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ABSTRACT: A straightforward nanoprecipitating method was developed to
prepare water dispersible curcumin (CCM)-loaded nanoscale zeolitic imidazolate
framework-8 (CCM@NZIF-8) nanoparticles (NPs). The as-synthesized CCM@
NZIF-8 NPs possess high drug encapsulation efficiency (88.2%), good chemical
stability and fast drug release in tumor acidic microenvironments. Confocal laser
scanning microscopy and cytotoxicity experiments reveal that NZIF-8 based
nanocarriers promote the cellular uptake of CCM and result in higher cytotoxicity
of CCM@NZIFE-8 than that of free CCM toward HeLa cells. The in vivo anticancer
experiments indicate that CCM@NZIF-8 NPs exhibit much higher antitumor
efficacy than free CCM. This work highlights the potential of using nanoscale metal
organic framworks (NMOFs) as a simple and stable platform for developing a highly

efficient drug delivery system in cancer treatment.
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B INTRODUCTION

Curcumin (CCM), a natural chemotherapeutic agent with
highly biocompatible and biodegradable properties, has
attracted considerable attention for its significantly wide
spectrum of therapeutic effects on human health such as
antitumor, antioxidant, and antibacterial activities.' ™ However,
free CCM cannot be administered systemically due to its high
hydrophobicity and poor bioavailability. Although various
attempts have been made to encapsulate CCM in inorganic-
based carriers such as silica’” NPs or organic-based carriers
exampling cyclodextrin,"® micelles,"'~** and liposomes'*'°
NPs, etc. to render CCM dispersible in aqueous media, the
synthesis process of these NPs was relatively complicated and
time-consuming. Therefore, it is highly desired to develop a
simple and efficient methodology for the incorporation CCM
into nanocarriers.

Metal—organic frameworks (MOFs) are an emerging class of
hybrid crystalline porous materials that are constructed from
organic bridging ligands and metal ion connectors.'”~** Known
for their large porosity with high surface area, tunable shapes
and pore sizes, and controllable surface functionalities, MOFs
have been utilized in a wide range of applications such as
heterogeneous catalysis,”* > gas storage”* ** and chemical
sensing” " etc. When scaled down into the nanoregime,
nanoscale MOFs (NMOFs) promise to be a powerful platform
for the delivery and controlled release of drug molecules by
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virtue of their nanoscale sizes and high porosity.”> " In the
past several years, some pioneering studies have demonstrated
the great potential of NMOFs as drug carriers. However,
challenges still remain in the design of functional NMOFs that
meet the stringent requirements of biological systems, including
biocompatibility of both the metal and bridging ligand, stability
of NMOFs in biological environment, and controlled drug
release in the targeted sites. Zeolitic imidazolate framework-8
(NZIE-8),°' =% constructed from zinc ions and 2-methyl
imidazole (MIM), showing excellent biocompatibility and
pH-sensitive behavior, which is an ideal nanocarrier for drug
delivery. Although a few groups undertook some attempts to
incorporate some drugs into nanoscale ZIF-8 (NZIF-8),°%%°
the lower drug loading and poor stability in biological
environment limited their progress in tumor treatment. To
the best of our knowledge, no work on using NZIF-8 based
drug delivery system for in vivo anticancer therapy is reported.

In the present work, natural anticancer drug CCM was
encapsulated into NZIF-8 via a simple, rapid, and universal
route under mild conditions (Scheme 1). The obtained CCM@
NZIF-8 NPs have uniform sizes and morphologies with an
average diameter of 119.3 #+ 13.6 nm. The drug loading
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Scheme 1. Schematic Illustration of the Preparation of
CCM@NZIF-8 and Its Application for in Vitro Bioimaging
and in Vivo Anticancer Therapy

