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One-pot encapsulation of penicillin G into ZIF-8
and its antibacterial activity

Hani Nasser Abdelhamid (2 *@ and Ghada Abd-Elmonsef Mahmoud {2 *P

Metal-organic frameworks (MOFs) provide adaptable platforms for drug delivery and antibacterial applications
owing to their adjustable porosity, high surface area, and catalytic characteristics. We present the
environmentally friendly, room-temperature synthesis of ZIF-8 nanocomposites, both with and without
penicillin G encapsulation. The materials were comprehensively evaluated using XRD, Raman spectroscopy,
FT-IR, DRS, SEM, and nitrogen sorption isotherms. Structural investigation verified high crystallinity,
preservation of framework integrity upon drug encapsulation, and enabled the formation of hierarchical
porosity with interparticle mesopores. SEM images identified nanoscale particles (50-100 nm), whereas
DRS spectra showed a blue shift following drug encapsulation, suggesting an interaction between penicillin
G and the ZIF-8 framework. The antibacterial assessment against Gram-positive (Bacillus cereus,
Staphylococcus aureus) and Gram-negative (Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa) bacteria revealed superior efficacy of penicillin-loaded ZIF-8 (ZIF3), resulting in decreasing CFU
counts and lower MIC values relative to free penicillin and chloramphenicol (positive control antibiotic).
These findings support the promise of ZIF-8-based nanocomposites as effective antibacterial agents for
applications in wound healing, drug delivery, and public health protection.

Introduction

Bacterial infections provide significant health risks and
constitute a major global concern. The World Health Organi-
zation (WHO) unveiled the 2024 WHO Bacterial Priority Path-
ogens List (WHO BPPL) as a strategic instrument to address
antibiotic resistance (AMR)." The 2024 WHO BPPL comprises 24
pathogens from 15 families of antibiotic-resistant bacteria.
Their presence signifies both the substantial global burden of
illness and issues related to transmissibility, limited treatment
options, preventive challenges, emerging resistance patterns,
and deficiencies in the research and development pipeline. The
clinical efficacy of existing medicines varies significantly among
countries and regions due to considerable differences in resis-
tance rates and underlying mechanisms, shaped by economic
and environmental factors. This heterogeneity influences the
social value of antibiotics, many of which remain vulnerable to
cross-resistance.>® Antibacterial surfaces have emerged as
effective techniques to address biofilm-associated infections
through active, passive, and hybrid mechanisms, consequently
enhancing the efficacy of biomedical materials.* Numerous
antibacterial agents have been examined, including enzymes,’
polysaccharides,*” carbon dots,*® TizC,/g-C;N, composites,*®
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essential oils,' and flavonoids.'> Moreover, advanced materials
have enabled the development of intelligent, stimuli-responsive
platforms for antibacterial therapy.”® Notwithstanding these
advancements, the presence of significant challenges led to
significant research efforts. Consequently, ongoing research
into advanced and multifunctional materials is crucial for
developing more effective and sustainable antibacterial
treatments.'>*®

Metal-organic frameworks (MOFs) are hybrid porous mate-
rials with considerable potential for biomedical applications,
including disease diagnostics and therapy.”*° They have been
coupled with drugs,>* MXenes,” and covalent organic
frameworks (COFs)*® to improve their functional efficacy. Due to
their extensive surface area and adjustable porosity, MOFs have
exceptional drug-loading capability.””*® Their toxicity is signifi-
cantly affected by physicochemical parameters, including
composition, particle size and shape, surface properties,
biodegradability, and structural stability.*>** Recent advance-
ments have focused on overcoming these limitations, mini-
mizing toxicity, and enhancing therapeutic efficacy. Future
research must include comprehensive toxicity evaluations and
the development of innovative, optimized MOF composites to
guarantee safety and therapeutic efficacy.”**' In addition to
their medicinal potential, MOFs exhibit significant antimicro-
bial properties. There is a growing focus on synergistic
approaches that enable targeted and effective antibacterial
action while minimizing harm to healthy host cells. A sevenfold
reduction in bacterial load has been accomplished via the
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formation of intracellular reactive oxygen species (ROS),
coupled with unobstructed water penetration and superior
antifouling efficacy.®® Additionally, membranes containing
MOFs have demonstrated over 97.5% efficacy in removing
divalent and monovalent salts and exceeding 95% removal of
heavy metals, highlighting their significant potential for water
remediation applications.** The antibacterial activity of MOFs
can be enhanced by conjugation with other nanomaterials, such
as gold nanoparticles (Au NPs)** and silver nanoparticles.?*
Moreover, MOFs can be incorporated into membrane systems,
offering not only robust antibacterial properties but also
significant benefits in water treatment.?”

