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ABSTRACT: In this work, a one-pot multicomponent synthesis of the ibuprofen-loaded Fe3O4 nanoparticles-supported zeolitic
imidazolate framework-8 (Ibu-ZIF-8/Fe3O4 NPs) nanohybrid was carried out. The ZIF-8/Fe3O4 NPs nanohybrid was used as a drug
carrier for the in vitro release of ibuprofen in a PBS solution. The structure and morphology of the synthesized materials were
investigated by powder X-ray diffraction (PXRD) analysis, transmission electron microscopy (TEM) analysis, UV−visible absorption
studies, FTIR spectroscopy, and thermogravimetric analysis (TGA). The ibuprofen release kinetics was studied by UV−visible
spectroscopy. The mechanism of drug delivery was thoroughly investigated and the Higuchi model was found as the best-fitted
model for the ibuprofen release study. The 20 wt % Fe3O4 NPs-supported ZIF-8 nanohybrid exhibited more than 95% ibuprofen
release efficiency in phosphate buffer saline of pH 7.4 within 2 h. The separation ability of the nanohybrid was very good, and it was
easily separated by a simple commercial magnet. In order to investigate the cell viability, the cytotoxicity of ZIF-8, Fe3O4 NPs, and
ZIF-8/20 wt % Fe3O4 NPs was investigated using MTT assays against Leishmania donovani promastigotes. The ZIF-8/20 wt %
Fe3O4 NPs nanohybrid carrier exhibited a cell growth inhibition effect with a high correlation coefficient and low probability (p)
values. The high release of drug molecules may be due to the more open site of the ZIF-8/Fe3O4 NPs nanohybrid. The drug release
profile suggests that the nanohybrid can be potentially used as a drug carrier for targeted drug delivery systems.

1. INTRODUCTION
Drug release or drug delivery is the process of releasing
pharmaceutically active compounds into the body to obtain the
desired therapeutic actions. However, pharmaceutical com-
pounds have a very high molecular weight, or sometimes they
are insoluble in aqueous medium. Therefore, to achieve better
therapeutic action, the drug materials are required to bind with
some carrier materials for the targeted drug delivery process.1

Two types of carriers generally work in the drug delivery
system: one is the organic carrier, which includes polymer
materials, micelles, liposomes, and protein nanoparticles, and
the other includes porous materials such as zeolites,
mesoporous silica, etc.2−6 The porous materials are advanta-
geous over other organic carriers due to their well-defined
porosity and flexibility, which help in greater loading of drug
molecules as well as their controlled release.7,8 Despite various
types of mesoporous materials, metal organic frameworks (also
called supramolecular solids) are extensively used as drug
carriers, as they possess a regular porosity, a large pore volume,

flexible pore sizes with high thermal and chemical stability, and
organic functionality.1,9,10 They are constructed by metal
atoms or metal clusters, called secondary building units
(SBUs), connected with multidentate organic ligands with
coordinate bonds.11 Structurally, metal organic frameworks
contain hydrophilic and hydrophobic units, which help to tune
their pore sizes and also help the guest molecules to interact
with them. Among all of the metal organic frameworks, the
MIL series (Materials of Institut Lavoisier) was the first series
used in the drug delivery system. In an earlier report, Feŕey et
al. worked on the adsorption, storage, and release of a model
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molecule, ibuprofen (an anti-inflammatory drug), with the help
of rigid chromium-based MIL-101 and MIL-100 frameworks.
The great storage capacities of these MILs persisted for 3−6
days due to their large pore sizes (25−34 Å) as well as large
surface areas (3100−5900 m2/g). Both Cr-based MIL-101 and
MIL-100 exhibited the loading of 1.376 and 0.347 g of
ibuprofen in their cavities.12 It is worth mentioning that
chromium and heavy metals are very toxic to living systems.
Hence, the development of nontoxic, biocompatible drug
carriers is a great challenge for the sustainable drug delivery
process.13,14 In this context, zeolitic imidazolate frameworks
(ZIFs) are considered as the most nontoxic and biocompatible
metal organic frameworks along with high thermal and
chemical stability, well-defined pores, and a high specific
surface area.15 Moreover, for drug delivery, the zeolitic
imidazolate frameworks are more advantageous over other
metal organic frameworks, as they can fabricate pH-responsive
drug delivery systems.16 ZIF-8, the most representative zeolitic
imidazolate framework, has a sodalite zeolite-type topology
consisting of Zn2+ ions as secondary building units and 2-
methylimidazole as a linker.17 Recently, ZIF-8 and its
composites with other functional materials have been
extensively used in various biomedical applications, especially
in the drug delivery process, because of their dissolution in
acidic or neutral media.18−23

