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a b s t r a c t

In this study, a hybrid material UIO-66-NH2/PB were synthesized through the modification of Prussian
Blue on the surface of Metal Organic Frameworks for synergetic tumor therapy with hypoxia modulation.
It was found that UIO-66-NH2/PB has good photo-thermal performance and photo-thermal stability,
suitable for photo-thermal treatment. Dissolved oxygen analysis showed that UIO-66-NH2/PB can
catalyze H2O2 into O2. It was proved that this process is accompanied by the generation of $OH.
Furthermore, with the irradiation of 808 nm for 5min, the TMB solution becomes darker blue, proving
that more free radicals are produced. The produced O2 can be used to modulate the hypoxia of tumor to
improve the anti-cancer efficiency, and the generated $OH can kill cancer cells to achieve chemo-
dynamic therapy. Doxorubicin (DOX) was selected as a model drug and the DOX loading of UIO-66-
NH2/PB was 67%. Drug release experiments showed that DOX was not nearly released in pH 7.4, while
78% DOX was released in pH5.8 after 40 h, demonstrating the excellent pH-responsive release. In
addition, with the irradiation of 808 nm for 5min, 87% DOX was released in pH 5.8, indicating photo-
thermal effect could help achieve better release effect. The different cytotoxicity to L-02 cells and
HeLa cells of UIO-66-NH2/PB shows UIO-66-NH2/PB is only harmful to cancer cells, indicating that
Fenton-like reaction only occurred in tumor to generate $OH. In vivo experiment showed synergetic
therapy can achieve satisfactory treatment efficiency. Therefore, UIO-66-NH2/PB is expected to combine
multiple treatments to improve anti-cancer effect.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

According to the GLOBOCAN, approximately 18 million cancer
cases were newly diagnosed and about 9 million people died from
cancer in 2018 [1]. Therefore, how to improve the treatment effi-
ciency of cancer has been a focused research direction. In recent
years, kinds of cancer therapies, have been explored in clinical trials
to inhibit tumor proliferation and prolong the survival of patients,
including chemotherapy, radiotherapy, photodynamic therapy
(PDT), immunotherapy, chemo-dynamic therapy (CDT) and photo-
ratory of Molecular Imaging,
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thermal therapy (PTT) [2e4]. Among these, chemotherapy is still
most widely used in cancer treatments. However, conventional
chemotherapy has a low bioavailability and can generate non-
specific drug accumulation, which can cause side effects [5].
Therefore, designing a smart carrier to reduce side effects is
essential. In recent years, stimuli-responsive materials have grad-
ually become popular because of their time-space controllable
properties, which provide a choice for the design of controllable
drug delivery systems [6].

Metaleorganic frameworks (MOFs), as a porous material, with
high drug-loading capacity, good biodegradability, good biocom-
patibility and easy functionalization, have beenwidely investigated
for intelligent drug delivery in recent years [7e11]. Among the MOF
nanocarriers triggered by multiple stimuli (pH, redox, temperature
and light, ect), due to the acidic tumor microenvironment (TME),
which is sensitive to the coordination bonds between MOFs and
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drug molecule, the pH-responsive MOFs are the most widely
investigated [6]. Many pH-responsive MOFs have been reported for
drug delivery [12e14]. For example, FA-PEG decoratedMOF(FA-PEG/
CQ@ZIF-8) is used for pH-responsive release of CQ [15], Succinylated-
Zein-ZIF-8 for pH-responsive drug delivery [16], Zn-MOF-74 for pH-
responsive delivery As2O3 [17], ect. UIO-66-NH2 (Zr-MOF) can be
used for drug delivery, and can release anticancer drugs through pH
response to reduce the toxic and side effects on normal cells [18].
However, long-term use of the same drug is prone to multidrug
resistance (MDR) and reduces the efficiency of chemotherapy [5].

Hypoxia, one of the characteristics of TME, is considered as a direct
cause of multidrug resistance [19e21]. It was found that both tumor
recurrence and metastasis are characterized by hypoxia [22]. There-
fore, to overcome the limited supply of oxygen in tumors can help
improve the treatment efficiency of therapy. Tumor cells have the
ability to grow indefinitely, proliferate, new blood vessels, and invade
and metastasize, which is closely related to the production of H2O2,
causing H2O2 levels in cancer cells to be much higher than normal
cells. Taking advantage of rich H2O2 in tumors, O2 can be generated
through catalytic reactions to regulate the hypoxic environment.

