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Designing theranostic agents that are responsive to weakly acidic tumor microenvironments for optimized
imaging and therapeutic effects is of great interest in nanomedicine. In the current study, we constructed
a pH-triggered smart theranostic system based on pH-responsive Prussian blue, which shows good
performance in the photoacoustic imaging (PAl)-guided photothermal therapy (PTT) of tumors.
Precursors to Prussian blue, namely ferrous and ferricyanide ions, were separately encapsulated into pH-
responsive hydrogels that only degraded under acidic conditions. In vitro results showed that the
encapsulated ions were gradually released in acidic buffer, accompanied by hydrogel degradation. After

the resultant hydrogel was mixed and intratumorally injected into tumor-bearing mice, the encapsulated
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Accepted 9th March 2017 errous ions and ferricyanide ions were successfully released in the acidic tumor environment, allowing
the in situ formation of Prussian blue in the tumor area. This provided an efficient theranostic agent for

DOI: 10.1039/c7ra01879g PAl-guided PTT of cancer. Our research highlights the potential of Prussian blue-based theranostic
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Introduction

Nanotheranostic agents integrated with different therapeutic
and diagnostic functions have attracted considerable interest
due to their great potential in the field of precision cancer
medicine.’* Many theranostic agents have been developed for
simultaneous use in different imaging and therapeutic tech-
nologies, including magnetic resonance imaging-photothermal
therapy (MRI-PTT),>* optical imaging-photodynamic therapy
(OI-PDT),"*> MRI-chemotherapy,"* computed tomography (CT)-
PTT,"** and photoacoustic imaging (PAI)-PTT.'*""** However,
most of these theranostic agents are fabricated by the combi-
nation of individual functional agents due to the different
principles of imaging and therapy technologies. The major
problem with these theranostic agents is that the individual
functional agents can detach from each other in vivo, leading
to inaccurate diagnosis and poor efficacy. Therefore, the
development of theranostic agents based on single materials
that can serve as both imaging and therapeutic agents is
important.
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agents for the precise diagnosis and treatment of cancer.

Near-infrared (NIR) absorbing materials are materials that
have strong absorption in the NIR region. Due to the deep tissue
penetration of NIR light, NIR absorbing materials have been
widely investigated for in vivo applications,>**?* particularly
photothermal therapy, which employs NIR materials to absorb
NIR light and generate heat, leading to thermal ablation of
malignant cells. Coincidentally, NIR adsorption-induced heat
can also lead to transient thermoelastic expansion, generating
ultrasonic waves detectable by ultrasonic detectors. Therefore,
NIR-absorbing materials are good candidates for photoacoustic
imaging (PAI) contrast agents. Consequently, the combination
of PTT and PAI provides a potential solution to the aforemen-
tioned problem with theranostic agents, as both the imaging
technology and therapeutic method are based on the same NIR-
absorbing material. Moreover, as a promising alternative to
traditional cancer therapies, PTT has received significant
attention in recent years due to its high selectivity toward tar-
geting sites and noninvasiveness in normal tissues. PAI has
many advantages in comparison with traditional optical
imaging methods, including low signal scattering in tissues,
high resolution, and sensitivity. Therefore, the combination of
PTT and PAI shows great promise for optimizing diagnostic
accuracy and therapeutic efficiency.

In the last decade, many NIR-absorbing nanomaterials,
including gold nanostructures,”?® carbon-based nano-
materials,”~** transition-metal oxides and sulfides,*>***” upcon-
version nanoparticles,***? and various organic polymers,**** have
shown promise as PTT and PAI agents, both in vitro and in vivo.

