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ABSTRACT



Introduction: Metal-organic frameworks (MOFs) are promising drug nano-
vehicles due to their biocompatibility and high porosity. This study explored the
feasibility of synthesizing Copper-isonicotinate and Zinc-fumarate
mechanochemically and utilizing the compounds for the loading of Ibuprofen and

Urea respectively.

Methods: Zinc-fumarate [Zn(fum)(H20)2] and Copper-isonicotinate
[Cu(INA)2].H20] metal-organic frameworks (MOFs) were synthesized by solvent-
free mechanochemical technique. These compounds were characterized using
elemental analysis; UV-Vis and Fourier transform infrared (FT-IR) Spectroscopies
and X-ray powder diffraction (XRPD). The MOFs were investigated for the loading
of Ibuprofen and Urea respectively based on their porosities for better drug

interaction and high loading using UV-VIS spectroscopy.

Results: The synthesized Zinc-fumarate [Zn(fum)(H20)2] exhibited a very high
drug loading capacities of 98 = 1.45 wt% of Ibuprofen while the synthesized
Copper-isonicotinate [Cu(INA)2].H20] exhibited a slightly high drug loading

capacities of 44 = 0.95 wt% of Urea.

Conclusion: Zinc-fumarate and Copper-isonicotinate MOFs are potential

candidates for drug loading.

Keywords: Metal-organic frameworks, Loading, Solvent-free, Drugs, X-ray

powder diffraction

INTRODUCTION

Development of an effective absorptive material for efficient loading and delivery
of drugs is of great importance in both life and pharmaceutical sciences. The
improvements of drug delivery have been carried out using different methods

such as complexation and the use of drug carrierl. MOFs have become



promising drug nano-vehicles due to their biocompatibility with high porosity
( high surface areas and large pore sizes) which allows post-synthetic grafting of
drug molecules?3. Metal-organic frameworks are porous crystalline inorganic
materials prepared by combining metal ions and organic linkers4-%, their high
structure porosity,> makes them applicable in many fields such as gas storage®’,
molecule adsorption8, nano particle in-pore assembly®11l, catalysis!213 , drug
deliveryl4-18, jon exchangel920, and several optoelectronic?! applications. The
syntheses of MOFs are carried out in solution at reaction temperature between
25 °C and 220 °C depending on the solvent and method used. However, there is
always issue of solvent remaining in the frameworks when solvent-based method
is used for the synthesis of MOFs in which the subsequent solvent removal can
cause the collapse of the network?2. To eliminate solvent remaining in the
frameworks, much effort has been made to create a more effective and easier
method which will not involve the use of solvent. Mechano-chemical synthesis is
a solvent-free route for the synthesis of metal organic frameworks. This solvent-
free synthesis leads directly to powder formation which requires no further
treatments. Mechano-chemical syntheses have many advantages over solvent-
based synthesis: simplicity of the process, eco-friendly, ease of handling and the
cost of production is cheap?3. In the synthesis of MOFs, carboxylic acid is
commonly used as organic linker24-26 due to their ability to coordinate in more
than one point and high structural stability. Many dicarboxylates such as
itaconate, succinate, trimesate, terephthlate, fumarate, isophthlate, glutarate,
adipate, malonate, oxalate, and isonicotinate?’-31 are very useful ligands in this

purpose.

The objective of this study was to synthesize Zinc-fumarate [Zn(fum)(H20)2] and

Copper-isonicotinate [Cu(INA)2].H20] mechano-chemically and utilize these



MOFs for the loading of Active pharmaceutical ingredients ( APIs), Ibuprofen and

Urea respectively.

MATERIALS AND METHODS

Materials

All the reactants are commercially available and were used without further
purification. Copper acetate dihydrate (Cu(OOCCH3)2:-2H20, 99%), isonicotinic
acid (INA, 99%), zinc acetate dihydrate (Zn(CH3C0O0)2.2H20, 99%) and fumaric
acid (C4H404, 99%) were purchased from BDH and Aldrich Chemicals. Ibuprofen
(92%) and Urea (99%) were gotten from Tuyil Pharmaceutical Industries Limited,

llorin.

Synthesis of the MOFs

Synthesis of [Zn(fum)(H20)z2]

[Zn(fum)(H20)2] was synthesized mechano-chemically similar to a reported

method32.

