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Abstract: The sustained and controlled delivery of antimicrobial drugs has been largely studied using
nanomaterials, like metal organic frameworks (MOFs), and various polymers. However, not much
attention has been given to combining MOFs and biodegradable polymers towards the potentially
more sustained release of active pharmaceutical ingredients. Herein, we report a comparative study
of two widely used antimicrobial drugs, cephalexin and metronidazole, from zinc-based MOF-
5 incorporated into biodegradable polycaprolactone (PCL) and poly-lactic glycolic acid (PLGA)
composites. Cephalexin and metronidazole were separately loaded into MOF-5 post-synthetically,
followed by their integration into biodegradable PLGA and PCL composites. The pristine MOF-5
and the loaded MOFs were thoroughly characterised using Fourier-transformed infrared (FT-IR)
spectroscopy, scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and powder X-
ray diffraction (PXRD). Ultraviolet-visible (UV-Vis) spectroscopy studies were carried out to assess the
release of the drugs in PBS for up to 72 h, showing a cumulative release of 24.95 wt% and 27.84 wt%
for cephalexin and metronidazole, respectively. The antibacterial properties of the pristine MOF,
pure drugs, drug-loaded MOFs and the loaded composites were assessed against Gram-positive and
Gram-negative bacterial strains, Staphylococcus aureus or Staphylococcus epidermidis and Escherichia
coli or Acinetobacter baumanii, respectively. A cephalexin-loaded MOF-5 composite of PCL (PCL-
ceph@MOF-5) showed the best efficiency for the controlled release of drugs to inhibit the growth
of the bacteria compared to the other composites. This study demonstrates that the combination of
MOFs with biodegradable polymers can provide an efficient platform for the sustained release of
antimicrobial drugs and can be a promising tool to manage antimicrobial resistance (AMR).

Keywords: metal organic frameworks; biodegradable composites; antibacterial; antimicrobial
resistance; cephalexin; metronidazole; MOF-5; PCL; PLGA

1. Introduction

Antimicrobial resistance (AMR) is a major threat that compromises the efficacy of
antimicrobial drugs and thereby increases the prevalence of diseases in both developed
and developing countries [1]. In recent studies, it has been estimated that AMR will be
the leading cause of deaths for about 10 million people worldwide, annually, by 2050 [2].
Increasing AMR can be partly attributed to the unnecessary oral administration of drugs,
especially in cases of prolonged therapy, which often continues for a long period of time.
To address the AMR crisis, various strategies, including reduction of the excess use of
antimicrobial drugs and optimisation of dosages and the duration of therapies are being
studied [3]. Although these strategies are applicable, they are rather long-term approaches,
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and it will take time before a significant impact is seen against the rising cases of AMR.
However, using a controlled and sustained drug delivery system of antimicrobials has
been proposed as a promising strategy for the reduction of AMR [4,5]. This approach is
about releasing the incorporated drugs in optimised concentrations at the targeted sites,
minimising the need for frequent oral administration, which is one of the major contributors
to AMR. In previous studies, various materials have been studied for the controlled release
of drugs, and these include microcapsules, dendrimers, mesoporous silica, liposomes, or-
ganic micelles, quantum dots and biodegradable polymers [6–8]. However, these materials
have various limitations, including uncontrolled degradation, low loading capacities and
instability [9,10]. Recently, the use of metal organic frameworks (MOFs) as an alternative
platform for the controlled release of drugs has proven to be promising [11,12]. MOFs
are a class of hybrid crystalline materials formed from coordination bonds between metal
ions crosslinked with organic linkers to form a two- or three- dimensional lattice with
potential voids [13]. MOFs may contain micropores, which can be adjusted to various
sizes with desired functional groups [14–16]. MOFs have therefore gained much attention
due to their ultrahigh porosity, large surface area, thermal stability and high chemical
selectivity, which makes them ideal for many applications, including chemical sensing,
catalysis, supercapacitors and so on [17–22].

Recently, MOFs have caught much attention as a vehicle for antimicrobial drug deliv-
ery mainly because of their ability to provide the controlled release of different antimicrobial
drugs, which is sometimes coupled with the release of metal ions, such as Ag+, Co2+, Zn2+

and organic linkers, to further enhance the antimicrobial effects of those systems [4,23–25].
The ions and linkers released can act through various mechanisms. For example, some of
these antimicrobial agents perforate the bacterial cell wall and interfere with the synthesis
of the nucleic acids of the bacterial cell, thereby destroying the bacteria [26,27]. However,
some metal ions, like Ag+ and Co2+, can be toxic to human cells, hence limiting their appli-
cations in drug delivery [4,28]. After considering this, a more biocompatible zinc-based
MOF-5 has been chosen for drug delivery applications in this study, to avoid metal ion-
based toxicity [5]. The chemical bonds between MOFs and the drugs include coordination
bonds, hydrogen bonds and Van der Waals interactions [29,30].

