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Doxorubicin-loaded nanoscale metal—organic
framework for tumor-targeting combined
chemotherapy and chemodynamic therapy+
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Yingchao Zhang ‘&

Doxorubicin (DOX) as a traditional chemotherapy drug is restricted in clinical applications due to its poor
therapeutic activity and severe side effects. Herein, we prepared a metal-organic framework (MOF)
MIL-100 by a microwave-assisted synthesis and DOX was loaded in MIL-100 and then, hyaluronic acid
(HA) was modified on the surface of MIL-100 to give DMH NPs. The DMH NPs possessed the following
advantages: (1) MIL-100 could serve as a drug carrier with a high DOX loading efficiency; MIL-100 could
also generate a hydroxyl radical (‘OH) in the presence of H,O, for chemodynamic therapy (CDT) via a
Fenton-like reaction. (2) To improve the dispersibility of MIL-100, HA was modified on the surface of
MIL-100, which could endow MIL-100 with a targeting ability towards tumor tissues. (3) DMH NPs could
enhance antitumor efficacy and reduce drug-related toxicity though the combination of chemotherapy
and chemodynamic therapy. DMH NPs have enormous potential as a candidate for reducing the systemic
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1. Introduction

Breast cancer is the most frequently diagnosed carcinoma and
affects a million females each year.'” At present, breast cancer
is the second leading cause of death among women. Beyond
operation and radiotherapy, chemotherapy is an important
treatment method for mammary carcinoma.*”® Chemotherapy
could eliminate remnant nidus that were failed to be removed
by surgery and thus prolong the survival of patients.””"'
Doxorubicin (DOX), which is commonly used to treat solid
tumors, has been widely accepted in a clinical setting."”™*
However, its clinical application is hindered by its poor bio-
availability, systematic toxicity and multi-drug resistance.'>"®
Furthermore, DOX could damage normal tissue and cause a
series of side effects during treatment, such as nephrotoxicity,
cardiotoxicity, and hepatotoxicity.'”™"® Therefore, it is necess-
ary to develop an effective method to improve the bio-
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toxicity and improving the treatment effect for breast cancer.

availability of DOX, reduce its systematic toxicity, and promote
its therapeutic effect on breast cancer.

Metal-organic frameworks (MOFs) have attracted much
attention in recent years, and various types of MOFs have
emerged with diverse applications, such as magnetic reso-
nance imaging (MRI), fluorescence imaging, computed tom-
ography (CT) imaging, chemotherapy, photodynamic therapy,
and photothermal therapy.”*>* Among the MOFs, MIL-100 is
widely used as a drug carrier because of its high capacity for
drug loading.** However, the application of MIL-100 is hin-
dered by its poor aqueous stability.>**® One solution to over-
come this is to modify the surface of MIL-100 using agents
such as hyaluronic acid (HA). On the one hand, HA can
improve the dispersibility of MIL-100; on the other hand, HA
as a natural ligand of the CD44 molecule could endow
MIL-100 with a targeting ability towards tumor tissues.?’>°
Moreover, MIL-100 could transform H,0O, into hydroxyl rad-
icals ("OH) via a Fenton-like reaction in the presence of iron in
a tumor microenvironment (TME), which could kill cancer
cells through chemodynamic therapy.*'*

In this study, we prepared MIL-100 by a microwave-assisted
synthesis and then used MIL-100 as a nanocarrier to load DOX
(represented as DM nanoparticles, DMNPs) against breast
cancer, and then used HA to modify the surface of the DM
NPs to give DMH NPs (Scheme 1). The physical and chemical
properties of the DMH NPs were well characterized. The DMH
NPs showed high cellular uptake due to the HA on the surface.
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Scheme 1 Schematic of the preparation and application of DMH NPs.