This journal is © The Royal Society of Chemistry 2017
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However, due to the stable physicochemical properties under
physiological/tumor conditions, most of these nanotheranostic
agents have the same effect when accumulated in tumor and
normal tissue, leading to low specificity in both tumor imaging
and tumor therapy. Ideal nanotheranostic agents would only be
functional in the desired tumor area. In comparison to inert
theranostic agents, microenvironment-sensitive materials, such
as pH- or enzyme-responsive materials, have many advantages in
both imaging and therapy. For instance, in optical imaging,
pH-responsive fluorescence probes can increase the signal-to-
noise ratio in the region of interest, which increases detection
sensitivity and diagnosis accuracy.”**” Furthermore, in cancer
chemotherapy, tumor microenvironment-responsive drugs not
only enhance the therapeutic effect, but also decrease the side
effects on normal tissues.”®* In a previous investigation, we
developed pH-responsive Fe-gallic-acid nanoparticles for the PAI-
guided PTT of cancer."” Due to their pH-sensitive properties, Fe—
gallic acid nanoparticles have long retention times in tumors
with mild acidic conditions and can easily be decomposed and
metabolized in normal organs, such as the liver and spleen. This
makes them a safe and promising candidate for a PAI-PTT
theranostic agent. The above studies clearly demonstrate the
remarkable advantages of microenvironment-sensitive thera-
nostic agents when extended to clinical applications.

Following our previous study, we now report a novel in situ-
formed pH-responsive PAI-PTT theranostic agent based on
Prussian blue complex, which possesses strong NIR absor-
bance under acidic conditions. As shown in Fig. 1, ferrous ions
and ferricyanide ions were separately encapsulated in
an injectable pH-responsive hydrogel based on the Schiff
base reaction of dibenzaldehyde-terminated telechelic poly-
(ethylene glycol) (DF-PEG) and glycol chitosan.*® After being
mixed and injected into the tumor, the resultant hydrogels can
be degraded under weakly acidic conditions and release
ferrous ions and ferricyanide ions to form Prussian blue in
situ, leading to excellent in vivo photoacoustic imaging and
a good photothermal therapy effect against tumors in mice.
To our knowledge, such an in situ-formed pH-responsive
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Fig. 1 Schematic illustration of (a) formation of pH-responsive
hydrogel, and (b) in situ formation of Prussian blue in the tumor area.
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theranostic agent for imaging guided therapy applications
has not been reported previously.

Experimental
Chemicals

Glycol chitosan was purchased from Sigma-Aldrich. Ferrous
sulfate and potassium ferricyanide were purchased from
Aladdin Industrial Corporation. Dibenzaldehyde-terminated
poly(ethylene glycol) (DF-PEG) was provided by Dr. Yangyun
Wang. Other analytical grade chemicals were purchased from
Sinopharm Chemical Reagent Co., Ltd and used as received.

Synthesis of Prussian blue complex

Prussian blue complex was prepared by mixing FeSO, and
K;[Fe(CN)¢] solutions. In a typical synthesis, FeSO, (3 mL, 10
mM) was mixed with deionized water (45 mL) before adding
K;3[Fe(CN)e] (2 mL, 10 mM) and mixing until homogeneous to
obtain Prussian blue complex.

Hydrogel preparation

Glycol chitosan (30 mg mL™") and DF-PEG solution (200 mg
mL ") were prepared separately by dissolving certain amounts,
respectively, in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer (pH 7.0). To obtain the ferrous-ion-
containing hydrogel, glycol chitosan (100 pL), deionized water
(100 pL), FeSO, (300 pL, 10 mM), and DF-PEG (100 puL) were mixed
in a 1 mL syringe. The precursor solutions in the syringe were
kept at room temperature for 3 h to allow gelation. The ferricya-
nide containing hydrogel was prepared similarly, by mixing glycol
chitosan (100 pL), deionized water (200 pL), Ks3[Fe(CN)g] (200 pL,
10 mM), and DF-PEG (100 pL), according to the above procedure.
After the hydrogels were formed, hydrogel fragments were ob-
tained under extrusion by slowly evacuating the syringe.

In vitro photothermal performance

Prussian blue solutions (1 mL) of different concentrations were
irradiated using an 808 nm laser with a power density of 0.5 W
cm 2. The solution temperature was measured with an infrared
camera (FLIR A65) at 100 ms intervals for a total of 10 min.

