’
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

Ultrasonic-Assisted Fabrication of MIL-100(Fe) Metal—Organic
Frameworks as a Carrier for the Controlled Delivery of the
Chloroquine Drug

Bac Thanh Le, Duong Duc La, and Phuong Thi Hoai Nguyen*

Cite This: ACS Omega 2023, 8, 1262-1270 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Metal—organic framework materials (MOFs) are materials with an ordered
crystalline structure and high porosity that have been intensively investigated for many
applications, such as gas adsorption, catalysis, sensors, drug delivery, and so on. Among them,
the MOF-based drug delivery system has received increasing interest from scientists worldwide.
This work presented the preparation of the MIL-100(Fe) metal—organic framework from the
organic ligand of trimesic acid and iron ions with ultrasonic assistance. Scanning electron
microscopy (SEM), Brunauer—Emmett—Teller surface area (BET), X-ray diffraction (XRD),
infrared spectroscopy (FTIR), and Raman spectroscopy were employed to characterize the
prepared MIL-100(Fe) material. MIL-100(Fe) materials synthesized by the ultrasonic method
have uniform particle morphology ranging from 100 to 300 nm with a surface area of 1033 m?/
g. The prepared MIL-100(Fe) was employed as a carrier for delivering chloroquine drug with a
maximal loading capacity of 220 mg/g. The MIL-100(Fe)@chloroquine system was also
characterized in detail. The delivery system’s slow drug release was studied, showing that nearly
80% of chloroquine molecules were released after 7.5 h of immersing time in PBS and simulated gastric solutions and completely
detached from the MIL-100(Fe)@chloroquine system only after approximately 80 h. This result shows the ability to control
chloroquine drug release of the material, reducing the possibility of drug shock.
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Figure 1. Scanning electron micrograph of MIL-100(Fe) metal—organic frameworks at 30.000 (a) and 100.000 magnifications (b).
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Figure 2. (a) XRD pattern and (b) nitrogen adsorption plot of MIL-100(Fe) metal—organic frameworks.

example, Shi’s group successfully encapsulated a special cancer
cells identifier of methoxy poly(ethylene glycol)-folate (FA-
PEG) in the chloroquine@ZIF-8 (zeolitic imidazolate frame-
work) to form FA-PEG/chloroquine@ZIF-8.** The prepared
delivery system revealed controlled delivery of the chloroquine
and enhanced the autophagy inhibiting efficiency. The UiO-66
metal—organic framework was also successfully fabricated and
used as a potential carrier for chloroquine delivery.”” The
result showed that the obtained chloroquine@UiO-66 delivery
system significantly reduced the release speed of chloroquine
compared to the pristine drug. Recently, Zhang et al. reported
the fabrication of titanium-based MOFs for the delivery of
chloroquine drug.** The resultant Ti-based MOFs reveal high
loading capacity with the slow release of chloroquine, with 70%
of the drug released after 13 days in the PBS solution.
However, to the best of our knowledge, the use of iron-based
MOF:s for the controlled delivery of chloroquine drug have not
been studied.

Herein, we report a facile approach to fabricating MIL-
100(Fe) iron-based MOFs with the assistance of ultrasonic
conditions for potential application as a controlled carrier for
chloroquine delivery. The MIL-100(Fe) and MIL-100(Fe)@
chloroquine delivery systems are well-characterized by SEM,
FTIR, XRD, Raman, and BET techniques. The loading and
drug-releasing behaviors of the MIL-100(Fe)@chloroquine
delivery system are also investigated in detail.
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2. RESULTS AND DISCUSSION

Characterizations of MIL-100(Fe). The surface morphol-
ogies of the MIL-100(Fe) metal—organic frameworks were
observed using a scanning electron microscope, as shown in
Figure 1. The prepared framework has an irregular shape with
particles size ranging from 100 to 300 nm and tends to
aggregate into large particles. The particle size of MIL-100(Fe)
obtained in this paper is smaller than that of MIL-100(Fe)
materials reported previously. The small size of MIL-100(Fe)
can be explained by the ultrasonic-assisted synthesis process
and a short reaction time (less than 10 min), in which the
ultrasonic wave plays the role of a dispersing agent that hinders
the development of the particle’s size.

