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Abstract
Metal-organic frameworks-5 (MOF-5) was explored for the enhancement of the solubility and

dissolution of the drug niclosamide (NIC). MOF-5 was synthesized by the solvothermal method and NIC was
loaded into it (NIC@MOF-5). Characterization was done using field-emission scanning electron microscopy (FE-
SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Brunauer-Emmett-Teller
surface area (BET-SA), and energy-dispersive X-ray spectroscopy (EDS). The effect of loading time on the
percentages of entrapment efficiency (%EE) and loading capacity (%LC) were studied. The effect of incorporation
into MOF-5 on saturated solubility and dissolution profiles of NIC was investigated in three different media:
acidic buffer solution (ABS) pH 1.2, deionized water (DW) pH 6.2, and phosphate buffer solution (PBS) pH 7.4.
The results showed that the solubility of NIC was significantly improved upon incorporation into MOF-5 in all
media. In ABS pH 1.2, it was improved by 3.4 times (10.63 + 1.04 pg/ml versus 3.17 £ 0.55 pg/ml). In DW pH
6.2, it was improved by 4.7 times (60.37 £ 4.74 pug/ml versus 12.83 £ 1.76 g/ml). The biggest improvement was
in PBS pH 7.4 by 6.1 times (209.85 £ 9.77 pg/ml versus 34.5 £ 1.66 pg/ml). For dissolution, the cumulative
release at the end of point was significantly higher for NIC@MOF-5 in all three media: 51.20% + 6.52% versus
10.77% + 1.78% in ABS pH 1.2, 54.09% + 1.81% versus 12.44% + 0.57% in DW pH 6.2, and 84.87% % 9.99%
versus 19.48% + 1.82% in PBS pH 7.4. Characterization confirmed the identity of NIC and MOF-5 as well as
loading of NIC into MOF-5 without significant interactions. It is, therefore, concluded that MOF-5 is a feasible
formulation approach to improve the solubility and dissolution of NIC in either acidic media, water, or basic
media.
Keywords: Dissolution, improvement, MOF-5, niclosamide, solubility.
Introduction

Most of the novel medications that come out
of drug development programs have relatively poor

storage of energy, separation and purification,
harvesting of water, electronics and optoelectronics,

water solubility properties, which lead to poor oral
bioavailability due to inadequate gastrointestinal
tract dissolution & 2. One of the biggest challenges
facing scientists working on pharmaceuticals is
finding methodologies to get over this obstacle and
permit oral delivery of these novel chemical entities.
Although a number of formulation strategies,
including nanotechnology, emulsion-based systems,
and solid dispersions, have produced encouraging
results; there are still relatively few commercial uses
for these technologies. This highlights the necessity
to research new types of strategies along with the
rise in the prevalence of new poorly water-soluble
drugs @,

Recently, metal organic frameworks (MOFs)
have attracted considerable attention due to their
high potential for enormous applications. Since their
first appearance in the 1990s, they have been
successfully investigated in several sectors, such as
gas separation and storage , catalysis, sensing,

and agriculture. In the field of drug delivery, MOFs
have been examined for drug encapsulation,
controlled release, targeted delivery, delivery of
genes, combination of therapeutics, and therapeutic
gas delivery @,

Improving solubility is a high-potential
application of MOFs. Suresh et al ® successfully
enhanced both the solubility and dissolution of
triamterene, curcumin, and sulindac by MOF-5,
which inhibited crystallization of the entrapped
amorphous phase and subsequently the release of
medication by irreversible collapse of MOF-5
structure. Ohsaki et al © utilized ZIF-8 to improve
solubility of indomethacin which was also attributed
to the surface deposition of the amorphous form of
the drug on the ZIF-8 particles. Bajaj et al ) reported
an enhancement of solubility of mebendazole after
incorporation within ZIF-8. Chen et al used
cyclodextrin metal-organic framework (CD-MOF)
to enhance solubility of isosteviol. Nano sized CD-
MOF cages were also reported by He etal ®to
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improve the solubility and bioavailability of
azilsartan. Han et al. ® managed to improve the
solubility of ketoprofen, Ibuprofen, and felodipine,
using HKUST-1/ graphite oxide matrix. NIC is an
anthelmintic drug approved for infections caused by
Taenia saginata (beef tapeworm), Taenia solium
(pork tapeworm), Diphyllobothrium latum (fish
tapeworm), and Hymenolepis nana (dwarf
tapeworm) ©,