In vitro photoacoustic effect

The photoacoustic performance of Prussian blue was deter-
mined using a commercial multispectral optoacoustic tomog-
raphy system (MSOT, iThera Medical, inVision 256). This
system was equipped with an array of 256 cylindrically focused
transducers to detect photoacoustic signals. A tunable laser
system (680-980 nm, 10 Hz repetition rate, 8 ns pulse width, 120
m] pulse peak energy) was used to excite the target object with
optical pulses to generate the photoacoustic effect. In vitro
photoacoustic imaging of Prussian blue at different concen-
trations was performed using an excitation wavelength of
720 nm. Photoacoustic signal intensities were measured by
region of interest (ROI) analysis using the MSOT imaging
system software package.

RSC Aadv., 2017, 7, 18270-18276 | 18271
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In vitro pH-responsive properties of Prussian blue and
hydrogels

To evaluate the pH-responsive properties of Prussian blue
complex, FeSO, (1 mM) and K;[Fe(CN)e] (1 mM) were directly
mixed in deionized water in a 3 : 2 molar ratio to form Prussian
blue. The as-prepared complex was then added to different
buffers (pH 7.2, 6.8, 6.4, 6.1, 5.6, and 5.0) to give final Prussian
blue concentrations of 100 uM. The absorbances of the resul-
tant Prussian blue solutions were determined at different time
points after mixing. To demonstrate the pH-responsive ability of
the hydrogel, ferrous ions containing hydrogel fragments (50
pL) and ferricyanide containing hydrogel fragments (50 pL)
were mixed in different buffers (1.8 mL; pH 7.2, 6.1, 5.6, and
5.0). The absorbances and photoacoustic signals of each sample
were monitored at different time points.

Biocompatibility evaluation

4T1 murine breast cancer cells were used to investigate the
cytotoxicity of Prussian blue, glycol chitosan, and DF-PEG using
the standard MTT assay. To evaluate the biocompatibility of the
formed hydrogel, glycol chitosan (100 uL) and DF-PEG (100 pL)
were first mixed with HEPES buffer (400 puL, pH 7.0) and then
immediately transferred into six-well plates. After gelation for
3 h at room temperature, 1 x 10° 4T1 cells were seeded into the
hydrogel membrane, covered, and incubated with standard cell
media at 37 °C in a 5% CO, atmosphere. The adherence of 4T1
cells on the hydrogel membrane was observed by an optical
microscope and compared with cells cultured in normal six-well
plates.

Animal model

The tumor models used were established by subcutaneous
injection of 4T1 cell suspension (50 L, ~5 x 10° cells) into the
right back of male Balb/c mice. By monitoring tumor growth,
mice bearing ~100 mm?® tumors were selected for imaging and
therapy experiments. All animal experiments were performed in
accordance with the ethical guidelines of Soochow University
and protocols approved by the Soochow University Laboratory
Animal Center.

Photoacoustic (PA) imaging

Prior to in vivo PA imaging, the tumor-bearing mice were
anesthetized with isoflurane. After intratumoral injection with
50 puL of 1 : 1 mixed hydrogel fragments (volume ratio of ferrous
ions and ferricyanide containing hydrogel fragments), the mice
were transferred into a 34 °C water bath to maintain their body
temperature. An excitation wavelength of 720 nm was adopted
to acquire PA images at different time points post-injection. Ten
frames were obtained for each position and averaged to mini-
mize the influence of animal movement in the images.

Photothermal therapy

Twenty tumor-bearing Balb/c mice with an average tumor
volume of ~100 mm?® were randomly allocated into four groups.
Mice in the treatment group underwent intratumoral injection
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with 50 pL of 1:1 mixed hydrogel fragments. For the control
groups, mice were treated with the same volume of saline.
Laser-treated groups were irradiated with an 808 nm NIR laser
(Hi-Tech Optoelectronics Co., Ltd. Beijing, China) with a power
density of 1 W em™> for 10 min. During irradiation, real-time
thermal images of the tumor area were acquired using an
infrared camera (FLIR A65). Tumor sizes were measured daily
and calculated as the volume equal to a x b*/2, where a and
b represent the length and width of the tumor, respectively.
Relative tumor volumes were obtained by dividing with the
initial tumor size before laser treatment.