Zn*  MIM ccm
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capability (DLC) and drug loading encapsulation efficiency
(DLE) of CCM@NZIF-8 was determined to be 12.7% and
88.2%, respectively. The high stability of CCM@NZIF-8 in
phosphate-buffered saline (PBS) pH 7.4 or fetal calf serum
solutions (FBS) was confirmed by dynamic light scattering
(DLS). The cytotoxicity toward HeLa cells revealed that
CCM@NZIF-8 exhibited higher inhibition efficiency than free
CCM. The in vivo antitumor effect experiments in xenograft
tumor model (U14 cervical cancer) displayed that CCM@
NZIF-8 could inhibit cervical cancer cell growth with tumor
inhibitory rate of 85%, while the tumor inhibitory rate of free
CCM was 43%, confirming that CCM@NZIF-8 has much
higher bioavailability than that of free CCM. All of the
experiment results reveal that CCM@NZIF-8 systems are
promising for cancer therapy and are beneficial for targeting
cancerous tissues.

Bl RESULTS AND DISCUSSION

In order to realize the efficient encapsulation of CCM into the
framework of NZIF-8, the reaction conditions were screened
and optimized in terms of solvents, reaction time, and the
weight ratio of CCM to MIM and Zn(NO;),. First, we
repeated the previous method®® reported by Zhuang et al. with
some modification (see the Supporting Information, Table S1);
however, the DLC and DLE was determined to be as low as
0.33% and 2.05% (entry 1), respectively, according to the
characteristic absorption peak of CCM at 427 nm (see
Supporting Information, Figure S1). Although increasing the
weight ratio of CCM to MIM and Zn(NO;), can enhance
slightly the DLC and DLE (Table S2), the morphologies and
sizes of the samples changed from ~200 nm NPs (entry 1,
Figure S2) to microflowers with diameters ~3 um (entry 3,
Figure S3), which might be attributed to intermolecular
hydrogen bond between the nitrogen atom in MIM and the
phenolic hydroxyl group in CCM, such big particles are not
suitable as drug carriers. Then, a simple nanoprecipitating
method was developed to synthesize CCM@NZIF-8 NPs by
mixing the aqueous of Zn(NO,), with the MeOH or THF
solution of MIM and CCM (see the Supporting Information)
in 1 min. When THF was used as solvent to dissolve MIM and
CCM (entry 4), the obtained NPs are as small as ~50 nm
(Figure S4), and the DLC and DLE was only 1.16% and 6.72%,
respectively. When MeOH was used as solvent, DLC and DLE
was enhanced dramatically (entries S and 6), and the optimized
condition was concluded to be 5 mL of Zn(NO,), (150 mg)
aqueous solution was added into the MeOH (10 mL) solution
of MIM (330 mg) and CCM (S mg, 1 wt %) under vigorous
stirring, and only 1 min later, CCM@NZIF-8 NPs were
formed. The obtained NPs was collected by centrifugation and
then washed with methanol three times. As a control
experiment, NZIF-8 NPs were synthesized via the similar
route. The drawback of poor water solubility of CCM was
circumvented by loading CCM into NZIF-8 NPs, the DLC and
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Figure 1. (A) SEM image of CCM@NZIF-8 NPs, (B) TEM image of CCM@NZIF-8 NPs, zoom-in on a single NPs. (C) XRD patterns of
simulated ZIF-8 (black solid line), NZIF-8 (red solid line), and CCM@NZIF-8 (blue solid line). (D) The UV—vis absorption of NZIF-8 (black solid
line), free CCM (blue solid line), and CCM@NZIF-8 (red solid line) in methanol solution, inset is the photos of NZIF-8 and CCM@NZIF-8. (E)
The PL spectra of free CCM (black solid line) and CCM@NZIF-8 (red solid line), inset are the photos of free CCM and CCM@NZIF-8 under the

excitation of blue light (445—490 nm).
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Figure 2. (A) Nitrogen-sorption isotherms, (B) pore-size distributions, and (C) TGA curves of the as-synthesized NZIF-8 and CCM@ZIF-8 NPs.
Particle size distributions of (D) NZIF-8, (E) CCM@NZIF-8, and (F) CCM@NZIF-8 after kept for 1 month determined by DLS. (G)
Hydrodynamic diameters of CCM@NZIF-8 NPs in PBS (pH 7.4) and fetal calf serum. (H) CCM release profiles from CCM@NZIF-8 in PBS

solution (pH 5.0 and 7.4) containing 1 wt % of Tween-80.