Several pharmacological screenings have
revealed it to be a highly promising molecule with a
potential for treatment of malignancies, bacterial
infections, type Il diabetes, arterial constriction,
rheumatoid arthritis, endometriosis, as well as a
wide spectrum of viral infections %12, NIC is
classified by biopharmaceutics classification system
as class Il medication with low solubility, and low
permeability which restricts its oral absorption (9,
The use of NIC in clinical indications other than
anthelmintic has been attempted. A noticeable phase
I clinical trial in the USA for using NIC in
combination with enzalutamide in men with
castration-resistant prostate cancer . The trial was
terminated as the plasma concentration of tolerable
dose did not provide adequate plasma
concentrations proposed for tumor growth
inhibition. Accordingly, there is an unmet need to
increase the solubility and dissolution rate of NIC,
hence its bioavailability and effectiveness in this and
other potential indications.

Efforts have been made to increase
bioavailability of NIC. These include formation of
co-crystals @9, solid lipid nanoparticles @9,
dendrimer-like structures @7, micelles @9,
nanosuspensions 9, chitosan nano cargos @2, lipid
emulsions @9, and nanocrystals @2, In the present
study, MOF-5 was investigated to improve the
solubility of NIC. MOF-5 undergoes hydrolysis in
water due to cleavage of its coordination bonds.
MOF-5, with the chemical formula Zn40O(BDC)3;
BDC = 1,4-benzodicarboxylate, is a water soluble
MOF. The cubic, porous framework is built from
[Zn4QO]+6 clusters of zinc and linked through BDC-
2 ligands ¥, Zinc is a relatively safe metal (lethal
dose (LD50) = 3 g/kg) that is widely used in
nutritional supplements either as zinc acetate, zinc
oxide, or zinc gluconate ?¥, BDC (also known as
terephthalic acid) is an organic linker that also
displays low toxicity and has a high safety profile
when used orally (LD > 1 g/kg in mouse models) @),
The MOF-5 structure also shows a relatively large
pore size of approximately 12.5 A in diameter,
making it appropriate for accommodating small-
molecule drugs ®, like NIC.

Materials and Methods

NIC was purchased from Hangzhou Hyper
Chemicals Limited, China. Zinc nitrate hexahydrate
(Zn(NO3)2.6H,0) was obtained from Central Drug
House, India. 1,4-benzene dicarboxylic acid
(H>.BDC) was bought from Reagent World, USA.
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Ethanol, chloroform and dimethyl formamide
(DMF) were obtained from Alpha Chemika, India.
Synthesis of MOF-5

The synthesis of MOF-5 was carried out by
the conventional solvothermal method described in
our previous work @® _ In short, 50 ml of DMF were
used to dissolve 0.39 g of BDC and 2.16 g of
Zn(NQ3)2.6H20. The mixture was then stirred for 30
minutes to ensure the solvation of the ingredients.
After that, the solution was put into a
polytetrafluoroethylene-lined 100-ml solvothermal
reactor (Xiamen Ollital Technology Co., Ltd.) and
heated for 60 hours at 130 °C using an oven (DZ-
1BC, Faithful Instruments). Then, the reactor was
left to cool to ambient temperature, the mixture was
centrifuged at 4000 rpm, and the solid was recovered
by decantation and washed two times with DMF.
Following that, the solvent was exchanged with
chloroform for the next three days, with fresh
chloroform replaced every day. The produced
powder was dried under vacuum at 80 °C by
applying a dynamic vacuum in the oven used, and
stored in a degassing chamber (1.2 L, Bacoeng).
Activation and loading of MOF-5 with NIC