Additionally, the powder form of MOFs is a major limitation, especially in drug deliv-
ery applications, and hence, incorporating them into biodegradable polymers makes them
easily applicable [31]. The instability of MOFs is another limitation, which can be attributed
to the reversibility of the coordination bonds [32]. Biodegradable polymers, including
poly lactic-co-glycolic acid (PLGA) and polycaprolactone (PCL), have demonstrated the
sufficient controlled release of drugs in previous studies [33–35]. These two polymers
have varying degradability rates. Due to the semi-crystalline structure of PCL, it shows
slower degradation compared to PLGA, which is amorphous [36]. This allows for the
exploration of different types of biomedical applications for these two polymers based on
their release behaviour facilitated by degradation [37]. Both MOFs and biodegradable poly-
mers have significantly demonstrated the relevant controlled release of drugs in previous
studies [31,35,38]. However, not much attention has been given to the combination of these
two systems, biodegradable polymers and MOFs, for drug delivery applications. In this
study, we took advantage of the combination of the two. Given their varying degradability
rates, combining both, by encapsulating the MOFs into the polymers, gives an extended,
slower release of the loaded drug in gradual, sustained and significant concentrations.

This study demonstrates a combined loaded MOF-polymer approach, firstly by
loading zinc-based MOF-5 with a first-class antimicrobial, metronidazole (Met), to form
met@MOF-5 and a cephalosporin beta-lactam antibiotic drug, cephalexin (Ceph), to make
ceph@MOF-5. These loaded MOFs were then incorporated into biodegradable PLGA
and PCL polymers to form PLGA-met@MOF-5, PLGA-ceph@MOF-5, PCL-met@MOF-5
and PCL-ceph@MOF-5 composite materials. After synthesis and formulation, the com-
posite materials were characterised using thermogravimetric analysis (TGA), powder
X-ray diffraction (PXRD), Fourier-transformed infrared (FTIR) and scanning electron
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microscopy (SEM). To confirm the retention of the antibacterial properties of the com-
bined nanocomposites, their activity was tested against both Gram-negative and Gram-
positive bacteria, Escherichia coli or Acinetobacter baumamiii and Staphylococcus aureus or
Staphylococcus epidermidis, respectively [39].

The varying degradability rates of PLGA and PCL account for different drug-release
profiles, while Met and Ceph present different effectiveness against the selected bacterial
strains of this study.

As such, we herein report a comparative study involving the loading and release of the
Met and Ceph drug molecules using zinc-based MOF-5 and biodegradable PLGA and PCL
polymers (Scheme 1), as an efficient combination to provide more sustained, controlled
drug release relative to using MOFs or polymers independently for drug delivery purposes.
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2. Experimental Section
2.1. Materials Used

All chemicals and reagents were purchased from Sigma-Aldrich, and the solvents
were from Fisher Scientific. All chemicals were used in the state purchased without any
further purification.

2.2. Synthesis
2.2.1. Synthesis of Pristine MOF-5

Previous works, as reported in the literature, were followed for the synthesis of MOF-5
with few modifications [30]; 0.166 g (1 mmol) of terephthalic acid (H2BDC) and 0.297 g
of Zn(NO3)2·6H2O were dissolved in 5 mL of dimethylformamide (DMF). Two drops of
triethylamine (TEA) were added to the resulting mixture using a syringe. The mixture was
then sonicated and placed in a programmable oven at 120 ◦C for 24 h, with a heating rate
of 5 ◦C min−1, and cooling to 25 ◦C, at a cooling rate of 2 ◦C min−1. The resultant white
precipitate was filtered using vacuum filtration via a Büchner funnel. The precipitate was
then washed multiple times with DMF and then placed in an oven at 80 ◦C to dry for 2 h.

2.2.2. Activation of MOFs

Solvent exchange was first performed by immersing MOFs in methanol for 30 min,
and they were then filtered and dried in an oven. The dried MOFs were then activated in a
vacuum oven at 115 ◦C for 24 h.