With the introduction of the new concept of “Nanocatalytic Med-
icine” (NCM) in 2018 [23], overexpressed H2O2 in cancer cells was used
to produce O2 through Fenton reaction to regulate TME, accompanied
by generation of ∙OH to kill cancer cells and further improve the
treatment efficiency [19]. Increasing researchers began to payattention
to chemo-dynamic therapy (CDT) based on Fenton reaction and inte-
grate it into drug carrier. Recently, Chowdhuri et al. have synthesized a
self-reinforcing CDT nanoagent based on MnO2, with Fenton-like
Mn2þ delivery and glutathione (GSH) depletion properties. And suc-
cessfully achieve MRI-monitored chemo-chemo-dynamic combina-
tion therapy [24]. Wang et al. also designed biomimetic CS-GOD@CM
nano-catalysts, composed of ultra-small Cu2�xSe(CS) nanoparticles,
glucose oxidase (GOD), and tumor cell membrane (CM), in conjunction
with theNIR-II irradiation, which significantly enhanced the kinetics of
Fenton reaction for CDT treatment of breast cancer [25].

However, Fenton reaction generally needs to be performed in pH
2.5e4.5. In the weak acidic environment of tumors (pH 5.8), the
rate of Fenton reaction is slow, impairing the efficiency of chemo-
dynamic therapy. Therefore, it is need to speed up the rate of
Fenton reaction in tumor cells.

Prussian blue (PB), with the ideal formula of FeIII4
[FeII(CN)6]3$nH2O, is considered to be a promising photothermal
material for theranostics in biomedical field due to its special struc-
ture [26]. In this structure, Fe3þ are connected to nitrogen atoms of
cyanides, and Fe2þ are linked by carbon atoms of cyanides, forming a
cubic crystal [27]. It has been approved by the US FDA for photo-
thermal therapy (PTT) [4,28,29]. Therefore, several nanoparticles
based on PB were prepared for photo-thermal therapy [26,28].
Furthermore, the unique structure of PB also gives it excellent per-
formance in magnetic resonance imaging and fluorescence imaging,
providing the basis for bioimaging [30e32], which can provide
detailed information about cancer cells to achieve imaging guided
therapy. However, the Fenton-like reaction performance of PB is
rarely reported. In fact, PB can be oxidized by H2O2 to Berlin Green
(BG), while releasing hydroxyl radicals (�OH) [33,34].

KFe(III)Fe(II)(CN)6þH2O2/KþþFe(III)Fe(III)(CN)6þ∙OH þ OH�

(PB) (BG)

Berlin green energy oxidizes H2O2 to emit O2:

KþþFe(III)Fe(III)(CN)6þH2O2/KFe(III)Fe(II)(CN)6þH2Oþ1/2 O2

(BG) (PB)
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PB/BG continuously generates �OH and O2. The produced oxy-
gen from PB can increase the oxygen concentration of hypoxia of
tumor cells and reduce drug resistance, and the generated �OH can
induce cancer cell death through oxidative damage of lipids, pro-
teins and DNA [3]. On the other hand, after PB gains energy, elec-
tron transfer occurs internally, accelerating the generation of �OH
and O2. Therefore, combining the photo-thermal performance of PB
and the Fenton-like catalytic performance, it is possible to accel-
erate the Fenton reaction rate by using photo-thermal effect.
Combined with the photo-thermal effect of PB, PB can convert the
near-infrared light into heat to accelerate the rate of Fenton reac-
tion, producing more � OH to kill more cancer cells.