The crystallinity of the material was investigated using XRD
techniques. The result is exhibited in Figure 2a. The XRD
pattern shows characteristic peaks at 11, 19, 24, and 28°, which
are consistent with characteristic peaks in the XRD pattern of
simulated MIL-100(Fe).”*"** The broadening of the dif-
fraction peaks of the prepared materials was attributed to the
ultrasonic process, which limits the crystal growth and
crystallinity of the material. Additionally, the synthesis media
is water, forming on the crystals of insoluble organic acids
(heterogeneous reaction), which resulted in a different
crystallinity from the material formed from homogeneous
crystallization. The surface area is one of the important
properties of MOF materials. In this work, the prepared MIL-
100(Fe)material’s surface area was evaluated by nitrogen
isothermal adsorption (Figure 2b). The result reveals that the
material has a high surface area of 1033 m’/g with a pore
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Figure 3. (a) FTIR spectrum and (b) Raman spectrum of MIL-100(Fe) metal—organic frameworks.

diameter of 2.96 nm and a pore volume of 0.764 cm®/g. The
surface area of MIL-100(Fe) prepared using the ultra-
sonication method in an aqueous solution is higher than that
of other MIL-100(Fe) reported previously.'”*”** The larger
pore diameter of MIL-100(Fe) material compared to previous
studies could be explained by ultrasonic assistance during the
synthesizing process.” These porous properties of the material
could be suitable for drug delivery applications.

FTIR and Raman spectroscopies were employed to study
the chemical bonds and structure of the materials (Figure 3).
As shown in Figure 3a, the FTIR spectrum reveals stretching
vibration at approximately 3239 cm™' due to the O—H
elongation stretching group in MIL-100(Fe) and moisture
from the environment. The vibration band at the wavenumber
of 1628 cm™ belongs to the C=0 bending of the carboxylate
groups. The characteristic peaks at 1448 and 1374 cm™' are
assigned to the symmetric and asymmetric vibrations of the
COO- group. The C—H bonding of the benzene ring in MIL-
100(Fe) is also observed at the vibration bands 757 and 70
cm™L 446 Additionally, the band observed at 615 cm™!
corresponds to the Fe—O stretching vibrations, demonstrating
the presence of Fe in the framework of MIL-100(Fe)."” The
result further confirms the successful formation of MIL-
100(Fe) metal—organic framework trimesic acid—organic
bonds and metal ions. The other interference peaks with
relatively low intensity are also observed in the FTIR spectrum,
which is ascribed to the small amount of H;BTC acid residual
remaining in the activity of the material’s framework.

The analysis results on the Raman spectrum also gave similar
results (Figure 3b). The Raman shifts in the range of 203—476
cm™ are due to the presence of Fe ions in the lattice of MIL-
100(Fe). The bands at 802 and 1005 cm™' belong to the
benzene ring oscillations in the BTC molecules. The peak that
appeared at 1217 cm™ is ascribed to the C—O—Fe bonding of
the iron trimer, and the peaks ranging from 1385 to 1620 cm™
are assigned to the H—OH bond in the water molecules."®

Chloroquine Loading and Releasing. With a surface
area of 1033 mz/g, a pore diameter of 2.96 nm, a pore volume
of 0.764 cm®/g, and especially the presence of functional
groups in the network, prepared MIL-100(Fe) could be
effectively employed as a carrier for the drug delivery system.
This work studied the capability of the prepared material for
the loading and release of chloroquine drugs. At first, the
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adsorption (loading) kinetics was investigated for the loading
of chloroquine by the material at a drug concentration of 100
ppm, and the result is shown in Figure 4. It is obvious that the

100
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i/

40 60 80 100
Time (hours)

20 120

Figure 4. Loading kinetics of chloroquine drug by MIL-100(Fe)
metal—organic frameworks.

loading time greatly affects the loading capacity of MIL-
100(Fe). Fifty percent of the chloroquine drug was loaded on
the material only after S h of immersing time. The loading
capacities gradually increased and reached an equilibrium state
after 120 h. Thus, the immersing time of 120 h was selected as
the loading time for chloroquine by MIL-100(Fe).

