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Background: The integration of NIR photothermal therapy and chemotherapy is considered

as a promising technique for future cancer therapy. Hollow Prussian nanospheres have

attracted much attention due to excellent near-infrared photothermal conversion effect and

drug-loading capability within an empty cavity. However, to date, the hollow Prussian

nanospheres have been prepared by a complex procedure or in organic media, and their

shell thickness and size cannot be controlled. Thus, a simple and controllable route is highly

desirable to synthesize hollow Prussian nanospheres with controllable parameters.

Materials and Methods: Here, in our designed synthesis route, the traditional FeCl3
precursor was replaced with Fe2O3 nanospheres, and then the Prussian blue (PB) nanopar-

ticles were engineered into hollow-structured PB (HPB) nanospheres through an interface

reaction, where the Fe2O3 colloidal template provides Fe3+ ions. The reaction mechanism

and control factors of HPB nanospheres were systematically investigated. Both in vitro and

in vivo biological effects of the as-synthesized HPB nanospheres were evaluated in detail.

Results: Through systematical experiments, a solvent-mediated interface reaction mechan-

ism was put forward, and the parameters of HPB nanospheres could be easily adjusted by

growth time and template size under optimal water and ethanol ratio. The in vitro tests show

the rapid and remarkable photothermal effects of the as-prepared HPB nanospheres under

NIR laser irradiation (808 nm). Meanwhile, HPB nanospheres also demonstrated a high

DOX loading capacity of 440 mg g−1 as a drug carrier, and the release of the drug can be

regulated by the heat from PB shell under the exposure of an NIR laser. The in vivo

experiments confirmed the outstanding performance of HPB nanospheres in photothermal/

chemo-synergistic therapy of cancer.

Conclusion: A solvent-mediated template route was developed to synthesize hollow Prussian

blue (HPB) nanospheres in a simple and controllable way. The in vitro and in vivo results

demonstrate the as-synthesized HPB nanospheres as a promising candidate due to their low

toxicity and high efficiency for cancer therapy.

Keywords: template, Prussian blue, hollow nanospheres, chemotherapy, photothermal

therapy

Introduction
The most traditional cancer therapies include chemotherapy, radiotherapy, and

surgery, where the patients may suffer from serious side effects and unsatisfactory

treatment outcomes. With the advancement of nanomaterials and nanotechnology,

various nanomaterials were fabricated into hollow or porous structures to load and

deliver drugs, therapeutic radioisotopes, and other therapeutic agents into targeted

sites.1–3 Lots of researchers reported that the nanocarrier drug delivery systems

demonstrated unparalleled advantages compared with pristine therapeutic agents.
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For example, nanocarriers show high loading capacity and

