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ABSTRACT: The activation of nanoparticles (NPs) in the tumor
microenvironment exerts synergistic therapeutic effects with
chemotherapy against multiple cancers. In this study, an NP
system prepared using biocompatible MIL-100 NPs was studied as
an effective vehicle to deliver oxaliplatin for hepatocellular
carcinoma treatment. The NPs were coated with polydopamine
(PDA) and NH2-PEGTK-COOH and then loaded with oxaliplatin
to create the multi-functional NP Oxa@MIL-PDA-PEGTK. Oxa@
MIL-PDA-PEGTK is activated in the tumor microenvironment,
causing the generation of cytotoxic reactive oxygen species (ROS)
via the Fenton reaction and the release of the loaded oxaliplatin. In
addition, under near-infrared (NIR) irradiation, Oxa@MIL-PDA-
PEGTK can generate hyperthermia at tumor sites. Moreover,
owing to the light-induced activation of the Oxa@MIL-PDA-PEGTK NPs, higher drug delivery efficiency, more precise targeted
activation, and reduced off-target toxicity were observed in in vitro and in vivo experiments. Taken together, owing to its improved
drug delivery efficiency and multi-functional activities, including the ability for targeted chemotherapy coupled with photothermal
and chemodynamic therapy, Oxa@MIL-PDA-PEGTK may serve as a new approach for treating hepatocellular carcinoma.
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■ INTRODUCTION
Hepatocellular carcinoma (HCC) is the fourth most common
cause of cancer-related death in the world.1,2 HCC does not
respond to conventional chemotherapeutic agents, limiting their
use as first-line therapy in patients with HCC.3 Only a few
patients with advanced HCC receive oxaliplatin-based FOL-
FOX4 (chemotherapy containing fluorouracil, leucovorin, and
oxaliplatin) by infusion as a palliative treatment. However, the
FOLFOX4 chemotherapy regimen only provides an overall
survival of 6.4 months and progression-free survival of 2.93
months.4 Therefore, improving the therapeutic efficacy of
chemotherapy for patients with HCC is an important clinical
goal.
In the past few decades, photothermal therapy (PTT) and

chemodynamic therapy (CDT) have emerged as alternative
ways to treat tumors, showing high drug delivery efficiency,
improved tumor ablation, and minimal adverse effects.5−7 PTT
treatment converts absorbed light into heat, inducing localized
hyperthermia and tumor cell death.8 CDT utilizes the iron-
based Fenton reaction to convert intracellular hydrogen
peroxide (H2O2) to hydroxyl radicals (·OH) and reactive
oxygen species (ROS), which are cytotoxic to tumor cells.9−11

Due to the low therapeutic efficacy of CDT,12 exogenous
adjuvants have been developed to enhance the intratumoral
Fenton reaction and for improved therapeutic efficacy.13

As the efficacy of PTT and CDT depends on the drug
concentration, increasing the drug concentration in the tumor is
necessary to improve their therapeutic effect. Therefore, a high-
efficiency carrier is required to deliver drugs to tumors. Metal−
organic frameworks (MOFs) have been widely used in catalysis,
drug loading, and drug delivery because of their porosity.14−17

Iron-basedMOFs, such asMIL-100, not only have high porosity
to facilitate drug loading but they can degrade in the acidic
microenvironment of the tumor, releasing Fe ions that could
react with the loaded drugs for CDT. Further, MOFs have been
shown to have acceptable in vitro and in vivo cytotoxicity and
biodegradability. Wang et al. developed curcumin-loaded MIL-
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100 nanoparticles (NPs) with a polydopamine-modified
hyaluronic acid (HA-PDA) coating on their surface to increase
their tumor-targeting ability.18 Moreover, to increase the
aqueous solubility and tumor cell targeting of indocyanine
green (ICG), a novel nanoplatform containing ICG-engineered
MIL-100 NPs (MOF@HA@ICG NPs) was synthesized, which
showed elevated tumor accumulation and photothermal
toxicity.19 In addition, Sheng et al. prepared a nanoplatform
based on MIL-100 loaded with chlorin e6 (Ce6) to amplify the
Fenton reaction in the tumor microenvironment and enhance
the photodynamic effect of CDT.20 However, although these
reports show advances in preparing highly efficient nanoplat-
forms, a multifunctional NP that combines oxaliplatin-induced
chemotherapy and PTT has not yet been reported.
In this study, we loaded oxaliplatin into peroxidase-mimic

