.5 mg/mL (C) and free DOX obtained from a

feeding concentration of 0.5 mg/mL in the absence of PBNCs(D).

Fig.3 (A) Size distribution of PBNCs and PBNCs-DOX nanocomposites measured by
DLS. (B) FT-IR spectra of PBNCs (a), DOX (b) and PBNCs-DOX nanocomposites
(c). (C) UV-Vis-NIR absorption spectra of PBNCs, DOX and PBNCs-DOX
nanocomposites in water. (D) Fluorescence intensity of PBNCs, DOX and

PBNCs-DOX nanocomposites in water.

Fig. 4 (A) The cumulative DOX release kinetics from PBNCs-DOX nanocomposites
in phosphate-buffer saline (pH 7.4), phosphate-buffer saline (pH 6.5) and acetate
buffer (pH 4.8) at 37 ‘C. (B) Temperature change of the aqueous solution containing
different concentration of PBNCs under 808 nm laser irradiation at a power density (2
W/em?) for 5 min. (C) Temperature change of the aqueous solution containing

different concentration of PBNCs-DOX nanocomposites (with equivalent PBNCs
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concentration) under 808 nm laser irradiation at a power density (2 W/cmz) for 5 min.

Fig.5 (A) Cell viabilities of NIH/3T3 cells incubated with different concentrations of
PBNCs and PBNCs-DOX nanocomposites for 24 h. (B) The cell viability of HepG2
cells incubated with DOX, PBNCs or PBNCs-DOX nanocomposites with the
equivalent DOX. The cells were either irradiated with NIR laser (808nm, 2W/cm?) for

2 min, or without laser irradiation as indicated.

Fig. 6 Photo-thermal ablation of HepG2 cells. (A) Without PBNCs and laser
irradiation; (B) with PBNCs but without laser irradiation; (C) with PBNCs-DOX
nanocomposites but without laser irradiation; (D) with PBNCs and laser irradiation;

(E) with PBNCs-DOX nanocomposites and laser irradiation. Scale bar: 50 um.

Fig. 7 Confocal images of HepG2 cells incubated with PBNCs-DOX nanocomposites
(DOX: 10 pg/mL) in DMEM medium. Nuclei were counter-stained with DAPI. Scale

bar: 20 pm.

Fig. 8 Confocal images of HepG2 cells incubated with PBNCs-DOX nanocomposites
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or free DOX (10 pg/mL) for 1 h, 4 h and 24 h. Nuclei and lysosome were
counter-stained with Hoechst 33342 and Lysotracker Green DND-26, respectively.

Scale bar: 10 pm.

Fig. 9 Confocal images of HepG2 cells incubated with PBNCs-DOX nanocomposites
or free DOX (DOX: 3pg/mL) for 4 h, then with or without NIR laser irradiation for 5

min. Nuclei were counter-stained with DAPI. Scale bar: 20 um.
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Fig. 6
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