sufficient protection from harsh surroundings, avoiding

unnecessary drug loss and side effects. Moreover, the

efficiency of many conventional pharmaceutical therapies

can be significantly improved with the aid of drug delivery

systems.4,5

Meanwhile, other new treatments have also been devel-

oped to treat cancer, including photothermal therapy, photo-

dynamic therapy, gene therapy, and immunotherapy, which

can potentially improve the therapeutic outcomes.6,7 Among

them, photothermal therapy (PTT) can trigger the death of

cancer cells by converting light energy into heat.8 PTT offers

certain advantages including precise targeting of tumors with

adjustable irradiation dosage and non-invasive treatment,

which have attracted much attention in the field of biology

during the last few years.9 A number of photothermal nanoa-

gents, such as gold with various nanostructures, carbon nano-

materials, copper-based nanocrystals, sulfide nanosheets, and

metal oxide nanoparticles have been reported to show photo-

thermal effects to kill cancer cells.10

Recently, to further improve the therapeutic effect, sev-

eral different therapies were combined for synergistic cancer

treatment.11 For example, photothermal agents alone are not

enough due to the unavoidable depth-dependent attenuation

of laser intensity. The integration of photothermal ablation

and chemotherapy in one system has become a hot research

field. The key point of chemo-thermal therapy is the design

and synthesis of photothermal agents with high-efficiency

photothermal effects and high drug-loading capacity.12–15

Prussian blue (PB) nanomaterials have excellent near-

infrared photothermal conversion effect, and have great poten-

tial as a new generation of photothermal agents to replace

traditional photothermal agents.16 A large number of studies

have shown that Prussian blue nanoparticles have some impor-

tant characteristics in the biological environment, such as

stability in human serum and efficient cell uptake.17–22 More

importantly, PB nanoparticles are a typical US FDA-approved

drug in the clinic for treatment of radioactive exposure,

demonstrating absolutely approved biosafety in the human

body based on sufficient clinical trials. Hollow Prussian nano-

particles have attracted much attention due to their potential to

encapsulate large quantities of guest molecules within their

empty core domain.23–30 The polymer capsules with

a Prussian blue analog inner shell was reported as nanocontai-

ners to encapsulate and release a model compound; however,

organic solvents were used during the emulsion-induced

assembly.31,32 Recently, hollow Prussian blue nanocubes

were fabricated utilizing a self-etching reaction in the presence

of PVP, but the parameters of the hollow spheres, such as size

and shell thickness, were hardly controlled.33 Moreover, it is

difficult to achieve large-scale production of hollow PB nano-

particles via the above-mentioned synthetic strategies.

The template method is preferentially used to produce

hollow spheres with controlled parameters, especially when

the template itself is involved as a precursor in the formation

of the shell (i.e. as a chemical template), and then the synthesis

procedure will be simplified into an interface reaction.34–36 It

is well known that PB solid nanoparticles can be readily

synthesized in water at room temperature using FeCl3 and

K4[Fe(CN)6].
16 In this paper, we propose to replace FeCl3

with Fe2O3 nanospheres to provide Fe
3+ ions in our designed

synthesis route (Scheme 1). Under optimized acidic solution,

the Fe3+ ions released from Fe2O3 nanospheres would react

with [Fe(CN)6]
4- and generate a PB shell in situ around the

interface; thus, hollow PB (HPB) nanospheres could be easily

obtained after Fe2O3 nanospheres were removed. Due to the

porous shell and hollow cavity, the HPB nanospheres are

suitable for the loading of doxorubicin hydrochloride

(DOX). Meanwhile, the local heat from the PB shell under

the exposure of NIR laser can simultaneously regulate the

release of DOX, thus leading to cancer cell apoptosis in

a synergistic way.

Experimental Section
Preparation of Hollow Prussian Blue

(HPB) Nanospheres
The monodisperse Fe2O3 nanospheres were prepared

through the hydrothermal reaction reported previously.40

The as-obtained Fe2O3 nanospheres (15 mg) were dispersed

in a water-ethanol mixture (40 mL) including PVP (0.2 g)

under an ultrasound instrument for 2 h at room temperature

(25°C) and mechanical stirring (300 r/min) at the same time.

After 0.1 mL K4[Fe(CN)6]·3H2O (0.1 M) solution were

added, 5 mL HCl solution (7.2 M) were introduced by

a peristaltic pump. After 4 h, the product was collected by

centrifugation at 8000 rpm for 5 min and washed thoroughly

with deionized water and ethanol. After the product was

etched with HCl solution (8 M, 5 mL) for 8 h at room

temperature (25°C), hollow Prussian blue nanospheres were

obtained.

Drug Loading
After 5 mg HPB nanospheres were added into 5 mL DOX

solution (1 mg mL−1), the mixture was kept in a shaker

(SK-O180-Pro) for 24 h at room temperature. The DOX-
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loaded HPB nanospheres were collected by repeated cen-

trifugation and washed three times with deionized water,

and then they were dried at room temperature. The con-

centration of unbounded DOX was measured by UV-Vis-

NIR spectroscopy with absorption intensity at 480 nm.

DOX drug-loading capacity was measured using the fol-

lowing equation:

Loading capacity ¼ total DOX� unbounded DOXð Þ
=total HPB nanospheres

In vitro Drug Release of DOX
The HPB-DOX (2 mg) was packaged into a dialysis bag

(MWCO = 8 kDa), and then immersed within 25 mL PBS

solution at different pH (pH = 7.4 or 5.0) and temperature

(37°C or 43°C) in a tube with gentle shaking. The 5 mL

release solution was removed at predetermined time inter-

vals and then an equal amount of fresh PBS was added at

the same time to maintain the total solution volume con-

stant. The release solutions were analyzed by UV-Vis-NIR

spectroscopy to determine the amount of DOX released.

The cumulative DOX release ratio was calculated accord-

ing to the following formula:

Er ¼ V0Ci
mdrug

� 100% i ¼ 1ð Þ
Er ¼ Ve ∑i�1

1 Ci�1þV0Ci

mdrug
� 100% i � 2ð Þ

8<
:

where Er is the cumulative released ratio of DOX (%), Ve
and V0 are the volumes of the exchanged medium and the

total medium, respectively (in mL), Ci is the DOX con-

centration of the release medium taken at the i-th time

(in mg mL−1), and mdrug is the total mass of DOX in the

nanoparticles (in mg).