MIL-100 NPs, which were then coated with PDA and NH2-
PEGTK-COOH to obtain active Oxa@MIL-PDA-PEGTKNPs
for use both in vitro and in vivo. These specially formulated
Oxa@MIL-PDA-PEGTK NPs were predicted to have three key
properties. First, MOFMIL-100 could serve as a peroxidase-like
nanozyme and a nanocarrier for oxaliplatin, which would be
released under near-infrared (NIR) irradiation. Second, since
H2O2 accumulates in the tumor microenvironment, the release
of Fe2+ by the NPs can convert H2O2 into hydroxyl radicals
(·OH radicals) through the Fenton reaction, inducing tumor cell
apoptosis. Third, the PDA coating can convert light into thermal
energy, enabling Oxa@MIL-PDA-PEGTK NPs to kill tumor
cells through hyperthermia. Both in vitro and in vivo
experiments demonstrated that the nanozyme-based chemo-
therapy/PTT/CDT exerted potent cytotoxicity in liver cancer
cells while exerting minimal toxic effects on normal cells.
Therefore, these newly designed NPs provide a potentially novel
method for effectively ablating tumors in patients with HCC.

■ EXPERIMENTAL SECTION
Preparation ofMIL-100NPs.MIL-100NPs were prepared using a

previously reported method, with minor adjustments.21 Briefly, 0.28 g
of 1,3,5-benzenetricarboxylic acid and 0.84 g of FeCl3·6H2O were
dissolved in 10 mL of N,N-dimethylformamide (DMF) in a glass tube
and stirred well. The mixture was then placed in a microwave reactor
and heated to 130 °C for 5 min. The synthesized MIL-100 NPs were
collected by centrifugation at 9000 rpm for 20 min and the pellet was
washed three times with DMF.
Preparation of Oxa@MIL NPs. Drug-loaded MIL-100 NPs were

prepared by adding oxaliplatin according to the proportion and order
during the crystallization process so that the drugs could be embedded
relatively separately. MIL-100 NPs (10 mg/mL) and oxaliplatin (30
mg/mL) in dimethylsulfoxide (DMSO) were mixed and stirred for 12
h. Oxaliplatin-loaded Oxa@MIL NPs were collected by centrifugation
at 10,000 rpm for 10 min, and the pellet was washed three times with
DMSO to remove excess oxaliplatin.
Synthesis of Oxa@MIL-PDA.To synthesize Oxa@MIL-PDANPs,

Oxa@MIL NPs (1 mL) were added to a Tris buffer solution (10 mM,
pH 8.5) containing PDA (2.5 mM) and stirred for 0.5 h. The Oxa@
MIL-PDANPs were then washed with distilled water and dried at room
temperature.
Preparation of Oxa@MIL-PDA-PEGTK NPs. A solution contain-

ing Oxa@MIL NPs (50 mg/mL) and NH2-PEGTK-COOH (50 mg/
mL) was mixed in deionized water with 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDC, 50 mg/mL) and N-
hydroxylfosuccinimide (NHS, 50 mg/mL) and stirred for 24 h. The
mixture was centrifuged at 10,000 rpm for 10 min to obtain Oxa@MIL-
PDA-PEGTK NPs and washed three times with deionized water prior
to use.
Characterization of the Fabricated NPs.The morphology of the

NPs was observed via transmission electron microscopy (TEM).