Although metal organic frameworks are studied as potential
drug carriers, there are still some drawbacks due to their
cytotoxic effect inside living systems. The report suggests that
metal organic frameworks including ZIF-8 or other organic or
inorganic drug carriers such as polymeric micelles, nonionic
lipids and surfactants, mesoporous silica nanoparticles, gold
nanoparticles, or iron oxide nanoparticles can be cytotoxic for
the in vivo drug delivery process when they are accumulated in
nontargeted organs.24−27 The major disadvantage of nano-
particles-based drug carriers such as gold nanoparticles or iron
oxide nanoparticles is that sometimes they produce free
radicals inside the living systems due to their active surface
functional groups.28 Hence, a targeted drug delivery process
coupled with biocompatible surface functional groups of the
drug carriers is the only way to address this challenge. With
that intention, we have prepared a citrate-stabilized Fe3O4
nanoparticles-supported ZIF-8 nanohybrid as a drug carrier for
the in vitro release of the nonsteroidal, anti-inflammatory,
potential drug “ibuprofen”. The incorporation of citrate-
stabilized Fe3O4 nanoparticles into ZIF-8 helps to maintain
the biocompatibility of the nanohybrid and leads to the
targeted drug delivery process due to the induced magnetic
property of the nanohybrid for the incorporation of Fe3O4
nanoparticles.
In this work, one-pot multicomponent synthesis was carried

out to prepare the ibuprofen-loaded Fe3O4 NPs-supported
ZIF-8 nanohybrid. The drug release efficiency of the
nanohybrid was studied by using a UV−visible spectropho-
tometer. The control experiment was carried out with pristine
ZIF-8. We have thoroughly studied the mechanism of the in
vitro release of ibuprofen. Finally, the cell viability and the
cytotoxicity of ZIF-8, Fe3O4 NPs, and the ZIF-8/Fe3O4 NPs
nanohybrid were investigated using MTT assays against
Leishmania donovani promastigotes.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Ferric chloride hexahydrate [FeCl3·6H2O,

99%], ferrous sulfate heptahydrate [FeSO4·7H2O, 99%],

ammonia [28%], trisodium citrate dihydrate [C6H5Na3O7·
2H2O, 99%], zinc nitrate hexahydrate [Zn(NO3)3·6H2O,
99%], 2-methylimidazole [C4H6N2, 99%], and ibuprofen
[C13H18O2, 98%] were purchased from various commercial
suppliers such as Sigma-Aldrich, and laboratory grade
methanol, NaOH pellets, NaCl, KCl, Na2HPO4, KH2PO4,
HCl (0.1M) from Fisher Scientific Chemical Co., Ltd. All
chemicals were used as received without further purification.
Deionized water was used in all of the experimental processes.
2.2. Characterization. Powder X-ray diffraction (PXRD)

analysis was carried out using a BRUKER-D8 Advance X-ray
diffractometer with Cu−Kα radiation at λ = 1.5418 Å passed
through a 0.04 rad Soller slit, a 1.0 mm fixed mask with a 1.0°
divergence slit, and a 0.2° antiscatter slit. The size and
morphology of the Ibu-ZIF-8/Fe3O4 NPs nanohybrid were
observed with a JEOL JEM-2100 transmission electron
microscope operated at 200 kV. The sample preparation was
done by drop-casting the ethanolic dispersion of the sample on
a 200-mesh-sized carbon-coated copper grid and dried
overnight in air before characterization. The UV−visible
absorption spectra were recorded with a JASCO V-670
spectrophotometer with a 1 nm data interval in the range of
200−800 nm and in the NIR range. Thermogravimetric
analyses of the synthesized materials were performed using a
PerkinElmer STA 6000 instrument in the temperature range of
40−830 °C. Fourier transform infrared (FTIR) spectra were
recorded through a PerkinElmer L 120−000A spectrometer
(λmax in cm−1) using the KBr disc method in the range of
4000−400 cm−1, with the scan speed of 200 nm min−1.
2.3. Synthesis of Citrate-Stabilized Fe3O4 NPs. Citrate-

stabilized Fe3O4 nanoparticles were prepared by a coprecipi-
tation method. In a typical synthesis, a 50 mL aqueous solution
containing a stoichiometric amount of FeCl3·6H2O (2 g, 0.007
mol) and FeSO4·7H2O (3.8 g, 0.013 mol) was taken.
Ammonia solution (28%, 4 mL) was added dropwise to the
above mixture, and the mixture was stirred mechanically at 90
°C for 15 min. Next, trisodium citrate dihydrate (C6H5Na3O7·
2H2O) (4.5 g, 0.015 mol) was added to the above reaction
mixture and stirred for another 30 min. The resulting dark
brown precipitate was collected by the magnetic separation
process and washed several times with a water/methanol
mixture and dried at 75 °C in a hot air oven.
2.4. One-Pot Synthesis of the Ibuprofen-Loaded

