
Biocompatible Drug Delivery System Based on a MOF Platform for a
Sustained and Controlled Release of the Poorly Soluble Drug
Norfloxacin
Preety Yadav, Sarita Kumari, Anand Yadav, Priya Bhardwaj, Mulaka Maruthi, Anindita Chakraborty,*
and Prakash Kanoo*

Cite This: ACS Omega 2023, 8, 28367−28375 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Norfloxacin (NFX), an important antibacterial
fluoroquinolone, is a class IV drug according to the biopharma-
ceutics classification system (BCS) and has low solubility and
permeability issues. Such poor physicochemical properties of drug
molecules lead to poor delivery and are of serious concern to the
pharmaceutical industry for clinical development. We present here
a conceptually new approach to deliver NFX, by loading the drug
molecule on the porous platform of a biocompatible metal−organic
framework (MOF), MIL-100(Fe). The loading of the drug on the
MOF leading to NFX@MIL-100(Fe) was characterized by Fourier
transform infrared (FTIR), UV−visible spectroscopy, thermogravi-
metric analyses (TGA), and nitrogen adsorption studies.
Controlled experiments resulted in the high loading of the drug
molecule (∼20 wt %) along with the desired sustained release. We could further control the release of norfloxacin by coating drug-
loaded MIL-100(Fe) with PEG, PEG{NFX@MIL-100(Fe)}. Both drug delivery systems (DDSs), NFX@MIL-100(Fe) and
PEG{NFX@MIL-100(Fe)}, were tested for their biocompatibility through toxicity studies. The DDSs are biocompatible and show
insignificant cytotoxicity, as revealed by cell viability studies through the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay.

1. INTRODUCTION
Drug delivery systems that comprise metal−organic frame-
works (MOFs) as carriers or vehicles have proven to be
attractive over the years and several researchers have reported
cases with a focus on drug loading and delivery.1−7 It is equally
interesting to realize that MOFs are excellent platforms for a
sustained and controlled release of drug molecules, and the
property is potentially demanding for those drugs in the
pharmaceutical industry that face major formulation-related
problems of low water solubility,8,9 thus leading to the
decreased bioavailability of active pharmaceutical ingredients
(APIs). It is not surprising that the focus has shifted to the
latter with new investigations, if not too many, emerging on the
sustained and controlled release of drugs from MOF-based
drug delivery systems (DDSs).10−19

MOFs are hybrid crystalline materials that consist of cationic
metal nodes and anionic/neutral organic linkers connected via
coordination bonds expanding in three dimensions.20−22 The
high pore volume and surface area of MOFs have attracted
researchers from all over the world, enabling their use in
various applications, namely, gas storage,23,24 catalysis,25,26 dye
adsorption,27 drug delivery,1−7,10−19 etc. Many MOFs possess
a variety of biological applications aided by (i) biocompati-

bility, biodegradability, and nontoxicity;28 (ii) facile surface
chemistry that allows conjugation of various functionalities;16

(iii) the ability to load a variety of cargos;17,29−31 (iv) stability
within the gastrointestinal tract; etc.32 These properties of
MOFs make them ideal candidates to be used as potential
DDSs.
Norfloxacin (NFX) is an important antibacterial fluoroqui-

nolone drug that belongs to class IV of the biopharmaceutics
classification system (BCS) and faces issues of low aqueous
solubility and permeability.9 To achieve the desired bioavail-
ability, the release of NFX in biological systems should be
sustained and controlled. Several approaches have been
employed in the past to address the release and bioavailability
issue of NFX in aqueous media.9,33−37 Crystal engineers use a
cocrystallization approach to increase the solubility of
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norfloxacin.9,33 Drug salt formulation is also proposed with
many carboxylic acids;34,35 however, preserving the therapeutic
benefit has been challenging. Therefore the search for a DDS
that shows an effective and efficient release of NFX in a
sustained and controlled manner and is easily processable is
highly desirable. Although several drugs have been loaded on
various MOFs,1−7,10−19 norfloxacin loading and its release
from MOFs have not been studied and reported to date.
During our experiments in the laboratory, we have observed
that norfloxacin is a notorious drug molecule, as it rapidly
precipitates out in aqueous media even at very low
concentrations (0.40 mg mL−1 at pH 7 and 0.45 mg mL−1