This MOF was synthesized by pulverizing fumaric acid (0.116 g, 1 mmol) and
Zinc acetate [Zn(CH3C0Q)2.2H20] (0.219 g, 1 mmol) together continuously for
fifteen minutes to a fine powder at 27 + 2 °C using Retsch MM200 stainless steel
ball-mill vessel equipped with steel balls (20g). The white powder obtained was
washed with 5 mls of methanol to remove unreacted starting materials and dried
at 27 £ 2 °©C. This was done in batches to produce the quantity needed for the

loading of drugs. The equation of the reaction is shown below:



"\

HO
Grinding, 10mins
Zn(0,CCHg); - 2H20+ No solvent [Zn(Fum)(H,0),]
HO
O

Yield: 90%, Anal. Calcd M. wt.= 215.4 g/mol, M. pt.>300°C, Anal. Found
(Calcd) % for (C4HeO6Zn): C, 22.43 (22.28); H, 3.80 (3.72); N, 0.02 (0.00), IR (KBr,

cm-1): 3566, 3090, 2874, 1888, 1685, 1541, 1448, 1419, 1273, 609, 447.

Synthesis of [Cu(INA):z].H20

[Cu(INA)2].H20 was synthesized mechano-chemically from Copper acetate
dihydrate (Cu(OOCCHs3)2:2H20) and Isonicotinic acid (INA) similar to a reported
method33. Isonicotinic acid (0.246 g, 2 mmol) and Copper acetate
[Cu(CH3CO00)2.H20] (0.199 g, 1 mmol) were accurately weighed into different
agate mortar which had been washed and dried. The reactants were ground
together for 15 minutes till homogenous at 27 = 2 © C. The blue powder obtained
was washed with 5 mis of methanol to remove unreacted starting materials and
dried at 27 £ 2 ©C. This was done in batches to produce the quantity needed for

the loading of drugs. The equation of the reaction is shown below:

— Grinding,15minutes

Cu(O,CH,CHj3),.H,O + 2 N COOH » [Cu(Ina),].H,O
/ No solvent

Yield: 90%, Anal. Calcd M. wt.= 310 g/mol, M. pt.>300°C, Anal. Found (Calcd) %
for (C12H10N20s5Cu): C, 44.10 (46.45); H, 3.04 (3.23); N, 8.30(9.03), IR (KBr, cm):
3460, 3064, 1722, 1550, 1552, 1232, 848, 777, 578, 457.

Drugs loading experiment.



The procedure described by Rodrigues et a/. 34 was used for loading of drugs into

MOFs.

IBUPROFEN

Ibuprofen (2.06 g) was dissolved in ethanol (0.1 L) to prepare a stock solution of
0.1M. Serial dilution of the stock solution with ethanol was used to prepared
lower concentration of Ibuprofen solutions (0.01 M - 0.04 M). The Ibuprofen
solution was scan at ultraviolent region with SHIMADZU UV-1650pc UV-VIS
spectrophotometer and the highest absorption was observed at 262 nm (Amax).
The absorbance for each concentration prepared was taken and used to plot the
calibration curve. Before loading, the [Zn(fum)(H20)2] was activated at a
temperature of 150 °C in an oven. The Ibuprofen loading was carried out by
stirring the activated [Zn(fum)(H20)2] (100 mg) in Ethanol solution (0.145M,
10ml) of the ibuprofen at room temperature for 7 days34. After drug
immobilization, the suspension was filtered, and the residual was characterized
using Fourier transform infrared (FT-IR) spectroscopy and power X-ray diffraction
(XRPD). After filtration, the drugs concentration was calculated from the

absorbance that was obtained from the UV-visible spectrophotometer.

UREA

Urea (0.6 g) was dissolved in distilled water (0.1 L) to prepare a stock solution of
0.1M. Serial dilution of the stock solution with distilled water was used to
prepared lower concentration of Urea solutions (0.04 M - 0.06 M). The Urea
solution was scan at ultraviolent region with SHIMADZU UV-1650pc UV-VIS
spectrophotometer and the highest absorption was observed at 268 nm (Amax).
The absorbance for each concentration prepared was taken and used to plot the
calibration curve. Before loading, the [Cu(INA)2] was activated at a temperature

of 150 °C in an oven. The Urea loading was carried out by stirring the activated



[Cu(INA)2] (100 mg) in aqueous solution (0.503 M, 10mL) of the Urea at room
temperature for 3 days34. After drug immobilization, the suspension was filtered,
and the residual was characterized using FT-IR and XRPD. After filtration, the
drugs concentration was calculated from the absorbance that was obtained from

the UV-visible spectrophotometer.

RESULTS

Characterization and properties of Drug Carrier

The synthesized MOFs were confirmed to be [Zn(fum)(H20)2] and [Cu(INA)2].H20
as determined by elemental analysis, infrared spectra and also the XRPD

patterns33. 35. 36,

Experimental characterization of the drug-[Zn(fum)(H20)2] MOFs.