Photothermal Performance in vitro
The photothermal performance of the synthesized HPB

nanospheres was evaluated with an infrared thermal cam-

era. Typically, the solution of the sample was diluted to

a series of concentrations of deionized water (0, 10, 25, 50,

100, and 200 μg mL−1). Then, illuminated by a beam of an

808 nm laser at a power density of 1 W cm−2 for 5 min and

the initial room temperature was 25°C. The running tem-

perature of the solution was recorded by an infrared ther-

mal camera every 30 s and a photo was taken at the same

time.

In order to further assess the photothermal stability of the

material, five cycles of NIR laser radiation were performed.

Briefly, the solution of the sample with a concentration of

Scheme 1 The synthesis illustration of HPB nanospheres as therapy agents for photothermal/chemo-synergistic therapy of cancer.
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200 μg mL−1 was illuminated by an 808 nm laser at a power

density of 1 W cm−2 for 5 min, and then the light source was

turned off for another 5 min. This process was repeated 5

times to estimate the photothermal stability of HPB

nanospheres.

In vitro Cytotoxicity of HPB

Nanospheres
The cytotoxicity of the as-synthesized nanoparticles was

evaluated with MTT assay. Typically, human cervical car-

cinoma cells (HeLa), purchased from Shanghai Institutes

for Biological Sciences Cell Resource Center, were cul-

tured in standard cell media cells seeded into 96-well

plates and were incubated in 5% CO2 at 37°C for 24

h. Then, different concentrations of HPB nanospheres

were added into the 96-well plates and continued to be

cultured for 24 h. After that, cell viability was determined

using the MTT reduction assay.

In vitro Synergistic Chemo-Thermal

Therapy
HeLa cells were seeded into 96-well plates at a density of

104 cells per well and incubated in 5% CO2 at 37°C for 24

h. The culture medium was changed and cells were incu-

bated with complete medium containing PBS (control), HPB

nanospheres, NIR, free DOX (20 μg mL−1), HPB-DOX,

HPB+NIR, and HPB-DOX+NIR. The groups of HPB nano-

spheres and HPB-DOX have an equivalent HPB nanosphere

dosage (50 μg mL−1). After 4 h of incubation, excess

unbound materials were removed by rinsing three times

with PBS. Fresh complete medium was then added to the

wells. The cells of the groups, HPB nanospheres, HPB-

DOX, were exposed to 808 nm laser at a power density of

1 W cm−2 for 5 min for photothermal and chemo-thermal

therapy treatment. Then, they were incubated again in 5%

CO2 at 37°C for 24 h. Relative cell viabilities were deter-

mined by the standard MTT assay.

Cell Uptake Assay
HeLa cells were inoculated into a confocal Petri dish at an

initial cell density of 104 cells cm−2. When the cell con-

fluence reached around 70–80%, the culture medium was

replaced with fresh media containing HPB-DOX (100

μg mL−1). After culture in 5% CO2 at 37°C for 4 h,

HeLa cells were irradiated by 808 nm laser at a power

density of 1 W cm−2 for 5 min and incubated for another

24 h. The culture medium was removed by rinsing three

times with PBS. Cells were stained with Hoechst for 30

min, and rinsed three times with PBS. The cells were

observed by laser scanning confocal microscope.

In vivo Infrared Thermal Imaging
All animal experiments were performed according to pro-

tocols permitted by the Animal Care Committee of Henan

University. Female nude mice (4 weeks old) were pur-

chased from Beijing Vital River Experimental Animal

Technology Co., Ltd. To obtain tumor-bearing animals,

HeLa cells (1×106) were suspended in 100 mL PBS and

subcutaneously injected into the thigh of every nude

mouse. The tumor-bearing mice were randomly divided

into three groups (n = 3 mice per group) which were then

were intratumorally injected with PBS, HPB, and DOX-

HPB (10 mg kg−1), respectively. The temperature of the

tumor site in mice was recorded by infrared thermal ima-

ging camera under the 808 nm laser irradiation.