Fe3O4 Nanoparticles-Supported Zeolitic Imidazolate
Framework-8 (Ibu-ZIF-8/Fe3O4 NPs) Nanohybrid. In a
typical synthesis, an aqueous dispersion of citrate-stabilized
Fe3O4 NPs (0.150 g) was prepared in 20 mL of deionized
water. Subsequently, 30 mL of solution containing Zn(NO3)2·
6H2O (1.5 g, 0.005 mol) followed by 20 mL of solution of 2-
methylimidazole (3.3 g, 0.040 mol) was added to the above
reaction mixture. After a few minutes, ibuprofen (0.100 g) was
added, and the reaction mixture was stirred vigorously for 2 h
at room temperature. The resulting brown precipitate was
collected with magnetic separation, washed with methanol
several times, and dried in a vacuum desiccator. In this process,
the product obtained was 3 g, where Fe3O4 NPs and ibuprofen
contents were, respectively, 5 and 3.3 wt %. The similar
procedure was adopted for the synthesis of 3.3 wt % Ibu-ZIF-
8/Fe3O4 NPs nanohybrids (where Fe3O4 NPs contents were
10 and 20 wt %) and Ibu-ZIF-8/20 wt % Fe3O4 NPs
nanohybrids (where ibuprofen contents were 1, 2, and 5 wt %).
The loss of ibuprofen during the washing process was
completely ruled out, as the UV−visible absorption spectrum
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of the supernatant solution did not show any noticeable
absorption peak for ibuprofen. Therefore, it could be assumed
that the total amount of ibuprofen taken for one-pot
multicomponent synthesis was entirely loaded into the
nanohybrid.
2.5. Ibuprofen Release Study. The ibuprofen release

study was carried out in a 50 mL glass flask, containing the Ibu-
ZIF-8/Fe3O4 NPs nanohybrid (20 mg) in phosphate buffer
solution at pH 7.4 (30 mL). First, the drug-loaded matrix was
dispersed in the PBS solution with vigorous stirring at 37 °C.
After a particular time interval, aliquot portions of the PBS
solution were withdrawn and the drug-loaded matrix was
removed by the magnetic separation process. The amount of
ibuprofen released in the PBS solution was measured by UV−
visible spectroscopy. The proficiency of the matrix was
evaluated over a wide range of matrix concentrations in the
PBS solution and also with the varying composition of Fe3O4
NPs and ibuprofen in the nanohybrid, under identical
conditions. ZIF-8 was taken as a control in the drug release
study. The fraction of ibuprofen release in the PBS solution
after a particular time ( f t) is given by

= ×f
M
M

(%) 100t
t

0 (1)

where Mt is the amount of ibuprofen released from the matrix
at a particular time and M0 is the total amount of ibuprofen
initially present in the matrix.

However, the ibuprofen release mechanism can be
ascertained by fitting the drug release data into the kinetic
models as follows:
Zero-order model:

=f k tt 0 (2)

First-order model:

=f k tln(1 )t 1 (3)

Higuchi model:

=f k tt H
1/2

(4)

Korsmeyer−Peppas model:

=f k tt
n

P (5)

where f t is the fraction of ibuprofen release at time t (min). k0,
k1, kH, and kP are the rate constants of zero-order, first-order,
Higuchi, and Korsmeyer−Peppas kinetic models, respectively,
and n is the drug release exponent.29,30

2.6. Cytotoxicity Assay. In vitro inhibitory effects of
developed compounds (ZIF-8, Fe3O4 NPs, and ZIF-8/20 wt %
Fe3O4 NPs) against Leishmania donovani promastigotes were
assessed using the MTT test.31 Promastigotes were grown in
T25 tissue culture flasks at 25 °C. These cells were planted
into individual wells of 96-well plates with 100 μL of M199
medium at a density of 2 × 106 cells/well and incubated

Figure 1. Schematic representation of the formation of the ibuprofen-loaded Fe3O4 NPs-supported ZIF-8 nanohybrid.

Figure 2. (a) PXRD patterns of synthesized Fe3O4 NPs and (b) (i) the simulated XRD pattern of ZIF-8 and (ii) the PXRD pattern of the 3.3 wt %
Ibu-ZIF-8/5 wt % Fe3O4 NPs nanohybrid. The planes due to ZIF-8 and Fe3O4 NPs are shown in “black” and “red” colors, respectively. The inset
image in panel (b) shows the PXRD patterns of ibuprofen and the synthesized nanohybrid from the 2θ range of 15 to 25°.
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overnight. Following an overnight incubation, the cells were
exposed to different doses of the chemicals, including ZIF-8,
Fe3O4 NPs, and the ZIF-8/20 wt % Fe3O4 NPs nanohybrid as
well as an Amphotericin B positive control. Simultaneously,
untreated cells were employed as a negative control. These
preparations were incubated overnight, and each experiment
was repeated three times. After that, the cells were collected,
and the culture medium was removed. The cells were cultured
in the dark for 4 h at 25 °C after being treated with the MTT
reagent (5 mg/mL). The MTT reagent was carefully aspirated
after incubation, and a 100 μL/well MTT solubilizer was
applied to dissolve the formazan crystals. The reduction in
MTT was determined by measuring the absorbance of the
microtiter plate at 570 nm with a microtiter plate reader.