Considering the complexity, heterogeneity and diversity of tu-
mor, combination therapy employing two or more therapeutic
strategies can hopefully elevate the mono-therapeutic effects in
treatment [35]. Inspired by this, we attempt to develop an intelli-
gent drug carrier by growing PB on the surface of UIO-66-NH2. UIO-
66-NH2/PB has been proposed for imaging guided synergetic
therapy of chemotherapy, photo-thermal therapy and chemo-
dynamic therapy (Scheme 1). This hybrid material also can load
anticancer drug DOX with a high drug loading rate of 67%. More
importantly, the as-prepared UIO-66-NH2/PB can release loaded
DOX in acidic environments, demonstrating the excellent pH-
responsive release. Simultaneously, photo-thermal effect could
help release more DOX. With near-infrared light irradiating 10 min,
its temperature can increase over to 54 �C, which exceeds the limit
temperature for the survival of cancer cells [4]. Dissolved oxygen
analysis shows that UIO-66-NH2/PB can catalyze H2O2 into O2, and
this process is accompanied by the generation of �OH, which is
proved by the experiment phenomena that the solution of 3,30,5,50-
tetramethylbenzidine (TMB) turns blue. Furthermore, with the
irradiation of 808 nm for 5min, the TMB solution becomes darker
blue, proving that more free radicals are produced. The produced
O2 can be used to modulate the hypoxia of tumor to reduce resis-
tance. The different cytotoxicity to L-02 cells and HeLa cells of UIO-
66-NH2/PB shows UIO-66-NH2/PB is only harmful to cancer cells.
The reason is that Fenton-like reaction can only occur in acid
environment of tumor and generate �OH. As a result, DOX loaded
UIO-66-NH2/PB can achieve synergetic tumor therapywith hypoxia
modulation, achieving a satisfactory treatment effect.
2. Experimental

2.1. Materials and instruments

Potassium ferricyanide, Zirconium chloride (IV), 2-amino-ter-
ephthalic acid, polyvinylpyrrolidone (PVP) and doxorubicin (DOX)
were all purchased from Aladdin Industrial Corporation (Shanghai,
China). Reagents and solvents were of analytical reagent grade and
used without further purification. Fresh double distilled water was
used throughout the experiment.

The power X-ray diffraction (XRD) measurements were per-
formed using a D8 Advance X-ray diffractometer (Bruker Company,
USA). Scanning electron microscope (SEM) images were obtained
through a JSM6510LV scanning electron microscope (JEOL, Japan).
Transmission electron microscope (TME) images were obtained
using a H7500 transmission electron microscope (Hitachi, Japan).
Fourier transform infrared (FT-IR) spectroscopy was carried out on
a Single frequency infrared spectrophotometer (PerkinElmer, USA).
2.2. Synthesis methods

The detailed synthesis methods were listed in the ESI.



Scheme 1. The synthetic of UIO-66-NH2/PB and the theory of UIO-66-NH2/PB particles as a dual-mode imaging and dual-responsive drug carrier for synergistic cancer treatment.
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2.3. Drug loading and drug release

The detailed drug loading and drug release methods were listed
in the ESI.
2.4. Measurements of photo-thermal property

PB and UIO-66-NH2/PB aqueous solutions (0, 0.02, 0.05, and
0.2 mg/mL) were irradiated with an 808 nm laser (2.0 W/cm2) for
10 min. The temperature variation was recorded with a digital
thermistor temperature sensor. Besides, thermographs of different
solutions were recorded with an infrared thermal camera.
2.5. In vitro cellular toxicity tests

HeLa cell line (Human cervical carcinoma) was grown in DMEM
medium supplemented with 10% FBS and 1% penicillin/strepto-
mycin in an incubator with a humidified air atmosphere of 5% CO2
at 37 �C. The HeLa cells (5 � 103 cells/well) were seeded onto 96-
well plates. After 24 h of incubation, cells were treated with the
corresponding concentration of UIO-66-NH2/PB. Complete DMEM
medium was used as a blank. Four hours prior to the assay, MTT
reagent (20 mL/well, 5 mg/mL) was added to cells. We replaced the
medium with DMSO (200 mL/well), and then we read the absor-
bance at 492 nm by a microplate reader.
2.6. Dissolved oxygen experiment

Use a dissolved oxygen meter to measure the dissolved oxygen
content of the hydrogen peroxide solution at pH 5.8 and 7.4. Weigh
two 10 mg UIO-66-NH2/PB, two 10 mg UIO-66-NH2, add one UIO-
66-NH2/PB and one UIO-66-NH2 to the pH¼ 5.8 hydrogen peroxide
solution. The other materials were put into a hydrogen peroxide
solution of pH ¼ 7.4, respectively. The amount of dissolved oxygen
in the hydrogen peroxide solution of pH ¼ 5.8 and pH ¼ 7.4 was
measured every 1 min.
3

2.7. 7·OH generation by UIO-66-NH2/PB-mediated Fenton-like
reaction

The generation of $OH was observed using 3,30,5,50-tetrame-
thylbenzidine (TMB). Dissolve 0.03 g TMB in a citric acid solution
with pH 4.0 TMB solution, H2O2 solution and UIO-66-NH2/PB so-
lution were added in the centrifuge tube in turn. Observe and re-
cord color changes.