Particle sizes were determined using dynamic light scattering (DLS).
The Brunauer−Emmett−Teller (BET) method was used to evaluate
the surface area of the NPs. Thermogravimetric analysis (TGA) was
performed to evaluate the loading capacity of the NPs. The properties
of NPs catalyzing the conversion of hydrogen peroxide to ·OH radicals
were studied using 3,3′,5,5′-tetramethylbenzidine (TMB) as substrate
in the presence of H2O2. Color images of the solutions were recorded.
To monitor the absorbance of the above aqueous solution, 100 μL of
each solution was added to 96-well plates, and the absorbance was
measured using a microplate reader (Implen NP80, Germany).
Degradation of the material in different pH environments was observed
using TEM (FEI, Talos L120, ThermoFisher, USA).
Cumulative Release of Oxaliplatin by NPs. Oxa@MIL-PDA-

PEGTK was incubated in solutions at a range of pH values and with
different concentrations of H2O2. At the indicated time points, the
supernatant was collected, and an inductively coupled plasma emission
spectrometer was used to determine the concentration of Pt to
determine the rate of oxaliplatin leakage.
Photothermal Performance Assessment. The photothermal

effect of MIL-PDA-PEGTK NPs at different concentrations was
assessed using continuous irradiation with an 808 nm laser (GCSLS-05-
007, Daheng New Epoch Technology, Inc., China) for 400 s at a power
density of 1 W/cm2. The temperature change was recorded using an
infrared thermographic system (FLIR SC 620, FLIR System, Inc., USA)
equipped with a thermocouple (TES 1315, TES Electrical Electronic
Corp., China).
Cell Culture. The HCC cell line MHCC97H was purchased from

the Cell Bank of the Chinese Academy of Sciences (Shanghai, China).
The HCC cell line PLC/PRF/5 and the normal hepatic epithelial cell
line L02 were obtained from the American Type Culture Collection. All
cell lines were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and
100 mg/mL streptomycin, at 37 °C in a humidified incubator
containing 5% CO2.
Cellular Uptake of NPs. The cellular uptake of NPs was examined

using flow cytometry and confocal imaging. First, 4 × 105 cells were
seeded in a 24-well plate and incubated overnight. Then, PI@MIL-100
NPs were added to the culture medium to a final concentration of 100
μg/mL and incubated for different time periods. The cells were then
analyzed by flow cytometry (BD FACS Aria II, USA). In addition, after
incubation with PI@MIL-100 NPs for 4 h, LysoTracker Green
(C1047S; Beyotime, China) staining was used to label the lysosomes.
Cell nuclei were stained with Hoechst 33342 (C1025, Beyotime,
China). The cells were then analyzed using a Leica TCS SP5 confocal
microscope.
Intracellular ROS Detection. Intracellular ROS generation

induced by Oxa@MIL-PDA-PEGTK was detected using a ROS assay
kit (S0033S, Beyotime, China). Cells were seeded in a 24-well plate and
incubated overnight, followed by incubation with 100 μg/mL Oxa@
MIL-PDA-PEGTK NPs for another 4 h in a 37 °C incubator. The cells
were then irradiated with an 808 nm laser for 10 min at a power density
of 2.0 W/cm2. The DCFH-DA ROS probe was diluted 1:1000 in a
serum-free medium, added to the cells, and incubated for 20 min, as
described in the manufacturer’s instructions. After incubation, the
images were visualized and recorded using a fluorescence microscope.
Cell Viability Assay. Cancer cells were incubated with 100 μg/mL

Oxa@MIL-PDA-PEGTK NPs for 4 h, and either left untreated or
exposed to 808 nm laser irradiation for 10 min at a power density of 2.0
W/cm2. The cells were then stained with an AOPI Staining Solution
(CS2-0106, Nexcelom Bioscience) to label live and dead cells and
imaged using a fluorescence microscope. For the cell viability assay, 8×
103 L02 or 6 × 103 PLC/PRF/5 cells were seeded onto each well of a
96-well plate. L02 cells were incubated with MIL-100 NPs at a range of
concentrations (0.3125 to 80 μM) for 48 h. PLC/PRF/5 cells were
incubated with phosphate-buffered saline (PBS), oxaliplatin, MIL-100
NPs, and Oxa@MIL-PDA-PEGTK NPs, and either left untreated or
irradiated with an 808 nm laser for 10 min. Cell viability was examined
using a Cell Counting Kit-8 (CCK-8) Dojindo Laboratories, Kyushu,
Japan) according to the manufacturer’s instructions.
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Xenograft Tumor Models.Male BALB/C-nu mice (5 weeks old)
were purchased from Shanghai Jihui Laboratory Animal Care Co., Ltd.
and bred in a sterile animal facility at Fudan University. PLC/PRF/5
cells (1× 106) were diluted in 100 μL PBS and injected subcutaneously
into the right axillary region of the mice. All mice were fed in a specific

pathogen-free environment and all experimental procedures rigorously
complied with the Guide for the Care and Use of Laboratory Animals.
Biodistribution of NPs and Photothermal Imaging. PLC/