Results and discussion

Prussian blue is an ancient low-cost dye with a simple prepa-
ration. Due to the strong optical absorbance in the near-infrared
region (NIR), Prussian blue-based nanoparticles have been
developed as potential photothermal agents for PTT of
cancers.*’” Typically, Prussian blue is easily obtained by directly
mixing ferric ion and ferrocyanide ion solution. Because ferric
ions are easily hydrolyzed, Prussian blue formation can be
difficult under neutral or weakly acidic conditions. Therefore, to
ensure that the formation of Prussian blue was feasible under
physiological conditions, ferrous ions and ferricyanide ions
were adopted as precursors for the synthesis of Prussian blue in
the current study, because the hydrolysis pH of ferrous ions
(7.5) is much higher than that of ferric ions (2.9). Fig. 2a shows
UV-Vis-NIR spectra of Prussian blue obtained by mixing FeSO,
and K;[Fe(CN)¢] solutions stoichiometrically, which exhibited
a blue color and a wide absorption band that extended from
500-1000 nm and peaked at 720 nm. Due to its strong NIR
absorption, Prussian blue has obvious photothermal and pho-
toacoustic effects. As shown in Fig. 2b and S1,T the temperature
of aqueous solutions containing different concentrations of
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Fig. 2 (a) UV-Vis-NIR absorbance spectra of Prussian blue solutions

with different concentrations. Inset: photographs of Prussian blue
solutions. (b) Temperature elevation of different Prussian blue
concentrations as a function of irradiation time. (c) Photoacoustic
signals of Prussian blue at 720 nm as a function of concentration. (d)
Absorbance variation of Prussian blue at 720 nm in different pH buffer
solutions.
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Prussian blue could be rapidly increased by irradiation with an
808 nm laser (0.5 W m™?), in remarkable contrast to the
temperature of pure water under the same irradiation condi-
tions. The results shown in Fig. S2 further demonstrate that AT
can be controlled by simply tuning the Prussian blue concen-
tration from 20 to 200 uM. After irradiation for 10 min, the
temperature of the Prussian blue solution at a concentration of
200 puM increased by 46 °C. Photoacoustic enhancements of
performance in a series of Prussian blue solutions with different
concentrations are shown in Fig. 2c and S3.T The photoacoustic
signal increased with increasing concentration from 0 to 100
uM, indicating that Prussian blue would be a good candidate for
photoacoustic imaging. Furthermore, NIR absorption exhibited
a strong pH dependency, as shown in Fig. 2d and S4.f In
general, the absorbance gradually decreased as the pH
increased from 5.0 to 7.0. The remarkable dependency of NIR
absorption on pH was well suited to the weakly acidic micro-
environment of tumors, giving Prussian blue the potential to be
a smart theranostic agent for tumors through PAI-guided PTT.

To construct the pH-triggered smart theranostic agent, the
precursors of Prussian blue, ferrous and ferricyanide ions, were
separately encapsulated into pH-responsive hydrogels based on
the Schiff base reaction of dibenzaldehyde-terminated tele-
chelic poly(ethylene glycol) (PEG) and glycol chitosan. As the
formed acylhydrazone bond was easily hydrolyzed under weakly
acidic conditions, the hydrogel gradually degraded in acidic
buffer solution, as shown in Fig. S5.1 Therefore, by mixing the
ferrous and ferricyanide ion-containing hydrogels in acidic
buffer, the encapsulated ions were gradually released to form
Prussian blue, accompanied by degradation of the hydrogels.
Fig. 3a shows photographs of the mixed hydrogels after incu-
bation in buffers with different pH values for different time
periods. The mixture colors showed a strong pH-dependent
effect, exhibiting an obvious blue color when the pH was
lower than 6.1, indicating Prussian blue formation in acidic
buffer. Quantified UV-Vis-NIR measurements are shown in
Fig. 3b, S6, and S7.7 The absorbance at 720 nm of the mixed
hydrogel in pH 7.0 buffer showed no appreciable change as
incubation time increased, while the absorbance markedly
increased with decreasing pH. Furthermore, the results also
indicated fast hydrogel degradation and the release of encap-
sulated ions as the absorbance increased rapidly, reaching
a plateau within 4 h of incubation. After being incubated in pH
5.0 buffer for 24 h, more than 90% of the encapsulated ions
were released according to the calculation. Due to the strong
pH-dependent absorption of the mixed hydrogel, photoacoustic
imaging of mixed hydrogel dispersed in buffer solutions with
different pH values was carried out (Fig. 3c and d). PAI was
captured at 720 nm, which corresponded with the absorption
peak of Prussian blue. The photoacoustic signal showed an
obvious increase as the pH value decreased, which was consis-
tent with the variation in absorbance. The above results sug-
gested that the constructed probe could potentially serve as
a pH-triggered smart theranostic agent for cancer.