DLE of CCM@NZIF-8 was determined to be 12.7% and
88.2%, respectively, such high DLC is crucial to the effective
treatment of solid tumors. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were
used to characterize the morphologies and sizes of CCM@
NZIF-8 and NZIF-8, Figure 1A,B reveals that CCM@NZIF-8
NPs are uniform rhombic dodecahedral particles with narrow
size distribution, which are similar to those of NZIF-8 (Figures
SS and S6). As determined from the SEM image, these particles
have an average diameter of 119.3 + 13.6 nm. Figure 1C shows
the powder XRD patterns (PXRD) of the as-synthesized
CCM@NZIF-8 (blue line), NZIF-8 (red line), and simulated
ZIF-8 (black line), and the results indicate that CCM@NZIF-8
has pure-phase ZIF-8.°” The UV—vis absorption spectra of
NZIF-8, free CCM, and CCM@NZIF-8 are shown in Figure
1D; no characteristic absorption band is observed for NZIF-8,
while after incorporation of CCM into NZIF-8, CCM@NZIF-8
has a strong absorption band centered at 485 nm which is red-
shifted 57 nm relative to that of free CCM, indicating that
CCM was encapsulated into the framework of NZIF-8. The
photoluminescence (PL) spectra (Figure 1E) of free CCM and
CCM@NZIF-8 show that the PL peak of CCM@NZIF-8 is
centered at 615 nm, which is bathochromic-shifted by 61 nm
relative to that of free CCM, further approving the
incorporation of CCM into NZIF-8. The zeta potential value
of CCM@NZIF-8 is about +4.3 mV, which is similar to that of
NZIF-8 (+ 44 mV) confirming that CCM was not adsorbed
onto the surface of NZIF-8 but loaded into its framework.
The porosities of NZIF-8 and CCM@NZIF-8 NPs were
investigated by nitrogen-sorption measurements. As shown in
Figure 2A, the as-prepared CCM@NZIF-8 NPs exhibit a type I
isotherm, with significant increases in N, uptake at very low
relative pressure (<0.01) due to the presence of micropores, as
does NZIF-8. The gravimetric Brunauer—Emmett—Teller
(BET) surface area of CCM@NZIF-8 is 1826 m*/g, which is
lower than that of NZIF-8 (2370 m*/g), the slight decrease of
the porosity of CCM@NZIF-8 is ascribed to the encapsulating
of CCM into the NZIF-8 framework. The pore-size distribution
of the MOF matrix (Figure 2B) is not altered after the
incorporation of CCM. The thermogravimetric analysis (TGA)
of NZIF-8 and CCM@NZIF-8 was performed under nitrogen
flow. As shown in Figure 2C, a long plateau was observed in the
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temperature range of S0—588 °C (NZIF-8), indicating the high
thermal stability of NZIF-8. While the TGA curve of CCM@
NZIF-8 exhibit a gradual weight loss of 13.4% up to 547 °C,
corresponding to the removal of CCM from the cavities,
implying that about 13.4 wt % of CCM was loaded into the
framework, which is consistent with the results determined by
UV—vis standard curves. DLS was used to study the size
distribution of NPs. As shown in Figure 2E, the hydrodynamic
diameters of the CCM@NZIF-8 NPs possess a narrow size
distribution with the peak value of 124 nm, which is a little
larger than that of NZIF-8 (110 nm, Figure 2D). The nanoscale
sizes (<200 nm) were beneficial to increase passive tumor
targeting due to the enhanced permeation and retention effect
(EPR).”®*?