at pH 7.5). This observation augments the classification of the
drug as class IV in BCS. In this contribution, we have come up
with an idea of delivering norfloxacin in a sustained and
controlled fashion by loading it into the porous nanochannels
of a biocompatible MOF (Scheme 1). Such confinement into a
porous platform resulted in a sustained release of the drug.
Further, controlled release was achieved by coating the drug-
loaded MOF with poly(ethylene glycol) (PEG). The sustained
and controlled release in a simulated physiological condition
(phosphate buffer solution, PBS) will keep the local
concentration of the drug in PBS media low and, therefore,
will not allow the drug molecules to precipitate rapidly. The
incremental release of the drug for several hours will ensure
efficient delivery. Further, this ensures a decrease in the loss of
the drug during the entire delivery process and therefore makes
the DDS economical (Scheme S1).

2. EXPERIMENTAL METHODS
2.1. Materials. All reagents and solvents used were

commercially available and used as such without any further
purification. Ferric chloride hexahydrate (FeCl3·6H2O),
trimesic acid (C9H6O6), terephthalic acid (C8H6O4), and 2-
aminoterephthalic acid (C8H4NO4) were obtained from
Sigma-Aldrich Chemical Company. Poly(ethylene glycol)
(PEG-400 for synthesis) and sodium hydroxide pellets purified
(NaOH) were obtained from Central Drug House (CDH),
Delhi. Norfloxacin (C16H18FN3O3) was obtained from Yarrow
Chem Products Company, Mumbai. Potassium dihydrogen
phosphate (KH2PO4) was obtained from Emplura, Mumbai.

2.2. Physical Measurements. Functional groups were
characterized by Fourier transform infrared spectroscopy
(FTIR) recorded on a Bruker IFS 66v/S spectrophotometer
in the region of 4000−600 cm−1. Drug encapsulation in the
MOF was also identified via FTIR spectroscopy. The
crystallinity and phase purity of MIL-100(Fe) was measured

by powder X-ray diffraction (PXRD) over the 2θ range of 5−
50° and recorded on a Bruker D8 Discover instrument using
Cu Kα radiation. Loading and release studies of the drug were
carried out using UV−vis spectroscopy. UV−vis absorption
spectra were recorded on a Shimadzu UV-2600 spectropho-
tometer using quartz cells (10 mm × 4 mm light path).
Thermogravimetric analyses (TGA) of the samples were
performed using a Simultaneous Thermal Analyzer SDT650
unit heated from room temperature to 500 °C at a heating rate
of 5 °C min−1 under a flowing nitrogen atmosphere. N2
adsorption−desorption measurements at 77 K were carried
out using a Quantachrom Autosorb IQ-C and a Nova Series-
Nova 800. Field emission scanning electron microscopy was
employed to analyze the morphology of the samples using a
7610F Plus/JEOL.

2.3. Cytotoxicity Test. The cytotoxicity of NFX-loaded
MIL-100(Fe) was analyzed using a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay of cellular
activity on Vero-2 cells. The Vero-2 cells were cultured in
Dulbecco’s modified Eagle medium (DMEM; Gibco by Life
Technologies) containing 10% FBS, antibiotics (10,000 U/mL
penicillin; 10,000 μg/mL streptomycin) at 37 °C with 5% CO2
conditions. The culture media was changed every 24 h, and cell
recovery was done by trypsinization with 0.25% trypsin-EDTA.

2.4. Synthesis of MIL-100(Fe). MIL-100(Fe) was
synthesized from a mixture of ferric chloride hexahydrate (4
mmol), trimesic acid (4 mmol), and 1:1 (v/v) mixture of water
and ethanol (20 mL) following a reported procedure.27 Briefly,
trimesic acid was taken in 20 mL of a solution of water and
ethanol, and to this, FeCl3·6H2O was added with continuous
stirring till the solution became colloidal. The solution was
then transferred to a Teflon-lined steel autoclave and reacted at
140 °C for 12 h. After cooling, the product was obtained by
centrifugation and washed 3 times each with ethanol and water
to remove unreacted reactants. The resulting product was
dried under vacuum for 12 h.