PRF/5 tumor-bearing mice were used to examine the biodistribution of
NPs in vivo. When the tumor size reached 250 mm3, Cy7@MIL-100

Figure 1. Schematic illustration of the synthesis and therapeutic mechanism of Oxa@MIL-PDA-PEGTK NPs.

Figure 2. Physicochemical characteristics of the MIL-100-based nanoparticles. (A) TEM images of MIL-100 NPs. (B) TEM images of MIL-PDA-
PEGTKNPs. Scale bars represent 100 nm. (C) TGA isotherms of MIL-100 andMIL-PDA-PEGTK. (D) Nitrogen absorption curves of MIL-100 and
Oxa@MIL. (E) DLS particle size distribution ofMIL-PDA-PEGTK. (F) Release profile of oxaliplatin fromOxa@MIL-PDA-PEGTK at different H2O2
concentration. BPS, phosphate buffer.
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NPs were injected into the tail vein at a dose of 5 mg/kg. Six hours after
injection, the major organs, including the heart, liver, spleen, lungs,
kidneys, and tumors, were harvested and imaged using an Inter-Vehicle
Information System (IVIS, PerkinElmer, USA). The organs were
observed using excitation and emission wavelengths of 750 and 788 nm,
respectively. Similarly, tumor-bearing mice were injected with PBS and
Oxa@MIL-PDA-PEGTK NPs (5 mg/kg), and the xenograft tumors
were irradiated with an 808 nm laser (2 W/cm2) for 5 min. Six hours
after injection, thermal images and temperatures were recorded every
minute using a photothermal sensor.
Tumor Growth Inhibition In Vivo. When the tumor volume

reached 150 mm3, PLC/PRF/5 tumor-bearing mice were randomly
divided into five groups: PBS, oxaliplatin, MIL-100, Oxa@MIL-PDA-
PEGTK without laser irradiation, and Oxa@MIL-PDA-PEGTK with
laser irradiation (808 nm, 2 W/cm2, 5 min). At 6 and 12 days after
tumor cell inoculation, oxaliplatin was administered at a dose of 2 mg/
kg, while the NPs were administered at a dose of 20 mg/kg, which was
equivalent to 2 mg/kg oxaliplatin (the drug loading rate of the NPs was
10%). Laser irradiation was given 6 h after injection ofOxa@MIL-PDA-
PEGTK NPs. The tumor size and body weight were measured every 3
days. Tumor volumes were calculated using the formula: Tumor
volume = 0.5 × width × width × length. All mice were sacrificed on day
23, and the peripheral blood, tumors, and main organs (heart, liver,
spleen, lungs, and kidneys) were collected for further analysis.
Biochemical Examination and Pathological Analysis of Mice.

The peripheral blood was collected in 1.5 mL centrifuge tubes, stored at
4 °C for 2 h, and centrifuged at 9000 rpm for 5 min to separate the
serum. An automatic ADVIA XPT system (Siemens Healthcare
Diagnostics Inc., USA) was used to analyze the levels of albumin
(ALB), total protein (TP), alanine transaminase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase, cholinesterase, lactate
dehydrogenase (LDH), creatine kinase (CK), blood urea nitrogen
(BUN), blood uric acid (BUA), and glucose in the serum samples.
The tumors and main organs were fixed in 4% paraformaldehyde and

paraffin sections were prepared. Hematoxylin and eosin (H&E)
staining was performed to determine pathological changes in the
main organs (heart, liver, spleen, lungs, and kidneys) to evaluate overall
cytotoxicity. Immunohistochemical analysis using Ki-67 staining was
also performed according to a previously published paper22 to
determine the proliferation of the tumors. Finally, a TUNEL assay kit
(C1091, Beyotime, China) was used to determine apoptosis in tumors,
as described in the manufacturer’s instructions.
Statistical Analysis. All experimental data are presented as the