The activation of MOF-5 was done in the
dynamic vacuum oven. The temperature used was
70 °C for 12 hours, followed by 120 °C for another
12 hours. This step is crucial to ensure removal of
any residual solvents and make pores available for
loading. The simple agitation approach was used to
incorporate NIC into MOF-5 ©. Solutions of 5
mg/ml were prepared for NIC in ethanol. Each
solution has a volume of 30 ml. The solutions were
placed into screw-capped glass vials and 100 mg of
freshly activated MOF-5 were added to each of
them. The vials were shaken for 2, 4, 6, 8, or 10 days
using an orbital shaker (RT-202, Triup International
Corp.). After that, each mixture was poured into a
beaker, and part of the supernatant from each
solution was stored to be used in the determination
of the drug content, the obtained MOF-5 loaded with
NIC (NIC@MOF-5) were washed three times with
ethanol, dried at 80 °C, and stored in the vacuum
chamber. Similarly, the same quantities of activated
MOF-5 were placed into ethanol alone (without
NIC), put onto the orbital shaker for its
corresponding period, dried at 80 °C, and stored in a
vacuum chamber. These were used later as control
MOF-5 for evaluation of solubility and dissolution
(i.e., used in physical mixtures (PM)). For each
prepared solution or mixtures above, two other
replicates were made so that all experiments were
done in triplicates.

Characterization of MOF-5 and NIC@MOF-5
Field emission scanning electron microscopy (FE-
SEM)

To determine particle size, shape, and
general surface characteristics, FE-SEM images
were obtained for the prepared MOF-5 and
NIC@MOF-5. The imaging was performed under
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1.25 x 102 Pa pressure at 30 kV @7 (Inspect F50,
Field Electron and lon Company). The images were
processed with computer software (ImageJ version
1.53t, National Institute of health).

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra were obtained via KBr disc
methodology between 4000 and 400 cm™ at room
temperature by a spectrometer FTIR-7600, Lambda
Scientific Systems, Inc @®. FTIR was obtained for
MOF-5, NIC, PM, and NIC@MOF-5.

Powder X-ray diffraction (XRD)

XRD was performed for MOF-5, NIC, PM,
and NIC@MOF-5. XRD diffractograms were
obtained using a diffractometer (DX-2700BH,
Dandong Haoyuan Instrument) with a copper Ka
radiation source (30 kV and 20 mA) and A = 1.54056
A. The range of scanning of 2-theta (20) was 5 — 50
degrees (2629,

Brunauer-Emmett-Teller surface area (BET-SA)
analysis

The pore volumes and surface areas were
obtained by nitrogen adsorption/desorption at 77 K
using a surface area analyzer (ASAP 2020,
Micromeritics Instrument Corporation). A vacuum
drying oven was used in the activation of MOF-5 G0,
The activation was done at 70 °C for 12 hours,
followed by 120 °C for another 12 hours under a
dynamic vacuum. The analysis was done for MOF-
5 and NIC@MOF-5.

Energy-dispersive X-ray spectroscopy (EDS)

To assess the chemical composition of MOF-
5, EDS was performed at an acceleration voltage of
30 kV GV using Axia ChemiSEM, Thermo Fisher
Scientific, Netherlands.

Drug content, entrapment efficiency, and loading
capacity.