The carrier’s maximal loading capacity is essential to
evaluate the possibility of materials used for drug delivery
systems. This work investigated the loading capacity of
prepared MIL-100(Fe) for chloroquine drug by studying the
adsorption isotherm of material at different chloroquine
concentrations at the equilibrium point. The result is shown
in Figure Sa. It can be seen that the loading capacity increases
along with the increase in drug concentrations. The drug
adsorption by the material sharply increased with concen-
trations of lower than 300 ppm. At a concentration of higher
than 300 ppm, the drug loading capacity slowly increased and
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Figure 5. (a) Dependence of the loading capacity on the initial chloroquine concentration and (b) adsorption isotherm of MIL-100(Fe) metal—

organic frameworks for chloroquine drug.

gradually reached the adsorption equilibrium state of the
material. To determine the maximal loading capacity of the
material for the chloroquine drug, the Langmuir isotherm
model was plotted, as shown in Figure 5b. From the Langmuir
plot, the maximal loading capacity of MIL-100(Fe) for
chloroquine drug was calculated to be around Q. = 220
mg/g, which is higher than those of other MOF materials used
for loading of chloroquine such as ZIF-8 (180 mg/g)38 and
Ui0-66 (21.28 mg/g).”” This loading capacity is reasonable
for employing MIL-100(Fe) metal—organic framework as a
carrier system for chloroquine delivery.

Mlustrated in Figure 6 are the FTIR spectra of pure
chloroquine, MIL-100(Fe), and MIL-100(Fe) systems, which

MIL-100(Fe)@chloroquine

1395 1031

MIL-100(Fe)

] Chloroquine 1374

Transmittance (%)

1 '~g28
1071
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Figure 6. FTIR spectra of the chloroquine (black line) and MIL-
100(Fe) before (red line) and after (blue line) loading with
chloroquine.

is used to confirm the presence of chloroquine in the structure
of the material. The FTIR spectrum of the MIL-100(Fe)@
chloroquine system shows all of the characteristic peaks of
MIL-100(Fe), which was analyzed in the previous section. The
delivery system also exhibits the characteristic FTIR peaks of
chloroquine compared to that of pristine chloroquine.
Interestingly, the shift in the vibration bands at 1374 cm™
of MIL-100(Fe) and at 1071 cm™" of chloroquine compared to
the FTIR spectrum of MIL-100(Fe)@chloroquine demon-
strates the bonding between the material and drug.
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The successful chloroquine loading by MIL-100(Fe) was
further confirmed by SEM image, XRD pattern, and nitrogen
adsorption plot (Figure 7). It can be obvious from Figure 7a,b
that the surface morphology of the material after chloroquine
loading negligibly changed from the morphology of the pristine
MIL-100(Fe) before drug loading. The SEM images show that
the outer surface of the MIL-100(Fe)@chloroquine system has
a translucent coating, which is ascribed to the attachment of
the chloroquine molecules to the surface of MIL-100(Fe). This
result agrees with the XRD pattern of MIL-100(Fe)@
chloroquine (Figures 7c and S1). The X-ray pattern shows
that MIL-100(Fe) after carrying chloroquine has the same
diffraction peaks as that of pristine MIL-100(Fe); however, the
intensity is significantly decreased. This can be explained by
the presence of an amorphous chloroquine molecule in the
framework of MIL-100(Fe), which reduces the crystallinity of
the MIL-100(Fe)@chloroquine system. The BET surface area
and pore volume significantly reduce from 1033.7 m?/g and
0.76 cm®/g to 89.48 m’/g and 0.35 cm?®/g for the MIL-
100(Fe) material before and after loading with chloroquine,
respectively. This is evidence of the successful integration in
the pores of MIL-100(Fe); as a result, the porosity of the MIL-
100(Fe) @chloroquine system remarkably reduces.