mean ± standard deviation or mean ± standard error. Two-tailed
unpaired Student’s t-test or one-way analysis of variance (ANOVA)
were performed to analyze the data and determine statistical
significance. Repeated measures by ANOVA were performed to
analyze tumor volumes and body weights. All statistical analyses were
performed using SPSS 24.0 and GraphPad Prism 8.0 software. In the
present study, p-values less than 0.05 were considered statistically
significant.

■ RESULTS AND DISCUSSION
Characterization of NPs. Synthesis of MIL-100 and MIL-

PEGTK NPs are described in the methods and summarized in
Figure 1. TEM images in Figures 2A,B demonstrate the uniform
polyhedral morphology of MIL-100 and MIL-PDA-PEGTK,
with nanoscale dimensions indicated. After PDA and PEGTK
functionalization, the MIL-100 surface became rougher and the
diameter of the NPs increased. The MIL-100, Oxa@MIL, and
Oxa@MIL-PDA-PEGTK NPs showed approximately 64.39,
69.73, and 80.23% mass loss (200−800 °C) respectively,
compared to the parent MIL-100 NPs (Figure 2C), which
indicates that approximately 5.34% oxaliplatin was absorbed into
theMIL-100 NPs. Figure 2D demonstrates that both exhibited a
typical type I N2 absorption−desorption isotherm, which is one
of the major characteristics of microporous materials. The
surface area of the parent MIL-100, determined by the BET
method, was 1176 m2/g, whereas that of Oxa@MIL decreased
to 563 m2/g after oxaliplatin loading. Furthermore, the
corresponding pore volumes of the MIL-100 and purified
Oxa@MIL NPs were 0.751 and 0.716 cm3/g, respectively. The
sharp reduction in the BET surface area and pore volume
indicates the presence of abundant oxaliplatin molecules inside
theMIL-100 NPs. In addition, DLS confirmed that the diameter
of the MIL-PDA-PEGTK NPs was approximately 132.23 nm
(Figure 2E).
The release profile of oxaliplatin from Oxa@MIL-PDA-

PEGTK incubated in PBS, H2O2, or acidic H2O2 solutions was
determined. As illustrated in Figure 2F, the release of oxaliplatin
fromOxa@MIL-PDA-PEGTKNPs was sustained for at least 48
min. Approximately 90% of the oxaliplatin was released from the
Oxa@MIL-PDA-PEGTKNPs within 48min of immersion in an
acidic H2O2 solution (1 mM). However, this release of
oxaliplatin was reduced to 54 and 29.3% when immersed in
either H2O2 or PBS, respectively. Because MIL-100 NPs can
degrade in the acidic microenvironment of tumors, TEM
analysis was used to monitor the degradation of MOF after a 3 h
incubation in PBS at either pH 6.5 or pH 5.6. Oxa@MIL-PDA-
PEGTK was significantly degraded at pH 5.6 (Figure S1), which
provides further evidence to confirm that oxaliplatin is released
from Oxa@MIL-PDA-PEGTK at pH 5.6.
Next, the photothermal effect was examined under 808 nm

NIR laser radiation. Figure 3 indicates a rapid increase in
temperature, approximately 35 °C, was observed in the MIL-
PDA-PEGTK NPs (100 μg/mL) solution after NIR radiation
for 300 s. Similarly, the temperatures of the 25 and 50 μg/mL

Figure 3. Photothermal characteristics of the nanoparticles. (A) Infrared thermal images of MIL-PDA-PEGTK with continuous 808 nm wave laser at
different concentrations for 5 min at a density power of 1 W/cm2. (B) Temperature elevation of MIL-PDA-PEGTK NPs at different concentrations.
PBS, phosphate buffer.
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MIL-PDA-PEGTK solutions also increased rapidly. In contrast,
negligible temperature changes were observed in the PBS
solution. Additionally, the photothermal stability of the MIL-
PDA-PEGTK NPs was examined using the photothermal
performance cycle. Five cycles of laser irradiation had no
observable impact on the temperature curve (Figure S2),

indicating that constant irradiation with NIR light had no

apparent effect on the photothermal conversion properties of

the MIL-PDA-PEGTK NPs. These data demonstrate the

excellent photothermal conversion efficacy of MIL-PDA-

PEGTK NPs.