2.8. In vivo MRI imaging

The detailed vivo MRI were listed in the ESI.

2.9. Mouse tumor model

The tumor-bearing mices were randomly divided into 3 groups
(n¼ 3 each group) when the tumor volume reached about 50 mm3,
including (1) PBS, (2) UIO-66-NH2/PB, (3) UIO-66-NH2/PBþNIR. On
the first day, the mice were intravenously injected with 150 mL
(0.5 mg/mL) UIO-66-NH2/PB, and the tumor site was irradiated
with infrared light. Changes in tumor volume and body weight of
mice were recorded.

3. Results and discussion

3.1. Characterization

The crystalline structures of UIO-66-NH2/PB are affirmed and
compared with PB and UIO-66-NH2 by X-ray diffraction analysis, as
shown in Fig. 1a. The characteristic diffraction peaks of PB appear at
positions where 2q is 17�, 24.5�, 36.5�, and 40�, respectively. The
peaks at 2q � between 10� and 70� are typical intense reflections of
UIO-66-NH2. Compared with PB and UIO-66-NH2, there are two
new peaks of 2q � ¼ 12�, 13�, indicating that UIO-66-NH2/PB is a
newmaterial rather than simple mix of UIO-66-NH2 and PB. Doped
with PB, the incident X-rays during the XRD test are slightly
shielded, resulting in the XRD peak of UIO-66-NH2/PB being
weaker than that of pure UIO-66-NH2 [36]The intense peak at 25.7�



Fig. 1. a) X-ray diffraction (XRD) patterns and FT-IR spectra of PB. b) UIO-66-NH2 and UIO-66-NH2/PB.
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in UIO-66-NH2 that corresponds to the crystal plane (224) [37]
disappears in UIO-66-NH2/PB, which may be explained by the co-
ordination between PB and UIO-66-NH2 affects the crystal plane
(224).

The confirmation of UIO-66-NH2/PB can be further proved by
FT-IR, as shown in Fig. 1b. There are two characteristic peaks near
3466 cm�1 and 3354 cm�1, which are due to the stretching vibra-
tion of the amino functional group on the surface of UIO-66-NH2.
The three peaks appearing between 800 cm�1 and 1500 cm�1

belong to the benzene ring, and the peak at 1654 cm�1 is attributed
to the stretching vibration of the carboxyl functional group in the
ligand 2-NH2-BDC. The infrared spectrum of PB has a characteristic
peak at 2217 cm�1, which is attributed to the tensile vibration of the
cyano functional group in PB. In comparison, the characteristic
peaks of UIO-66-NH2 at 3466 cm�1 and 3354 cm�1 decrease
significantly in UIO-66-NH2/PB, and the characteristic peak of PB at
3120 cm�1 is close to disappearing. It further proves that it is not a
simple mix of UIO-66-NH2 and PB, but a new kind of composite
material. In order to be able to observe the changes in some specific
portions of the spectra more clearly, we will further magnify the
spectrum in the range of 3900 cm�1 to 2500 cm�1, as shown in
Fig. S1. The change in the spectrum can be explained by the coor-
dination between the Fe ions in PB and the amino group in UIO-66-
NH2.

From TEM images of UIO-66-NH2, it shows that the particles are
well dispersed with uniform in size of 180 ± 10 nm, which is
accordance with the SEM images. Fig. 2e shows PB particles have
uniform cubic shape with a particle size of 70 ± 5 nm. The image of
UIO-66-NH2/PB (Fig. 2f) shows that PB particles are coated with the
surface of UIO-66-NH2.

The confirmation of UIO-66-NH2/PB can also be proved by EDX
analysis, as shown in Fig. S3. It can be observed that UIO-66-NH2/PB
materials include C, N, O, Zr, Fe elements and the PB attached to
UIO-66-NH2, it is verified that we successfully synthesized hybrid
material (UIO-66-NH2/PB).

Surface morphology of the UIO-66-NH2, PB, UIO-66-NH2/PB
were examined by SEM, as shown in Fig. 2. All these three kinds of
particles arewell dispersed, but they are different in size and shape.
The PB particles are much smaller than UIO-66-NH2 particles, and
the surface of UIO-66-NH2/PB particles is not as smooth as that of
PB and UIO-66-NH2. The sizes of UIO-66-NH2, PB, UIO-66-NH2/PB
are approximately 180 nm, 70 nm and 200 nm, respectively.