MOFs can encapsulate various molecules for various appli-
cations. Reports indicate its encapsulation of nanocatalysts,*®
metal nanoparticles,* single-molecule magnets,* fullerenes,*'
carbon dots,”” phosphorus- and nitrogen-containing ionic
liquids,® enzymes,**** large biopolymers,*® and diverse small
molecules.””** These host@MOF systems integrate the struc-
tural benefits of MOFs as host matrices with the functional
characteristics of the encapsulated species, yielding synergistic
guest@host@MOF architectures. These hybrid materials have
exhibited notable efficacy in various applications.”® A MOF-
platform with dual targeting was developed to address intes-
tinal infections caused by Escherichia coli (E. coli).>* This dual-
targeting antimicrobial strategy, which combines probiotic bi-
ofilms with E. coli-specific administration, represents a poten-
tial and safe therapeutic approach for restoring intestinal
homeostasis in both human and animal healthcare.*
Zirconium-based MOFs have also been examined for the
encapsulation and controlled release of ciprofloxacin; however,
the study did not assess antibacterial activity.*

This paper presents a sustainable and efficient one-pot
method for encapsulating an antibiotic, ie., penicillin G,
within an MOF under ambient conditions, utilizing water as an
eco-friendly solvent. The drug was integrated into a zeolitic
imidazolate framework (ZIF-8) via a simple synthetic method,
underscoring the potential of MOFs as effective transporters for
medicinal compounds. The characterization of the resultant
materials was performed utilizing X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FT-IR), Raman spec-
troscopy, scanning electron microscopy (SEM), diffuse reflec-
tance spectroscopy (DRS), and nitrogen adsorption-desorption
analysis to verify structural integrity, encapsulation, and
textural properties. The antibacterial efficacy of the drug-
encapsulated framework was systematically assessed and
compared with that of the unmodified framework and the free
drug, serving as controls. The materials were evaluated against
a panel of representative Gram-positive and Gram-negative
pathogenic bacteria, exhibiting improved antibacterial effi-
cacy. The novelty of this work lies in the first use of penicillin G
as a structure-directing agent during the synthesis of ZIF-8,
enabling a green, room-temperature preparation route. The
novelty of this study lies in the encapsulation of penicillin G
within an MOF structure, resulting in a nanocomposite char-
acterized by hierarchical porosity and maintained framework
integrity. The encapsulation technique markedly improves the
antibacterial efficacy of penicillin G relative to the free
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antibiotic, owing to regulated, prolonged release from the ZIF-8
matrix and enhanced contact with bacterial cells. This method
illustrates a new way to directly incorporate antibiotics into
MOF synthesis, which may be further developed for scalable
antibacterial nanomaterials and batch technologies in
biomedical and public health applications. These findings
highlight the potential of MOF-based drug delivery systems for
enhanced antibacterial applications and necessitate additional
comprehensive exploration.

Materials

Zinc nitrate hexahydrate (Zn(NOs),-6H,0), 2-methylimidazole
(Hmim), penicillin G potassium salt (benzylpenicillin potas-
sium salt, PEN), and sodium hydroxide (NaOH) were obtained
from Sigma-Aldrich (Germany). All chemicals were of analytical
grade and used as received without further purification.
Deionized water was used as the solvent throughout the
experiments.