In addition to outstanding physicochemical properties,
biocompatibility was essential for the in vivo application of the
resultant theranostic agents. To evaluate their biocompatibility,
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Fig. 3 (a) Photographs of mixed ferrous ion-containing hydrogel and
ferricyanide ion-containing hydrogel after incubation in buffers with
different pH values for different time periods. (b) Absorbance at
720 nm of hydrogel mixture incubated in different pH buffer, as shown
in (a). (c) Photoacoustic imaging of hydrogel mixtures after incubation
in buffers with different pH values for different time periods. (d)
Quantified photoacoustic signals of hydrogel mixtures incubated in
different pH buffers, as shown in (c).

4T1 cells (murine breast cancer cells) were adopted to investi-
gate the potential cytotoxicity of the precursors for theranostic
agents through a standard tetrazolium-based colorimetric assay
(MTT). As shown in Fig. 4a-c, the concentrations required for
80% cell viability were 5 mg mL ™", 0.5 mg mL ™", and 100 puM for
glycol chitosan, DF-PEG, and Prussian blue, respectively, indi-
cating that the precursors were nontoxic to cells at the investi-
gated concentrations. Furthermore, the 4T1 cells adhered well
after being seeded into the hydrogel-membrane-covered six-well
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Fig. 4 (a—c) Relative cell viabilities of 4T1 cells after incubation with

various concentrations of glycol chitosan, DF-PEG, and Prussian blue,
respectively. (d) Bright field photographs of 4T1 cells after being
cultured in normal plates (left panel) and hydrogel membrane-covered
plates (right panel).
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plates (right panel of Fig. 4d), which showed no obvious
differences compared with the cells cultured in normal plates
without hydrogel (left panel of Fig. 4d), indicating that the
hydrogel had a negligible effect on 4T1 cell viability. These
results showed that all components of the theranostic agent
were nontoxic, suggesting the resultant theranostic agent had
great potential for in vivo applications.

Encouraged by the pH-dependent photoacoustic signals and
good biocompatibility, we carried out further in vivo photo-
acoustic imaging on a subcutaneous 4T1 tumor model via
intratumoral injection of the hydrogel mixture (ferrous ion-
containing hydrogel and ferricyanide ion-containing hydro-
gel). Photoacoustic images acquired at different time points
post-injection are shown in Fig. 5a. Compared with the image
obtained pre-injection, the overall contrast of the tumor area
was gradually enhanced, showing a maximum signal at around
4 h post-injection, indicating the gradual release of ferrous ions
and ferricyanide ions, and formation of Prussian blue, in the
acidic tumor environment. Thereafter, the signal of the tumor
area started to decrease, suggesting the in situ formed Prussian
blue was gradually metabolized. To further quantitatively eval-
uate the imaging performance, the photoacoustic signals in the
region of interest (ROI) of each image were calculated and
presented in Fig. 5b. The variation tendency of photoacoustic
signals in the tumor area was consistent with the in vitro pho-
toacoustic results shown in Fig. 3d, further demonstrating the
effectiveness of the current theranostic agent.