The confirmation of UIO-66-NH2/PB can be further proved by
nitrogen adsorption-desorption isotherms, as shown in Fig. S2.
From the pore distribution (The inserts of Fig. S2), obvious
4

mesoporous distribution can be both observed at about 30 nm in PB
in UIO-66-NH2 and UIO-66-NH2/PB. It can be concluded that PB
particles can be only attached on the surface of UIO-66-NH2,
without the change of size distribution. This conclusion can be
supported by the size of PB particles from SEM images (Fig. 2b). PB
particles have uniform cubic shapewith a particle size of 70 ± 5 nm,
which can hardly be loaded in the pores of UIO-66-NH2. Therefore,
the formation of UIO-66-NH2/PB depends on the interaction be-
tween PB and functional groups on the surface of UIO-66-NH2. The
specific surface area of UIO-66-NH2 is determined to be
569.595 m2/g, and specific surface area of UIO-66-NH2/PB is
determined to be 464.478 m2/g. It further proves that the PB par-
ticles are only attached on the surface of UIO-66-NH2, thus
reducing a small part of the specific surface area.

3.2. Photo-thermal analysis

The photo-thermal effect of Prussian blue (PB) is examined, as
shown in Fig. 3. Fig. 3a demonstrates the heating curves of PB so-
lutions with different concentrations (0, 0.02, 0.05, 0.2 mg/mL)
under near infrared light irradiation (808 nm 2.0 W/cm2). After
10 min of laser irradiation, the temperature of deionized water
increases by only 5 �C; while the temperatures of PB aqueous
suspensions at 0.02 mg/mL, 0.05 mg/mL and 0.20 mg/mL concen-
tration increase by about 34 �C, 37 �C and 49 �C, respectively. The
results show that with the increase of concentration and laser
irradiation time, Prussian blue has better photo-thermal perfor-
mance. The infrared thermal images of PB within NIR irradiation for
10 min are shown in Fig. 3b.

On basis of the photo-thermal properties of PB, it is believed that
UIO-66-NH2/PB can be also with excellent photo-thermal perfor-
mance. Heating curves of UIO-66-NH2/PB solutions with different
concentrations (0, 0.02, 0.05, 0.2 mg/mL) under near infrared light
irradiation (808 nm 2.0 W/cm2) are shown in Fig. 3c. The temper-
ature of UIO-66-NH2/PB solutions climbs up with increasing con-
centration and laser irradiation time. The temperature of 0.20 mg/
mL UIO-66-NH2/PB solutions reaches 54 �C in 10 min, exceeding
the temperature limit for cancer cell survival (>42 �C) [4]. It in-
dicates that UIO-66-NH2/PB can hopefully be used in photo-
thermal therapy. In order to discuss the thermal stability of UIO-
66-NH2/PB, the photo-thermal cycle experiments of 0.20 mg/mL
UIO-66-NH2/PB solution are performed and the result is shown in
Fig. 3d. With Near-infrared irradiation for 5 min, the solution
temperature rises to 45 �C, and the solution temperature falls to
24 �C after 5 min of natural cooling. After 5 cycles, the temperature



Fig. 2. SEM images of a) UIO-66-NH2, b) PB and c) UIO-66-NH2/PB; TEM images of d) UIO-66-NH2, e) PB and f) UIO-66-NH2/PB.
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can still rise to 45 �C and naturally falls to 25 �C. It proves that UIO-
66-NH2/PB has excellent photo-thermal stability. In addition, we
calculated the photo-thermal conversion efficiency of the UIO-66-
NH2/PB, as shown in Fig. S4. The conversion efficiency is 51.5%,
shows that the material has good photo-thermal performance.
3.3. Drug loading and drug release

In order to investigate the possibility of UIO-66-NH2/PB as drug
carrier, DOX is selected as drug model to discuss the drug loading
and drug release, and the result is as shown in Fig. 4. It is clear that
the DOX loading climbs with increasing time. The drug loading of
UIO-66-NH2/PB (after 3 days) was 67.4%, which is much more than
that of reported materials. This demonstrates that UIO-66-NH2/PB
has a high drug loading capacity.