Synthesis of ZIF-8 and penicillin G-encapsulated ZIF-8

ZIF-8 materials, with and without drug loading, were synthe-
sized using a similar procedure.*® Briefly, 0.2 mL of NaOH
solution (0.100 M) was added to 1.6 mL of zinc nitrate solution
(0.84 M, 1.3 mmol). Subsequently, Hmim solution (16 mL,
3.00 M, 48 mmol) was introduced, and the total reaction volume
was adjusted to 50 mL with deionized water before stirring at
room temperature for 1 hour. The resulting solid product was
collected by centrifugation (13 500 rpm for 10 minutes), washed
twice with ethanol (2 x 20 mL) to remove unreacted species,
and dried overnight in an oven at 85 °C. The drug-free material
was designated as ZIF.

For drug-loaded samples, penicillin G was added to the zinc
precursor solution before Hmim was added. Different drug-to-
metal weight ratios (Zn>": penicillin G = 1:0.5, 1:1, and 1:2)
were employed to investigate the effect of drug content on
encapsulation efficiency and material properties. The corre-
sponding products were labeled as ZIF1, ZIF2, and ZIF3,
respectively.

The drug encapsulation efficiency was evaluated based on
a UV-Vis spectrophotometer (Cary Eclipse 20) by measuring the
absorbance at 322 nm.**

The drug encapsulation efficiency (%) = (1 - &) x 100

total

Acora1 denotes the absorbance of the initial drug solution
before encapsulation, whereas A signifies the absorbance of
the supernatant containing free (unencapsulated) medication
following separation.

Characterization

XRD analyses were carried out using a PANalytical X'Pert Pro
diffractometer (Cu Kol radiation). Surface morphology was
further examined by SEM using a JEOL JSM-7000F instrument at
accelerating voltages of 5.0 and 15.0 kV. Nitrogen adsorption—-
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desorption isotherms at 77 K and carbon dioxide adsorption
isotherms at 298 K were obtained using a Micromeritics ASAP
2020 surface area analyzer. Prior to analysis, samples were
degassed under vacuum at 110 °C for 3 hours. Total pore
volumes were determined from nitrogen isotherms at a relative
pressure (P/P,) of 0.98. Pore size distributions were calculated
using BJH adsorption dV/dlog(D) pore volume (Harkins and
Jura: Faas Correction). DRS spectra were recorded with UV-
2600i (SHIMADZU, Japan). FT-IR spectra were collected on an
IRTracer-100 (SHIMADZU, Japan) over the wavenumber range
of 4000-390 cm ™~ '. Raman spectra were collected using Ram II
connected to FTIR Vertex 70 (Bruker).

Antibacterial activity

The antibacterial efficacy of five penicillin-based formulations
(PEN, ZIF, ZIF1, ZIF2, and ZIF3) was evaluated against five
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foodborne pathogenic bacteria. The bacterial isolates were
cultured and maintained on nutrient agar (NA) medium.>***

Bacterial inocula were prepared by growing each strain in
nutrient broth containing beef extract (1%), peptone (1%), and
NaCl (0.5%), in 100 mL of distilled water (initial pH 6.8). Cultures
were incubated at 30 °C for 24 hours under shaking conditions
(200 rpm). The cells were harvested by centrifugation at 6000xg
for 10 minutes, washed twice with sterile saline solution, and
resuspended to obtain a final concentration of approximately 10°
colony-forming units per milliliter (CFU mL ™).

For antibacterial testing, 50 pug mL ™' of each penicillin
derivative was added to 10 mL of sterile nutrient broth. Chlor-
amphenicol (CHL) was used as a positive control, while broth
without any antimicrobial agent served as a negative control.
Each tube was inoculated with 1% (v/v) of the standardized
bacterial suspension and incubated at 30 °C for 48 hours.
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Fig.1 Synthesis and encapsulation procedure for ZIF-8 with and without penicillin G. The upper part shows the principle of the synthesis, while
the part below shows the drug encapsulation with different ratios.
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Bacterial growth was monitored by measuring the optical
density at 660 nm (ODgs,), and viable counts were determined
by calculating colony-forming units per milliliter (CFU mL™").5

The minimum inhibitory concentration (MIC) of each
formulation was determined according to a standard broth
dilution method.*® Serial concentrations ranging from 0 to 25
ng mL ™" were prepared in nutrient broth and inoculated with
approximately 10> CFU mL™' of each bacterial strain. After
incubation at 30 °C for 48 hours, the MIC was defined as the
lowest concentration that inhibited visible bacterial growth,
confirmed by CFU enumeration. Bacterial data were presented
as the mean of replicates + the standard deviation (SD). The
significant variations between treatments were detected using
one-way analysis of variance at <0.05 (p-value).

