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ABSTRACT: Many medical and chemical applications require target  Target molecule Linkers

molecules to be delivered in a controlled manner at precise locations. o pH=8 N

Metal—organic frameworks (MOFs) have high porosity, large surface + =) —>

area, and tunable functionality and are promising carriers for such Metal ion Q

purposes. Current approaches for incorporating target molecules are e mgﬁ;ﬁrg;"g';;g;m"":geg&“

based on multistep postfunctionalization. Here, we report a novel

approach that combines MOF synthesis and molecule encapsulation in gwo Controlled Release /37 - =

a one-pot process. We demonstrate that large drug and dye molecules §’80 'E:Zg

can be encapsulated in zeolitic imidazolate framework (ZIF) crystals. § pH 6

The molecules are homogeneously distributed within the crystals, and ;:’: P *pH5.5

their loadings can be tuned. We show that ZIF-8 crystals loaded with ~ § *° L

the anticancer drug doxorubicin (DOX) are efficient drug delivery & °& yra-i-b-0-u-5-0-5———8-
5 Time (day) 10 15

vehicles in cancer therapy using pH-responsive release. Their efficacy on
breast cancer cell lines is higher than that of free DOX. Our one-pot
process opens new possibilities to construct multifunctional delivery systems for a wide range of applications.

B INTRODUCTION late and is a potential carrier for anticancer drugs.””*" ZIF-8 is
Metal—organic frameworks (MOFs) have great potential in ste?b%e undgr.physiOIQgical conditions and decomposes ur.l(ller
lications. such as eas separation and storage '™ acidic conditions, which can be used to construct pH-sensitive
many  applications, g p g%
catalysis,”® sensing,” and drug delivery.*'® Their advantageous
properties include structural diversity, large surface area, and
tunable pore sizes and functionalities.'~> MOFs have been
used as carriers of metal nanoparticles for catalysis'®'” and of
organic molecules such as drugs’ and proteins'® for medical
applications. The encapsulation of target molecules by MOF:s is
currently achieved using a process that includes several steps:
(1) synthesis of MOFs, (2) removal of solvents from the pores,
and (3) incorporation of target molecules, which are often
dissolved in toxic organic solvents. This process is both costly
and produces large amounts of waste. Another drawback is the
small pore window of MOFs, which limits their potential to
encapsulate large molecules. In addition, the current loading
capacity of large molecules in MOFs is lower than that of other
inorganic carriers, such as mesoporous silica. A strategy to
overcome these drawbacks is to combine MOF synthesis and

drug delivery systems.”” However, the diameter of the pore
opening of ZIF-8 is 3.4 A, and the diameter of the pore cavity is
11.6 A, and thus large molecules cannot enter the pores. Several
postsynthetic approaches have been developed to overcome
this limitation, such as preparing hollow ZIFs and adsorbing
molecules onto the external surfaces. However, postsynthesis
approaches result in low loadings and rapid or poorly
controlled release of the molecules.””*"** Hierarchical
structures can be introduced into MOFs,**° which may
lead to increased molecular loading. Further, hierarchical
mesoporous silica can improve the molecular loading and the
efficacy of drug delivery.”” However, a certain rate of release of
drugs still occurs at high pH (pH = 8). It is desirable to
construct a pH-responsive drug delivery system that does not
release drugs under physiological conditions in the circulation
but that releases the drugs in a controlled manner after uptake

molecule encapsulation into a one-pot process.'* > of the system into selected cells, such as cancer cells. Such a
Zeolitic imidazolate frameworks (ZIFs) are a subclass of system would reduce the systemic side effects of chemotherapy,

MOFs, with high thermal and hydrothermal stabilities.2>~2¢ as the active components are released only in the tumor region

ZIFs have been used in gas separation27 and as carriers for

metal nanoparticles28 and drugs.zg ZIF-8 is a nontoxic and Received: November 9, 2015
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and not in the general circulation.”® However, no simple
procedure to construct such a system has been developed.