Supernatants collected from incorporation
solutions were used to calculate the drug content
loaded into MOF-5. After appropriate dilutions, the
concentrations were determined
spectrophotometrically at 333 nm from a previously
established calibration curve wusing UV-Vis
spectrophotometer ~ (UV-VIS1900i  Shimadzu
Corporation, Japan). From these concentrations, the
quantities remaining in the solution were
determined. By subtracting these remaining
quantities from the original quantity of NIC that was
used for incorporation, the weights of NIC enclosed
within MOF-5 were calculated 2 33),

The calculation of percentage of entrapment
efficiency (%EE) was done using the equation
below:

%EE = .
Total weight of drug
Equation. 1 ¢4
Percentage loading capacity (%LC) was then
calculated as:

Weight of drug entrapped by MOFs x
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%LC =
Weight of drug entrapped by MOFs

Weight of MOFs+weight of drug entrapped by MOFs
...... Equation. 2 ¢4

X 100

Determination of solubility

The solubility was examined by simple
shake-flask method ©® in three different media:
ABS pH 1.2, DW pH 6.2, and PBS pH 7.4. Three
replicates of each of NIC drug powder, NIC@MOF-
5 or PM of NIC and MOF-5 were put in excess into
screw-capped glass vials containing their
corresponding medium and then shaken for 72 hours
using an orbital shaker. The mixtures were then
centrifuged at 4000 rpm, the supernatants were then
filtered by syringe filter (0.45 pm), and the
concentrations of NIC were determined
spectrophotometrically @,
In vitro drug release

The release of NIC from NIC@MOF-5, from
its PM with MOF-5, and from the marketed product
of NIC (Yomesan®, Beyer AG) was performed
using a paddle type USP dissolution apparatus (RC-
6, Faithful Instruments) at 50 rpm. The release was
performed in triplicates at 37 °C in 900 ml of either
ABS pH 1.2, DW pH 6.2, or PBS pH 7.4. The
equivalent quantity of NIC was 250 mg. The
dissolution was carried out for 6 hours. 10% ethanol
was added to maintain sink conditions. Samples of 5
ml were withdrawn (at 5, 10, 20, 30, 60, 120, 180,
240, and 360 minutes) with replenishment of
volumes with fresh medium. Samples were filtered
through a 0.22 um filter and their concentrations
were determined spectrophotometrically 3 37),
Statistical analysis

Analysis of variance (ANOVA) was
performed using Minitab® statistical software
version 21.2 (2022).
Results and Discussion
Characterization of MOF-5 and NIC@MOF-5
FE-SEM

A white crystalline of MOF-5 powder was
obtained and is similar in general appearance to the
described MOF-5 in the literature ©®, FE-SEM
images of MOF-5 are shown in Figure 1. The
surface of MOF-5 was smooth and had a high
number of tunnels of different opening sizes (Figure
1: B and C). Figure 1: D also shows that all outer and
inner surfaces had nano-sized pores (white and red
arrows, respectively). The size of these pores ranged
from 15 x 40 nm to 403 x 44 nm. The high number
of tunnels and enormous pores in prepared MOF-5
accounts for its porous structure and huge surface
area. This makes MOF-5 capable of accommodating
small-sized drug molecules ® (like NIC).
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Figure 1. FE-SEM images of MOF-5 showing general field and size of cubes [A], size of tunnel openings [B

and C], nano-sized pores [E], and sizes of pores [E].

Upon incorporation of NIC into MOF-5, the
powder changed in color to brownish. FE-SEM
images of NIC @MOF-5 are displayed in Figure 2.
Since NIC is incorporated inside the MOF-5, no NIC
molecules were seen within the bulk or at large pore
opening. However, a reduction in the number of

some surface pores, especially the nano-sized
surface pores seen in Figure 1: D and E versus
Figure 2: D and E). Some NIC might be responsible
for this as NIC can clog the nano-sized surface
pores, making them disappear in the imaging.

Figure 2. FE-SEM images of NIC@MOF-5 showing general view [A, B, and C], and reduced pores on

surface [D and E].
FTIR and XRD
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Figure 3 and Figure 4 show FTIR spectra
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Figure 3. FTIR spectra of NIC, MOF-5, NIC@MOF-5, and PM (of NIC and MOF-5).
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Figure 4. XRD diffractograms of NIC, MOF-5, NIC@MOF-5, and PM.