Moreover, the DMH NPs exhibited high cytotoxicity to cancer
cells, which was attributed to the DOX and "OH generated
from the Fenton-like reaction of MIL-100. Furthermore, the
in vivo experiments demonstrated that the DMH NPs had excel-
lent antitumor effect, combining chemotherapy and chemody-
namic tumor therapy with negligible side effects. This strategy
might be a promising approach in tumor therapy.

2. Materials and methods
2.1 Materials

1,3,5-Benzenetricarboxylic acid (BTC) and sodium periodate
were obtained from Aladdin (Shanghai, China). FeCl;-6H,O
was purchased from Aladdin (Shanghai, China). HA was
obtained from Freda (Shandong, China). Doxorubicin was
obtained from Aladdin (Shanghai, China). Dulbecco’s modi-
fied Eagle’s medium (DMEM) and fetal bovine serum (FBS)
were purchased from Gibco (Grand Island, USA).

2.2 Preparation of MIL-100

FeCl;-6H,0 (8.4 g) and BTC (2.7 g) were dissolved in N,N-di-
methylformamide (DMF) and stirred for 10 min. Then, the
mixture was placed into a special tube and reacted at 130 °C
for 5 min in a microwave reactor. After naturally cooling, the
mixture was centrifuged under 10 000 rpm for 30 min, and the
precipitate was collected. After washing with DMF and de-
ionized water three times, the obtained sediment was redis-
persed in deionized water for further experiments.
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2.3 DOX loading

DOX was added into the MIL-100 solution and stirred for 24 h
at room temperature in the dark. The mixture was collected
and washed with deionized water three times to remove free
DOX. The MIL-100 loaded DOX (DM NPs) was obtained after
ultrasonic dispersion.

To optimize the preparation process, we employed different
weight ratios of MIL-100/DOX and compared the drug loading
capacity (DLC %) and drug loading efficiency (DLE %). The
DOX in different DM NPs was quantified using a UV-Vis
spectrophotometer (Shimadzu UV-2401PC). The DLC % and
DLE % were calculated according to the following equations:
Drug loading capacity (DLC) % = (weight of DOX in DM NPs/
weight of DM NPs) x 100%; Drug loading efficiency (DLE) % =
(weight of DOX in DM NPs/weight of DOX in the feed) x 100%.

2.4 Preparation of DMH NPs

HA was used for modifying the surface of the DM NPs to
prepare the DMH NPs. HA aqueous solutions with different
concentrations were added into DM NPs solutions, and stirred
for 30 min at room temperature in the dark. Then, the precipi-
tate was collected and washed with deionized water to remove
free HA. After water dispersion, the DMH NPs were obtained
for the further experiments.

2.5 Drug release behavior

To investigate the influence of different pH values on drug
release, DM NPs and DMH NPs were diluted in phosphate
buffer (PB) (pH 7.4, 6.8, and 5.5) through ultrasonic dispersion
and placed in an incubator at 37 °C. The supernatant was col-
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lected by centrifuging at different time points, and then
replaced with an equal volume of fresh PB. All the collected
solutions were measured using a UV-Vis spectrophotometer to
calculate the drug release rate based on the standard curve.

2.6 Cytotoxicity assay

MCF-7 cells were obtained from Shanghai Cell Bank of the
Chinese Academy of Sciences. MCF-7 cells were seeded in a
96-well plate at a density of 5 x 10° cells per well with 200 pL
DMEM medium at 37 °C under 5% CO,. After 24 h cultivation,
the cells were treated with MIL-100, DOX, DM NPs, and DMH
NPs at various concentrations, respectively. After cultivation
for different times, the media were refreshed and added with
20 uL MTT (5 mg mL ™" in PBS) for another 4 h. The solutions
in the wells were replaced with DMSO to dissolve the formazan
crystals. Eventually, the absorbance at 490 nm was detected
using a microplate reader (Bio-Rad, Hercules, CA, USA). The
cell viability was calculated as per the following formula: Cell
viability (%) = Asample/Acontrot ¥ 100%. Agampie and Aconerol
denoted the absorbance of a sample well and control well at
490 nm, respectively.