We report here a simple and rapid process that combines the
synthesis of ZIFs and the encapsulation of target organic
molecules in one pot. The process has been used for two ZIFs,
ZIF-8 and ZIF-67, and with four types of molecules with
different functional groups. Electron tomography shows that
homogeneously distributed mesopores can be generated within
ZIF-8 crystals, and the size of the mesopores can be controlled
by the loading of the molecules. We demonstrate that ZIF-8
crystal with encapsulated DOX (denoted DOX@ZIF-8) is a
promising pH-responsive drug delivery system for cancer
therapy. DOX@ZIF-8 does not release the drug under
physiological conditions (pH = 7.4) and releases it during a
period of 7—9 days at pH 5.0—6.0. This is within the pH range
of the endosome and lysosome. The release is achieved by
successive decomposition of ZIF-8. The efficacy of the DOX@
ZIF-8 system was further demonstrated by in vitro cell assays in
three breast cancer cell lines and in primary macrophages. The
cellular uptake of DOX@ZIF-8 was demonstrated by confocal
microscopy and flow cytometry.

B EXPERIMENTAL SECTION

Synthesis of DOX@ZIF-8. Stock solutions of DOX of different
concentrations (2, 6, and 10 mg mL™") were prepared in deionized
H,0. First, 0.2 g (0.66 mmol) of Zn(NO;),-6H,0 was dissolved in 0.8
g of H,O (pH 8, adjusted by NaOH). Then, 4 mL of DOX stock
solution was added to the Zn(NO;), solution. After this had been
stirred for 1 min, 10 g of a solution containing 2 g (24.36 mmol) of 2-
methylimidazole (2-mim) and 8 g of deionized H,O was added
dropwise. The reaction mixture was stirred for 15 min. The precipitate
was collected by centrifugal separation and washed at least three times
with a mixture of ethanol and H,O. The powder product was dried at
room temperature under vacuum. The loading amount of DOX was
tuned by changing the concentration of the DOX stock solution.
DOX-free ZIF-8 was synthesized in a similar way for comparison,
using 4 mL of deionized H,O.

Synthesis of Dye@ZIF-8, DOX@ZIF-67 and ZIF-8 encapsulated
with several components is described in detailed in the Supporting
Information.

Release of DOX from DOX@ZIF-8 Particles at Different pHs.
A typical release system was prepared by suspending 10 mg of DOX@
ZIF-8 material in 20.0 mL of buffer solution (pH 7.4, 6.5, 6.0, 5.0 and
4.0, respectively) at 37 °C. The release system was then maintained at
37 °C under shaking (shaking frequency = 150 rpm). One mL of
release medium was sampled at each time point, and UV—vis
spectrophotometry was used to determine the percentage of DOX that
had been released, after which the sample was returned to the original
release system. In a stepped release experiment, 10 mg of DOX@ZIF-
8 material was tested in a 20.0 mL, pH 7.4 buffer solution of 10% (v/
v) FBS at 37 °C for 7 days. The pH of the solution was then adjusted
to 6.5 with dilute HCI (0.6 M) and kept for another 7 days. The pH of
the solution was again adjusted, stepwise over 3 days, to 6.0, 5.0, and
4.0. The amount of DOX loaded was determined from the UV—vis
absorbance at 479 nm. The release percentages of DOX were
calculated according to the formula, release percentage (%) = m,/m,
where m, is the amount of released DOX, while m is the total amount
of loaded DOX.