The XRD diffractogram and FTIR spectrum
of NIC@MOF-5 were shown to be similar to that of
MOF-5. Additionally, the PM showed a mixtures of
peaks of NIC and MOF-5. This confirms that the
drug is incorporated inside the pores of MOF-5 with
no residue on the surface or within the bulk of the
mixture. In addition, if potential interaction existed
between NIC and MOF-5 within the NIC@MOF-5,
it would change the peaks of NIC@MOF-5
compared to MOF-5. As no significant alteration
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took place, this can reflect absence of such
interaction (- 8),
BET-SA analysis

Drugs can occupy and close the pores inside

the porous structure of MOFs, hence decreasing the
MOFs' original high SA. More or larger molecules
result in a higher drop in accessible SA within the
MOF. The amount and type of the molecules loaded
determine how much of a loss in surface area and
pore volume takes place 39,
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Table 1 displays the surface areas and pore
volumes of MOF-5 and NIC@MOF-5.
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Table 1. Surface areas and pore volumes of MOF-5 and NIC@MOF-5.

BET-SA (m?g)

Pore volume (cm?®/g)

MOF-5 800.0

0.369

NIC@MOF 8.4

0.028

When comparing BET-SA and the pore
volume of NIC@MOF-5 versus MOF-5, a dramatic
reduction is seen in both. This confirms that NIC
filled the pores of MOF-5 and/or closed its pore
openings.

EDS

The EDS spectrum of the prepared MOF-5
(Figure 5) showed absorption bands with peaks at
1.0, 8.6, and 9.6 keV, indicating a typical zinc
metallic absorption. It also showed typical peaks of
O and C at 0.5 and 0.26 keV, respectively. The
composition analysis of the prepared MOF-5 was
comparable to the previously reported MOF-5 (“0),

[ Element 7‘}4:-;;;";.7 o A
| € 154 Qs
o il 04

LkzZn 535 2 06 |

[+ ]

Figure 5. (A) EDS and (B) elemental mapping of the synthesized MOF-5.

Drug content, entrapment efficiency, and loading
capacity

Figure 6 shows the effect of duration of
shaking in orbital shaker on %EE and %LC.
ANOVA between each two sequential points on
each curve showed that increasing the duration
significantly increased both %EE and %LC between
2 and 8 days (P < 0.05). However, there was no
significant difference between 8 and 10 days (P >
0.05). Several durations have been reported in
literature for the duration of incorporation of drugs
into MOFs. Ohsaki et al. ® and Al Haydar et al. %
took 24 hours to incorporate indomethacin and
ibuprofen into MOFs, respectively. Loading MOF-5
with oridonin by Chen et al. “? took 72 hours.
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Suresh et al. ® spent 6 days to incorporate
triamterene and 10 days for each of curcumin and
sulindac into MOF-5. Initially, as the agitation
begins, the drug diffuses into the MOF's pores,
increasing the amount of drug loaded. Because of
MOF's limited capacity, this rise can only continue
for a limited time. Upon reaching a saturation stage
where the drug has filled all the available pores,
further shaking does not enhance the drug loading.
This stage results from the system reaching
equilibrium, when the rate of drug entering the pores
matches the rate of any drug exiting the pores, and
there is no longer any room within the MOF for the
drug to occupy.
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Figure 6. The effect of duration of shaking on %EE and %LC of NIC.

Determination of solubility

Table 2 shows the solubility values obtained
for NIC alone as powder as well as from PM and
NIC@MOF-5 in the three media under
investigation. No significant differences were found
between the solubilities of NIC as a powder and PM
(P > 0.05). On the other hand, NIC showed

significantly higher solubility from NIC@MOF-5
compared to its PMs in the three media under
investigation (ANOVA P values < 0.001). The
highest improvement reached was about 6 times in
PBS pH 7.4 followed by about 5 times improvement
in DW pH 6.2. The lowest improvement for NIC
was about 3.5 times in ABS pH 1.2.