2.5. Encapsulation of Norfloxacin (NFX) in MIL-
100(Fe). Prior to encapsulation of the drug, MOF was
activated under vacuum at 120 °C for 14 h to evacuate the
guest molecules from pores. For loading of NFX in MIL-
100(Fe), NFX and MIL-100(Fe) were taken in a 3:1 molar
ratio. NFX was dissolved in acetonitrile solvent with the
assistance of heat. This solution was then added to the
dehydrated MOF and kept at 82 °C for 60 h with continuous
stirring (600 rpm). The resulting product, NFX@MIL-
100(Fe), was obtained by centrifugation and washed three

Scheme 1. Schematic Showing the Loading of NFX in MIL-100(Fe) and Its Subsequent Release from MIL-100(Fe) and PEG-
Coated MIL-100(Fe)
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times with acetonitrile to remove unreacted NFX, if any, and
then dried under vacuum.

2.6. Optimization of NFX Loading. To calculate the total
amount of NFX loaded in MOF, first, the sample was digested
in an acidic buffer by adding 10 mg of the sample to 10 mL of
PBS solution and then adding few drops of concentrated HCl
to it. After complete degradation of the sample, its UV−vis
spectrum was taken by taking 100 μL of stock solution and
then diluting it with 3 mL of buffer. The amount of drug
loaded was then calculated following the Beer−Lambert Law
from the absorbance at 272 nm.

2.7. In Vitro NFX Release Study. An NFX release study
was carried out according to a reported procedure.38,39 10 mg
of PEG{NFX@MIL-100(Fe)} was suspended in 10 mL of
phosphate buffer solution (PBS) of pH 7.4 at 37 °C. All of the
experiments were carried out in an incubator with a shaking
speed of 100 rpm. By measuring the UV−vis absorbance of the
supernatant in PBS at regular time intervals, the amount of
drug release was calculated. The PBS solution was decanted
from the composites at each testing interval via centrifugation
at 10,000 rpm for 10 min. This was replaced by an equal
amount of fresh PBS after each testing and the procedure was
continued till a saturation in release was obtained. NFX
concentration in the supernatant was identified by UV−vis
absorbance at 272 nm. The absorption coefficient of NFX was
measured from the slope of the absorbance versus concen-
tration plot of five known concentration solutions of NFX in
PBS of pH 7.4 and measured at 272 nm by a UV−vis
spectrophotometer.

2.8. Coating of NFX@MIL-100(Fe) with PEG. The
coating was done according to a reported procedure.40 100
mg of NFX@MIL-100(Fe) was first dispersed in a 1:1 v/v
mixture of water and ethanol (10 mL), and to this, 5 mL of
PEG was added, and the resulting mixture was sonicated for 10
min. The resulting product was obtained by centrifugation at
10,000 rpm for 10 min and washed three times each with
ethanol and water. The product was then dried under vacuum
for 8 h. The successful coating of PEG on NFX@MIL-100(Fe)
was confirmed by FTIR spectroscopy. The coated sample,
hereafter, would be designated as PEG{NFX@MIL-100(Fe)}.

2.9. Synthesis of MIL-53. MIL-53(Fe) was synthesized
from a mixture of ferric chloride hexahydrate (1 mmol) and
terephthalic acid (1 mmol) in 5 mL of DMF following a
reported procedure.6 Briefly, the solution mixture was first
sonicated for 10 min and then transferred to a Teflon-lined
steel autoclave and reacted at 150 °C for 2 h. After cooling, the
product was obtained by centrifugation at 5000 rpm for 10 min
and washed 3 times with DMF to remove unreacted reactants.
The solvent was removed by dispersing 100 mg of the obtained
product in 200 mL of deionized water and afterward
centrifuged to obtain the product.

2.10. Synthesis of MIL-101(Fe)_NH2. MIL-101(Fe)
_NH2 was synthesized from a mixture of ferric chloride
hexahydrate, 2-aminoterephthalic acid (NH2-H2BDC), and
dimethylformamide (DMF) following a reported procedure.6

Briefly, 1.242 mmol of NH2-H2BDC was dissolved in 7.5 mL
of DMF, and to this, a solution of 2.497 mmol of FeCl3·6H2O
in 7.5 mL of DMF was added. The solution was then
transferred to a Teflon-lined steel autoclave and reacted at 110
°C for 24 h. The product was obtained by centrifugation and
washed 3 times each with DMF to remove unreacted reactants.
The resulting product was dried under vacuum.