The stability of NPs is very important for their cell
internalization and circulation in blood. First, we studied the
stability of CCM@NZIF-8 NPs in MeOH solution, the NPs
was kept for 1 month, and no precipitate was formed. The
hydrodynamic diameter (Figure 2F) determined by DLS
indicated that no obvious size change was observed, implying
the high stability of CCM@NZIF-8. Second, the hydrodynamic
diameters were monitored in phosphate-buffered saline (PBS)
pH 7.4 or fetal calf serum solutions (FBS) with the
concentration of 0.1 mg/mL. As shown in Figure S7 and
Figure 2G, the hydrodynamic diameters of NZIF-8 and CCM@
NZIF-8 NPs in both PBS and FBS did not change significantly,
indicating that no aggregation or dissociation occurred during
48 h of incubation. The stability of CCM in different solutions
was studied by UV—vis absorption spectroscopy (Figure S8).
CCM degraded rapidly in 0.02 M phosphate buffered saline
(PBS, pH 7.4), about 92% of CCM decomposed in 4 min
(Figure S8A), while 44% of CCM remained after 4 h of
incubation in PBS (pH $.0), indicating it is more stable in
acidic condition (Figure S8B). The stability of CCM was
strongly improved by adding 1 wt % of Tween-80 into the PBS
solutions. As shown in Figure S8C,D, only 4% or 9% of CCM
decomposed in PBS (pH 5.0)/Tween-80 (1 wt %) or PBS (pH
7.4)/Tween-80 (1 wt %), respectively, even after 48 h of
incubation. Hence, Tween-80 acts as not only a solubilizer but
also a stabilizer. In vitro drug release experiments were
performed in PBS (pH 7.4 and 5.0)/Tween-80 (1 wt %) to
evaluate its controlled release behavior. As shown in Figure 2H,
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in acidic PBS solution (pH $5.0), the cumulative release of CCM
reached to 43.4% after 48 h. In contrast, the CCM@NZIF-8
NPs show very slow drug release rates, only 15.6% of CCM was
released even after 48 h in neutral PBS (pH 7.4). The pH-
responsive release feature of NZIF-8 can diminish premature
drug release during blood circulation but specifically enhance
drug release due to the acidic microenvironments of tumors
sites, which will be definitely beneficial for tumor inhibition in
vivo.

Before NZIF-8 was used for drug carrier, cellular
biocompatibility experiments were carried out by standard 3-
(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay with human epithelial carcinoma cells (HeLa
cell line) as the test cell line. As shown in Figure 3A, when
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Figure 3. (A) In vitro biocompatibility of NZIF-8 and (B) in vitro
cytotoxicity of free CCM and CCM@NZIF-8 against HeLa cells at
different concentrations for 48 h. Confocal laser-scanning microscopy
(CLSM) images on HeLa cells incubated with free CCM (C—E) and
CCM@NZIF-8 (F—H) at the equivalent CCM concentration (10 pg/
mL) for 0.5 h, respectively. Each series can be classified to the cell
nucleus (blue fluorescence, stained by DAPI), free CCM or CCM@
NZIF-8 (green fluorescence, FITC channel), and the overlay image in
FITC and DAPI channels on the same cell; all scale bars are 20 pm.

HeLa cells incubated with NZIF-8 at the concentrations from
10 to 50 pug/mL for 48 h, all of the survival rates exceed 70%
relative to the control group cells without NZIF-8 treatment,
indicating that NZIF-8 possesses negligible inhibition effects on
cell proliferation below the concentration of S0 ug mL™". The
half maximal effective concentration (ECs,) of NZIF-8 NPs was
determined to be 63.8 ytg/mL, which is higher than previously
reported EC, values (45.0 ug/mL) for NZIF-8,% indicating
the as-obtained NZIF-8 has good biocompatibility and can be
used as safe drug nanocarriers for cancer therapy. MTT
experiments were also conducted to test the cytotoxicity of free
CCM and CCM@NZIF-8 toward HeLa cells. As shown in
Figure 3B, CCM@NZIF-8 shows higher cytotoxicity than that
of free CCM with the concentrations from 1.0 to 10.0 yg/mL,
the half growth inhibition concentration (ICs,) values of free
CCM and CCM@NZIF-8 are 5.4 and 3.0 tg/mL, respectively,