Table 2. Solubilities (ug/ml) of NIC (powder) and from PM and NIC@MOF-5 in different media

Medium NIC PM NIC@MOF-5
ABSpH1.2 3.17+0.55 3.03+0.21 10.63 + 1.04
DW pH 6.2 12.83+1.76 12.25+1.28 60.37 +4.74
PBS pH 7.4 345+ 1.66 33.67 £ 2.58 209.85 +£9.77

MOFs can improve solubility of drugs by two
main mechanisms. The most apparent one is by
increased rate of dissolution brought by SA
improvement and particle size reduction. The rapid
collapse of MOF-5 structures once in contact with
aqueous media allows instant release of nanometer-
sized particles having a very high contact surface
area with the vehicle. This, besides improving the
wettability of the drug molecule, significantly
improves its solubility. Bajaj et al () reported
improvement in saturated solubility of mebendazole
via MOFs and the enhancement was attributed to the
particle size reduction and improved wettability.
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The improvement of NIC was likely due to this
mechanism.

Comparing the solubility of NIC from drug
powder alone or from NIC@MOF-5 in different
media, significant differences exist between ABS
pH 1.2, DW pH 6.2, and PBS pH 7.4 (P < 0.001).
This is anticipated and aligned with the reported
nature of NIC as it has a pH dependent solubility @9,
In vitro drug release

Figure 7, Figure 8, and Figure 9 show the
comparative dissolution profiles of NIC (from
NIC@MOF-5, PM, and Yomesan®) in ABS pH 1.2,
DW pH 6.2, and PBS pH 7.4, respectively.
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Figure 7. Comparative dissolution profile of NIC from NIC@MOF-5, PM, and Yomesan® in ABS pH 1.2.
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Figure 8. Comparative dissolution profile of NIC from NIC@MOF-5, PM, and Yomesan® in DW pH 6.2.
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Figure 9. Comparative dissolution profile of NIC from NIC@MOF-5, PM, and Yomesan® in PBS pH 7.4.
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NIC released from MOF-5 had superior and
improvement over both PM and Yomesan® in all
media. It managed to release approximately 50% of
NIC in both ABS pH 1.2 and DW pH 6.2 while
released 84% in PBS pH 7.4. Although the saturated
solubility of NIC was significantly different
between ABS pH 1.2 and DW pH 6.2, the
cumulative percentages released in dissolution were
not significantly different at the end points (at 360
minutes, cumulative release from NIC@MOF-5 was
51.8% + 3.3% in ABS pH 1.2 and was 53.9% + 3.5%
in DW pH 6.2, P > 0.05). Two factors might
contribute to this: First, the time for saturated
solubility study was 72 hours as compared to the 6
hours of dissolution study. Second, the co-solvent
alcohol at 10% v/v concentration was added to
maintain sink conditions in dissolution and did not
exist in saturated solubility studies.

In both ABS pH 1.2 and DW pH 6.2, the
cumulative release from NIC@MOF-5 started to be
significantly different (P < 0.05) from Yomesan®
and PM after 30 minutes. In PBS pH 7.4, it took 20
min to be significantly different. This lag time is
mostly attributed to the time required for MOF-5
crystals to start collapsing and release NIC. In PM
and Yomesan®, this lag time does not exist and as
NIC is not incorporated within other substance.
Besides niclosamide, Yomesan® product contains
sodium lauryl sulphate and povidone as excipients
©), Sodium lauryl sulphate is a surfactant and
wetting agent. Povidone has a dissolution enhancer
property ©3. This can explain why Yomesan®
showed a superior release of NIC versus PM in all
media.

Conclusion

Due to their weak solubility, many poorly
soluble compounds (like NIC) have limited
applications. Improving solubility is essential to the
development of new formulation for NIC. MOF-5
not only had a relatively high drug loading capacity
but also the straightforwardness and simplicity of
the synthesis process. Utilizing MOF-5 as a host, the
solubility and release profile of NIC in different
media across different pH values were significantly
enhanced. This study reinforced that MOF-5 is a
valuable formulation approach to improve the
solubility and dissolution of a drug candidate (NIC),
which has limited solubility in either acid media,
water, or basic media.
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