To evaluate the drug release ability of the MIL-100(Fe)@
chloroquine system, the loaded materials were immersed into
PBS (pH of 7.4) and simulated gastric pH solution (pH of 2)
at a temperature of 37 °C. Figure 8 shows the chloroquine
release percentage as a function of time in PBS and simulated
gastric pH solution. It has been demonstrated that the MOF
delivery system reveals two releasing steps for the loaded drug.
In the first step, a drug with weak interaction with the MOF
material is released into the free molecules. The second step is
releasing the drug with strong bonding within the network of
the MOF material. The prepared MIL-100(Fe)@chloroquine
system in this work also showed two stages of chloroquine
drug release. The first stage is the release of free chloroquine
molecules or weakly bound drugs on the surface of MIL-
100(Fe) material with a release percentage of 15—20% in the
first 30 min and reaching nearly 80% after 7.5 h of immersing
time. The releasing speed in pH 2 was faster than that of the
PBS solution. In the later stage, the remaining drug with a solid
bond to the MIL-100(Fe) network was slowly released and
only completely detached from the material after 80 h.*” In this
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Figure 7. Scanning electron micrograph of MIL-100(Fe) (a) before and (b) after loading with chloroquine drug. (c) XRD pattern and (d) nitrogen

adsorption plot of the MIL-100(Fe)@chloroquine system.
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Figure 8. Release of chloroquine from MIL-100(Fe)@chloroquine system (a) in PBS and (b) in pH 2.

releasing stage, the chloroquine molecules diffused from inside
of MIL-100(Fe) network into the solution, and at the end of
the stage, the structural material was observed to be collapsed.
This result is much slower than using the commercial
chloroquine-containing drug with 100% release after 2 h.

The XRD patterns of the MIL-100(Fe)@chloroquine
system after releasing chloroquine in PBS and pH 2 are
studied as shown in Figure 9a. It can be seen that the
diffraction peaks of the MIL-100(Fe) XRD pattern after the
release of chloroquine in the PBS solution is negligible
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decrease, demonstrating the robustness of MIL-100(Fe)
metal—organic frameworks in the PBS media. In contrast,
the XRD pattern of MIL-100(Fe) after releasing chloroquine
in the pH 2 solution shows a significant reduction of
characteristic diffraction peaks of the MIL-100(Fe) material,
indicating the degradation of material in the pH 2 solution.
These results were further evident by the BET analysis with the
surface areas of the MIL-100(Fe) metal—organic frameworks
after releasing chloroquine in PBS and the pH 2 solutions
determined to be 917.9 and $85.3 m?®/g, respectively,
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compared to that of 1033.7 m*/g of initial MIL-100(Fe)
(Figure 9b).

The acute and 7 day oral toxicity studies were carried out to
evaluate the toxicity of MIL-100(Fe) as shown in Figure 10. It
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Figure 10. Change of body weight in mice treated with MIL-100(Fe)
with various doses for 7 days.

can be clearly seen from Figure 10 that no toxicity of MIL-
100(Fe) was observed in mice even at the high dose of 10 g/
kg. All mice treated with the material were observed to behave
normally without any toxic symptoms after observation for 3
days at the tested doses. The weight of the body, food, and
water consumption of the mice administered with MIL-
100(Fe) were similar to the control group. The MIL-100(Fe)-
treated mice also respond normally to sound and light with no
death during the testing period. Throughout the testing period,
water and food uptake of the treated mice exhibited a
negligible difference in and subchronic toxicity at all doses of
MIL-100(Fe). However, at the dose of 10 g/kg, the mice
group showed some clinical symptoms, for example, mild
diarrhea in one male and two females. The body weights of the
controlled groups were a little higher than that of the treated
mice.
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3. CONCLUSIONS

In summary, MIL-100(Fe) metal—organic frameworks were
successfully synthesized by the ultrasonic method from the
organic ligand and Fe ions. The prepared MIL-100(Fe) was of
particle size in the range of 100—300 nm, with a specific
surface area of up to 1033 m?®/g. The pore volume and pore
diameter of the material were determined to be 0.764 cm’/g
and 2.96 nm, respectively. MIL-100(Fe) also contained
functional groups on the surface as well as in the network,
which are suitable for drug delivery. The resultant MIL-
100(Fe) material revealed a high loading capacity for
chloroquine with a maximal capacity of up to 22%. The
analysis of the MIL-100(Fe)@chloroquine system showed that
the material still retains its structure and granularity after
chloroquine attachment. The change in surface area, as well as
the appearance of some fluctuations in the structure, also
proved the successful loading of the drug in the MIL-100(Fe)
material. The MIL-100(Fe)@chloroquine system exhibited the
slow release of the chloroquine molecules in PBS environment
(pH 7.4) and simulated gastric (pH 2) environments. The
MIL-100(Fe) @chloroquine system released approximately
80% of the drug after 7.5 h and only completely detached
from the material after 80 h of immersion. The mice treated
with the MIL-100(Fe) material showed no death or signs of
changes in locomotor activities 7 days at all tested dose groups.
With the high loading and slow release of the chloroquine
drug, further studies should be conducted to evaluate the
cytotoxicity and other biological factors to enable the
utilization of the MIL-100(Fe) metal—organic framework for
the controlled delivery of chloroquine drug.