3. RESULTS AND DISCUSSION
The Ibu-ZIF-8/Fe3O4 NPs nanohybrid was prepared by one-
pot multicomponent synthesis. The schematic representation
of the formation of the nanohybrid is shown in Figure 1.
Initially, Fe3O4 nanoparticles were prepared by the chemical
coprecipitation method in an aqueous medium and were
subsequently used as supporting materials for the in situ
nucleation and growth of ZIF-8 crystals on their surfaces.
3.1. Powder X-ray Diffraction (PXRD) Analysis. In

order to investigate the crystal structure of synthesized
materials, powder X-ray diffraction analysis was carried out,
and the results are shown in Figure 2. Figure 2a represents the
PXRD profile of Fe3O4 nanoparticles, where the well-defined
peaks at 2θ values of 30.4, 35.7, 43.4, 53.8, 57.3, and 63.0°

represent the highly crystalline, fcc lattice structure of
magnetite nanoparticles [JCPDS file no. 19-0629].32 The
average crystallite size of 14.4 nm is obtained from Debye−
Scherrer’s equation of paramagnetic Fe3O4 nanoparticles.33

The diffraction pattern of the Ibu-ZIF-8/Fe3O4 NPs nano-
hybrid, as shown in Figure 2b(ii), shows the combination of
diffraction peaks of ZIF-8 and Fe3O4 NPs. The peaks present
in the 2θ range of 5−30° are the typical diffraction peaks of
ZIF-8, which are consistent with the simulated XRD pattern of
the ZIF-8 single crystal, as shown in Figure 2b(i). The peak
positions at 7.2, 10.3, 12.6, 14.6, 16.4, 17.9, 22.0, 24.4, 26.6,
29.6, and 32.3° are indexed as the (011), (002), (112), (022),
(013), (222), (114), (233), (134), (044), and (235) crystal
planes of ZIF-8, respectively.17 Moreover, the noticeable weak
peaks observed in the PXRD pattern of the nanohybrid at 30.5,
34.9, 56.7, and 62.8° 2θ values are indexed as the (220), (311),
(511), and (440) planes of Fe3O4 NPs, respectively [Figure
S1]. Furthermore, a very weak reflection observed at the 2θ
position of 19.5° is originated due to the presence of ibuprofen
[inset, Figure 2b].
3.2. Transmission Electron Microscopy (TEM) Anal-

ysis. The size and morphology of the synthesized materials
were investigated by transmission electron microscopy analysis.
The TEM image of Fe3O4 NPs shown in Figure 3a indicates
the uniform distribution of the nanoparticles with an average
dimension of ∼15 nm, which is in strong agreement with the
crystallite size obtained from PXRD analysis. The uniform
distribution reveals the good dispersion of Fe3O4 NPs in the
solution. From TEM analysis, it is clear that the majority of the

Figure 3. (a) Representative TEM image of Fe3O4 NPs (the inset image shows the particle size distribution of Fe3O4 NPs), (b) TEM image of the
3.3 wt % Ibu-ZIF-8/5 wt % Fe3O4 NPs nanohybrid, (c) HRTEM image of the 3.3 wt % Ibu-ZIF-8/5 wt % Fe3O4 NPs nanohybrid showing (311)
and (400) planes of Fe3O4 NPs, and (d) SAED pattern of the 3.3 wt % Ibu-ZIF-8/5 wt % Fe3O4 NPs nanohybrid.
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Fe3O4 NPs are crystalline and cubic in shape. However, typical
high-magnification and high-resolution TEM images of the
Ibu-ZIF-8/Fe3O4 NPs nanohybrid are shown in Figure 3b,c.
The apparent color variations observed from these images
suggest the heterostructure formation. The high-magnification
TEM image clearly shows the nanoparticles (appearing as the
darker contrast), which are very orderly incorporated into the
ZIF-8 cubes (appearing as the lighter contrast) of size ∼150
nm. Furthermore, a clear grain boundary between Fe3O4 NPs
and ZIF-8 crystals can be distinguished from the HRTEM
image. However, the interplanar spacings of 0.25 and 0.14 nm
are calculated for darker regions, which correspond to the
typical (311) and (400) planes of Fe3O4 NPs, respectively.
Moreover, the SAED pattern shown in Figure 3d further
confirms the polycrystalline nature of the nanohybrid.
3.3. Fourier Transform Infrared (FTIR) Spectral