The loading of ibuprofen on the [Zn(fum)(H20)2] was ascertained by UV-Vis

spectroscopy

(Figurel). This technique was used to quantify the mass of ibuprofen adsorbed
on the [Zn(fum)(H20)2] after 7 days. The calibration curve showed that 98 + 1.45

wt % of ibuprofen was adsorbed on the [Zn(fum)(H20)2].
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Figure 1: Calibration Curve obtained from the absorption spectrum in
the ultraviolent-visible spectral region for the Ibuprofen
solution.

The absorbance, concentration, percentage and mass of ibuprofen before and
after loading on [Zn(fum)(H2 O)2] at 30 = 2¢°c are as shown in Table 1.

Table 1: Absorbance, concentration, percentage and mass of ibuprofen
before and after loading on [Zn(fum)(H20)2] at 30 + 2°c.

Variables Before After
loading loading

Abs. of 0.064 0.001

Ibuprofen 0.145M 227 x 10_3M
Conc of 100% 1.56%

Ibuprofen 300mg 5mg

% of lbuprofen

Mass of

Ibuprofen

To establish these findings, these MOFs were characterized by Fourier transform
infrared spectroscopy (FTIR) before and after loading which were used for

comparison. The FTIR spectra of



the MOF and drug absorbed in pores of the MOF are presented in Figure 2.
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Figure 2: Infrared spectra of [Zn(fum)(H20)2] before and after loading of

Ibuprofen

The MOFs were further characterized using XRPD. Significant changes of peak
positions and relative intensities were further observed for the MOF lbuprofen-
[Zn(fum)(H20)2] compared with their dissociated forms (Figure. 3), indicating the

interaction of Ibuprofen into MOF pores.

Relative Intensity

Figure 3: XRPD of [Zn(fum)(H20)2] before and after loading of Ibuprofen



Experimental characterization of the drug-[Cu(INA)2] MOFs.

Figure 4: Scheme for loading Urea into [Cu(INA)2]37

The loading of Urea into [Cu(INA)2] was ascertained by UV-visible spectroscopy
(Figure. 5). This technique was used to quantify the mass of Urea adsorbed on
the [Cu(INA)2] after 3 days. The calibration curve showed that 44 = 0.95 wt % of

Urea was adsorbed on the [Cu(INA)z2].
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Figure 5: Calibration Curve obtained from the absorption spectrum in
the ultraviolent-visible spectral region for the Urea
solution.



Urea was absorbed into the [Cu(INA)2] MOFs (Table 2). The [Cu(INA):]
encapsulate 44 mg of Urea per gram of dehydrated MOF. Urea-[Cu(INA)2] did not

exhibit any alternation of colour compared to the pure framework.

Table 2: Absorbance, concentration, percentage and mass of urea
before and after loading on [Cu(INA)2].H20 at 30 + 2c°c.

Variables Before After
loading loading
Absorbance 0.086 0.048
Conc of Urea 0.503M 0.281M
% of Urea 100% 56.14%
Mass of Urea  300mg 168.4mg

The FTIR spectra of the MOFs [(Cu(INA)2] before and after loading with urea is

shown in Figure 6.

The changes observed in the spectra of MOFs after loading indicated the
possible involvement of additional functional groups into the pores of the MOFs.
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Figure 6: Infrared spectra of [Cu(INA)2] before and after loading of Urea
In addition to the IR, the loading of the urea in the MOFs was confirmed using

XRPD. Significant changes of peak positions and relative intensities were further
observed for the MOF [Cu(INA)2] compared with their dissociated forms (Figure.

7), indicating the interaction of urea into MOF pores.
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Figure 7: XRPD of [Cu(INA)2].H20 before and after loading of

Urea

DISCUSSION

[Zn(fum)(H20)2] has shown an unprecedented loading of Ibuprofen. This was
attributed to high porosity of [Zn(fum)(H20)2] and hydrophobic character of
Ibuprofen3’, From this, [Zn(fum)(H20)2] can uptake 98 mg of ibuprofen per gram
of dehydrated MOF. The white colour characteristic of the [Zn(fum)(H20):]
framework remained unaltered during the 7 days, when it was kept immersed in

the ibuprofen solution.

Characterization of the MOFs by Fourier transform infrared spectroscopy (FTIR)

before and after loading reveal that the changes observed in the spectrum



indicate the possible involvement of those functional groups in the pores of the
MOF after loading. It is reflecting the nature of MOF and shows significant band
shifting and intensity changes due to ibuprofen absorption. Characteristic
stretching vibrations of v(O-H) and v(C=C) (aromatic) were further observed for
the ibuprofen- [Zn(fum)(H20)2] MOF at 3446 cm! and 1560 cm-l respectively
compared with their dissociated forms (Figure. 2). This indicates the absorption
of ibuprofen into [Zn(fum)(H20)2] MOF. In addition, the v(C=0) showed as an
acid carbonyl (1770 cm-1) due to the presence of ibuprofen in the pores of the

MOFs.