MTT Assays in Breast Cancer Cell Lines and Primary
Macrophages. Monocytes were seeded onto 96-well plates with 1
X 10° cells per well, 3 days prior to the test, in order to derive
macrophages. MCF-7, MDA-MB-231, and MDA-MB-468 cell lines
were harvested with trypsin, washed with PBS, and resuspended in
Dulbecco’s modified eagle medium at a concentration of 1 X 10° cells
per ml. 100 uL per well of the cell suspension was transferred into 96-
well plates to preculture for 24 h. The medium was replaced by a fresh
medium that contained the sample (DOX, DOX@ZIF-8, ZIF-8, or
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ZIF-8 + DOX) at various concentrations. 10 yL of S mg mL™! MTT
(3-(4,5,-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was
then added to each well after designated incubation periods (12 and
24 h for the macrophages, and 24 and 72 h for the cell lines). After 4 h,
100 uL of 10% sodium dodecyl sulfate solution was introduced into
each well. The absorbance at 570 nm was determined with a plate
reader after 18 h.

Confocal Microscopy. MDA-MB-468 cells were seeded at a
concentration of 1 X 10° cells per well onto the surface of coverslips
placed in 12-well plates and precultured for 24 h at 37 °C. The
medium was removed, and fresh medium that contained free DOX
(02 ug mL™") or DOX@ZIF-8 (1 pg mL™", 20 wt % loading) was
added. After 2, 8, or 24 h of incubation, the cells were washed twice
with PBS and fixed with 4% paraformaldehyde in PBS for 15 min at
room temperature. The cells were then stained with 2.5 ug mL™" of
4/,6-diamidino 2-phenylindole (DAPI) for 10 min and mounted with
ProLong Gold antifade mounting medium. The stained samples were
examined in an FV1000 Olympus confocal microscope at excitation/
emission wavelengths of 405/461 nm for DAPI and 559/572 nm for
DOX. Images were acquired and analyzed with the FluoView FV1000
software.

B RESULTS AND DISCUSSION

One-Pot Synthesis of Target Molecule Encapsulated
in ZIF Crystals. The process for one-pot synthesis of MOFs
with encapsulated target molecules is presented in Figure 1.

a b c
Target molecule Linkers [
o pH=8 N c O‘O
Metal ion % o
o Coordination polymers of Hierarchical MOF

metal ions and target molecules

Figure 1. The pH-induced one-pot synthesis of MOFs with
encapsulated target molecules.

Metal ions and target organic molecules (Figure la) self-
assemble to form coordination polymers (Figure 1b). Organic
linkers are added to disassemble the metal ions from the target
organic molecules and subsequently form MOFs (Figure 1c) by
the assembly of the metal ions and linkers. The target
molecules are encapsulated during the formation of MOFs,
resulting in hierarchical MOFs. Several molecules with different
functional groups (a typical anticancer drug DOX, dye
molecules rhodamine B, methyl orange, and methylene blue)
(Figure S1) have been successfully encapsulated into ZIF-8
crystals.

We chose initially to study ZIF-8 as the carrier and DOX, a
typical anticancer drug used in the treatment of breast and
ovarian cancers,””*" as the target molecule. DOX molecules
have functional groups that form weak coordination bonds with
Zn** jons in aqueous media.*"*’ DOX@ZIF-8 particles were
synthesized in pure aqueous solutions (Figure 2). In a typical
synthesis, a solution of Zn(NO;),-6H,0 (0.66 mmol, pH = 8
adjusted by NaOH) and a solution of DOX (0—30 wt %) was
mixed and stirred for 1 min. A solution of 2-methylimidazole
(2-mim, 24.36 mmol) was added dropwise. The reaction
mixture was stirred for 15 min, and DOX@ZIF-8 particles were
collected by centrifugal separation (see Table S1, the
Experimental section and Supporting Information for detailed
descriptions). DOX@ZIF-8 particles with loadings of up to
20% were achieved (Figure 2). We confirmed that DOX
molecules were coordinated with Zn>* ions by examining the
red shift of the UV—vis spectrum and comparing it with that of
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Figure 2. (a) SEM and (b) TEM images, (c) PXRD patterns, and (d)
photographs of DOX@ZIF-8 particles with 0, 4, 14, and 20% DOX
loadings.

a free DOX solution, while the solid-state UV—vis spectrum of
DOX@ZIF-8 showed that there was no coordination bond
between DOX and Zn®* ions in DOX@ZIF-8 (Figure S2). Our
micro/mesostructured DOX@ZIF-8 has one of the highest
DOX loadings among MOF carriers.