2.2.3. Post-Synthetic Loading of MOFs (Ceph@MOF-5 and Met@MOF-5)

Stock solutions of metronidazole (Met) and cephalexin (Ceph) were prepared sep-
arately by dissolving 1.2 g of each drug in 100 mL of DMF. Subsequently, in two other
separate vials, 0.05 g of pristine and activated MOF-5 crystals were dissolved in 10 mL of
each of the drug stock solutions and stirred at 800 rpm for 24 h. Cloudy suspensions were
formed and centrifuged at 4350 rpm for 10 min. Then, 10 mL of DMF was used to wash the
precipitates three times and placed in an oven at 80 ◦C to dry for 4 h. A Met stock solution
was used to synthesise met@MOF-5, while a Ceph stock solution was used to synthesise
ceph@MOF-5.
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2.3. Formulation of Polymer Composites (PLGA-Ceph@MOF-5, PLGA-Met@MOF-5,
PCL-Met@MOF-5 and PCL-Ceph@MOF-5)

A clean beaker containing 15 mL of chloroform was used to dissolve 0.2 g of PLGA
and PCL pellets separately, via continuous stirring using a magnetic stirrer for 30 min.
Then, 0.005 g of MOFs was ground using a mortar and pestle, and the grounded powder
was added to each of the chloroform–polymer solutions. These mixtures were stirred
continuously for about 20–25 min, until they formed homogeneous solutions. The solutions
were then poured into silicone moulds and left to dry for 12 h at room temperature. The
dried films were then peeled off and kept in a vial.

2.4. Material Characterisation

The Fourier-transformed infrared (FTIR) spectra of the pristine samples and the loaded
samples were recorded over a range of 600 cm−1 to 4000 cm−1 with the use of a PerkinElmer
spectrum 100 FTIR spectrometer, which is also fitted in a PerkinElmer universal ATR sam-
pling device. The Q Series-[Q5000-0140] TGA instrument was used for the thermogravimet-
ric analysis (TGA) of the samples. The crystals were heated using platinum pans from 30 ◦C
up to 600 ◦C at a 5 ◦C min−1 heating rate with a continuous flow of nitrogen at a flow rate of
25 mL min−1. The analysis of the data was performed using the TA Instrument’s universal
analysis 2000 Software. Powder X-ray diffraction (PXRD) data were recorded using a D8
Discover Bruker diffractometer with Cu Kα1,2-radiation (λ = 0.154018 nm, 1600 W) at an
ambient temperature, and Origin was used for the analysis of diffraction patterns.

Images of scanning electron microscopy (SEM) and energy dispersive X-ray (EDX)
data were collated using an FEI Quanta 400E-SEM with an Oxford Xplore 30 EDS system.
Drug release studies were performed using a Jena UV-Vis spectrometer, to measure and
record all the electronic absorbance spectra of the drug release study solutions.

2.5. Drug Release Studies

Release studies were performed in sink conditions using PBS as a medium. These
were carried out by placing 5 mg of the loaded MOF into a 30 mL beaker and 20 mg of the
loaded polymer–MOF composites into another beaker. Then, 20 mL of PBS solution was
kept in a 37 ◦C water bath to be equilibrated, and this was later added to the samples in
the respective beakers and left for 6 days. Samples of 2 mL aliquots were drawn from the
supernatant after each day for 6 days. The aliquots drawn each day were replaced with
2 mL of fresh PBS, while the absorbance of the drawn aliquots was measured using the
UV-vis spectrophotometer.

A calibration curve (Figures S1 and S2 in Supplementary Materials) was then prepared
from control samples of Met and Ceph drugs with known concentrations within the
concentration range of 0.0005 mg/mL to 0.3 mg/mL in PBS. The drug solutions were well
stirred and sonicated to ensure the complete dissolution of Met and Ceph.

2.6. Antibacterial Studies

The antibacterial properties of the loaded MOFs and composites were assessed by
testing them against 4 bacterial strains: Staphylococcus aureus (NCTC 6571), Staphylococcus
epidermidis-(NCIZMBC 8853) Escherichia coli (NCTC 12923) and Acinetobacter baumannii-
(ATCC 19606). The bacterial cultures were prepared overnight on Tryptic Soy Agar (TSA).
Two to three colonies were then diluted in distilled and sterile water, and the turbidity
was adjusted to 5 × 108 colony forming units (CFUs) mL−1 according to the McFarland
standard [40]. The diluted bacterial suspensions were then spread onto the Mueller Hinton
(MH) agar plates. Subsequently, the weighed (1 mg) samples of MOFs and their composites
were carefully placed on the plate. The plates were then incubated for 24 h at 37 ◦C, before
being imaged [41].