In vivo Synergistic Chemo-Thermal

Therapy
To investigate the therapeutic effect of chemo-thermal ther-

apy. The tumor-bearing nude mice were randomly divided

into six groups (n = 3 mice per group): (1) control group

(PBS+NIR), (2) HPB group, (3) free DOX group, (4) DOX-

HPB group, (5) HPB+NIR group, (6) DOX-HPB+NIR

group. When the volume of tumor reached about

250–300 mm3, the nude mice in the treatment groups were

injected with PBS (200 μL), free DOX (200 μL, CDOX =

2 mg mL−1), HPB (200 μL, CHPB = 2 mg mL−1), and DOX-

HPB (200 μL, CHPB = 2 mg mL−1) by intratumoral injec-

tion, respectively. After one day, the tumor-bearing mice of

groups (1), (5) and (6) were treated with 808 nm laser (1

W cm−2) for 5 min. The tumor dimensions were measured

with a caliper, and the tumor volume was calculated accord-

ing to the equation: Volume = (Tumor length) × (Tumor

width)2/2.

Characterization
SEM (Nova-Nano SEM 450, FEI, America) and TEM (JEOL

JEM-2010, JEOL, Japan) were used to characterize the mor-

phology. The compositions of products were analyzed by

X-ray diffraction (D8-ADVANCE, Bruker, Germany) and

an Infrared Fourier Transform Spectrometer (VERTEX 70,

Bruker, Germany). Nitrogen adsorption isotherms were

obtained at 273 K with a Quadrasorb TM SI Four Station

Surface Area Analyzer and Pore Size Analyzer (Quadrasorb
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SI-4, Quantachrome, America). The UV-Vis-NIR absorbance

spectra of samples were obtained using a UV-Vis-NIR spec-

trophotometer (PE Lambda 950, PerkinElmer, America). The

fluorescence image of the cells was detected by laser scan-

ning confocal microscopy (Zeiss 880, Carl Zeiss, Germany).

The average size distribution and zeta potential of the nano-

particles were assessed by the Zetasizer Nano ZS instrument

(Malvern Instruments, UK).

Statistical Analysis
All experiments and measurements were carried out three

times, and all results were reported as mean ± standard

deviation (SD). Statistical analyses were performed using

Student’s t–test. The differences were considered statisti-

cally significant for p values <0.05.

Results and Discussion
The Design and Synthesis of HPB

Nanospheres
The monodisperse Fe2O3 nanospheres with a diameter of

110 nm were used as a template in the present experiment

in Figure 1A. Here, diluted HCl solution was added into

the reaction solution to trigger the release of Fe3+ ions

through the dissolution of the Fe2O3 nanospheres.

According to the designed route, PB could be generated

around Fe2O3 nanospheres through the interfacial reaction

between the [Fe(CN)6]
4- and the released Fe3+ ions. As

shown in Figure 1B, lots of PB nanoparticles were gener-

ated, but loosely attached around Fe2O3 nanospheres.

Obviously, the PB nanoparticles did not form a complete

shell through just simple replacement of the iron source.

We noticed that the color of the supernatant was blue,

which implied that lots of PB nanoparticles are generated

through self-nucleation in the solution phase. It was pri-

marily proposed that the release of Fe3+ ions from the

Fe2O3 nanospheres in acidic solution was too fast, which

caused the reaction to proceed mainly in the solution

phase; thus, the release rate of Fe3+ ions from Fe2O3

nanospheres should be slowed down. And then ethanol

was tentatively introduced into the solution to suppress

the ionization of HCl, and then decrease the dissolution

rate of Fe2O3 nanospheres. As shown in Figure 1C and D,

Figure 1 SEM images of the typical Fe2O3 nanospheres (A), the typical Fe2O3@PB composite nanospheres synthesized in pure water (B) and ethanol/water mixture (C),

TEM image of the typical Fe2O3@PB composite nanospheres (D), SEM image (E) and TEM image (F) of the typical HPB nanospheres.
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complete and smooth PB shells were generated with par-

tial Fe2O3 colloidal template undissolved when proper

ethanol was used. The PB shell copied the shape of

Fe2O3 nanospheres perfectly and showed similar monodis-

persity. To create an interior hollow cavity, the residual

Fe2O3 colloidal template was removed by treating them in

3 M HCl solution at room temperature for 8 h, and mono-

disperse HPB nanospheres with uniform shell (25 nm)

were then obtained as seen from Figure 1E and F. From

the XRD patterns of Fe2O3, Fe2O3@PB and hollow PB

nanospheres (Figure S1), the diffraction peaks of PB from

Fe2O3@PB and hollow PB nanospheres remained

unchanged after acidic etching, which showed exactly the

same diffraction patterns (Fm3m) assigned according to

the PB crystals (JCPDS card 73–0687).37 Furthermore, the

generation of PB materials was also confirmed from their

corresponding IR spectra (Figure S2), where the strong

absorption peaks at 2081 cm−1 are characteristic CN

stretching absorption bands, and the absorption bands at

around 503 cm−1 are due to the structure of the FeII-CN-

FeIII linkage.38 The above-characterized results prove the

feasibility of our designed route to synthesize HPB

nanospheres.