2.7 Cellular uptake

MCF-7 cells were incubated at a density of 1 x 10° cells per well
into a 12-well plate and incubated at 37 °C under 5% CO, for
24 h. MIL100, DOX, DM NPs, and DMH NPs were co-cultured
with MCF-7 cells pretreated with or without HA for 4 h (DOX
final concentration was 5 pg mL™'), respectively. Then, the
cells were washed with PBS, trypsinized, collected by centrifu-
gation and resuspended in PBS for flow cytometry analysis.

MCEF-7 cells were seeded at a density of 1 x 10> cells per well
into a 6-well plate and incubated at 37 °C under 5% CO, for
24 h. MIL-100, DOX, DM NPs, and DMH NPs were co-cultured
with MCF-7 cells pretreated with or without HA for 2 and 4 h
(DOX final concentration was 10 pg mL™"), respectively. Then,
the cells were washed with PBS, immobilized with 4% parafor-
maldehyde, washed with PBS and stained with DAPI (1 mg
mL™", 1 pL per well) for 10 min. After washing with PBS for
another five times, the CLSM specimens were obtained and
observed using CLSM (ZEISS LSM780, Germany).

2.8 Detection of "OH

H,0, could be catalyzed by MIL-100 to generate ‘OH. The "OH
radical has strong oxidizability. 3,3',5,5-Tetramethylbenzidine
(TMB) as an indicator could be oxidized into ox. TMB by "OH,
producing an obvious absorption peak at 650 nm. TMB was
added in DMH NP solutions with or without H,O, to colorize.
All the samples were tested using a UV-Vis spectrophotometer
after the reaction for 30 min.

Moreover, ‘OH as a member of ROS could also be detected
by 2',7'-dichlorodihydrofluorescein diacetate (DCFDA). DCFDA
could be oxidized to green fluorescent-dichlorofluorescein by
intracellular ROS.*>**® Thus, the fluorescence intensity could
reflect the levels of "OH in the cells. MCF-7 cells were seeded at
a density of 2 x 10> cells per well into a 6-well plate and incu-
bated at 37 °C under 5% CO, for 24 h. Then, DMH NPs with or
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without H,0, were added into each well. After cultivation for
4 h, the cells were washed with PBS and cultivated with 2 mL
serum-free medium containing 1 mL DCFDA (10 pM) for
30 min. After washing with PBS, a fluorescence microscope
was used to monitor the generation of "OH.

2.9 Invivo pharmacokinetics and biodistribution study

All animal procedures were performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals of Jilin
University and approved by the Animal Ethics Committee of
Jilin University. Balb/c mice were randomly divided into two
groups: DM group and DMH group. The two groups were
administered different DOX formulations at a dose of 5
mg kg™ via the rat tail vein. Blood samples were collected and
centrifuged at 8000 rpm for 15 min to separate plasma at each
predetermined time point (6, 12, 24, 48, and 72 h). The fluo-
rescence intensity of the plasma supernatant was measured for
DOX concentration by a microplate reader at the excitation
wavelength of 475 nm and the emission wavelength of 485 nm.
Subsequently, the tissue distributions of DM NPs and DMH
NPs were investigated in Balb/c mice. These mice were injected
with DM NPs and DMH NPs via the tail vein. At each time
point (6, 12, 24, and 48 h), the mice were sacrificed and the
tumor, liver, kidney, lung, spleen and heart were collected for
further ex vivo fluorescence imaging.

2.10 In vivo antitumor efficacy

Female Balb/c nude mice were used to evaluate the antitumor
efficacy of different nanoparticles. MCF-7 cells were subcu-
taneously injected in Balb/c nude mice (5 x 10° cells per
mouse). When the tumor volumes reached approximately
100 mm?®, the mice were randomly divided into 5 groups
(6 mice per group) and treated with PBS, MIL-100, DOX, DM
NPs, and DMH NPs (5 mg kg~' DOX equivalency) every three
days, respectively. The length (L) and width (W) of the tumors
were measured with a digital caliper every three days and the
tumor volumes (V) were calculated as V = L x W?/2. The mice
were also weighed every three days.