implying that CCM@NZIE-8 exhibits higher inhibition
efficiency than free CCM on HelLa cells. The enhanced
cytotoxicity can be attributed to the effective endocytosis of
CCM@NZIF-8 by HeLa cells. Furthermore, confocal laser
scanning microscopy (CLSM) analysis was carried out to
evaluate the cellular internalization and intracellular CCM
release. As shown in Figure 3, after incubation of free CCM
(Figure 3C—E) and CCM@NZIF-8 (Figure 3F—H) with HeLa
cells for only 0.5 h, the mean fluorescence intensity (Figure S9)
of HeLa cells incubated with CCM@NZIF-8 is much stronger
than that of the cells incubated with free CCM, implying that
NZIE-8 based nanocarriers promote the cellular uptake of
CCM. It is worthwhile noting that the fluorescence came from
both the cytoplasm and nucleus region, indicating that CCM@
NZIF-8 was endocytosed into the cells and CCM had been
released from NZIF-8. Then the colocalized with lysosome
tracker were carried out to study the way of endocytosis.
Endolysosomal trafficking is a classic consequence of clathrin-
mediated endocytosis from early and late endosomes to
lysosomes. As shown in Figure S10, the green of CCM
overlaps perfectly with the red of lysosome tracker, which
confirms the clathrin-mediated endocytosis.

The xenograft tumor of Ul4 cervical cancer was established
to evaluate the in vivo antitumor effect of CCM@NZIF-8.
Because the solubility of free CCM in aqueous solution is as
low as 2.99 X 107 M,"" it cannot be administered systemically.
In this work, free CCM was dissolved in a mixture of
cremophor eL and ethanol (1:1, v/v) and this stock solution
was diluted with sterile saline before injection. When the tumor
grew to a size of ~200 mm’, Ul4 bearing Kunming mice were
randomly divided into three groups with 6 mice in each group.
The free CCM or CCM@NZIE-8 groups were treated with
CCM or CCM@NZIF-8 via tail-vein injection six times at 2
day intervals with the same dosage of (2.5 mg CCM)/ (kg body
weight), and the tumor sizes were measured every other day.
The relative tumor volume V,/V as a function of time was used
to investigate the inhibitory effect of CCM and CCM@NZIF-8.
As shown in Figure 44, the relative tumor volume is in an order
of saline > free CCM > CCM@NZIF-8 group indicating that
CCM@NZIF-8 showed obvious higher antitumor efficacy than
free CCM on Ul14 tumor cell. There is statistically a significant
difference between CCM@NZIF-8 and CCM or saline. After
14 days of treatment, the sequence of relative body weight
(Figure 4B) for the three groups is CCM@NZIF-8 > saline >
free CCM, revealed that CCM@NZIF-8 had lower systemic
toxicity than free CCM. Fourteen days later, the mice were
sacrificed and the tumors were excised and weighed. The photo
of the excised tumors is shown in Figure 4C, and the average
weights of the tumors for saline, free CCM, and CCM@NZIF-
8 groups are 598 + 1.39 g, 3.38 + 0.9 g, and 0.9 + 023 g
respectively; and the tumor inhibitory rate of the CCM@NZIF-
8 group is concluded to be 85%, which is much higher than that
of free CCM (43%). The micrographs of H&E-stained tumor
sections showed that a large area of necrosis was induced in the
tumor by CCM@NZIF-8 (Figure 4F), whereas no obvious
degeneration or necrosis of tumor cells occurred in the free
CCM (Figure 4E) and saline group (Figure 4D) (exclusive of
spontaneous necrosis in the central zone of the tumor). The
results confirmed that CCM@NZIF-8 could efficiently inhibit
the proliferation of Ul4 cervical cancer in mice. Therefore,
both the in vitro and in vivo anticancer experiments indicate
that CCM@NZIF-8 has much higher antitumor effect than free
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Figure 4. In vivo antitumor efficacy of CCM@NZIF-8. The relative
tumor volume (A) and relative body weight (B) of the Ul4 cancer
bearing mice as a function of time (2.5 mg CCM)/(kg body weight).
(C) Photo of the excised tumors on the 14th day, **P < 0.01. H&E
staining photomicrographs of tumor tissue after treatment with (D)
saline, (E) free CCM, and (F) CCM@NZIF-8 for 14 days; all the scale
bars are 100 ym.