Analysis. Figure 4 represents the FTIR spectra of citrate-

stabilized Fe3O4 NPs and the ibuprofen-loaded ZIF-8/Fe3O4
NPs nanohybrid. Citrate-stabilized Fe3O4 NPs shown in Figure
4(i) exhibit a strong band around 1623 cm−1, which appears to
be due to the C�O stretching vibration of citrate ions. This
C�O stretching vibration is 41 cm−1 shifted toward a lower
wavenumber value in comparison to pure citrate ions [Figure
S2a], which may be due to the interaction between the Fe ions
and C�O groups of trisodium citrate. However, two
additional vibrational bands, observed around 1408 and 1262
cm−1, are assigned to the symmetric COO− and C−O
stretching vibrations of carboxylate groups, respectively. The
absorption bands observed between 630−560 cm−1 are
associated with the Fe−O stretching vibrations of Fe3O4
nanoparticles.34

The FTIR spectrum of the Ibu-ZIF-8/Fe3O4 NPs nano-
hybrid shown in Figure 4(ii) represents the absorption bands
around 1584 and 1457 cm−1, which appear due to the C�N
and C−N stretching vibrations of imidazole, respectively.17

The sharp bands recorded between 1312 to 995 cm−1 are
associated with the in-plane bending vibrations of the
imidazole ring. Two additional sharp bands observed at 760
and 690 cm−1 can be attributed to the aromatic sp2 C−H
bending vibrations of the linker moiety.35 The presence of
moderately strong absorption bands between 630−560 cm−1 is
due to the characteristic Fe−O stretching vibrations of Fe3O4
NPs.34 The typical Zn−N stretching vibration appears at 423
cm−1. Two vibrational bands observed around 3216 and 3136
cm−1 are attributed to the N−H and aromatic C−H stretching
vibrations of imidazole, respectively. Furthermore, the bands
present in the region of 2966−2885 cm−1 are associated with
the aliphatic C−H stretching vibrations, which appear due to
the presence of ibuprofen [Figure S2b].36 The FTIR spectra of
ZIF-8, Ibu-ZIF-8, and ZIF-8/Fe3O4 NPs are shown in Figure
S2c. All three compounds show the characteristic bands for the
C�N and C−N stretching vibrations of the imidazole ring
(around 1588 and 1435 cm−1), the in-plane bending vibrations
of the imidazole ring (between 1311 to 996 cm−1), the
aromatic sp2 C−H bending vibrations (around 756 and 689
cm−1), and the Zn−N stretching vibration (around 423 cm−1)
for ZIF-8 structures. Additionally, Ibu-ZIF-8 exhibits bands
between 2962 and 2890 cm−1, which are associated with the
aliphatic C−H stretching vibrations of ibuprofen molecules.

Figure 4. FTIR spectra of (i) Fe3O4 NPs and (ii) the 3.3 wt % Ibu-
ZIF-8/5 wt % Fe3O4 NPs nanohybrid.

Figure 5. UV−visible absorption spectra of (a) Fe3O4 NPs (the inset image shows the absorption spectrum of Fe3O4 NPs in the NIR region) and
(b) the 3.3 wt % Ibu-ZIF-8/5 wt % Fe3O4 NPs nanohybrid (the inset shows the peak for ibuprofen in the 3.3 wt % Ibu-ZIF-8/5 wt % Fe3O4 NPs
nanohybrid).
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Furthermore, the ZIF-8/Fe3O4 NPs nanohybrid exhibits
characteristic Fe−O stretching vibration between 634 and
580 cm−1. A shift of the aliphatic C−H stretching vibrations
and aromatic sp2 C−H bending vibrations of drug molecules in
the nanohybrids (Figure S2b,c) to the high frequency
compared to pure ibuprofen or ZIF-8 indicates the interactions
of drug molecules with the nanocarrier.
3.4. UV−Visible Analysis. The UV−visible absorption

spectra of citrate-stabilized Fe3O4 NPs and the Ibu-ZIF-8/
Fe3O4 NPs nanohybrid are shown in Figure 5. The absorption
spectrum of Fe3O4 nanoparticles shown in Figure 5a exhibits a
continuous absorption band covering a broad range of
absorption profiles from the UV to the NIR regions. The
broad absorption can be associated with the intervalence
charge transfer (IVCT) transition between ferrous and ferric
ions.37,38 Figure 5b represents the UV−visible absorption
spectrum of the Ibu-ZIF-8/Fe3O4 NPs nanohybrid, which
exhibits apparent broadening in the absorptivity in the visible
region when compared with pristine ZIF-8 [Figure S3a].
Similarly, Ibu-ZIF-8 and the ZIF-8/Fe3O4 NPs nanohybrid
also exhibit broadening in the absorption spectra, as compared
with pristine ZIF-8 [Figure S3a]. The broadening in the
absorption spectra is associated with the predominant surface
defects due to the incorporation of ibuprofen molecules and
Fe3O4 NPs.39 Moreover, a small hump is observed at 268 nm
in the UV−visible spectrum of the Ibu-ZIF-8/Fe3O4 NPs
nanohybrid, which confirms the successful loading of ibuprofen
molecules into the nanohybrid [Figure S3b].40 The UV−
visible spectrum of Ibu-ZIF-8 also exhibits a small hump at
around 265 nm due to ibuprofen loading. However, the peaks
for ibuprofen in the Ibu-ZIF-8/Fe3O4 NPs nanohybrid and
Ibu-ZIF-8 exhibit a 4 and a 1 nm red shift, respectively, in
comparison to free ibuprofen molecules, which further
supports the strong interaction between ibuprofen and ZIF-
8/Fe3O4 NPs or ZIF-8.
3.5. Thermogravimetric Analysis. The thermogravimet-