In order to explore the stability of UIO-66-NH2/PB, the X-ray
diffraction (XRD) patterns and infrared spectrum of UIO-66-NH2/PB
before and after DOX loading are compared, as shown in Fig. S5. The
characteristic diffraction peaks position of the DOX loaded UIO-66-
NH2/PB don’t change significantly. This result indicates that the
structure of UIO-66-NH2/PB remain stable after DOX loading. The
DOX-loaded UIO-66-NH2/PB has a new characteristic diffraction
peak at 3356 cm�1, which results from the stretching and vibration
of the hydroxyl functional group of DOX. The peak at 1654 cm�1

which is attributed to the stretching vibration of the carboxyl
functional group in the ligand 2-NH2-BDC decreases clearly after
DOX loading. These indicate DOX are loaded in UIO-66-NH2/PB
mainly through the hydrogen bonding between the carboxyl group
and hydroxyl functional group of DOX.

In addition, heating curves of 0.20 mg/mL PB, UIO-66-NH2/PB
and UIO-66-NH2/PB-DOX solutions are compared, as shown in
Fig. S6. It can be observed that the temperature rise of UIO-66-NH2/
PB is similar to that of UIO-66-NH2/PB-DOX, indicating that the
photo-thermal performance is not affected after DOX loading. It
proves the stability of UIO-66-NH2/PB.

The pH of cells in the TME (pH~5.8) is lower than that of normal
cells (pH~7.4). In order to discuss the pH-responsive release of UIO-
66-NH2/PB, the drug release under different conditions is shown in
5

Fig. 4b. At pH 7.4, DOX is nearly not released, and only about 2% DOX
is released after 60 h. It indicates that DOX will be not released in
normal cells, thus reducing side effect to normal cells. At pH 5.8,
DOX is release fast in the first 12 h and about 47% DOX is released.
After 60 h, DOX release reaches the maximum 80%.

In order to assess the stability of UIO-66-NH2/PB during drug
release at pH 5.8, the concentrations of iron ion and zirconium ion
were determined through ICP analysis. After UIO-66-NH2/PB was
immersed in pH 5.8 buffer for 4h, the concentration of iron ion was
determined to be 9.4 mg/mL and the concentration of zirconium ion
was determined to be 4.7 mg/mL. It proves UIO-66-NH2/PB is not
prone to leaking ions, indicating the stability during drug release.

Compared with the reported pH responsive materials recently
(Table S1), the values (78%) are beyond average level. The result
demonstrates the excellent pH responsive release. This can be
explained by the hydrogen bond formed between the hydroxyl
groups of DOX and UIO-66-NH2/PB. With the protonation of hy-
droxyl groups under acidic conditions, the hydrogen bond disso-
ciates, thus releasing the drug DOX, as shown in Fig. S7.

In order to investigate the effect of near-infrared light on drug
release, DOX release experiment at pH is performed with near-
infrared light irradiation, as shown in Fig. 4b and Fig. S8. It is
clear that 70% DOX is released in the first 12 h and about 90% DOX is
released after 60 h. These results show that photo-thermal effect
can promote drug release and achieve better drug release, which is
expected to enhance anti-cancer effects by increasing DOX con-
centration in cancer cells.
3.4. Cytotoxicity study

Santos et al. [38] have studied the toxicity of magnolol@UIO-
66(Zr). Gross necropsy revealed no signs of macroscopic damage
on both livers and kidneys of the test animals. Histopathological
evaluation of liver and kidney tissue sections was carried out. The
observed granularity and hepatic cytoplasmic swelling werewithin
the limit, and no pathological damage was observed on the
glomerulus and proximal tubular epithelium. Prussian blue (PB)
nanoparticles are certified for clinical use by the US FDA, andwidely



Fig. 3. a) Heating curves of PB solutions of different mass concentrations (0, 0.02, 0.05, 0.2 mg/mL) under 808 nm laser at the power density of 2.0 W/cm2; b) Infrared thermal
images of PB acquired within 10 min NIR irradiation. c) Heating curves of UIO-66-NH2/PB solutions of different mass concentrations (0, 0.02,0.05, 0.20 mg/mL) under 808 nm laser
irradiation at the power density of 2.0 W/cm2; d) Thermal cycle diagram of 0.20 mg/mL UIO-66-NH2/PB solution under 808 nm laser irradiation at the power density of 2.0 W/cm2.