The zones of bacterial growth inhibition, in the individual Petri dishes, for the various
bacterial strains were measured and recorded. The testing was repeated three times to
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confirm its repeatability, and the average zones of inhibition, along with their standard
deviation, were evaluated.

3. Results and Discussion
3.1. PXRD

PXRD data were collected and compared with the calculated pattern for MOF-5
to investigate the crystallinity and phase purity of pristine MOF-5, met@MOF-5 and
ceph@MOF-5, as shown in Figure 1. The PXRD patterns of the pristine MOF-5 were
found to be consistent with those reported in literature, confirming the phase purity [41].
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met@MOF-5 (blue) and ceph@MOF-5 (green).

The PXRD patterns of met@MOF-5 appeared similar to the pristine MOF and showed
all characteristic peaks of the pristine MOF-5, indicating that the crystal structure of the
MOF after drug loading remained largely unaffected and the presence of the drug molecules
did not alter the lattice parameters of the MOF [42,43].

The XRD patterns of ceph@MOF-5 also demonstrated very similar diffraction patterns,
as compared to the patterns of the pristine MOF-5 and met@MOF-5. This indicates that the
crystallinity of the MOF-5 was unaffected by the presence of the Ceph drug molecules [44].
This showed all the major and minor peaks of the pristine MOF-5 as shown in Figure 1.
However, the absence or broadening of PXRD peaks for MOF-5 were noted after exposures
of the drug-loaded MOF composites in PBS for 24 h (Figure S6 in Supplementary Materials).

3.2. SEM

The particle morphologies of the samples, as assessed by a comparison of SEM images
of MOF-5, met@MOF-5 and ceph@MOF-5, are displayed in Figure 2. The pristine MOF-5
showed a regular rectangular cuboid-shaped crystalline structure, consistent with the
literature [30,38]. The ceph@MOF-5 images showed an irregular clustered shape appearing
more amorphous and flaked. This also agrees with the slightly broader PXRD peaks for
ceph@MOF-5, as shown in Figure 1.
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Figure 2. SEM images of (a) pristine MOF-5, (b) met@MOF-5 and (c) ceph@MOF-5 are shown. The
scale bar is 200 µm.

The SEM imaging of the polymer composites, which is presented in Figure 3, shows the
scattered microcrystalline crystals of the MOFs within the polymer matrix. The elemental
mapping of the polymer composites (Figure S5) confirmed the presence of Zn, which was
well distributed, confirming the presence of loaded ceph@MOF-5 in PCL-ceph@MOF-5 and
PLGA-ceph@MOF-5 [45].
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3.3. FT-IR

The successful encapsulation of the drugs into the MOFs and composite materials was
further examined by comparing their IR-spectra (Figure 4). The spectra for the pristine
MOF-5 were consistent with literature, [30] with its absorption band centred at a region of
2932 cm−1 because of the C-H aromatic bond stretching vibration. Two other strong bands
were evident at 1656 cm−1 and 1595 cm−1, which is attributed to C=O and C-C stretching
vibration due to the presence of the skeletal vibration of the aromatic ring found in the
linker 1,4–benzene dicarboxylic acid. Another band is observed at 1378 cm−1 due to the
C-H stretching vibration, while minor bands found between 822 cm−1 and 1153 cm−1 are
also assigned to the O–C=O symmetric and asymmetric stretching vibrations; also, the
C–O stretching vibration found in the unreacted 1,4 benzene dicarboxylic acid contributes
to these minor bands as well. The remaining absorption bands between 660 cm−1 and
822 cm−1 occur because of the stretching vibrations of the aromatic ring [46].



Appl. Sci. 2023, 13, 10611 7 of 17

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 19 
 

also, the C–O stretching vibration found in the unreacted 1,4 benzene dicarboxylic acid 
contributes to these minor bands as well. The remaining absorption bands between 660 
cm−1 and 822 cm−1 occur because of the stretching vibrations of the aromatic ring [46]. 

 

 
Figure 4. FT-IR spectra for Met, met@MOF-5 and pristine MOF-5 compared (a) with the 
characteristic peak of Met found between 1232 cm−1 and 1404 cm−1 of the met@MOF-5 spectra. IR 
spectra of Ceph, ceph@MOF-5 and pristine MOF-5 (b), with the characteristic peak of Ceph present 
at 1504 cm−1, confirming the presence of the drugs in their respective samples. 