2.11. Encapsulation of NFX in MIL-53(Fe). To
encapsulate NFX in MIL-53(Fe), the MOF was heat activated
under vacuum at 150 °C for 12 h to evacuate the guest
molecules from pores. The method mentioned in Section 2.5
was followed for the encapsulation of NFX in MIL-53(Fe).

2.12. Encapsulation of NFX in MIL-101(Fe)_NH2. Prior
to encapsulation of the drug, the MOF was heat activated
under vacuum at 150 °C for 12 h to evacuate the guest
molecules from pores. The method mentioned in Section 2.5
was followed for the encapsulation of NFX in MIL-101(Fe)
_NH2.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of MIL-100(Fe).

To realize a sustained and controlled release of NFX from a
MOF, we have judiciously selected the popular Fe-based
biocompatible MOF, MIL-100(Fe) constituting Fe3O trimers
and the BTC3− (1,3,5-benzene tricarboxylate) linker as the
drug delivery vehicle.1,6,7,14,17,29−31 MIL-100(Fe) has good
thermal and chemical stability along with its nontoxicity and
biocompatibility, which has made it a popular choice for the
efficient delivery of several drug molecules. It possesses two
kinds of mesocages of sizes ∼25 and ∼29 Å accessible through
two types of windows, a pentagonal (∼4.8 Å × 5.8 Å) and a
hexagonal (∼8.6 Å), and has a high surface area.1,5 MIL-
100(Fe) was synthesized following a reported procedure.27

The MOF was characterized by PXRD, IR, and TGA studies
(Figures 1, S1, and S2). The characterization indicates

formation of the pure phase of the MOF, and the PXRD
and IR results match well with the literature. In the PXRD
pattern, the peaks in NFX@MIL-100(Fe) are slightly
broadened and are not uncommon for MIL-100(Fe) after
drug loading. However, importantly, the 2θ positions match
well with the as-synthesized pattern.

3.2. Encapsulation of NFX in MIL-100(Fe). Our work
started with the synthetic challenge to effectively load the
poorly soluble drug, NFX into the selected MIL-100 (Fe)
MOF. To load NFX in MIL-100(Fe), several solvents were
screened at various temperatures and the best results with the
highest loading were obtained in acetonitrile medium at 80 °C.
The presence of the characteristic peaks of NFX in the FTIR
spectrum of NFX-loaded MIL-100(Fe), NFX@MIL-100(Fe),
confirms the successful encapsulation of the drug in the MOF
(Figures 2, S3, and S4). The most characteristic peak of the
drug, υC�O, appears at 1714 cm−1 in the NFX@MIL-

Figure 1. PXRD pattern recorded at various stages. (a) Simulated
PXRD patterns of MIL-100(Fe) and (b) as-synthesized patterns of
MIL-100(Fe) and (c) NFX@MIL-100(Fe).
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100(Fe) sample compared to that appearing at 1727 cm−1 in
the pristine NFX. Such a downshift of the υC�O stretching
mode suggests a favorable interaction of the drug through its
carboxylate group with the MOF and may be related to some
weak coordinative interaction with Fe(III) centers.7 The N−H
bending peak at 1521 cm−1, C−N stretching vibration at
around 1269 cm−1, C−F stretching vibration at 1186 cm−1,
and O−H out of plane bending vibration at 930 cm−1 in
NFX@MIL-100(Fe) further confirm the occlusion of NFX in
MIL-100(Fe). To further validate the encapsulation of NFX in
the pore of MIL-100(Fe), we have carried out the nitrogen
adsorption studies of MIL-100(Fe) and NFX@MIL-100(Fe).
The adsorption isotherms are shown in Figure 3. The