Results and discussion
Materials synthesis and characterization

Fig. 1 shows the synthesis procedure for ZIF-8, both with and
without penicillin G. ZIF-8 materials, both unmodified and
drug-encapsulated, were produced by a simple aqueous method
under ambient conditions (Fig. 1). In a standard protocol, the
zinc precursor was initially treated with a moderate base to
initiate the synthesis of intermediate zinc hydroxynitrate
nanosheets, which provide interlayer gaps (9.8 A, approx. 1 nm)
that accommodate guest molecules, ie., penicillin G.>**
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Thereafter, the organic linker (2-methylimidazole) was included
to facilitate framework formation, resulting in the crystalliza-
tion of ZIF-8. The resultant powders were isolated, washed to
remove unreacted substances, and dried to obtain the final
products. In drug-encapsulated samples, penicillin G was
incorporated into the reaction mixture before the linker was
added, facilitating the antibiotic's incorporation into the
intermediate layered structure preparatory to framework
assembly and encapsulation. Various drug-to-Zn ratios were
utilized to examine the effect of drug presence on material
characteristics. The drug-free material was designated as ZIF,
whereas the drug-loaded samples were classified as ZIF1, ZIF2,
and ZIF3 based on ascending drug content (Fig. 1). The mate-
rials were characterized using XRD (Fig. 2a), Raman spectra
(Fig. 2b), FT-IR (Fig. 3a), DRS (Fig. 3b), SEM images (Fig. 4), and
nitrogen sorption isotherms (Fig. 5).

The XRD patterns of ZIF-8, both before and following peni-
cillin G encapsulation (Fig. 2a), demonstrate the establishment
of the intended crystalline framework. The measured diffrac-
tion patterns closely align with the simulated pattern for ZIF-8,
thereby validating the formation of the desired sodalite-type
structure. The absence of extra diffraction peaks indicates
that no secondary crystalline phases or impurities were gener-
ated during synthesis, thereby confirming the high phase purity
of the synthesized materials. The strong, well-defined diffrac-
tion peaks further indicate the high crystallinity of both the
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Fig. 2 Characterization of the materials using (a) XRD, and (b) Raman spectra.
a L 1 L L _ b0.41
——ZIF
. -
= <
&7 -3
<
& £0.2-
£ -
2 B
= 2 »™
i ZIF [ < 0.1
—ZIF1
T ; . Z1F2 0 T T T T T 1
1,000 2,000 3,000 4,000 200 300 400 S00 600 700 800

Wavenumber (cm™)

Fig. 3 (a) FT-IR, and (b) DRS spectra for the synthesized materials.
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Fig. 5 SEM images of (a and b) ZIF1 and (c and d) ZIF3 at different
magnifications.

virgin and drug-loaded samples. Distinct reflections identified
at Bragg angles (26) of roughly 7.2°, 10.3°, 12.6°, 14.7°, 16.5°,
18.2°, 19.4°, 21.9°, 24.6°, 25.9°, 26.7°, 29.9°, 30.6°, 32.5°, 32.9°,
and 34.8° align with the standard crystallographic planes of ZIF-
8 (Fig. 2a). The observed peaks align with previously published
data for ZIF-8, validating the successful assembly of zinc nodes
with Hmim linkers. The XRD patterns of the penicillin G-loaded
samples retain the primary diffraction characteristics of pris-
tine ZIF-8, indicating that the framework structure remains
unaltered upon drug incorporation. The maintenance of peak
positions indicates that encapsulation occurs without signifi-
cant structural distortion or collapse of the crystalline lattice.
Occasionally, tiny fluctuations in peak intensity or modest
broadening may occur, either to guest molecules within the
pores or to subtle alterations in crystal size and lattice strain
caused by drug inclusion. The XRD analysis verifies that the
one-pot encapsulation method preserves the structural integrity
and crystallinity of ZIF-8, affirming its efficacy as a reliable
carrier for antibiotic loading (Fig. 2a).