2.11 Histological analysis

At the end of the treatment, the tumors and major organs
(heart, liver, spleen, lung, and kidney) in the different groups
were collected to make paraffin sections, which were then
stained with haematoxylin and eosin (H&E) to assess histo-
logical alterations. To observe cell apoptosis and proliferation
in the tumor tissues, Ki67 and caspase-3 analyses were per-
formed using commercial detection kits according to the man-
ufacturers’ instructions.

2.12 Toxicity studies

Blood samples of the mice were collected via the ophthalmic
vein and centrifuged (8000 rpm, 15 min, 4 °C) to obtain the
serum. The concentrations of hepatic function indices
(alanine aminotransferase (ALT) and aspartate aminotransfer-
ase (AST)), renal function indices (urea nitrogen (BUN) and
creatinine (CRE)) and cardiac function index (lactic dehydro-
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genase (LDH)) in the serum were measured using commercial
detection kits.

2.13 Statistical analysis

All the experimental data in this study are expressed as the
mean + standard deviation (SD). Statistical comparisons were
calculated using the Student’s ¢-test, and ***p < 0.001 was con-
sidered to be of extreme significance.

3. Results and discussion
3.1 Synthesis and characterization

The preparation process of DMH NPs is shown in Scheme 1.
MIL-100 was prepared by a microwave-assisted synthesis, as
previously reported.’’*° We employed different weight ratios
of MIL-100/DOX varying from 1:0.25 to 1:2. The quantitative
analysis of DOX was carried out using a UV-vis spectrophoto-
meter according to the standard curve (Fig. S1T). Moreover, the
drug loading capacity (DLC %) and drug loading efficiency
(DLE %) were calculated and listed in the Table S1.+ When the
weight ratio of MIL-100/DOX was 1:0.5, the highest DLE %
(80%) was acquired, and the DLC % was 28%. The elemental
analysis results showed that the DLC % was approximately
28.9%, as shown in Table S2,T which was similar to the results
obtained from the UV-vis spectra. To improve the physiologi-
cal stability and dispersity of DM NPs, HA was used to modify
the surface of the DM NPs. The particle sizes of nanoparticles
with different HA amounts are shown in Table S3,t and the
suitable size was obtained when the ratio of HA and DM NPs
was 0.5: 1.

Nitrogen absorption isotherms results showed that MIL-100
possessed a high Brunauer-Emmett-Teller (BET) surface area
of approximately 1143 m* g~' and a DFT cumulative pore
volume of about 1.2 cm® g~ (Fig. $37). These results indicated
that MIL-100 had great potential for high drug loading.
Compared to MIL-100, the DM NPs had a lower BET surface
area and decreased pore volume, suggesting the successful
encapsulation of DOX. Moreover, the DMH NPs had the lowest
surface area and pore volume compared with MIL-100 and the
DM NPs, manifesting the high drug loading and modification
with HA. The X-ray diffraction (XRD) pattern of the DM NPs
and DMH NPs showed a high similarity to that of MIL-100, as
shown in Fig. S4,1 illustrating that DOX loading and HA
shielding did not alter the structural integrity of MIL-100.

The hydrodynamic sizes of the nanoparticles were
measured by a zeta potential/BI-90Plus particle size analyzer.
As shown in Fig. 1A-C, particle sizes of MIL-100, DM NPs, and
DMH NPs were about 102.8 nm, 108.9 nm, and 132.7 nm,
respectively. The scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images showed that
the particle sizes of MIL-100, DM NPs and DMH NPs were
approximately 87.5 nm, 96.7 nm and 103.4 nm (Fig. 1D-F and
Fig. S2A-Ct). Moreover, the SEM images also showed that DOX
encapsulation and HA modification did not change the mor-
phology of MIL-100. As expected, after coating with HA, the
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Fig. 1 Particle sizes of (A) MIL-100, (B) DM NPs and (C) DMH NPs. SEM
images of (D) MIL-100, (E) DM NPs, and (F) DMH NPs (scale bar:
200 nm).