Scanning electron microscopy (SEM) showed that the
DOX@ZIF-8 materials consisted of isolated crack-free particles
of diameter 70—300 nm (Figure 2a). Powder X-ray diffraction
(PXRD) showed that the DOX@ZIF-8 particles were of high
crystallinity with sharp diffraction peaks (Figure 2c). The
decrease of the peak intensity at the low angles for ZIF-8 with
14 and 20% DOX loadings was due to the presence of DOX
molecules in the pores of ZIF-8 crystals. No diffraction peaks
from the DOX molecules were observed, indicating that no
DOX crystals were present in the DOX@ZIF-8 materials. The
color of the DOX@ZIF-8 particles became more intense with
higher DOX concentration (Figure 2d). This indicates that the
target molecules have been successfully loaded into the ZIF
crystals. While the morphology of ZIF-8 crystals did not change
with increasing loading of DOX (from 0% to 20%), the particle
size increased and the size distribution broadened (from 100 +
30 to 230 + 150 nm), as shown by dynamic light scattering
(DLS, Figure S3a). All these particles were highly dispersed and
stable in water and PBS (pH 7.4), as a result of their high
potentials (+30.5, +30.1, +30.7, and +31.1 mV for 0, 4, 14 and
20% loadings, respectively). Because salts in the blood may
cause agglomeration of nanoparticles,*’ the particle sizes were
measured by DLS in the presence of 0.9% NaCl (Figure S3b).
We found that the particle sizes only increased slightly, by no
more than three times on average. The good dispersion of the
particles in cells was also confirmed by TEM (Figure 6b).

Transmission electron microscopy (TEM) showed well-
defined mesopores that were homogeneously distributed within
the ZIF-8 crystals when the loadings were high (>14%, Figure
2b). The size of the mesopores increased with the loading of
DOX. Notably, despite the presence of large amounts of
mesopores, each ZIF-8 particle was a single crystal, which was
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confirmed by electron diffraction (Figure S4). Electron
tomography showed that each ZIF-8 crystal consisted of a
core with isolated and homogeneously distributed mesopores
and a mesopore-free shell (Figure 3, Figure S5, and Videos S1,

Figure 3. Distribution of mesopores in DOX@ZIF-8 particles
illustrated by electron tomography. (a) TEM image of a DOX@ZIF-
8 single crystal. (b) Cross-section of the electron tomogram with the
mesopores marked by blue lines. (c) 3D distribution of the mesopores
in the DOX@ZIF-8 particles.

S2, S3, and S4). For DOX@ZIF-8 with 20% loadings, the
diameter of the mesopores, in which the DOX molecules were
located, was S5—15 nm. The mesopore-free shell was
approximately 20 nm thick, which is the result of depletion
of target molecules and was not observed when a shorter
synthesis time was used (Figure S6).

We demonstrated the versatility of our one-pot encapsulation
process by using it with other organic molecules. Three dye
molecules, rhodamine B, methyl orange, and methylene blue,
were chosen, all of which have functional groups that can form
weak coordination bonds with Zn*" ions in aqueous media
(Figure S7). In all cases, micro/mesostructured ZIF-8 crystals
with encapsulated dye were successfully synthesized, with
loadings of 15, 14 and 17% for rhodamine B, methyl orange,
and methylene blue, respectively (Table S1 and Figure S8). We
also tested whether our process can be applied to other metal
ions and used cobalt ions instead of zinc ions, with the same
organic linker 2-mim, to synthesize DOX@ZIF-67. Hierarchical
micro/mesostructured DOX@ZIF-67 material with a DOX
loading of 15% was synthesized in an aqueous solution (Figure
$9). We conclude that our one-pot process can be generally
used to synthesize micro/mesostructured ZIF materials with
encapsulated target organic molecules.