Brunauer−Emmett−Teller (BET) surface area calculated for
MIL-100(Fe) turns out to be 1377.8 m2 g−1, which decreases
drastically to 52.5 m2 g−1 in the case of NFX@MIL-100(Fe).
This clearly suggests that the pores in MIL-100(Fe) are
occupied by NFX molecules in NFX@MIL-100(Fe).
The stability of the MOF after loading of NFX was

confirmed by PXRD and TGA studies (Figures 1 and S2). The
similarity in peak positions in the XRD pattern confirms that
the MOF structure remains intact after the entrapment of NFX
in MIL-100(Fe). Also, from the TGA profile, it appears that
the stability of the MOF remains intact even after NFX
loading. As-synthesized MIL-100(Fe) particles are in a
nanoscale region with around 100−500 nm particle size.
However, the morphology of the particles is different from the
previously reported faceted morphology of the nanoparticles
(Figure 4).41 Such a difference is due to the different synthetic
methods we have adapted in our synthetic procedure. After
NFX incorporation, we do not observe any visible changes in
the morphology of NFX-encapsulated MIL-100(Fe) from the
as-synthesized one, which also presents a nanoscale morphol-
ogy. However, some aggregation of particles has been observed
after coating the surface of NFX-encapsulated MOF with PEG,
which may be due to the adhesive nature of PEG, acting as
glue by coating the particles.
Total drug loading was calculated by digesting NFX@MIL-

100(Fe) in PBS of pH 7.4 with the aid of few drops of HCl for
24 h. The amount of NFX released was measured with the help
of UV−vis spectroscopy at λmax 272 nm. A calibration curve
obtained from five known concentration solutions of NFX in
phosphate buffer of pH 7.4 was used to calculate the molar
extinction coefficient (Figure S5). MIL-100(Fe) shows a high
drug loading capacity wherein 200 mg of NFX is loaded per
gram of the MOF (Figure S6). The total amount of drug load
has also been calculated through TGA, and it is found that
19.9% of NFX has been encapsulated in MIL-100(Fe), which
is quite comparable with the UV result. We have also screened
other potential MOFs, MIL-53(Fe)6 and NH2-functionalized
MIL-101(Fe), MIL-101(Fe)_NH2,

42 for NFX loading under
similar conditions (Figures S7 and S8). It is worth mentioning
that in comparison to MIL-100(Fe), MIL-53 and MIL-
101(Fe)_NH2 show much lower drug loadings of 6.1 and
9.7%, respectively (Figure 5). High drug encapsulation
efficiency (20%) in the case of MIL-100(Fe) might be
attributed to the large pore volume and wide internal surface
area of the MOF. The driving force for the successful occlusion
of NFX in MIL-100(Fe) is possibly due to the favorable
noncovalent interactions, including hydrogen bonding between
the −C�O, −COOH, and −N−H groups of NFX and −O−
H and −COO− groups of MIL-100(Fe).5,19 The drug loading
percentage calculated from TGA turns out to be 19.6%, which
is commensurate with the UV data.

3.3. Kinetic Experiments of Drug Loading. To gain a
further understanding of NFX encapsulation in MIL-100(Fe),
we performed kinetic experiments (Figure 6). Relatively fast
drug uptake was observed as the maximum drug (nearly 15%)
was adsorbed in 8 h of its total drug capacity of 20%. We
obtained a total drug loading of 20% in about 60 h. NFX
encapsulation in MIL-100(Fe) is thus a prolonged process and
reaches saturation in 60 h.

3.4. In Vitro Drug Release Study of NFX@MIL-100(Fe).
The in vitro drug release study of NFX was carried out using
freshly prepared PBSs of two different pHs, pH 7.4 and 6.5, as

Figure 2. FTIR spectra recorded at various stages: (a) MIL-100(Fe),
(b) NFX@MIL-100(Fe), and (c) NFX. The signatures of NFX in
NFX@MIL-100(Fe) suggest the successful loading of NFX in MIL-
100(Fe).

Figure 3. Nitrogen adsorption isotherms measured at 77 K for MIL-
100(Fe) (black), NFX@MIL-100(Fe) (blue), and PEG{NFX@MIL-
100(Fe)} (red). Closed symbols indicate adsorption and open
symbols desorption. P0 is the saturated vapor pressure of the
adsorbates at the measurement temperatures.
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release media, which provided simulated biological environ-
ments (Figures S9−S12).
The two pHs were chosen keeping in mind the pH of blood

(7.4) and the pH of the prostate (6.5), where the distribution
of NFX is prominent. The release of NFX from the DDSs at
pHs 7.4 and 6.5 is shown in Figures 7 and 8, respectively. It
can be seen from the graphs in both figures that the release of
NFX from NFX@MIL-100(Fe) is gradual over time. At pH
7.4, the majority of the release occurs within around 24 h,
while we could still detect a small but not insignificant release
up to 60 h while reaching saturation (∼58%). At pH 6.5, in the
case of NFX@MIL-100(Fe), the release profile is similar.
However, a higher amount of drug (∼72%) can be seen
released from the DDS. We say that this release of NFX, from
NFX@MIL-100(Fe) at both pHs, is sustained.