dispersion of DMH NPs became better than that for MIL-100
and DM NPs. Moreover, MIL-100, DM NPs and DMH NPs all
had negatively charged surfaces. The zeta potential of the
DMH NPs significantly decreased from —5.1 mV to —18.3 mV
compared with that of the DM NPs, confirming that HA was
successfully decorated on the surface of the DM NPs (Fig. S51).
The DMH NPs had a suitable particle size and adequate
surface potential, which shows the great potential for their
further in vivo application against cancer. All the above results
indicated that the DMH NPs were successfully prepared and
could be used for further evaluations.

3.2 Drug release behavior

We studied the drug release of the DM NPs and DMH NPs at
different pH values. The release of DOX in DM NPs and DMH
NPs both showed time- and pH-dependent behaviors. With the
extension of time, DOX was gradually released from the DM
NPs and DMH NPs (Fig. 2). The DM NPs had the highest drug
release percentage of approximately 66% at pH 5.5 after 60 h,
while only 37% and 30% DOX were released at pH 6.8 and 7.4
after 60 h, respectively (Fig. 2A). This indicated that the release
behavior of DOX from the DM NPs was pH sensitive. This
phenomenon was attributed to the cleavage of hydrogen
bonds caused by carboxyl protonation in the DOX structure in
an acidic environment.*>*" Compared to the DM NPs, the
DMH NPs had a lower release percentage of DOX under the
same condition (Fig. 2B), which was beneficial to reduce the
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Fig. 2 Drug release profiles of (A) DM NPs and (B) DMH NPs at different
pH values (5.5, 6.8, and 7.4).
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DOX release at normal tissues and lessen the side effects of
the chemotherapeutic agents due to the presence of HA as a
protector.

3.3 Cellular uptake and targeting

Flow cytometry was carried out to evaluate the cellular uptake
of free DOX, DM NPs, and DMH NPs. The fluorescence intensi-
ties of intracellular DOX could reflect the cellular uptake
ability of free DOX, DM NPs, and DMH NPs (Fig. 3A). MCF-7
cells treated with the DMH NPs showed a higher fluorescence
intensity than those treated with the DM NPs. The quantitative
fluorescence intensities are shown in Fig. 3B, where it can be
seen that free DOX showed a higher fluorescence intensity in
the MCF-7 cells than the DM NPs and DMH NPs, and the
reason for this was that DOX is small molecule drug and could
permeate into cells by free diffusion.**** Moreover, the mean
fluorescence intensity of MCF-7 cells treated with the DMH
NPs was 82.2%, which is higher than that of the DM NPs
(49.5%), attributed to the surface modification with HA and
the interaction between HA and CD44 receptors. Moreover, the
interaction between HA and CD44 receptors overexpressed on
the surface of MCF-7 cells was verified by flow cytometry
(Fig. S6t). After the competitive inhibition of HA, the DMH
NPs had lower fluorescence intensity in the presence of HA
than the DMH NPs, which was attributed to the HA-mediated
targeting specificity being weakened in the DMH NPs, thus
influencing the endocytosis in cells. All the above results illus-
trated that the cellular uptake of the DMH NPs could be
improved with the modification with HA through CD44 recep-
tor-mediated uptake.