Figure 4. The intracellular distribution and in vitro cytotoxicity of the nanoparticles. (A) The flow cytometry analysis of PI@MIL-100 uptake by liver
cancer cell lines at different time points. (B) Immunofluorescence images of normal hepatic epithelial cells and liver cancer cells treated with PI@MIL-
100 for 4 h (scale bar is 100 μm). (C)Detection of ROS levels of PLC/PRF/5 cells treated withOxa@MIL-PDA-PEGTKwith or without 808 nm laser
irradiation (scale bar is 100 μm). (D) PLC/PRF/5 cells were treated with Oxa@MIL-PDA-PEGTK for 4 h and then irradiated with 808 nm laser.
Microscopy images were taken after stained with LIVE/DEAD kit (scale bar is 100 μm). (E) Cell viability of L02 cells treated with Oxa@MIL-PDA-
PEGTK at different concentrations. (F) Cell viability of PLC/PRF/5 cells treated with different NPs.
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The catalytic activity of MOF NPs in the presence of a low
concentration of H2O2 was evaluated using the chromogenic
reaction of TMB. The MIL-100 NPs catalyze H2O2 hydrolysis
via the Fenton reaction to produce hydroxyl radicals, which
further oxidize the colorless TMB solution to form a blue
solution with two absorption peaks at 370 and 650 nm. The ·OH
radical production by MIL-100 NPs was evaluated at different
concentrations of NPs at pH 5.6. Figure S3 demonstrates that
MIL-100 NPs generate hydroxyl radicals through the Fenton
reaction and that the concentration of hydroxyl radicals
increased as the concentration of MIL-100 NPs increased.
Intracellular Distribution and Targeted Toxicity of NPs

in Tumor Cells. To monitor the uptake of the NPs by cancer
cells, two hepatocellular carcinoma cell lines (PLC/PRF/5 and
MHCC97H) were incubated with propidium iodide (PI)-
loaded MIL-100 (PI@MIL-100) NPs and then subjected to
analysis by flow cytometry. PI@MIL-100 NPs were absorbed by
the cancer cells in a time-dependent manner (Figure 4A). In
addition, the intracellular distribution of PI@MIL-100 NPs was
visualized using confocal microscopy. More NPs were absorbed
by cancer cells than by the normal hepatic cell line L02 (Figure
4B), implying a low probability of off-target delivery to normal
cells that might cause toxic side effects. Further, most PI@MIL-
100 NPs accumulated in the nucleus, with little accumulation in
lysosomes, indicating that the NPs may escape lysosomal
degradation. NP accumulation in the nucleus is also favorable
for delivery of the released oxaliplatin. Oxaliplatin is a platinum
compound that forms both inter- and intra-strand cross-links
with DNA, inhibiting replication and transcription, and causing
cell death.23 The accumulation of NPs in the nucleus provides
targeted release of oxaliplatin directly to the DNA, where it can
exert its cytotoxic effects on cancer cells.
Treatment of tumor cells without NPs or with Oxa@MIL-

PDA-PEGTK NPs only induced weak green fluorescence
compared to similarly treated cells exposed to NIR irradiation
(Figure 4C), indicating that Oxa@MIL-PDA-PEGTK induced a
strong free radical response upon NIR treatment. Staining of

live/dead cells with AOPI demonstrated that Oxa@MIL-PDA-
PEGTK exhibited higher cytotoxicity in tumor cells upon NIR
irradiation (Figure 4D), consistent with the observation that
more oxaliplatin was released from the NPs due to ROS
generation with NIR irradiation. These data indicate that NIR
irradiation of Oxa@MIL-PDA-PEGTK NPs significantly
increased ROS generation via the Fenton reaction and
accelerated the necrosis of tumor cells.
To examine the tumor-specific cytotoxicity of Oxa@MIL-