ric analysis (TGA) of the as-synthesized materials is shown in
Figure 6. The TGA curve of citrate-stabilized Fe3O4 nano-
particles shows an initial weight loss of 2 wt % in the
temperature range of 35 to 195 °C, which is due to the loss of
guest molecules adsorbed on the surface of nanoparticles. The

second weight loss (3 wt %) occurs from 195−320 °C and is
associated with the removal of the nanoparticle’s capping agent
(trisodium citrate). A long plateau above 325 °C is observed in
the TGA profile of Fe3O4 NPs with only a loss of 2 wt %,
suggesting the high thermal stability of the nanoparticles.41

TGA curves of ZIF-8, Ibu-ZIF-8, and the ZIF-8/Fe3O4 NPs
nanohybrid are provided in the Supporting Information
[Figure S4a]. ZIF-8 shows a loss of 2.5 wt % up to 180 °C
for the loss of some solvent or guest molecules. In between
180−500 °C, the 14 wt % loss occurs due to adsorbed linkers
and beyond 500 °C, the framework starts decomposing. The
TGA profile of Ibu-ZIF-8 shows similarity with pristine ZIF-8.
Ibu-ZIF-8 exhibits a loss of 3 wt % up to 240 °C for the
removal of the solvent or other guest species along with
ibuprofen. From 240−560 °C, the decomposition of 13 wt %
occurs due to the adsorbed linker and beyond 560 °C, the
framework starts decomposing. The TGA profile of the ZIF-8/
Fe3O4 NPs nanohybrid exhibits much increase in thermal
stability compared to ZIF-8. The compound shows a loss of 25
wt % in the temperature between 140−635 °C for the
decomposition of solvent molecules/guest species and
adsorbed linker molecules, and beyond 635 °C, the framework
structure of the ZIF-8/Fe3O4 NPs nanohybrid starts
disintegrating. The TGA curve of the ibuprofen-loaded
Fe3O4 nanoparticles-supported ZIF-8 nanohybrid also exhibits
much thermal stability when compared with that of pristine
ZIF-8. The Ibu-ZIF-8/Fe3O4 NPs nanohybrid shows a three-
stage decomposition process with a first weight loss of 3%
above 120 °C and continues up to 265 °C, which is associated
with the decomposition of ibuprofen along with some other
guest species occluded into the framework structure [Figure
S4b]. The material exhibits a second-stage weight loss of 27%
in the temperature zone of 265−655 °C, which is attributed to
the evacuation of some adsorbed linker molecules. In the third
stage of the weight loss process (beyond 610 °C), the ZIF-8
framework structure starts disintegrating and completely
collapses into solid oxide materials.17

3.6. Ibuprofen Release Study. The in vitro release of
ibuprofen in the PBS solution in the presence of the ZIF-8/
Fe3O4 NPs nanohybrid is elaborated in Figure 7. Figure 7a
represents the time-dependent UV−visible absorption spectra
of ibuprofen in the PBS solution of pH 7.4, released from the
ZIF-8/20 wt % Fe3O4 NPs nanohybrid. The spectra show a
gradual increase in the absorption intensity at 273 nm with the
release time, indicating the increase in the ibuprofen
concentration in the PBS solution. The drug release efficiency
of the nanohybrid with the release time is shown in Figure 7b.
It is observed that the ibuprofen release efficiency is 95% in the
presence of the ZIF-8/20 wt % Fe3O4 NPs nanohybrid in 180
min, which is much higher compared to the drug release
efficiencies of 5 and 10 wt % Fe3O4 NPs-supported ZIF-8
nanohybrids (63 and 73%, respectively). The control experi-
ment was screened with ZIF-8 under similar experimental
conditions that took 3 days to release 92% ibuprofen into the
PBS solution [Figure S5]. The ZIF-8/Fe3O4 NPs nanohybrid
also exhibits a much higher drug release efficiency in
comparison to other reported carrier materials. The com-
parative study is summarized in Table 1.42−45 The enhanced
ibuprofen release efficiency of the Fe3O4 NPs-supported ZIF-8
nanohybrid can be explained with the specific surface area. The
specific surface areas of pristine ZIF-8 and ZIF-8 nanohybrids
with 5, 10, and 20 wt % Fe3O4 NPs were calculated using the
methylene blue adsorption method, which were obtained as