Investigating the Reaction Mechanism for

Controlled Synthesis
From the above experimental results, the ethanol was found

to play a critical role in the formation of the PB shell. Here

the ethanol/water ratio in the solvent was precisely adjusted

to investigate the effect of ethanol on the formation of PB

shell. As shown in Figure 2, the HPB synthesized with

different ethanol/water ratios (E/W) were sampled and char-

acterized.When a small amount of ethanol was added with E/

W = 1:8, the product in Figure 2A showed that many more

PB nanoparticles were attached to Fe2O3 nanospheres than

that synthesized in pure water in Figure 1B, indicating that

the reaction site is closer to the template interface. When the

content of ethanol in solution increased with E/W = 5:4, PB

nanoparticles form a complete but rough shell around the

residual Fe2O3 nanospheres in Figure 2B. With the E/W

increasing to 7:2, complete PB shells with uniform shell

thickness and smooth surface were generated during the

reaction deposited around the Fe2O3 colloidal template in

Figure 2C. However, when more ethanol was added (E/W =

8:1), although the Fe2O3 colloidal template was partially

etched as seen from their reducing size, no PB shell is

observed in Figure 2D, which was also proved from the IR

characterizations in Figure S3. The control experiments indi-

cated the morphology of the PB shell was indeed strongly

influenced by E/W ratios, and a perfect PB shell could be

realized with the optimal E/W ratio of around 7:2.

The ionization of HCl was suppressed when ethanol

was introduced, which led to the slow release of Fe3+ ions

from the Fe2O3 colloidal template. In such a condition,

once the released Fe3+ ions encountered [Fe(CN)6]
4- ions,

PB nanoparticles were intermediately deposited in situ

around the template, and thus few Fe3+ ions could diffuse

into solution phase. However, it was noticed that the

Fe2O3 nanospheres were still dissolved to provide Fe3+

ions with more ethanol, which can be seen from the etched

surface in Figure 2D, but PB nanoparticles were hardly

detected around the residual Fe2O3 template. In such

a condition, it could be ascribed to the low concentration

of [Fe(CN)6]
4- nearby the Fe2O3 template. This result

further revealed that the ionization of K4[Fe(CN)6] was

also suppressed, even more seriously than that of HCl. As

a matter of fact, K4[Fe(CN)6] was insoluble in pure etha-

nol. Thus, the reaction mechanism for the generation of

PB shell was that both the release of Fe3+ from the Fe2O3

nanospheres and [Fe(CN)6]
4- from K4[Fe(CN)6] were sup-

pressed but matched very well under the optimal condition

for the formation of the PB shell. In addition, the E/W

mixed solvent also played the role of “buffer solution,”

where the H+ and [Fe(CN)6]
4- ions would be supplied

continuously through ionization balance after they were

gradually consumed. Thus, the successful synthesis of

HPB nanospheres was closely related to the solvent,

which could efficiently mediate the deposition of PB

shell around the Fe2O3 colloidal template.

The growth procedure of PB shell in the solvent with

an optimized E/W ratio was further investigated. As shown

in Figure S4a, a thin but uniform PB shell (about 10 nm)

was generated around Fe2O3 colloidal template after 1 h,

indicating that the reaction proceeded smoothly at the

template interface with optimal reaction parameters. The

shell became thicker (about 25 nm) gradually with reaction

time in Figure S4b and c. The growth process also proved

the advantage of the optimal solvent ratio, which made the

reaction smoother; meanwhile, the shell with different

thicknesses could be easily controlled by reaction time.

In addition, the void size of HPB nanospheres determined

by the template size could be adjusted by using Fe2O3

colloidal template with different sizes, which is another

feature of the template method beside the inherited mono-

dispersity. The HPB nanospheres with different void sizes
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could be adjusted by the template size. For example, HPB

nanospheres with different void sizes of about 110, 150,

and 180 nm were synthesized as shown in Figure S4d–f.

The as-prepared HPB nanospheres have controllable shell

thickness and hole size, which proves the superiority of the

designed route, and can provide HPB nanospheres for

different applications.