PDA-PEGTK NPs in vitro, tumor cells were incubated with
different NPs followed by measurement of apoptosis using the
CCK-8 apoptosis assay. Notably, negligible cytotoxicity of MIL-
100 NPs was observed on the normal hepatic cell line L02, even
at higher concentrations (80 μM; Figure 4E); this concentration
corresponded to the content of free oxaliplatin that could be
loaded onto the NPs. However, even at low concentrations (0.5
μM), tumor cells were more sensitive to treatment with NPs,
especially Oxa@MIL-PDA-PEGTK NPs plus NIR irradiation,
compared to oxaliplatin alone (Figure 4F). Moreover, Oxa@
MIL-PDA-PEGTK NPs plus NIR irradiation resulted in
stronger cytotoxicity than Oxa@MIL-PDA-PEGTK NPs alone
at 2.5 and 5.0 μM (Figure 4F). These results demonstrate that
tumor cells are more susceptible to treatment with Oxa@MIL-
PDA-PEGTK NPs, while normal cells tend to be more resistant
to NP treatment.
Improved Tumor Cytotoxicity and Reduced Adverse

Side Effects after NP Treatment. To observe the in vivo
biodistribution of NPs in tumor-bearing mice, the fluorochrome
Cy7 was loaded onto MIL-100 NPs (Cy7@MIL-100) and
administered to animals via tail vein injection. Eight hours later,
the mice were sacrificed and imaging using an IVIS system
revealed Cy7@MIL-100 NP accumulation in the xenograft
tumor, liver, and kidneys (Figure 5A). Most therapeutic agents
aremetabolized in the liver and filtered out by the kidneys before
being excreted from the body. Remarkably, a strong fluorescence
signal was observed in the xenograft tumor tissue, demonstrating
the improved targeting ability of the NPs. As noted in previously

Figure 5. The in vivo distribution and photothermal effect of the nanoparticles. (A) Ex vivo fluorescence signals of NPs distribution in mice treated
with Cy7@MIL-100 via tail vein injection. (B) Temperature change of irradiated tumors with 808 nm laser at different time. (C) Infrared thermal
images of tumor-bearing mice 6 h after injection of PBS or Oxa@MIL-PDA-PEGTK under different irradiation time.
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published papers, the accumulation of NPs in the tumor tissue is
highly associated with the enhanced therapeutic effect of
NPs.24,25

Next, we examined the ability of NPs to transform light into
heat energy at tumor sites. PBS or Oxa@MIL-PDA-PEGTK
NPs were injected into the tail vein of PLC/PRF/5 tumor-
bearing mice. Six hours after injection, xenograft tumors were
exposed to irradiation using an 808 nm laser and photographed
with a thermal sensor. Within 5 min of NIR irradiation, the
temperature at the tumor site was significantly higher in mice
injected with NPs compared to PBS (Figures 5B,C). The time-
dependent photothermal therapy assay demonstrated that the
Oxa@MIL-PDA-PEGTK NPs generated hyperthermia in the
tumor after 808 nm NIR laser irradiation, consistent with NPs
being located mainly inside the tumors. Compared with the mild
temperature change in the PBS group, the rapid temperature
increase mediated by NPs demonstrates their potential ability to
kill tumor cells without damaging normal tissues.
We then performed in vivo assays to examine the therapeutic

effects of the oxaliplatin-loaded NPs. BALB/C nude mice were
divided into five groups: PBS, oxaliplatin, MIL-100, Oxa@MIL-
PDA-PEGTK without NIR, and Oxa@MIL-PDA-PEGTK with
NIR irradiation. As expected, oxaliplatin, a platinum-based

compound used to treat malignant tumors, especially colon
cancer,26 significantly suppressed liver tumor growth (Figure
6A,B). In comparison, MIL-100 and Oxa@MIL-PDA-PEGTK
NPs also exhibited minor inhibitory effects, which was
consistent with the results of the in vitro experiments (Figure
6A,B). However, combined treatment with Oxa@MIL-PDA-
PEGTK plus NIR irradiation completely ablated subcutaneous
tumors and inhibited further recurrence (Figure 6A,B).
Moreover, decreased staining with Ki-67, a cell proliferation
marker, and increased apoptosis were observed in tumors
treated with Oxa@MIL-PDA-PEGTK NPs (Figure 6C).
In the present study, negligible body weight loss was observed