Figure 6. TGA curves of Fe3O4 NPs and the 3.3 wt % Ibu-ZIF-8/5 wt
% Fe3O4 NPs nanohybrid.
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31.82, 71.52, 77.24, and 82.04 m2/g, respectively.34 It is worth
mentioning that as the nanoparticles’ content in the nano-
hybrid increases from 5 to 20 wt %, the specific surface area
also increases. Therefore, most of the ibuprofen molecules
have a tendency to attach to the surface of the nanohybrid
rather than entering the hydrophobic pores of ZIF-8 moieties,
which leads to the enhanced release rate of drug molecules.46

However, considering the highest ibuprofen release efficiency,
the 20 wt % Fe3O4 NPs-supported ZIF-8 nanohybrid was
chosen for other parametric studies.
The effect of ibuprofen dosage on the release study was

optimized by performing the same set of experiments in the
presence of the 3.3 wt % ibuprofen-loaded ZIF-8/20 wt %
Fe3O4 NPs nanohybrid at 37 °C, where the drug-loaded matrix
concentration was varied from 5−20 mg. The corresponding
plot of the release efficiency is shown in the Supporting
Information [Figure S6]. It is also observed that the drug
release efficiency increases significantly with Fe3O4 NPs and
reaches a plateau faster. It is anticipated that the drug release
performance is triggered by the diffusion process. As the
concentration of ibuprofen is much higher in the nanohybrid
compared to the PBS solution, the ibuprofen molecules move
rapidly toward the PBS solution to attain an equilibrium
concentration throughout the medium.47 Therefore, an
enhancement of the drug release efficiency is observed with
an increase in the drug-loaded matrix concentration.
The drug-loading capacity of ZIF-8 and the ZIF-8/20 wt %

Fe3O4 NPs nanohybrid was evaluated by varying drug
concentrations as control experiments. The loading capacity

of ibuprofen in ZIF-8 and the ZIF-8/Fe3O4 NPs nanohybrid
was examined to reach 20 and 25 wt %, respectively, without
any ibuprofen trace in the supernatant solution. However,
excess loading was avoided for the release study because it is
believed that high loading may lead to the side crystalline
formation of drugs and accumulation on the external surface of
carrier molecules as a protective layer. As a result, the drug
molecules release poorly in a PBS medium.48 We have
compared the drug release efficacy up to 5 wt % ibuprofen-
loaded nanohybrids. It is observed that the drug release
efficiency is highest for the 3.3 wt % ibuprofen-loaded ZIF-8/
20 wt % Fe3O4 NPs nanohybrid, compared to other
nanohybrids in 420 min [Figure S7].
The mechanism of ibuprofen release kinetics can be

interpreted by correlating the drug release profile with various
kinetic models described in eqs 2−5. Among the four models,
the drug release data fits well with the Higuchi model, which
reveals that the in vitro release of ibuprofen in the PBS solution
of pH 7.4 follows a diffusion process.49 However, the value of
“n” determined from the Korsmeyer−Peppas model can
further confirm the diffusion process. The Fickian diffusion
pathway can be followed when n < 0.43 and n > 0.85 refer to
the swelling or erosion of the matrix and 0.43 < n < 0.85
describes the non-Fickian diffusion model.50 The correspond-
ing plots of different kinetic models are listed in Figure 8. The
list of model parameters for all four models is given in Table
S1.
3.7. In Vitro Cytotoxicity by MTT Assay.MTT assay was

used to determine the biological activity of the chemicals

Figure 7. (a) Time-dependent UV−visible absorption spectra recorded during the ibuprofen release study [experimental condition: the 3.3 wt %
ibuprofen-loaded ZIF-8/20 wt % Fe3O4 NPs nanohybrid (20 mg), the PBS solution of pH 7.4 (30 mL) at 37 °C] (the inset of panel (a) shows the
postrelease magnetic separation of the drug molecules from the nanohybrid with a simple commercially available magnet). (b) Plot of drug release
efficiencies over the release time in the presence of different matrices [experimental condition: the 3.3 wt % ibuprofen-loaded ZIF-8/Fe3O4 NPs
nanohybrid (20 mg), the PBS solution of pH 7.4 (30 mL) at 37 °C].