In the case of Met, the stretching of the CH3 functional group was shown at 2954 cm−1 
and 2897 cm−1 [47]. The spectra of the met@MOF-5 showed characteristic peaks of the Met 
at 1600 cm−1 and at 1523 cm−1, where additional peaks were observed because of the C=C 
and C=N stretching, whilst the N=O asymmetry accounted for the peaks at 1479 cm−1. 
Extra peaks found from 1275 cm−1 to 1096 cm−1, at 1070 cm−1 and 711 cm−1, occurred due to 
C–O stretching, C–N stretching and C–H bending. This shows that the drug had been 
successfully loaded, while the absorption band found at 2935 cm−1 is present due to the 
stretching of the O–H bond. The spectra of ceph@MOF-5 also showed that the 
characteristic peaks of the Ceph drug at 3275 cm−1 due to the N–H bond present, from 1680 
cm−1 to 1760 cm−1, was because of the C=O, whilst additional peaks from 2550 cm−1 to 2620 

Figure 4. FT-IR spectra for Met, met@MOF-5 and pristine MOF-5 compared (a) with the characteristic
peak of Met found between 1232 cm−1 and 1404 cm−1 of the met@MOF-5 spectra. IR spectra of Ceph,
ceph@MOF-5 and pristine MOF-5 (b), with the characteristic peak of Ceph present at 1504 cm−1,
confirming the presence of the drugs in their respective samples.

In the case of Met, the stretching of the CH3 functional group was shown at 2954 cm−1

and 2897 cm−1 [47]. The spectra of the met@MOF-5 showed characteristic peaks of the Met
at 1600 cm−1 and at 1523 cm−1, where additional peaks were observed because of the C=C
and C=N stretching, whilst the N=O asymmetry accounted for the peaks at 1479 cm−1.
Extra peaks found from 1275 cm−1 to 1096 cm−1, at 1070 cm−1 and 711 cm−1, occurred due
to C–O stretching, C–N stretching and C–H bending. This shows that the drug had been
successfully loaded, while the absorption band found at 2935 cm−1 is present due to the
stretching of the O–H bond. The spectra of ceph@MOF-5 also showed that the characteristic
peaks of the Ceph drug at 3275 cm−1 due to the N–H bond present, from 1680 cm−1 to
1760 cm−1, was because of the C=O, whilst additional peaks from 2550 cm−1 to 2620 cm−1

were due to the S-H. The C–N bond accounted for the peaks from 1020 cm−1 to 1220 cm−1,
and those found from 1000 cm−1 to 1300 cm−1 were because of the C-O bond. This indicates
the presence of the Ceph drug molecules, and this is in agreement with the XRD patterns
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and SEM images shown above, which all suggest the successful incorporation of the drug
molecules into the pores of the loaded MOF-5.

The FT-IR analysis conducted on the polymer composites showed the characteristic
peaks of the loaded drug molecules, as depicted in Figure 5. It was observed that comparing
the IR spectra of PLGA-ceph@MOF-5 with the spectra of the pristine PLGA, the peak found
at 1571 cm−1 was intensified after the loading. Another major characteristic peak found at
1376 cm−1 was observed to have intensified after loading due to the symmetric stretched
vibration of COO and the bending vibration of the hydrogen bond amongst the NH groups
of the Ceph molecule, and this suggests the presence of the Ceph drug molecules due to
the incorporation of the loaded MOF-5 into the PLGA-ceph@MOF-5. This same peak was
found in both ceph@MOF-5 and PCL-ceph@MOF-5, as shown above. The absorption bands
found at 1105 cm−1 and 3000 cm−1 were also observed to have reduced after incorporation
due to the C–H bonds of the Ceph molecule [45]. For both PLGA-met@MOF-5 and PCL-
met@MOF-5, the characteristic peak of the Met drug molecule present with small shifting
at 3210 cm−1 and 1536 cm−1 can be attributed to the O-H stretching due to the hydrogen
bonding and the N=O asymmetrical stretching, respectively [47].
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3.4. TGA