in all five groups, revealing the good biocompatibility of these
NPs (Figure 6D). To examine whether there were morpho-
logical changes induced by treatment with oxaliplatin and NPs,
H&E staining was performed on major organs, including the
heart, liver, spleen, lungs, and kidneys. As shown in
Supplementary Figure S4, severe pulmonary congestion and
tracheal secretion were observed in oxaliplatin-treated mice,
although oxaliplatin significantly suppressed tumor growth
(yellow and blue arrows). In addition, oxaliplatin treatment
induced sporadic edema surrounding the interlobular arteries of
the kidneys (black arrow). In contrast, negligible pathological

Figure 6. Enhanced in vivo therapeutic effect and reduced side effects. (A) Gross images of resected tumors from PLC/PRF/5-bearing mice at day 23.
(B) Tumor volume curves with indicated treatments (mean ± SEM). (C) Body weight changes of nude mice with indicated treatments (mean ±
SEM). (D)Microscopy images of tumors with H&E staining, Ki-67 staining, and TUNEL staining after indicated treatments. (E) Biochemical marker
analysis of ALB and LDH levels in blood serum of mice with indicated treatments. ALB, albumin; LDH, lactate dehydrogenase.
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changes were detected in the major organs of mice that received
NPs. Additionally, peripheral blood was collected from all mice
and subjected to biochemical assays. No obvious toxic effects on
liver function, cardiac function, and renal function were
observed (Figure 6E,F and Supplementary Figure S5), as
evidenced by the comparable ALB, TP, ALT, AST, LDH, CK,
BUN, and BUA levels across groups.
Because liver tumors are localized inside the upper abdomen,

light-driven PTT and CDT regimens may be inappropriate for
their treatment. However, interstitial photodynamic therapy,
using single or multiple laser fibers inserted into the targeted
tissues under imaging guidance, is well suited for patients with
deep or large tumors, such as prostate cancer, pancreatic cancer,
and brain cancer.27 Therefore, this study suggests that light-
based NP treatment, coupled with laser fibers for targeted light
delivery, may be applicable for the ablation of liver tumors and
could be beneficial for patients with HCC.
Because of the poor response to chemotherapeutic agents in

liver cancer, chemotherapy is usually prescribed for patients with
unresectable tumors or those who do not respond to targeted
therapies and other local treatments, such as ablation or
embolization.28,29 The most commonly used chemotherapy
drugs for liver cancer include oxaliplatin, gemcitabine,
doxorubicin, and 5-fluorouracil.29 Among these chemother-
apeutic agents, the platinum-based chemotherapy drug
oxaliplatin has stronger DNA binding affinity and tumor-
suppressive effects than the related compounds cisplatin or
carboplatin.26 The primary toxic side effects of oxaliplatin
treatment include neurotoxicity and myelosuppression, while
minor nephrotoxicity and cardiotoxicity have also been
observed.23,30,31 Similar to the minor side effects of uncon-
jugated oxaliplatin, oxaliplatin-loaded NPs also exhibited
minimal adverse effects on tumor-bearing mice in this study,
as illustrated by the lack of pathological changes in major organs
and the levels of key biochemical markers.

■ CONCLUSIONS
In summary, we designed an NP-based drug delivery system that
could efficiently deliver chemotherapeutic agents to tumors. In
vitro experiments demonstrated Fe2+ release at tumor sites
increased ROS generation in laser-irradiated cancer cells, while
exhibiting low cytotoxicity in non-cancerous cells. In addition,
these findings were confirmed by in vivo studies, which indicated
that laser irradiation triggered a Fenton reaction in the tumor
microenvironment, exhibiting a proficient tumor inhibition with
minimal adverse effects. We believe that this study may pave the
way for designing novel nanoplatforms responsive to the tumor
microenvironment, which will achieve enhanced treatment
effects in patients with HCC in the future.
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