Furthermore, confocal laser scanning microscopy (CLSM)
was performed to verify the cellular uptake and DOX release.
The cell nuclei were stained with DAPI (blue), and the released
DOX emitted red fluorescence. Red fluorescence was observed
in the cells after different treatments (Fig. 4), indicating that
the DOX, DM NPs and DMH NPs could enter MCF-7 cells after
co-incubation with MCF-7 cells, and DOX was then released
from the DM NPs and DMH NPs in the cells. As time passed,
the fluorescence intensities in MCF-7 cells increased; for
example, the fluorescence intensities were higher at 4 h com-
pared to those at 2 h (Fig. 4A and B), which suggested that the
DOX release behaviour in the MCF-7 cells was time-dependent.
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Fig. 3 (A) Flow cytometry of MCF-7 cells co-cultured with DOX, DM
NPs, DMH NPs and DMH NPs + HA for 4 h, respectively. (B) Mean fluor-
escence intensity of MCF-7 cells co-cultured with DOX, DM NPs, DMH
NPs and DMH NPs + HA for 4 h, respectively.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

LY Dpox B

o
<
[=]
o
=
©
=
o

| Merge | Dpox |

Fig. 4 CLSM images of MCF-7 cells treated with DOX, DM NPs, DMH
NPs and DMH NPs + HA for (A) 2 h and (B) 4 h, respectively (scale bar:
50 pm).

Moreover, compared with the DM NPs, the free DOX treated
cells exhibited higher fluorescence intensities due to the free
DOX entering into cells by a passive diffusion mechanism.**
Moreover, the DOX fluorescence intensity in the DMH NP-
treated cells was higher in comparison with that in the DM
NPs due to the presence of HA and CD44 receptor-mediated
uptake. Based on the above results, the DMH NPs possessed
excellent cellular uptake due to HA-mediated targeting specificity.

3.4 Detection of ‘OH

'OH as a member of reactive oxygen species (ROS) plays an
important role in oncotherapy by damaging the cell structure
and destroying the cell function.®® Considering that H,O,
could be catalyzed by MIL-100 to generate "OH via a Fenton-
like reaction, we detected the generation of "OH. As shown in
Fig. S7,7 an absorption peak was observed at 650 nm ascribed
to the generation of "OH in the DMH NPs + H,0, solutions
with TMB as an indicator. Moreover, the fluorescence images
were obtained to observe the generation of ‘OH using DCFDA
(Fig. 5). No green fluorescence signal was observed in the
MCF-7 cells after PBS, H,0,, and DMH NP treatment.
However, an evident green fluorescence was observed in
MCF-7 cells treated with DMH NPs and H,0,, indicating that
the intracellular H,0, was catalyzed by DMH NPs and ‘OH was
generated via a Fenton-like reaction.

3.5 Invitro cytotoxicity

MCF-7 cells co-incubated with MIL-100 at different concen-
trations still retained a high cell viability of about 90% even
with a MIL-100 concentration up to 200 pg mL™" (Fig. 6A),
which demonstrated that MIL-100 had negligible toxicity.
Furthermore, considering that intracellular H,O, could be
catalyzed by MIL-100 to generate "OH, we assessed the antitu-
mor effect of 'OH. H,0O, at a concentration of 100 pM was

. .
Fig. 5 Fluorescence images of ROS in MCF-7 cells treated with (A) PBS,

(B) H,O,, (C) DMH NPs and (D) DMH NPs + H,O,, respectively (scale bar:
100 pm).
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Fig. 6 (A) Cell viability of MCF-7 cells treated with MIL-100 and
MIL-100 + H,O,. Cell viability of MCF-7 cells treated with DOX, DM NPs,
DMH NPs with or without H,O, for (B) 24 h, (C) 48 h, and (D) 72 h,
respectively.

added into MCF-7 cells containing MIL-100 at various concen-
trations (Fig. 6A), and it was found that the cell viability
decreased after the introduction of H,O,, verifying that ‘OH
generated by a Fenton-like reaction could damage cells.