The in X-ray powder diffraction (XRPD) pattern for [Zn(fum)(H20)2] is an effective
method to investigate structural properties of a synthesized material. High
intensity Bragg diffraction peaks are observed at 26 = 29.33, 29.47 and 30.02
with low intensity peaks at 26 = 9.99, 13.89, 16.63, 17.83, 21.06, 21.44, 23.79,
24.77, 28.27, 32.34, 35.41, 36.62, 37.70, 38.66 and 39.42 for pure
[Zn(fum)(H20)2]. The observed XRPD pattern of lbuprofen-[Zn(fum)(H20)2] are
not identical with that of the pure [Zn(fum)(H20)2]. The three (3) high intensity
Bragg diffraction peaks observed on the pure [Zn(fum)(H20)2] were totally
absent on the Ibuprofen-[Zn(fum)(H20)2] due to the incorporation of Ibuprofen
into [Zn(fum)(H20)2] pores. Also some new low intensity Bragg diffraction peaks
were observed on the Ibuprofen-[Zn(fum)(H20)2] which are not present on the
pure [Zn(fum)(H20)2], these are at 26 = 12.42, 16.64, 21.42, 23.38, 24.71, 28.08,
30.18, 31.21, 32.68, 34.29, 35.66 and 37.70. The appearance of new peaks on
the Ibuprofen-[Zn(fum)(H20)2] spectrum indicated the possible absorption of
Ibuprofen into the pores of the frameworks.

The effect of pH on the binding of the guest molecules has been considered
through the representation of their protonation states. Ibuprofen can be

unprotonated with a formal charge of -1 or protonated with a formal charge of



034, Simpler molecules have a low number of degrees of freedom and interact
through a well-defined pattern of molecular interactions. That is the case of
compounds such as Ibuprofen. Ibuprofen binds along one of the sides of
[Zn(fum)(H20)2] surface via electrostatic and m - 1 interactions. Electrostatic
interactions occur between the ibuprofen carboxylic group (COO-) and Zn2+
cation in the MOF surface, whereas m - n stacking takes place between the
unsaturated carbon (C=C) of host and guest. Protonated and unprotonated

states of the Ibuprofen molecule led to the same binding conformation34.

Regarding the Urea-[Cu(INA)2] MOFs, it exhibits very high drug storage capacities.
This was attributed to high porosity and interesting flexible structures, for drug

delivery.

Comparison of the infrared spectrum of the MOF before and after the loading of
Urea, showed that the IR spectrum after loading showed some new characteristic
frequencies due to the encapsulation of Urea in the MOF. Characteristic band of
N-H and C-N were observed for the MOF Urea- [Cu(INA)2] compared with their
dissociated forms, indicating that the absorption of Urea into [Cu(INA)z].
Characteristic of v(N-H), v(C-N) (amide) and v(C=0) were further observed for
the MOF Urea-[Cu(INA)2] at 3423 cm, 1384 cml and 1642 cm respectively
compared with their dissociated forms, indicating the absorption of urea into

[Cu(INA)2].

The X-ray powder diffraction (XRPD) is an effective method to investigate
structural properties of a synthesized material. High intensity Bragg diffraction
peaks (Figure 7) is observed at 26 = 10.20 with low intensity peaks at 13.40,
17.48, 17.66, 21.74, 22.44, 25.92, 26.28 and 32.34 for pure [Cu(INA)2]. The
observed XRPD pattern of Urea-[Cu(INA)2] does not match the pattern of the

pure [Cu(INA)2]. New peaks were observed on the Urea-[Cu(INA)2] which are not



present on the pure [Cu(INA):2]. These are 26 = 10.60, 10.90, 14.56, 15.50, 15.83,
16.11, 16.89, 17.37, 19.39, 19.38, 20.12, 20.98, 22.26, 23.57, 25.32, 26.43,
27.25, 28.00, 28.67, 30.76, 32.96, 35.10, 37.57 and 38.82. The appearance of
new peaks on the Urea - [Cu (INA)2] indicated the possible absorption of urea into
the pores of the frameworks.

CONCLUSION

This study demonstrated the use of MOFs for loading of ibuprofen and urea drugs.
Zinc-fumarate [Zn(fum)(H20)2] exhibits a very high drug loading capacities of
98wt% of Ibuprofen while copper-isonicotinate [Cu(INA)2] exhibits a moderate
drug loading capacities of 44wt% of Urea. The MOFs preparation procedure is
simple, green and cheap, and can be used as potential materials for drug

delivery.
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