Our simple one-pot synthesis allows the simultaneous
incorporation of several molecules and nanoparticles into the
same MOF crystals. It is possible to encapsulate metal
nanoparticles and DOX in ZIF-8 crystals in one pot (Figure
S10). Furthermore, the encapsulated organic molecules can be
removed, leading to hierarchical micro/mesoporous ZIF-8
materials (Figure S11), which can improve the diffusion and
mass transfer properties.

The pH-Responsive Release of DOX from DOX@ZIF-8
Particles. We studied the potential of DOX@ZIF-8 as a drug
delivery system for cancer therapy, because ZIF-8 is stable
under physiological conditions (pH & 7.4) and decomposes
under acidic conditions. Figure 4a shows the pH-responsive
cumulative release profiles of DOX@ZIF-8 with 20% DOX
loading. There is virtually no release of DOX (<1%) from
DOX@ZIF-8 even after 15 days at a pH equal or higher than
6.5 in phosphate-buffered saline (PBS) with 10% (v/v) fetal
bovine serum (FBS) at 37 °C. At low pH (5.0—6.0), DOX was
released at a steady rate, with more than 95% of the DOX being
released during 7—9 days. There was an induction period of
about 2 days, during which the DOX release was very low
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Figure 4. The pH-responsive release of DOX from DOX@ZIF-8
particles determined by UV—vis spectrophotometry. (a) The typical
release system. (b) The stepped release system. Results are presented
as means + standard deviation (SD) (n = 3).

(<2%). The release mechanism of the present DOX@ZIF-8
system is different from that in other drug delivery systems,
such as mesoporous silica** and other MOFs.® The release of
drugs from DOX@ZIF-8 at low pH is associated with the
dissolution of ZIF-8. The induction period is associated with
the dissolution of the peripheral DOX-free shells of ZIF-8,
which act as a protective capsule around the DOX@ZIF-8. In
the cases of mesoporous silica and other MOFs, drugs are
released through the pores, and the drug carriers remain intact.
One important advantage of our DOX@ZIF-8 system is that
the DOX molecules are safely stored with essentially no release
under physiological conditions. DOX@ZIF-8 is stable, and no
DOX is released even at 60 °C during 7 days in PBS at pH 7.4
(Figure S12). Another advantage is that high loading can be
achieved using the one-pot process presented here. The highest
DOX loading (29%) reported in a drug delivery system has
been achieved with MIL-100 (Fe), where DOX is located in the
intrinsic mesopores of the MOF framework. However, more
than 95% of DOX was released under physiological conditions
during 5 days.” The unique release property of DOX@ZIF-8
makes it interesting as a potential pH-responsive drug delivery
system for cancer therapy. The DOX molecules may be
retained in the ZIF-8 crystals as they circulate in the
bloodstream (where the pH & 7.4 in physiological conditions)
and be slowly released after the accumulation of DOX@ZIF-8
in tumor cells, where the SpH values in intracellular organelles
are lower (pH = 5—6)." The process of transfer from the
circulation in the bloodstream to the endosome and lysosome
compartments was mimicked by a gradual acidification of
release media from pH 7.4 to 5.0, by the addition of dilute HCI
(Figure 4b). The cumulated release of DOX remained very low
(<1%) as the pH was lowered from 7.4 to 6.5. It increased
sharply when the pH value was lowered to 6.0, 5.5, and finally
5.0. This confirms that DOX@ZIF-8 is a promising pH-
responsive drug delivery system. It is worth mentioning that
free DOX dissolved completely in <1 h at 37 °C in PBS at the
pH range of 5.0—7.4 (Figure S13). We conclude that the slow
release of DOX from DOX@ZIF-8 is indeed due to the release
of the DOX molecules encapsulated in ZIF-8. No zinc ions
were present in PBS pH 7.4 after 11 days of storage (Figure
S14), which indicates that DOX@ZIF-8 is very stable. Zinc ions
are, however, released in the acidic medium (pH = 5.0), as a
result of the dissolution of the DOX@ZIFE-8 particles, and 98%
of the zinc ions have been released after 11 days (Figure S14).
This confirms that the drug release is indeed triggered by pH,
through breakage of the coordination bonds between zinc and
imidazolate. Our results agree with previous stability studies of
the pH-responsive ZIF-8.”>
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Cytotoxicity Tests. The cytotoxicities of DOX@ZIF-8, free
DOX, pure ZIF-8, and a mixture of free DOX and ZIF-8 were
evaluated by determining cellular viability using an MTT assay,
which measures the mitochondrial function of the cells. We first
tested the cytotoxic effect of ZIF-8 crystals that had been
degraded for 24 or 72 h in PBS at pH = § and 37 °C, following
incubation periods of 3 or 11 days (Figure S15). The cellular
viability decreased with the concentration of ZIF-8, degradation
time, and incubation time. At relatively high concentrations (up
to 250 ug mL™" fully dissolved ZIF-8), the viability was still
high, 75—90%. It decreased rapidly at higher concentrations
(>500 g mL™") and prolonged incubation time. We compared
the toxicities of DOX@ZIF-8, a mixture of ZIF-8 and free DOX
(denoted ZIF-8+DOX), pure ZIF-8, and free DOX on primary
macrophages and three breast cancer cell lines (MDA-MB-231,
MDA-MB-468, and MCF-7), treated for 24 or 72 h (Figures S