3.5. Coating of NFX@MIL-100(Fe) with PEG and the In
Vitro Drug Release Study of PEG{NFX@MIL-100(Fe)}. In

order to get a better control of the release of NFX, we planned
to coat the drug-loaded DDS, NFX@MIL-100(Fe), with a
biocompatible polymer, poly(ethylene glycol) (PEG). PEG is a
homopolymer of ethylene glycol, formed by the condensation
of ethylene oxide and water. They possess several properties
such as nontoxicity, odorless, hydrophilicity, nonvolatile, etc.
The PEG coating creates a hydrophilic shield on MOF
particles that will eventually protect the MOF from the
external environment and impart colloidal stability to the
MOF−drug system.41 The use of PEG for coating compounds
is widely reported in the MOF literature.43−45 To achieve the
PEG coating, NFX@MIL-100(Fe) was dispersed in a 1:1 (v/
v) water−ethanol solution, and then, a known amount of PEG
was added to it. The mixture was sonicated for 10 min to get
PEG{NFX@MIL-100(Fe)}. The PEG coating was confirmed
by FTIR spectroscopy (Figure S13). PEG may attach to MIL-
100(Fe) through covalent bonding, resulting in the coating of

Figure 4. FESEM characterization of (a) MIL-100(Fe), (b) NFX@MIL-100(Fe), and (c) PEG{NFX@MIL-100(Fe)}.

Figure 5. Schematic representation of NFX encapsulation in MIL-100(Fe) (a), MIL-53(Fe) (b), and MIL-101(Fe)_NH2 (c), and the
corresponding UV−vis absorption spectra of NFX@MIL-100(Fe) (d), NFX@MIL-53(Fe) (e), and NFX@MIL-101(Fe)_NH2 (f). The
experiments suggest that MIL-100(Fe) is the best candidate for loading NFX.
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MOF particles.45 The NFX release from the PEG-coated
DDSs, PEG{NFX@MIL-100(Fe)}, is shown in Figure 7
(green bars) and Figure 8 (green bars). It is very encouraging
to see that the release of NFX at both pHs has slowed down in
comparison to the release from NFX@MIL-100(Fe). In the
beginning, graphs in Figures 7 and 8 show a clearer view of the
difference in NFX release in NFX@MIL-100(Fe) and
PEG{NFX@MIL-100(Fe)}. At pH 7.4, only 3% NFX is
released compared to 11% in 2 h, while 30% of the drug is
released in 14 h compared to 53% in NFX@MIL-100(Fe).
These observations clearly indicate a greater control of drug
release in the PEG-coated DDS, PEG{NFX@MIL-100(Fe)}.
A similar trend is observed at pH 6.5, where 9% drug is
released from NFX@MIL-100(Fe) compared to 15% in 2 h,
while only 47% drug is released in 14 h compared to 65% from
the uncoated DDS. The process of drug release from
PEG{NFX@MIL-100(Fe)} is sustained. However, a better
control is obtained with the PEG coating. The PEG coating
enhances the dispersion of the drug@MOF system compared

to the noncoated drug@MOF. However, due to the presence
of the PEG coating on the particles of MOF, the diffusion of
NFX in PBS will be comparatively slow. Apart from this, the
release of the drug may also be accompanied by the
degradation of DDSs, which takes place by the replacement
of trimesate anions with phosphate anions of PBS.46 However,
in the case of PEG coating, the polymer shields the incoming
anions or creates steric hindrance, which prolongs the MOF
degradation and hence causes a slow release of the drug from
the MOF. A sustained and controlled release of the drug is
helpful in the case of NFX, as the drug has very poor aqueous
solubility and a fast precipitation rate. Moreover, the undesired
loss of the drug could be reduced significantly within
physiological conditions by allowing the drug to release from
the DDS, PEG{NFX@MIL-100(Fe)}. Incremental release up
to 60 h might be attributed to the release of drugs from the
inner channels of the MOF due to its degradation in PBS.
From these studies, we can conclude that MIL-100(Fe) MOF
can be proved as an excellent candidate for the loading of NFX
and further its sustained and controlled release after coating
with PEG.