Based on the successful incorporation of the drugs, as suggested by the previous
characterisation results, the thermal stability of the pristine MOF-5 was compared with
the thermal behaviour of the loaded ceph@MOF-5 and met@MOF-5 (Figure 6). The TGA
plots of the loaded polymers give information on the weight loss changes with increasing
temperatures, due to the presence of antibiotics and composite materials, as displayed in
their respective TGA plots below.
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As expected, the TGA plots of the pristine MOF-5 indicated four distinct weight
losses [27]: between 52 ◦C and 82.5 ◦C (5%) due to the removal of water molecules; between
82.5 ◦C and 175 ◦C (10%) due to the removal of DMF molecules; the third weight loss was
assigned to the partial degradation of the MOF-5 framework, between 175 ◦C and 412 ◦C
(12%), while between 412 ◦C and 500 ◦C (42%) indicated the final weight loss due to the full
degradation of the MOF-5 framework at that point [46,47]. For the met@MOF-5 crystals,
the TGA plots showed no weight loss until 150 ◦C; the first loss was then between 150 ◦C
and 178 ◦C (13%), and due to the loss of DMF molecules, the second weight loss occurred
between 178 ◦C and 325 ◦C (25%) due to the degradation of the Met drug molecules,
which is observed to have its degrading temperature of 180 ◦C, within this temperature
range. This suggests that the drug was successfully loaded and present in the pores of
the MOF-5. The total disintegration of the framework then occurs between 450 ◦C and
510 ◦C (32%) after which it remains constant until 600 ◦C. In the case of ceph@MOF-5
crystals, three major weight losses were observed. The first drop is from 50 ◦C to 173 ◦C
(8%), which can be accounted for by the loss of water and DFM molecules; another major
drop is observed between 175 ◦C and 327 ◦C (52%) due to degradation of the Ceph drug
molecules. Compared to the TGA plots of Ceph, they have a similar degrading temperature
range suggesting the presence of the Ceph molecules after successful incorporation. Then,
another drop in weight from 327 ◦C to 500 ◦C (15%) was observed due to the breakdown of
the MOF framework, and it remained constant until 600 ◦C.

The TGA plots of the polymer composites are also illustrated in Figure 7, from which
it was observed that for the PCL-met@MOF-5 and PLGA-met@MOF-5 composites, the
polymers began to degrade at approximately 180 ◦C, which is noted to be the degrading
temperature of Met from Figure 6 and confirms the presence of the loaded MOF in the
composites [48].
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In the case of PCL-ceph@MOF-5 and PLGA-ceph@MOF-5, the major degradation
began at approximately 300 ◦C, which accounts for the degradation of ceph@MOF-5, as
depicted in Figure 6 above, and this confirms the successful encapsulation of the loaded
MOF into the polymer composites.

3.5. Drug Release Profile

From the drug release data illustrated in Figure 8, it can be observed that the release
of Met (a) is slightly higher than that of Ceph (b). This can be attributed to the relatively
smaller molecular size of Met (C6H9N3O3) than Ceph (C16H17N3O4S), which enables Met
to penetrate through the small pore of MOF-5 easily leading to a higher loading and release
rate [49].
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It is also evident from the data that across all six days of the study, PLGA-met@MOF-5
produced the release of lower concentrations than in met@MOF-5 alone, which compara-
tively releases drugs faster and in higher concentrations. This is assigned to the fact that the
PLGA-met@MOF-5 composite will have to undergo the degradation of the PLGA polymer
before the incorporated MOF-5 will also begin to break down for the release of the Met drug
molecules [50]. In addition, as confirmed by the XRD patterns shown in Figure 1 above, the
amorphous structure of met@MOF-5 results in the drug molecules being loosely held and
not captured deep into the crystal lattice of the MOF-5, hence the release of the drugs in
higher concentrations [31,51]. Similar observations can be noted for PLGA-ceph@MOF-5,
as it also provides releases of lower concentrations than releases from ceph@MOF-5 for
the same reasons stated above. It can therefore be deduced that the drug-release rate from
the loaded polymer composites as compared to the release rate from the loaded MOF-5 is
slower, more gradual and more sustained over the six-day period of the study.

It was also observed that the release from loaded PLGA-MOF composites was in
relatively higher concentrations compared to PCL-MOF composites. For example, PLGA-
met@MOF-5 drug release had a concentration of 0.025 mg mL−1 compared to 0.02 mg mL−1

for PCL- met@MOF-5, an observation similar to that of PLGA-ceph@MOF-5 compared with
PCL-ceph@MOF-5. This observation is assigned to the fact that PCL belongs to the class
of slow-degrading polymers [52] that take longer to degrade and enhance the release of
the drug molecules loaded into the polymer matrix, resulting in the subsequent release of
drugs in lower concentrations, especially under physiological conditions, which is isotonic
to the PBS release medium used in this study [53].