Macrophage 12 h Macrophage 24 h

Mitochondrial function %]
Mitochondrial function [%]

Controls DOX@2ZIF-8 ZIF-8+DOX 2IF-8
wgm ™)
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Figure S. Comparison of the mitochondrial function in macrophages
and breast cancer cells exposed to DOX@ZIF-8, a mixture of ZIF-8
and DOX (ZIF-8 + DOX), pure ZIF-8, or free DOX. (a) The function
of mitochondria in macrophages treated for 12 or 24 h. (b) The
function of mitochondria in the breast cancer cell lines MCF-7, MDA-
MB-231, and MDA-MB-468 treated for 24 h.

and S16). We found that DOX@ZIF-8 was toxic in a dose-
dependent manner to the macrophages (Figure Sa) and to the
three breast cancer cell lines (Figure Sb). After treatment with
DOX@ZIF-8 at a concentration of 0.5 ug mL™" (equivalent to
a concentration of DOX of 0.1 ug mL™') for 24 h, the
mitochondrial function fell from the baseline level to 16% in
MDA-MB-231, to 20% in MDA-MB-468, and to 43% in MCF-
7 cells (Figure Sb). The values were even lower (below 10%)
after the cells had been treated with DOX@ZIF-8 at a
concentration of 1 ug mL™' (Figure Sb). Further, the
mitochondrial in the three breast cancer cell lines almost
ceased to function after treatment with DOX@ZIF-8 at a
concentration of 0.5 or 1 ug mL™" for 72 h (Figure S16).
Mitochondrial function in cells treated with equivalent
concentrations of free DOX, ranging from 0.02 to 02 ug
mL™!, was not affected after 24 h (Figure Sb). However, after
72 h incubation time, DOX induced a dose-dependent loss of
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mitochondrial function (Figure S16). After treatment with ZIF-
8 at a concentration of 0.8 ug mL ™", the mitochondrial function
fell to 76% from the baseline level in MDA-MB-231, to 68% in
MDA-MB-468, and to 60% in MCF-7 cells (Figure S16). The
toxic effect of DOX@ZIF-8 was significantly higher after 24 h
than the toxic effects of ZIF-8 and free DOX. The greater
efficacy was not caused by the simple additive effect of ZIF-8
and DOX, as shown by experiments using the same assay for
the mixture of free DOX and ZIF-8 at the same concentrations
of ZIF-8 and DOX as in the drug-loaded DOX@ZIF-8 (Figure
Sb). Mitochondrial function was only slightly affected at the
DOX concentration range that was tested (from 0.02 to 0.2 ug
mL™") after 24 h exposure. The mixture of ZIF-8 and DOX did
have a dose-dependent effect, but we believe that this was
induced by free DOX, since the trend for the mixture of ZIF-8
and DOX was similar to that of free DOX (Figure S16). We
conclude that DOX@ZIF-8 has a cytotoxicity for the three
breast cancer cell lines that is 14—37 fold (p < 0.001) greater
than other systems. This increase is not a result of the effects of
pure ZIF-8 or the mixture of ZIF-8 and DOX, but a result of a
synergistic effect of DOX and ZIF-8 in DOX@ZIF-8.