As mentioned previously, the PAI contrast agents could also
serve as PTT agents for tumor therapy. Therefore, we further
evaluated the photothermal effect of the constructed theranostic
agent in vivo. According to the in vivo PAI results, mice bearing
4T1 tumors were anesthetized after intratumoral injection of
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Fig. 5 (a) Photoacoustic images of tumor before injection and
different time points post-injection of the hydrogel mixture. (b) Pho-
toacoustic signal variations of the tumor site in (a) as a function of time
post-injection. (c) Thermal images of mice after intratumoral injection
of saline (column 1), subcutaneous injection of hydrogel mixture
(column 2), or intratumoral injection of hydrogel mixture (column 3)
after exposure to 808 nm laser irradiation (1.0 W cm™2) for different
time periods. (d) Temperature changes in the region of interest in mice
during laser irradiation, as indicated in (c).
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hydrogel mixture for 4 h, the optimal time for Prussian blue
formation in the tumor, and then exposed to 808 nm laser irra-
diation with a power density of 1.0 W cm 2. An infrared imaging
camera was used to monitor temperature changes at the tumor
site under NIR irradiation. Under irradiation, the temperature of
the tumor area increased by 16 °C within 10 min (Fig. 5c and d).
In comparison, the tumor temperature of the control group (from
the intratumoral injection of saline and irradiation under the
same conditions) only increased by 3 °C, which was much less
than the tumor injected with hydrogel mixture. For further
comparison, the same amount of hydrogel mixture was also
injected into subcutaneous muscle. Interestingly, the muscle
temperature was markedly lower than that of the tumor after
injection using the same hydrogel mixture dose and laser irra-
diation conditions. These results not only demonstrated the
feasibility of tumor-pH-triggered theranostic agents for PAI-
guided PTT therapy, but also indicated the potential of the con-
structed theranostic agent for reducing non-specific photo-
thermal heating of normal tissues exposed to laser irradiation.
To fully assess the in vivo therapeutic potential of the Prus-
sian blue-based theranostic agent, the photothermal thera-
peutic efficacy was further investigated. Balb/c mice with
subcutaneous 4T1 tumors were selected as the animal model
and randomly divided into four groups (n = 5). The treatment
group underwent intratumoral injection with hydrogel mixture
and was then irradiated with an 808 nm laser for 10 min with
a power density of 1 W cm™? at 4 h post-injection. The other
three groups were the saline injection group, mice injected with
saline and exposed to laser irradiation, and mice injected with
hydrogel mixture without laser irradiation. For the treatment
group, the tumor had shrunk markedly after one day of pho-
tothermal treatment, forming black scars that were completely
eradicated after two weeks of treatment (Fig. 6a). In contrast,
the tumors of the other three control groups grew with feeding
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Fig. 6 (a) Representative photographs of mice bearing 4T1 tumors

after the various treatments indicated. (b) Corresponding growth
curves of 4T1 tumors in different groups of mice after treatment. The
relative tumor volumes were normalized to their initial size. (c) Survival
curves of mice after the various treatments indicated.
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time (Fig. 6b). Furthermore, the mice in the control groups had
a mean lifespan of 33-35 days. This was shorter than that of the
treated mice, which were tumor-free after treatment and
deliberately sacrificed after 45 days (Fig. 6¢). The above results
suggested that in situ formed pH-responsive Prussian blue
could serve as a powerful agent for in vivo photothermal cancer
therapy.

Conclusions

In summary, a novel Prussian blue-based pH-responsive
theranostic agent was successfully fabricated for PAI-guided
PTT cancer therapy. In the system, the precursors of Prussian
blue, namely ferrous ions and ferricyanide ions, were separately
encapsulated into pH-responsive hydrogels. By mixing the
resultant hydrogels under the acidic conditions, the encapsu-
lated ions were rapidly released to form Prussian blue. Prussian
blue exhibited strong pH-dependent NIR absorbance in the pH
range 5.0-7.0, which was in perfect alignment with the weakly
acidic microenvironment of tumors. After intratumoral injec-
tion into a mouse tumor model, the hydrogel was successfully
degraded in the tumor environment, releasing ferrous and
ferricyanide ions to form Prussian blue in situ, providing an
efficient theranostic agent for PAI-guided PTT tumor therapy.
Benefitting from the dual pH-responsive properties attributed
to the hydrogels and Prussian blue, the current theranostic
agent shows obvious advantages in reducing background
signals in PAI imaging and non-specific photothermal heating
of normal tissues in PTT therapy. Furthermore, all components
in the current system have low toxicity, demonstrating the
excellent biocompatibility of the resultant theranostic agent.
Therefore, the current study provides a new strategy for con-
structing smart theranostic agents for cancer diagnosis and
treatment through PAI-PTT.
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