PLGA is an amorphous polymer, while PCL is a semi-crystalline polymer [51], and
the morphologies are shown in Figure 3. The amorphous nature of PLGA is possibly
responsible for the loosely held loaded MOF particles leading to quicker drug release than
in PCL [54]. The hydrophobicity of PLGA may also contribute positively to the release in
higher concentrations [54]. Earlier studies demonstrated the use of PCL-loaded composites
for a rather long term prolonged drug delivery [54], while other studies reported the use
of PLGA-loaded composites for a comparatively shorter term of release [26]. This work
agrees with these previously reported studies, as the data suggest the slower release rate of
drugs from the PCL-loaded composites compared to PLGA, and the concentrations from
the release are significant enough to inhibit the growth of the various bacterial strains that
were studied, as shown in the next Section 3.6.

From the release studies, it can be inferred that the concentrations exceed the limit
needed for the effective inhibition of clinically relevant, infection-causing pathogens. For
example, the minimum inhibitory concentration (MIC) of cephalexin required to treat
methicillin-sensitive Staphylococcus aureus (MSSA) infections is 2µg mL−1 [55]. For Met,
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an effective MIC against many anaerobic bacterial strains ranges between 0.125 µg mL−1

and 1 µg mL−1 indicating the potential application of these composites for biomedical
applications, such as in developing antimicrobial gauze and disinfectant surfaces [11,56,57].

Previous studies by Kumar et al. have reported a maximum loading capacity of
539.33 mg g−1 for metronidazole in MOF-5 at pH 2 [58]. Other materials, like chitosan/
graphene composites, were also explored for the controlled delivery of metronidazole,
demonstrating prolonged release over 3.5 days [59]. The drug release profile of cephalexin
using MIL-101 nanocomposites was also studied, showing pH-responsive drug release [60].
Other studies have incorporated cephalexin into PLA:PVA/HAP:TiO2 biocompatible scaf-
folds for bone regeneration [61].

In this study, the prolonged release of metronidazole and cephalexin was studied
for 6 days using MOF-5 and PCL-MOF-5 composites, showing the release of effective
concentrations for practical applications.

3.6. Antimicrobial Studies

Following the confirmation of the presence of the drug molecules in the loaded MOFs
using the above techniques, the antimicrobial properties of the loaded MOFs and their
corresponding polymer–MOF composites were tested against Gram-positive and Gram-
negative bacteria, using the inhibition zone assay (Figure 9) against the four selected
bacterial strains. The zones of inhibition of pristine MOFs and polymers only are presented
in Table 1, those of pure Met, Met-loaded MOFs and polymer composites are in Table 2 and
those of pure Ceph, Ceph-loaded MOFs and polymer composites are in Table 3.
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Figure 9. Images of the zones of inhibition on agar plates after microbial testing of the loaded composites
against the strains of bacteria. The relevant areas are circulated where multiple tests were performed.

Table 1. Zones of inhibition of pristine MOF, PLGA and PCL against four bacterial strains.

Inhibition Zone (mm)

S. epidermidis S. aureus E. coli A. baumanii

Pristine MOF-5 26 ± 1.5 28 ± 0 13 ± 1.1 13 ± 0.5
PLGA 51 ± 1.5 - - -
PCL - - - -
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Table 2. Zones of inhibition of Met, Met-loaded MOF and polymer composites against four bacterial
strains.

Inhibition Zone (mm)

S. epidermidis S. aureus E. coli A. baumanii

Met 23 ± 0.5 20 ± 0.5 13 ± 0.5 18 ± 0.5
met@MOF-5 21 ± 0.5 15 ± 0 10 ± 0 10 ± 0
met@PLGA 43 ± 1 - - -
met@PCL 5 ± 1 - - -
MOF-5@PLGA 73 ± 1.5 83 ± 0 - -
MOF5@PCL
PLGA-met@MOF-5
PCL-met@MOF-5

- - - -

Table 3. Zones of inhibition of Ceph, Ceph-loaded MOF and polymer composites against four
bacterial strains.

Inhibition Zone (mm)

S. epidermidis S. aureus E. coli A. baumanii

Ceph 79 ± 1 66 ± 1 34 ± 0.5 -
ceph@MOF-5 34 ± 0.5 31 ± 1.5 10 ± 0 13 ± 0.5
ceph@PLGA 73 ± 0.5 42 ± 0.5 25 ± 1 -
ceph@PCL 16 ± 0 32 ± 0.5 16 ± 0 -
PLGA-ceph@MOF-5 75 ± 0 7 ± 0 - -
PCL-ceph@MOF-5 6 ± 0.5 11 ± 1 - -