The Photothermal Performance of HPB

Nanospheres
The UV-Vis-NIR spectrum of the as-obtained HPB nano-

spheres shows that they have strong absorption of NIR light

(600 to 900 nm), which is in accordance with the NIR

absorption of PB nanoparticles in Figure S5, where their

molar absorbance is similar.16,21 Thus, an 808 nm NIR

laser was chosen in this work as the light source to investigate

the photothermal conversion performance. The HPB nano-

sphere aqueous solutionswith different concentrations (0, 10,

25, 50, 100, and 200 μg mL−1) were exposed to the 808 nm

laser at a power density of 1 W cm−2, respectively, where the

initial temperature was maintained at 25°C. As seen from

Figure 3A, the temperature change (black curve) in pure

water is almost negligible. However, the temperature rises

quickly with their increasing content as seen in Figure 3A

and B, which was obviously attributed to the photothermal

effect of HPB nanospheres. For example, when 3 mL solu-

tion containing HPB nanospheres with a concentration of

100 μg mL−1 was irradiated for 5 min, the temperature of

the solution exhibited a quick temperature increase from 25°

C to 72.3°C as seen in Figure 3A. Moreover, the photother-

mal performance can remain without any loss after five

cycles in Figure 3C, revealing the great photostability of

HPB nanospheres. Unlike some other photothermal agents,

such as Au nanomaterials, which would “melt” and lose their

NIR absorbance after a long period of NIR laser irradiation,

here HPB nanospheres are kept unchanged before and after

five cycles of irradiation of NIR light (Figure 3D, inset TEM

Figure 2 The TEM images of Fe2O3@PB composite nanospheres synthesized in solvent with different ethanol/water ratios: (A) 1:8, (B) 5:4, (C) 7:2, (D) 8:1.
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images), and the adsorption spectra changed little; thus, all

these indicated that the as-obtained HPB nanospheres can be

used as ideal photothermal agents in cancer therapy.

The Loading and Release Behavior of

DOX in HPB Nanospheres
The mesoporous features of HPB nanospheres were char-

acterized through the N2 adsorption/desorption isotherms as

shown in Figure S6, and the BETspecific surface area could

reach about 302.9 m2 g−1 with the pores peaking at 3.8 nm.

Owing to hollow mesoporous structure and large specific

surface area, the as-obtained HPB nanospheres can be

employed as ideal carriers to encapsulate anticancer

drugs.39 As shown in Figure S7, HPB nanospheres were

highly dispersible and stable in both water and blood serum

with no observable aggregation within one week, which

shows similar dynamic light scattering distributions.

Doxorubicin (DOX) is a well-known small molecular drug

for its wide clinical application in cancer therapy. Herein,

DOX is chosen as a drug model and loaded into the cavity of

HPB nanospheres by a common diffusion and permeation

method based on their porous shell. As indicated by the UV-

Vis-NIR spectroscopy and the inset digital photos of DOX

solutions before and after interaction with HPB nano-

spheres (Figure 4A), a large amount of DOX could be

loaded in HPB nanospheres. The results of the FTIR spectra

of DOX, HPB nanospheres, and DOX-loaded HPB nano-

spheres proved the successful drug loading in Figure 4B.

The loading capacity of DOX can reach 440 mg g−1, and the

extremely high loading capacity can be attributed to the

high specific surface area of the hollow mesoporous struc-

ture, where the positively charged DOX could be bound to

the negatively charged HPB nanospheres (−20.6 mV)

Figure 3 The photothermal property of HPB nanospheres, (A) heating curves of water and HPB nanospheres solutions (3 mL) with different concentrations (0, 10, 25, 50,

100, 200 μg mL−1) under 808 nm laser, (B) corresponding infrared thermal graphs, (C) temperature variations of HPB nanospheres, (D) comparison of absorption spectra

and TEM images (Inset) of Prussian blue hollow microspheres before and after irradiation.
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through electrostatic interaction, as well as strong coordi-

native bonding between inherent Fe(III) in the structure of

HPB nanospheres and chemical groups (e.g. amino and

carbonyl) of DOX.27 Moreover, the DOX released from

HPB nanospheres exhibits typical sustained pH and tem-

perature-responsive release profiles (Figure 4C). The cumu-

lative release of DOX from HPB nanospheres dispersed in

the PBS solution in 48 h at different pH values (pH = 7.4 or

5.0) and temperatures (37°C or 43°C) is studied. It is worth

noting that only a small amount of DOX (15.4% after 48 h)