We studied the apoptosis/necrosis of the cells treated with
DOX@ZIE-8, ZIF-8 + DOX, ZIF-8, or free DOX in order to
confirm our conclusion. These experiments were carried out
using fluorescence-activated cell sorting (Figures S17—20, with
a summary in Figure S21). DOX@ZIF-8 at a concentration of
0.5 ug mL™" induced significant (p < 0.001) necrosis in the
human macrophages after 24 h and significant (p < 0.001)
apoptosis in the breast cancer cell lines after 24 h (MDA-MB-
231 and MDA-MB-468) or 48 h (MCF-7). The apoptosis
induced by DOX@ZIF-8 in the breast cancer cells was
significantly higher than the necrosis, which indicates DOX@
ZIF-8 can trigger programmed cell death (apoptosis) rather
than random, rapid cell death (necrosis). And the enhanced
apoptosis of cancer cells is usually considered as a sign of the
drug efficacy. The drug-loaded carriers are suitable for cancer
therapy, after appropriate modification to lower the uptake and
consequent toxic effects of DOX@ZIF-8 in macrophages.46
One possible strategy is to attach a pharmacokinetic modifier,
poly(ethylene glycol) (PEG), onto the surfaces of the DOX@
ZIF-8 particles. Such a modification may enhance the
biocompatibility of the particles and prolong their blood
circulation time, through a reduction in protein adsorption or
avoiding uptake by the reticuloendothelial system.**” This
may promote the accumulation of the particles in tumors since
the permeability is higher and the retention (EPR) longer.**

Cellular Uptake of DOX@ZIF-8. We compared the uptake
of free DOX and DOX@ZIF-8 into the cells by confocal
microscopy. The MDA-MB-468 cell line was selected because
its sensitivity to DOX@ZIF-8 is higher and its sensitivity to
ZIF-8 is lower than the other two cell lines. Free DOX entered
the nuclei very fast (within 2 h) and accumulated in the nuclei,
as shown by the significant colocalization of DOX and DAPI
(Figure 6a). The intensity of the signal generated by DOX
increased with the incubation time (from 2 to 24 h), and DOX
was always located in the nuclei. Moreover, the nuclei did not
fragment to a significant extent during this period, indicating
that DOX does not induce apoptosis in MDA-MB-468 cells
within 24 h. This is consistent with the MTT results after 24 h
of treatment with free DOX (Figure Sa). The uptake of DOX@
ZIF-8 differed from that of free DOX. DOX@ZIF-8 particles
were present only in the cytoplasm after 2 h and accumulated
around the cell nuclei after 4 h (Figure 6a). DOX@ZIF-8
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Figure 6. Uptake studies of DOX@ZIF-8 in breast cancer cells. (a)
Comparison of the localizations of DOX@ZIF-8 and free DOX in the
MDA-MB-468 cells. (b) TEM image of an MDA-MB-468 cell. The
inset is an enlarged image of the area marked by the square showing
individual ZIF-8 particles (blue arrows) and their aggregates (red
arrows). (c) Relative Zn?* levels in the breast cancer cells after
different treatments for 24 h. Results are presented as means + SD (n
= 4).