The in vitro anticancer effects of free DOX, DM NPs, and
DMH NPs on MCF-7 cells were evaluated. MCF-7 cells were
incubated with DOX, DM NPs and DMH NPs with various con-
centrations for 24 h, 48 h, and 72 h, respectively. As shown in
Fig. 6B-D, the cell viability of MCF-7 cells treated with free
DOX, DM NPs, and DMH NPs was dose- and time-dependent.
At the equivalent drug concentration, free DOX showed a
stronger cell killing efficiency than the DM NPs and DMH NPs.
Moreover, the DMH NPs exhibited stronger cytotoxicity than
the DM NPs within the experimental concentration range
(DOX concentration from 0.1 ug mL™" to 10 pg mL™"), which
was attributed to the presence of HA on the surface of the
DMH NPs. These results suggested that the HA-modified DMH
NPs facilitated CD44 receptor-mediated endocytosis, resulting
in a better cell killing ability. Furthermore, MCF-7 cells incu-
bated with DMH NPs in the presence of H,0, showed a lower
cell viability than the DMH NPs alone, which was due to
enhanced effect of ‘OH generated via a Fenton-like reaction.
All the aforementioned results showed that the combined
chemotherapy and chemodynamic therapy exhibited a great
antitumor effect and had great potential for cancer treatment.

3.6 Biodistribution and in vivo pharmacokinetics

The biodistribution behavior of the DM NPs and DMH NPs
was monitored using ex vivo fluorescence. The major organs
and tumors were collected and observed at 6, 12, 24, and 48 h
post-injection for ex vivo imaging (Fig. 7). The fluorescence
intensity at the tumor site increased and reached a peak level
at 24 h post-injection and then slightly receded at 48 h post-
injection, indicating that the DM NPs and DMH NPs gradually
accumulated at the tumor site via the enhanced permeability
and retention (EPR) effect. Furthermore, the tumors of the
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Fig. 7 Biodistribution of the DMH NPs in the major organs and tumors
at (A) 6 h, (B) 12 h, (C) 24 h and (D) 48 h postinjection, respectively. (E)
Fluorescence intensity of DOX in the tumor quantified using ROI ana-
lysis. (F) DOX plasma concentration versus time curves of the DM NPs
and DMH NPs. Data are shown as the mean + SD (n = 3). **p < 0.01,
*p < 0.05.

DMH NP-injected mice exhibited higher fluorescence intensity
than those of the mice treated with DM NP injection, which
was ascribed to CD44 receptor-mediated targeting. All the
above-mentioned results showed that the DMH NPs had a
strong tumor-targeting capacity based on the EPR effect and
CD44 receptor-mediated targeting. ROI analysis of the tumor
region demonstrated the advantages of the DMH NPs in in vivo
biodistribution (Fig. 7E).

The pharmacokinetics of the DM NPs and DMH NPs
showed that the DOX concentration from the DM NPs
decreased more quickly than that from the DMH NPs (Fig. 7F),
which indicated that the DMH NPs could significantly prolong
the DOX systemic circulation time, maintain the drug concen-
tration in the blood and improve the biocompatibility.

3.7 Anticancer efficacy in vivo

Encouraged by the excellent antitumor effect in vitro and
accumulation at the tumor site, the antitumor effect in vivo of
the DMH NPs was investigated on MCF-7 tumor-bearing mice.
When the tumor volumes reached about 100 mm?®, the mice
were randomly divided into five groups: PBS, MIL-100, DOX,
DM NPs, and DMH NPs. The mice were injected with PBS,
MIL-100, DOX, DM NPs, and DMH NPs every three days,
respectively. Moreover, the tumor volume and bodyweight were
recorded every three days. As shown in Fig. 8A, the tumors of
the mice injected with PBS exhibited rapid growth, while the
tumor volumes of the mice treated with MIL-100 were slightly
lower compared with the PBS group due to ‘OH generated
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Fig. 8 (A) The tumor growth curves of mice in different groups. (B)
Bodyweight of mice after the different treatments. (C) Representative
tumor photos of mice after the different treatments. (D) The tumor
weight of the mice in the different groups (***p < 0.001, **p < 0.01). (E)
H&E, (F) Ki67 and (G) caspase-3 analyses of the tumors after treatment
(scale bar: 100 um).