3.6. Cell Viability Assessment. To establish the
applicability of the designed DDSs, we ventured to study the
cytotoxicity of all of the compounds. The cytotoxicity of MIL-
100(Fe), NFX@MIL-100(Fe), and PEG{NFX@MIL-
100(Fe)} was examined by the MTT assay on Vero-2 cells.
Cell survival was tested to determine the cytotoxic effect of the
test compounds. After cell recovery, Vero-2 cells were counted
using a hemocytometer and seeded 104 cells per well into a 96-
well plate and incubated for 24 h for adherence at 37 °C with
5% CO2.

47 Next day, media was replaced, and the cells were
treated with serially diluted concentrations (2000, 200, 20, 2,
0.2, 0.02, and 0.002 μg/mL) of the test compounds and
incubated for 48 h. Cells with no test compound were used as
control. After incubation for 48 h, media was removed by
suction, and 20 μL of 5 mg/mL MTT was added with
complete media to each well and incubated further for 4 h at
37 °C. Subsequently, the media was discarded from the wells
and 100 μL of DMSO was added to each well for dissolving
the formed formazan crystals and incubated for 30 min.

Figure 6. Time-dependent NFX loading in MIL-100(Fe) showing a
rapid occlusion of the drug in MOF and then almost saturating after
50 h.

Figure 7. Drug release profile of NFX@MIL-100(Fe) [pink bars] and
PEG{NFX@MIL-100(Fe)} [green bars] at pH 7.4. Better control of
cumulative drug release in the case of PEG{NFX@MIL-100(Fe)} can
be seen at the very beginning, e.g., at 2 h, 3% in contrast to 11% in
NFX@MIL-100(Fe). Similarly, at 6, 10, and 14 h, 10, 18, and 30% in
contrast to 26, 41, and 53%, respectively.

Figure 8. Drug release profile of NFX@MIL-100(Fe) [yellow bars]
and (b) PEG{NFX@MIL-100(Fe)} [green bars] at pH 6.5. A better
control of cumulative drug release in the case of PEG{NFX@MIL-
100(Fe)} can be seen at the very beginning, e.g., at 2 h, 9% in contrast
to 15% in NFX@MIL-100(Fe). Similarly, at 6, 10, and 14 h, 26, 38,
and 47% in contrast to 45, 60, and 65%, respectively.
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Finally, the absorbance was measured at 540 nm using a
multiplate reader.
The results of cytotoxicity of all test compounds at different

concentrations by the MTT assay are shown in Figure 9. It

reveals an approximate >75% cell viability after 48 h treatment
at the higher concentration (200 μg/mL), which indicates that
MOF and DDSs are nontoxic at the experimental doses,
suggesting that the MOF and designed formulations show no
cytotoxic effects on the Vero-2 cells. The toxicity of test
compounds is significantly cytotoxic only at 2000 μg/mL
concentration.

4. CONCLUSIONS
In summary, we have employed a new approach for delivering
norfloxacin by using a biocompatible MOF, MIL-100(Fe), and
its porous platform. Norfloxacin, a BCS class IV drug, was
chosen for the study, as it has low solubility issues in aqueous
medium. The drug was successfully loaded on the MOF and its
release study was carried out in PBS at two different pHs, 7.4
and 6.5. A desired sustained and controlled release was
achieved at both pHs by coating the drug-loaded MOF with
PEG. Further, we carried out cytotoxicity studies of the
systems through the MTT assay, which showed insignificant
toxicity. The proposed drug delivery system is easy to
synthesize and process and is biocompatible. We believe our
work will pave the way toward the incremental and controlled
release of other poorly soluble drugs from the porous platforms
of judiciously selected MOFs. This facile and easy approach
will be effective in enhancing the performance of drug
molecules that have poor solubility. More studies on other
drug molecules are underway in our lab and will be reported in
due course.
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