4. EXPERIMENTAL SECTION

Materials. Ferric clorua hydrate (FeCl;-6H,0, 98%),
trimesic acid (C4H;(COOH);, H3BTC, 95%), chloroquine
phosphate C,gH,,CIN;-2H;PO,, ethanol, and phosphate-
buffered saline tablet pH 7.4 (PBS) were obtained from
Sigma-Aldrich. Deionized water was employed in all
experimental processes. All chemicals were used without any
further purification.

Synthesis of MIL-100(Fe). In a typical process, 2.7 g of
FeCl;-6H,0 and 1.4 g of 1,3,5 BTC: H,0 were introduced
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into 100 mL of deionized water. The mixture was well-stirred
for 15 min and then sonicated using a probe ultrasonic
homogenizer for 10 min with a power of 1080 W and a
frequency of 20.5 kHz. The precipitates obtained after the
reaction was filtered and washed three times with ethanol and
several times with deionized water. Finally, the product was
dried at a temperature of 150 °C, followed by naturally cooling
down to room temperature and storing for the next
experiment.

Characterizations of the MIL-100(Fe) Material. MIL-
100(Fe) morphology was observed on a scanning electron
microscope (SEM) Hitachi S-4800. The chemical nature of the
materials before and after chloroquine loading was studied by
Raman spectroscopy (Thermo Scientific DXR3) and FTIR
transform infrared spectroscopy (Perkin Elmer Spectrum 2).
XRD pattern obtained on the X’Pert PRO instrument with a
radiation source of 1.54060 A Cu Ka was used to study the
crystalline nature of the materials. The surface area and porous
properties of MIL-100(Fe) before and after loading with
chloroquine were evaluated by nitrogen isothermal adsorption
obtained on TriStar II Plus instrument. Chloroquine
concentration was determined using a UV—vis spectropho-
tometer (Drawell DU-8200).

Loading Kinetics, Drug Loading, and Release Experi-
ment. The loading kinetics, loading capacity, and drug release
efficiency were evaluated by measuring the concentration of
chloroquine in the solution using UV—vis spectroscopy
recorded at 329 nm. For the loading kinetics study, 0.5 g of
the prepared MIL-100(Fe) material was immersed in 0.5 L of
100 ppm chloroquine solution. The mixture was shaken at a
speed of 150 rpm at different periods. After a certain time, 50
mL of the mixture was taken out, the chloroquine-loaded MIL-
100(Fe) material was filtered, and the UV—vis spectrum was
measured to determine the remaining chloroquine in the
solution. The experiments were repeated three times to
determine the average values.

Determination of Loading Capacity. Various chloroquine
concentrations of 90, 100, 200, 300, 400, 500, and 1000 ppm
were prepared in deionized water. Then, the MIL-100(Fe)
material was added to the chloroquine solutions with the ratio
of 1 g of the MIL-100(Fe)/1 L chloroquine solution. The
mixtures were shaken at the speed of 150 rpm for 10 days to
reach chloroquine adsorption equilibrium. Each mixture was
filtered to collect the loaded MIL-100(Fe) material and
measured the UV—vis spectrum of the residual solution for the
determination of the remaining chloroquine drug. The
experiments were repeated three times to determine the
average values.

Drug Release Behavior Testing of MIL-100(Fe)@Chlor-
oquine System. The prepared MIL-100(Fe)@chloroquine was
separately immersed in the PBS and simulated gastric (pH of
2) solution with the concentration of 1 g/L at the body-
simulated temperature of 37 °C. Certain volumes of solution
were taken out at designed time points to measure chloroquine
concentrations released from the chloroquine-loaded MIL-
100(Fe) material. The experiments were repeated three times
to determine the average values.
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