CCM and NZIF-8 might be used as the effective drug delivery
system for the treatment of carcinoma.

B CONCLUSION

In summary, we have developed a facile and eflicient approach
for the preparation of water dispersible CCM-loaded NZIF-8
(CCM@NZIF-8) NPs. The CCM@NZIF-8 NPs possess high
DLE (88.2%) and DLC (12.7 wt %), excellent biocompatibility,
and high stability at physiological conditions, which are ideal
candidate carriers for drug delivery. The in vitro and in vivo
anticancer experiments confirm that CCM@NZIF-8 NPs
display much higher antitumor efficacy than free CCM, which
hold immense potential in the areas of drug delivery. This work
highlights the potential of using NMOF as a simple and stable
platform for developing a highly efficient drug delivery system
in cancer treatment.

B METHODS

Synthesis of CCM-Encapsulated NZIF-8 (CCM@NZIF-8). For a
typical synthesis, 150 mg of zinc nitrate hexahydrate was dissolved in 5
mL of deionized water; on the other hand, 330 mg of 2-methyl
imidazole and S mg of CCM were dissolved into 10 mL of methanol.
Under stirring, the aqueous of zinc nitrate was added into the solution
of 2-methyl imidazole and CCM, the orange reaction solution became
milky in 1 min, indicating that CCM@NZIF-8 nanoparticles were
formed. The solution was centrifuged at 10 000 rpm for 15 min to
obtain the CCM@NZIF-8. Then CCM@NZIF-8 was washed with
methanol (20 mL each time) three times to completely remove the
unreacted reagents. Finally, CCM@NZIE-8 particles were suspended
in methanol (S mL) for storage. In order to determine the reaction
yield, 0.2 mL of dispersion was dried and weighted to calculate that 31
mg of CCM@NZIF-8 was obtained for a single synthesis. In order to
measure CCM drug loading capability (DLC) and drug loading
encapsulation efficiency (DLE), the dry sample was completely
decomposed by 50 uL of HCl (2M) and the CCM solution was
diluted to 2 mL with ethanol. The resulting clear yellow CCM solution
was analyzed with a UV—vis spectrophotometer at 427 nm using a
standard curve method (Figure S1). The DLC and DLE of CCM@

NZIF-8 was calculated to be 12.7% and 88.2%, respectively, according
to the below equation:

DLC (%) = (amount of loaded drug)
/(amount of drugloaded NPs) x 100%

DLE (%) = (amount ofloaded drug)
/(total amount of feeding drug) X 100%

In Vitro Drug Release. In order to improve the solubility and
stability of CCM, the mixed solutions of Tween-80 (1.0 wt %) with
phosphate buffered saline (PBS, pH 7.4 and pH 5.0) were used as
medias to study the controlled release behaviors of CCM@NZIE-8.
The maximum solubility of the CCM in PBS (pH 5.0 and 7.4)
solution containing Tween-80 (1.0%, w/w) is 65 yg/mL and 69 ug/
mL, respectively. CCM@NZIF-8 (3 mg) was suspended in 2 mL of
solutions containing Tween-80, sealed in a dialysis bag (Mw cutoff, 3.5
kDa) and incubated in the release medium (8 mL) at 37 °C under
oscillation. At selected time intervals, 1 mL of buffer solution outside
the dialysis bag was removed for UV—vis analysis and replaced with 1
mL of fresh buffer solution. The released amount of CCM was
determined from the absorbance at 427 nm with the help of a
calibration curve of CCM in the same buffer. Then the accumulative
weight and relative percentage of the released CCM were calculated as
a function of incubation time.
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