can be released at pH 7.4 and temperature 37°C, and the

linkages/bonds between DOX and carriers will be wea-

kened at increased temperatures and reduced pH values.23

Evidently, when reducing the pH values from 7.4 to 5.0 and

keeping the temperature at 37°C, the DOX release percen-

tage increased from 15.4% to 46.6% after 48 h, and when

the temperature changed from 37°C to 43°C and the pH was

kept at 5.0, the maximum release amount of DOX showed

further increase to 61.1%, much higher than that at 37°C

and pH 5.0, which is greatly beneficial to minimize the side

effects of chemotherapeutics and enhance the antitumor

efficiency. The drug release accelerated with elevating the

temperature, which could also be adjusted by the heat from

the radiated HPB nanospheres. As seen in Figure 4D, the

NIR laser was triggered at predetermined time intervals (0,

60, 120 min), a burst release of DOX can be observed after

every laser ON point. The results confirmed that the photo-

thermal effect of HPB nanospheres could also be used in the

controlled drug release under NIR laser irradiation.

In vitro Cell Assay
The cell toxicity of HPB nanospheres was firstly evaluated by

the MTT assay on HeLa cells, as shown in Figure 5A. With

content ranging from 10 to 200 μg mL−1, no significant cyto-

toxicity of HPB nanospheres was observed for HeLa cells,

even at a relatively high concentration of 200 μg mL−1, which

proves that HPB nanospheres have good in vitro biosafety. To

further investigate the uptake and distribution of HPB-DOX in

HeLa cells, the fluorescent cell morphology was characterized

to observe CLSM. Obviously, with the assistance of a drug

carrier, a large amount of DOX could be transported into HeLa

cells easily (Figure 5B). The results indicated that the endocy-

tosed nanoparticles were mostly localized at the cytoplasm as

seen from the red color where the DOX molecules were

released. The chemotherapy of HPB nanospheres as a drug

carrier was then investigated in Figure 5C. At the beginning,

Figure 4 (A) UV-Vis-NIR curves of initial DOX solution and the supernatant after loading, (B) IR spectra of HPB nanospheres, HPB-DOX nanospheres and DOX, (C)

release profiles of DOX-loaded HPB nanospheres measured in PBS (pH = 7.4, 5.0) at 37°C and 43°C respectively, (D) release profile of DOX-loaded HPB nanospheres

measured in PBS (pH = 5.0) at 37°C under NIR laser (808 nm, 1 W cm−2) irradiation for 10 min with an ON/OFF-mode every 60 minutes.
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HeLa cells were incubated in 96-well plates at 37°C for 24 h,

and then different concentrations of DOX-HPB nanospheres

(0, 10, 25, 50, 100 g mL−1) were added, and the mixture was

incubated for 24 h. The HeLa cells could be killed with

increasing HPB nanospheres, the relative survival proportion

decreases from ∼100% to 68.8% with the concentration of

HPB nanospheres increasing from 0 to 100 μg mL−1.

The photothermal performance of HPB nanospheres was

then investigated through ablating tumor cells under laser

irradiation in Figure 5D. Similar to the above chemotherapy,

HeLa cells were incubated in 96-well plates at 37°C for 24 h,

and then different concentrations of HPB nanospheres were

added, and the mixture was cultured for 4 h, and then treated

with or without 808 nm laser (5 min, 1 W cm−2), respectively.

As illustrated in Figure 5D, the cells show high viability in the

absence of light; however, the relative survival proportion

decreases significantly from ∼100% to less than 20% with

the concentration of HPB nanospheres increasing from 0 to

100 μg mL−1. Thus, the HPB nanospheres with good biocom-

patibility could effectively ablate cancer cells under NIR laser.

Although both hyperthermia and chemotherapy can kill

tumor cells as shown in Figure 5C and D, the efficiencies

were low at a low concentration of 50 μg mL−1. In view of

the above results that the laser irradiation could promote the

release of DOX loaded in HPB nanospheres, photothermal

therapy and chemotherapy were combined to kill the cancer

cells. As shown in Figure 5E, the HeLa cells cultured with

different active species including PBS, HPB nanospheres,

only NIR irradiation, HPB-DOX, free DOX, and HPB-DOX

combined with laser irradiation (808 nm laser for 5 min at

Figure 5 (A) The cell toxicity of HPB nanospheres, (B) the uptake and distribution of HPB-DOX in HeLa cells, (C) cell viability of HeLa cells treated HPB nanospheres with

and without HPB-DOX nanospheres at different concentrations and (D) cell viability of HeLa cells incubated of HPB nanospheres with and without laser irradiation at