Fig. 4. a) UIO-66-NH2/PB drug loading on different days; b) DOX release profiles from UIO-66-NH2/PB under different pH value and near infrared light (NIR). The error bar is the
standard deviation of experimental data for three times.
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developed as photo-thermal ablation agents [39]. Therefore, it can
be concluded that there is no pathological damage of the composite
UIO-66-NH2/PB. To investigate the intracellular microenvironment-
targeted drug release of UIO-66-NH2/PB, cytotoxicity experiments
6

are performed, and the results are shown in Fig. 5. HeLa cells
(Human cervical carcinoma) and L-02 cells (hepatocyte cells)
represent cancer cells and normal cells, respectively. Fig. 5a shows
the survival rate of L-02 cells incubated with 200 mM of UIO-66-



Fig. 5. a) Viability of HeLa cells and L-02 cell after 24 h of incubation with UIO-66-NH2/PB; b)Cell viability of HeLa cells after 24 h of incubation of UIO-66-NH2/PB and UIO-66-NH2/
PB-DOX. The error bar is the standard deviation of experimental data for three times.
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NH2/PB is still above 90%, indicating UIO-66-NH2/PB is not harmful
to normal cells. In comparison, the survival rate of HeLa cells is 50%
incubated with only 50 mM of UIO-66-NH2/PB, and the survival rate
is 11% when the concentration of is 200 mM. It can be explained by
that PB on the surface of UIO-66-NH2 interact with H2O2 in tumor
cells to produce ∙OH to kill cancer cells. This indicates the selec-
tivity of UIO-66-NH2/PB and proves that the Fenton-like reaction of
PB only occur in tumor cells. Therefore, UIO-66-NH2/PB can be used
as a satisfactory drug carrier, avoiding toxic and side effects on
normal cells.

The cell viabilities of HeLa cells after incubation with different
concentrations of UIO-66-NH2/PB and DOX loaded UIO-66-NH2/PB
are compared, as shown in Fig. 5b. It can be seen that when the
concentration of UIO-66-NH2/PB increases to 50 mM, over 50%
cancer cells are killed, indicating that sufficient hydroxyl radicals
are by the Fenton-like reaction, killing more cancer cells. In com-
parison, UIO-66-NH2/PB-DOX can kill more cancer cells than UIO-
66-NH2/PB. When the concentration of UIO-66-NH2/PB-DOX in-
creases to 50 mM, 62% cancer cells are killed. It demonstrates the
synergetic effect of chemotherapy and chemo-dynamic therapy.

3.5. Fenton-like reaction analysis

In order to explore the Fenton like reaction of UIO-66-NH2/PB in
cancer cells environment, the dissolved oxygen amount produced
in the reactionwith H2O2 at pH 5.8 is tested, and the result is shown
in Fig. 6a. It shows that when UIO-66-NH2 is present alone, almost
no O2 is produced in H2O2, indicating UIO-66-NH2 can’t catalyzes
H2O2 to produce O2. In comparison, the produced O2 increases with
increasing reaction time when UIO-66-NH2/PB is present in the
H2O2 solution. It can be concluded that UIO-66-NH2/PB can catalyze
H2O2 into O2 in cancer cells.

The generation of $OH can be proved by using 3,30,5,50-tetra-
methylbenzidine (TMB), because $OH can oxidize TMB and cause
the solution to turn blue [40]. As showed in Fig. 6b, when UIO-66-
NH2/PB was added to H2O2, the color of the solution changed from
colorless (solution 1) to green (solution 2). It can be explained that
the generated $OH can oxidize TMB, the solution changes from
colorless to blue, and finally turns to yellow-green [41]. Further-
more, within 5 min NIR irradiation, the blue color becomes darker,
as shown in Fig. 6c. It confirms that more hydroxyl radicals can be
generated under NIR irradiation. In order to knowwhether H2O can
be catalyzed to produce $OH, UIO-66-NH2/PB was added to H2O
and TMB was used. The result was shown in Fig. S9. It is clear there
is no obvious change of water color with or without NIR, indicating
7

that water will not produce $OH under these conditions. It confirms
that $OH can only be produced in TME, because of overexpressed
H2O2. Therefore, UIO-66-NH2/PB particles can catalyze the H2O2 of
into hydroxyl radicals ($OH) and O2 through Fenton-like reaction in
TME, which can induce cell apoptosis [41] and increasing the ox-
ygen concentration to improve hypoxia and reduce drug resistance
[42].
3.6. In vivo T2 MRI performance