particles cannot initially enter the nuclei. Most cells were dead
after 24 h of treatment, and only cellular debris was present.
The few cells that were present had irregularly shaped nuclei
and a small volume of cytoplasm. DOX@ZIF-8 was distributed
equally between the nuclei and cytoplasm at this stage and in
the cell debris (indicated by arrows in Figure 6a, 24 h). This
rapid and total cellular disruption by DOX@ZIF-8 confirms the
MTT results shown in Figure Sb, in which the function of the
mitochondria is 5% of baseline for a concentration of DOX@
ZIF-8 of 1 ug mL™" in MDA-MB-468 cells. The difference in
distribution patterns of DOX in the cells treated with free DOX
and DOX@ZIF-8 shows that ZIF-8 alters the DOX delivery
pathway in the cells. This may explain why DOX@ZIF-8 has a
stronger effect and induces cell death more rapidly than the
other agents. TEM images confirmed the intracellular uptake of
the ZIF-8 particles into the MDA-MB-468 cells (Figure 6b).
We selected a concentration of DOX@ZIF-8 of 8 g mL™" and
an incubation time of 2 h because the cells were still intact
under these conditions and suitable for the observation of
cellular uptake. The ZIF-8 particles were localized mainly in the
cytoplasm and subcellular organelles and were smaller than the
as-prepared ZIF-8 particles, presumably due to partial
dissolution of ZIF-8 particles in the cells.

We quantified the uptake of ZIF-8 particles into the cells by
measuring the relative cellular Zn** level (Figure 6c). FluoZin-3
fluorescence indicators were loaded into cells treated with
DOX@ZIE-8 or ZIF-8, and the intensity of the fluorescence
was measured, normalized for the protein mass of each well in
the cell culture plate. The relative fluorescence intensities from
cells treated with DOX@ZIF-8, ZIF-8, or ZIF-8+DOX were
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significantly higher. Interestingly, the level of Zn®" in cells
treated with DOX@ZIF-8 was significantly higher than in cells
treated with ZIF-8+DOX or ZIF-8 (Figure 6c).

B CONCLUSION

We have developed a simple, one-pot process for the synthesis
of ZIFs that contain encapsulated organic molecules. Four
substances, the anticancer drug DOX and three organic dyes,
have been successfully encapsulated in the ZIFs with high
loadings (14—20 wt %). The resulting ZIF crystals have
hierarchical pore structures, which consist of ordered micro-
pores that are intrinsic to the ZIF framework, and
homogeneously distributed mesopores filled by target mole-
cules. The size of the mesopores can be tuned by changing the
concentration of the target molecules. The target molecules can
be extracted, leading in hierarchical micro/mesoporous ZIF-8
materials. We have shown that ZIF-8 crystals loaded with DOX
can be used as an efficient pH-responsive drug delivery system,
in which the drug is not released at physiological condition
(PBS, pH 7.4) and released in a controlled manner at low pH
(5.0—6.5). The DOX@ZIF-8 system shows a synergistic effect,
and its cytotoxicity is higher than free DOX.

We have also demonstrated that metal nanoparticles and
target molecules can be encapsulated simultaneously into ZIFs
using the one-pot process. The process can be used for other
functional species, such as magnetic particles, quantum dots,
metal oxides, or enzymes. This opens new opportunities to
develop multifunctional materials for applications in, for
example, drug delivery, heterogeneous catalysis, the removal
of organic contaminants, bioimaging, etc. The synthesis is
simple, scalable, and environmentally friendly and has strong
potential for industrial applications.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published on January 12, 2016. The
concentration noted in the experimental section for 2-
methylimidazole has been corrected. The revised version was
re-posted on January 27, 2016.
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