different concentrations, (E) cell viability of HeLa cells after being incubated in PBS solution containing different active species (mean � s. e. m., n = 3, *P < 0.05), (F)
therapeutic efficacy of chemotherapy, photothermal therapy, photothermal/chemo-therapy, and additive therapeutic efficacy (mean � sem, n = 3, *P < 0.05).
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a power density of 1 W cm−2) were investigated for compar-

ison, and then an MTT assay was performed to measure

relative cell viability. The free DOX group (28.9%) has

relatively higher toxicity than the HPB-DOX group

(23.6%), which is due to the limited DOX release from

HPB nanospheres. The HPB nanospheres with NIR laser

irradiation group results in 43.5% cell mortality rate; how-

ever, the HPB nanospheres-DOX+NIR group leads to 61.8%

cells being killed. The nominal efficiency of additive thera-

peutic therapy with the combination of chemo and thermal

therapy can be calculated according to the previous report.27

As shown in Figure 5F, the therapeutic efficacies of single

chemotherapy and photothermal therapy are 23.6% and

43.3%, respectively. The calculated additive value of addi-

tive is 56.8%, which is lower than that of the HPB nano-

spheres-DOX+NIR group (61.8%). The relative higher

therapeutic efficacy in the real test may be due to the syner-

gistic effect of chemo-thermal therapy. The control results

implied that the heat produced by PB shell under the expo-

sure of an NIR laser can promote the ablation of cancer cells

with synergistic photothermal/chemo-therapy.

In vivo Antitumor Therapy
The HPB nanospheres exhibited good biocompatibility and

treating efficiency in the above in vitro assay. Here the

in vivo antitumor experiments were further carried out to

evaluate their therapeutic efficacy of tumor. First, the

in vivo photothermal effect of HPB nanospheres was mea-

sured. The mice bearing HeLa tumors were intratumorally

injected with PBS, HPB, DOX-HPB, then subjected to 808

nm laser exposure (1 W cm−2, 5 min). The temperature

changes were monitored with an infrared thermal imaging

camera in Figure 6A. The nude mice injected with the HPB

group and DOX-HPB group presented marked heat produc-

tion at the tumor site with the temperature of tumor rapidly

increasing from 36.2°C to 61.5°C, whereas the surrounding

tissue near the tumor only exhibited near-physiological

temperature. In contrast, the temperature of mice injected

with PBS showed a moderate temperature of about 39°C.

The temperature change can be seen clearly from the time–

temperature curve in Figure 6B, indicating the excellent

photothermal performance of HPB nanospheres under the

exposure of NIR laser. Secondly, the photothermal/chemo-

synergistic therapeutic efficacy was further evaluated in

in vivo tumor treatment. The antitumor efficacy of various

treatment groups is illustrated in Figure 6C and D. From the

control experiments, the obvious changes could be visually

confirmed by comparing the tumors after different treat-

ments in various time durations as shown in the representa-

tive digital photos (Figure 6C), and it could be found that

the relative tumor volume had significantly decreased after

intratumoral injection of DOX-HPB and laser irradiation in

Figure 6D. More interestingly, the tumor completely dis-

appeared after 14 days post-treatment. In addition, the

Figure 6 (A) Infrared thermal images of control and treatment groups, (B) heating curve at different time points of control and treatment groups, (C) photographs of mice

bearing HeLa tumor after different treatments for varied time periods, (D) the relative tumor growth rate with different treatments.
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bodyweight of the nude mice in the control group and other

treatment groups did not have obvious changes except for

the DOX group during the treatment (Figure S8), demon-

strating satisfactory in vivo biocompatibility and biosafety

of HPB nanospheres. The in vivo experiments confirmed

the outstanding performance of HPB nanospheres in photo-

thermal/chemo-synergistic therapy of cancer.

Conclusion
Hollow Prussian blue (HPB) nanospheres were synthesized

through the solvent-mediated template route, where the Fe2O3

colloidal template played the role of Fe3+ source. Under

optimal conditions, HPB nanospheres with different shell

thicknesses and void sizes were further synthesized based on

the designed route. When using HPB nanospheres as

a therapeutic agent, they demonstrated a high DOX loading

capacity of 440 mg g−1 as a drug carrier; meanwhile, the

release rate of the loaded DOX in HPB nanospheres could

be controlled under the exposure of an NIR laser. Importantly,

the in vitro and in vivo results demonstrate that the combina-

tion of photothermal/chemo-therapy exhibits low toxicity and

high efficiency for cancer therapy. Therefore, the as-

synthesized HPB nanospheres are considered as a promising

candidate for future cancer therapy due to their excellent

integration of NIR photothermal therapy and chemotherapy.
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