To demonstrate the MRI contrast ability in vivo, 0.1 mL of UIO-
66-NH2/PB in PBS (5 mg/mL in PBS, 25 mg of per kilogram of mouse
body weight) were injected into the mice via the tail vein. Fig. S10
shows the in vivo magnetic resonance imaging performance of
UIO-66-NH2/PB. As the time after injection is prolonged, the tumor
site in mice changed from bright to dark and bright again. The time
of the T2 imaging contrast agent circulating in the body and the
new metabolism in the mouse body will affect the intensity of the
contrast agent imaging. It can be seen that the MRI-imaging in-
tensity of the experimental group is significantly stronger than that
of the control group. This shows that UIO-66-NH2/PB can be used
for live imaging as a T2 -weighted MRI imaging agent.
3.7. In vivo antitumor activities

The synergistic therapeutic effect of chemotherapy, PTT and CDT
of UIO-66-NH2/PB in vivo is evaluated, and the result is shown in
Fig. 7. Tumor-bearing mice were injected intravenously with UIO-
66-NH2/PB-DOX. After intravenous injection of different prepara-
tions, the tumor growth of mice is shown in Fig. 7a. Tumor growth
in mice treated with UIO-66-NH2/PB-DOX is significantly sup-
pressed, which could be attributed to the synergetic effect of
chemotherapy and CDT. Tumor of the mice treated with UIO-66-
NH2/PB-DOX and NIR reduces, indicating the better effect of syn-
ergetic therapy of chemotherapy, PTT and CDT. Changes in mice
weight are shown in Fig. 7b. There is no significant change in body
weight of mice during the entire comparative treatment process.
The tumor change of mice treated with UIO-66-NH2/PB þ NIR is
shown in Fig. 7c. It is clear that the tumor becomes small after 10
days treatment. Imaging of near-infrared light in mice is shown in
Fig. 7d. It can not only prove the photo-thermal effect but also
provide another method to obtain the information of tumor.



Fig. 6. a) UIO-66-NH2/PB and UIO-66-NH2 dissolved oxygen at pH ¼ 5.8; b) Photo of TMB solution color change before and after adding UIO-66-NH2/PB; c) Photograph of solution
color change after adding UIO-66-NH2/PB to TMB within 5 min NIR irradiation (c1) or without NIR(c2). (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 7. a) Tumor growth curves of mice after intravenous injection with different formulations. Each dose of 150 mL PBS，150 mL 0.50 mg/mL UIO-66-NH2/PB and 150 mL 0.50 mg/mL
UIO-66-NH2/PB þ NIR(5min); b) Body weight was recorded in vivo antitumor; c) Photographs of tumor changes of mice after the treatment. c1, c2, c3 are pictures of blank mice on
days 2, 6 and 10; c4, c5, c6 are pictures of the treated mice on days 2, 6 and 10, respectively. d) In vivo near infrared light images mice after injection of UIO-66-NH2/PB. Data were
presented as mean ± sd (n ¼ 3).
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4. Conclusions

In summary, a novel hybrid material UIO-66-NH2/PB was suc-
cessfully synthesized. The PB particles are attached on the surface
of UIO-66-NH2 through the coordination between Fe ions of PB and
8

amino groups of UIO-66-NH2, thus forming UIO-66-NH2/PB. It can
be used as drug carrier for loading DOX through the hydrogen
bonding, and release DOX in response to pH due to protonation in
the acidic environment of the tumor. Due to the attached PB on the
surface, UIO-66-NH2/PB can be also used as a Fenton-like agent to
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catalyze endogenous H2O2 in tumor cells into ∙OH to kill more
cancer cells, and produce oxygen at the same time to regulate
hypoxia to improve the anticancer efficiency of released DOX. All in
all, this comprehensive study has demonstrated that UIO-66-NH2/
PB is highly promising as a multifunctional drug carrier with high
drug loading, pH-responsive, and MRI and infrared thermal imag-
ing, cooperating with chemotherapy photo-thermal therapy and
chemo-dynamic therapy, providing a new strategy for accurate
cancer treatment in the near future.

Supporting information

In this supporting information, synthesis methods, drug loading
and release, ICP analysis，MRI imaging, N2 absorptionedesorption
isotherms, EDX elemental mapping of UIO-66-NH2/PB, X-ray
diffraction (XRD) patterns, FT-IR spectra and Heating curves of DOX
loaded UIO-66-NH2/PB, Mechanism of pH-responsive release of
DOX, Drug release rate under near infrared light irradiation in pH
7.4, OH detection in water, T2-weighted images and List of pH
responsive drug carriers are introduced.
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