The susceptibility of the bacterial strains to the pure drugs was first assessed. Ceph
is widely used against Gram-positive bacteria, more than against Gram-negative bacteria,
and this agrees with the zones of inhibition recorded in Table 3 below. The growth of
S. epidermidis and S. aureus was largely inhibited by Ceph more than in the case of Gram-
negative bacteria, E. coli and A. baumanii [62,63]. It was observed that A. baumanii was not
susceptible to Ceph, which is consistent with literature and previous studies that report
the extreme resistance of this bacterial strain to cephalosporins [64]. Compared to the
antimicrobial strength of Met, which is a first-class antibiotic, well-known for a relatively
stronger antimicrobial reaction against both Gram-negative and Gram-positive bacteria [65],
Met inhibited all bacterial strains, as shown below (Table 2). The pristine PLGA and PCL
were also tested as controls, and there was no inhibition across all bacterial strains, apart
from the PLGA that presented a large zone of inhibition against S. epidermidis (Table 1). This
is however expected and can be attributed to the antimicrobial properties of the glycolic
and lactic acid composition of PLGA and the very high susceptibility of the Gram-positive
S. epidermidis [66–68].

From Table 2, met@MOF-5 inhibited the growth of Gram-positive bacteria, S. aureus
and S. epidermidis, more than the Gram-negative bacteria, E. coli and A. baumanii, and this
is attributed to the strong resistance of Gram-negative bacteria to Met [69]. In the case of
PLGA-met@MOF-5, it was observed that the zones of inhibition significantly decreased,
with no inhibition against the resistant Gram-negative bacteria; however, the susceptible
S. epidermidis was largely inhibited [70], and this can be assigned to the slow release of drug
molecules due to the degradability of the composite and the MOF before the release of
the drug molecules. Compared with PCL-met@MOF-5, there was no inhibition against all
strains of bacteria. This agrees with the data from the drug release studies displayed in
Figure 8 above, which depicts the slower release of drugs from PCL composites in relatively
lower concentrations. This is because PCL has a slower degradation rate and takes much
longer to release the loaded MOFs carrying the drug molecules [52]. Ceph@MOF-5 reacted
better against the Gram-positive bacteria than the resistant Gram-negative bacteria strains
owing to the presence of the Ceph drug molecules, which is consistent with the findings of



Appl. Sci. 2023, 13, 10611 14 of 17

previous studies [63]. However, in relation to the polymer composites, PLGA-ceph@MOF-
5 inhibited bacterial growth better than PCL-ceph@MOF-5 for same reasons that were
discussed above.

Additionally, the drugs and MOF (without being loaded) were incorporated together
into both polymers and tested against the bacterial strains. The measured zones of inhibition
were all larger than those of their corresponding composites with MOFs loaded with drugs
(Figure 9 and Tables 1–3). This is attributed to the immediate release of the MOF and
drug molecules from the polymer composite immediately after degradation relative to the
gradual release of drug molecules as a result of degradation of the polymer and MOF in the
case of loaded MOFs incorporated into polymers. This confirms that the release of the drug
molecules from the loaded MOFs incorporated into the loaded polymers was relatively
gradual and released at a slower controlled rate, and this was the main aim of this study.

4. Conclusions

In this study, the biocompatible Zn-based MOF-5 was loaded post-synthetically with
two antimicrobials, Ceph and Met, respectively. The pristine MOF-5, drug-loaded MOF-
5 and loaded polymer composites were characterised to confirm that the MOFs were
successfully synthesised and loaded with the drugs using efficient methodologies. The
loaded MOF-5 was incorporated into two biodegradable polymers, PLGA and PCL, and
the release of the drug from the polymer composite and pores of the MOF-5 was studied.
PCL-ceph@MOF-5 demonstrated the most gradual and extended-release profile. In a
descending order, this was followed by PCL-met@MOF-5, PLGA-ceph@MOF-5 and PLGA-
met@MOF-5. The steady rise in the drug concentration of PCL-ceph@MOF-5 and PCL-
met@MOF-5 over the six-day study period provides a more extended sustained release,
which is an advantage over the PLGA comparatively, achieving the main objectives of
this study. That notwithstanding, further studies are ongoing, which seek to use the PCL-
ceph@MOF-5 and PCL-met@MOF-5 composites in medical devices, such as patches, to
provide the extended release of incorporated drugs. This study has successfully brought out
a comparative analysis for the provision of the more efficient and sustained delivery of Ceph
and Met antimicrobials, as stipulated in our initial objectives, and this can be a potential
tool to control the rise in antimicrobial resistance by providing a means of sustained
localised applications.
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PLGA composites.
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