from the Fenton-like reaction. "OH could damage the tumor
cells and make them more fragile to chemotherapeutic treat-
ment.*> Furthermore, the tumor inhibition in the DM NP
group was better than that in the DOX group. Furthermore,
the DMH NP group exhibited more preferable tumor suppres-
sion compared to the others because of CD44 receptor-
mediated targeting and combined chemotherapy and chemo-
dynamic therapy. It is worth noting that no significant body-
weight change was detected in the other groups, except in the
DOX group (Fig. 8B), suggesting that DOX encapsulated in
nanoparticles could be conducive to reduce the systemic side
effects of free DOX. Moreover, the photographs of the tumor
and tumor weight were consistent with the tumor growth
curves, further confirming the reduction of the tumor size
after the different treatments (Fig. 8C and D). For further con-
firmation, the H&E staining of the tumors showed that the
area of necrosis in the tumor tissues in the DMH NPs group
was larger than that of the other groups (Fig. 8E). To reveal the
underlying mechanism of tumor growth inhibition by the
different treatments, the proliferation and apoptosis levels in
the tumor sections were further analyzed with Ki67 and
caspase-3 assays.’®™*® As shown in Fig. 8F and G, the DMH
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Fig. 9 (A) H&E analyses of the major organs after treatment (scale bar:
100 pm). (B) The levels of the serum liver function markers ALT and AST.
(C) The levels of the serum kidney function markers BUN and CRE. (D)
The serum LDH levels.

NPs inhibited cell proliferation and induced apoptosis in
tumor tissues. All the above results confirmed that the DMH
NPs exhibited excellent an antitumor effect, and had potential
for further applications.

3.8 Systemic toxicity evaluation

For further safety analysis, the major organs were tested with
H&E staining. The organ tissue sections revealed no obvious
pathological abnormalities, except for the free DOX group
(Fig. 9A). The H&E images in the DOX groups showed that some
damage occurred in the hearts and livers after treatment, which
might lead to extensive hepatocellular vesicular steatosis and
focal inflammation in the liver.** In contrast, in the DMH NPs
group, minimal liver damage and no damage in the other organs
were observed because of the biosafety and good biocompatibility.

The primary causes limiting the clinical application of DOX
are the several serious side effects, including liver and kidney
damage and cardiotoxicity.**™" Thus, a series of key clinical
biomarker levels in serum were detected to estimate the effects
of the nanoparticles. Clearly, a drastic increase in AST, ALT,
BUN, CRE, and LDH levels was observed in the DOX-treated
mice (Fig. 9B), indicating that DOX could damage the normal
tissue without specificity. Moreover, the CRE and BUN levels
induced by the DMH NPs were also significantly lower than
those of mice treated with free DOX and close to those for the
PBS group (Fig. 9C). As a biochemical criterion of myocardial
damage, the level of LDH could reflect the cardiotoxicity. As
shown in Fig. 9D, as expected, the level of LDH in the free
DOX group significantly increased, which indicated DOX-
induced cardiotoxicity. All these results suggested that the
DMH NPs have a superior advantage in reducing the systemic
toxicity of free DOX.

4. Conclusions

In this study, MIL-100 was synthesized by a microwave-assisted
synthesis to load DOX and then, HA was coated on the surface
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of the DM NPs to prepare DMH NPs. The DMH NPs released
DOX in a pH-dependent manner. Moreover, the DMH NPs pos-
sessed great advantages in cellular uptake due to HA decora-
tion on the surface of the DMH NPs. Moreover, the combi-
nation of chemotherapy and chemodynamic therapy of the
DMH NPs could effectively induce MCF-7 cell death. The DMH
NP group exhibited more preferable tumor suppression com-
pared to the others because of CD44 receptor-mediated target-
ing and the combined chemotherapy and chemodynamic
therapy. Altogether, engineering DMH NPs has a great promise
for cancer treatment.
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