Table 1. Comparison of the In Vitro Release of Ibuprofen Facilitated by ZIF-8/Fe3O4 NPs Nanohybrids with Literature

entry carrier used drug used drug release medium time required percent release refs

1 Zn3BTC2 ibuprofen PBS 24 h 29 42
2 Ti-based MOF ibuprofen PBS 24 h 95 43
3 MIL-100(Fe) ibuprofen SBF 3 days ∼100 44
4 MIL-101(Fe) ibuprofen SBF 6 days ∼100 44
5 {Zn2(1,4-bdc)2(dabco)}n ibuprofen SBF 12 days 80 45
6 ZIF-8/5 wt % Fe3O4 NPs nanohybrid ibuprofen PBS 420 min 83 this work
7 ZIF-8/10 wt % Fe3O4 NPs nanohybrid ibuprofen PBS 420 min 89 this work
8 ZIF-8/20 wt % Fe3O4 NPs nanohybrid ibuprofen PBS 420 min 97 this work
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produced against Leishmania donovani promastigotes and their
effectiveness as potential antiparasitic drugs. As specified in the

following equation, the results are reported as a percentage of
cell viability and are shown in Figure 9.

Figure 8. Release kinetics of ibuprofen from the 3.3 wt % Ibu-ZIF-8/20 wt % Fe3O4 NPs nanohybrid: (a) zero-order model, (b) first-order model,
(c) Higuchi model, and (d) Korsmeyer−Peppas model.

Figure 9. (a) Graph of the MTT experiment of synthesized compounds exhibiting dose−response inhibition in terms of concentration and IC50
values. (b) Cell viability percentage graph of ZIF-8, Fe3O4 NPs, the ZIF-8/20 wt % Fe3O4 NPs nanohybrid, and Amphotericin B. (c) Linear
correlation analysis plot of ZIF-8, Fe3O4 NPs, and the ZIF-8/20 wt % Fe3O4 NPs nanohybrid with p-values of 0.0031, 0.0023, and 0.0002,
respectively.
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= ×% cell viability
mean OD of test samples

mean OD of control
100

To thoroughly validate this finding, we measured the
compound’s inhibitory effectiveness throughout a concen-
tration gradient from 6 to 75 μM/mL, as shown in Table 2.
Significantly, there was a clear association between an
increasing concentration and a corresponding reduction in
the viability of L. donovani, indicating that the compounds had
a robust dose-dependent response. The IC50 values for the
synthesized compounds, ZIF-8, Fe3O4 NPs, and the ZIF-8/20
wt % Fe3O4 NPs nanohybrid were 22.66, 27.45, and 24.43 μM,
respectively, as shown in Figure 9a,b. Notably, compared with
the positive control compound, Amphotericin B, with an IC50
of 14.87 μM, these synthesized compounds demonstrated
substantial inhibitory activity. This compelling data under-
scores the potential for further structural refinement of these
scaffolds as promising candidates for antileishmanial ther-
apeutics.
Moreover, a meticulous analysis was undertaken, encom-

passing the linear regression of the compounds, yielding
noteworthy correlation coefficients of 0.85, 0.86, and 0.94,
respectively. These coefficients signify an exceptionally robust
alignment of experimental outcomes, underpinned by sig-
nificantly low p-values of 0.0031, 0.0023, and 0.0002, as
depicted in Figure 9c. A rigorous negative control experiment
was meticulously executed to assess the potential cytotoxicity
stemming from the synthesized compounds. Within this
control group, cells were intentionally left unexposed to the
compounds, resulting in a cell viability rate of 99.27 ± 1.51%,
confirming the efficacy of the synthesized compounds.

4. CONCLUSIONS
In this work, one-pot multicomponent synthesis was
successfully carried out to prepare ibuprofen-loaded Fe3O4
NPs supported ZIF-8 nanohybrid. The formation of the
nanohybrid was examined by PXRD, TEM, FTIR, UV−visible,
and TG analyses. The high crystallinity of the nanohybrid is
revealed from PXRD data. TEM analysis suggests the
formation of cubic-shaped Fe3O4 NPs with an average
dimension of ∼15 nm. The nanoparticles are well distributed
inside the ZIF-8 structure, as reflected by TEM images of the
nanohybrid. The potential application of the nanohybrid was
explored through the in vitro release of the nonsteroidal, anti-
inflammatory drug ibuprofen in a PBS solution of pH 7.4. The
ZIF-8/20 wt % Fe3O4 NPs nanohybrid possesses the highest
ibuprofen release efficiency of 95% in 180 min. The release
kinetics is significantly enhanced with an increase in nano-
hybrid concentration and ibuprofen loading in the nanohybrid.
The mechanism of drug release kinetics follows the Higuchi
model (R2 = 0.9894) with non-Fickian diffusion. MTT assay
on L. donovani indicates a low cytotoxicity of the ZIF-8/20 wt
% Fe3O4 NPs nanohybrid. The cell viability rate of 99.27% ±
1.51% confirms the efficacy of the synthesized compound. All
of the consequences can further support the nanohybrid’s

ability as a potential drug carrier in the field of medicinal/
pharmaceutical chemistry.
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