The structural connectivity and chemical integrity of the
synthesized materials were further examined using Raman
(Fig. 2b) and FT-IR (Fig. 3a) spectroscopy. The Raman spectra of
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(a) Nitrogen adsorption/desorption isotherms and (b) BJH pore size distribution.

pristine ZIF-8 and penicillin G-loaded samples (ZIF1, ZIF2, and
ZIF3) exhibit analogous spectral bands, indicating that the
essential framework structure is maintained post-drug encap-
sulation (Fig. 2b). The unaltered ZIF-8 exhibits more
pronounced, sharper Raman bands than the drug-loaded vari-
ants, indicating a minor decrease in crystallinity or heightened
structural disorder arising from the inclusion of penicillin G in
the pores. The Raman bands detected at low wavenumbers,
around 141 and 153 cm™}, are attributed to lattice vibrations
and Zn-N stretching modes associated with the coordination of
Zn>" centers to imidazolate linkers (Fig. 2b). The band at
roughly 683 cm ™ corresponds to in-plane bending vibrations of
the imidazole ring, whereas the feature near 1119 cm™ ' is
attributed to C-N stretching modes of the linker. The band at
1475 cm™ " mostly corresponds to C=N stretching vibrations of
the imidazolate ring, while the high-frequency bands at 2930
and 3134 cm™ " are assigned to aliphatic and aromatic C-H
stretching vibrations, respectively. Significantly, variations in
intensity and minor broadening of the bands at 1475 and
3134 em ' in the drug-loaded samples indicate interactions
between the functional groups of penicillin G and the ZIF-8
framework, implying encapsulation within the porous struc-
ture rather than mere surface adsorption.

The FT-IR spectra of both pristine and penicillin G-loaded
ZIF-8 samples have analogous characteristic absorption
bands, hence affirming the retention of the framework structure
(Fig. 3a). The band at around 423 cm™" is attributed to Zn-N
stretching vibrations, thereby confirming the formation of
coordination bonds between zinc ions and imidazolate linkers.
The peak at 667 cm™ "' belongs to bending vibrations of the
imidazole ring, whereas the band at 752 cm ™" pertains to out-of-
plane bending of the imidazole ring. The absorption at
991 em™ ' is ascribed to C-N stretching, while the band at
1143 cm ' is associated with in-plane ring vibrations. The peaks
at 1308 and 1412 cm ™" for C-N and C=N, respectively, while the
band at 1571 em ™" is attributed to aromatic C=N stretching
within the imidazolate framework. The retention of these
distinctive Zn-N and imidazolate-associated bands following
drug insertion signifies that the crystalline framework is struc-
turally unchanged. No additional bands indicative of distinct
crystalline phases are seen, demonstrating that the encapsula-
tion of penicillin G does not interfere with framework

© 2026 The Author(s). Published by the Royal Society of Chemistry
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development. The changes in band intensity and sharpness
indicate effective drug incorporation within the pores, while
preserving the overall connectivity and integrity of the ZIF-8
structure (Fig. 3a).

The optical characteristics of the synthesized materials were
analyzed via DRS, as seen in Fig. 3b. The untainted ZIF-8 sample
has a pronounced absorption band in the UV spectrum, peaking
at approximately 214 nm (Fig. 3b). The absorption is due to
ligand-centered w — 7* transitions in the 2-methylimidazolate
linker. The band location aligns with the broad band gap
characteristics of ZIF-8, affirming its inherent UV-responsive
properties (Fig. 3b). Encapsulation of penicillin G significantly
alters the absorption profile. The drug-loaded samples (ZIF1,
ZIF2, and ZIF3) exhibit a minor blue shift of the principal
absorption band to around 205 nm (Fig. 3b). This alteration
indicates changes in the local electrical environment of the
framework, probably resulting from interactions between the
functional groups of penicillin G (including amide, carboxylate,
and aromatic moieties) and the internal surface of ZIF-8. Such
interactions may affect the electron-density distribution within
the framework, thereby altering the electronic transition energy.
The spectral shift and changes in absorption intensity further
validate the integration of penicillin G within the porous
structure. The absence of new broad absorption features in the
visible range indicates that the underlying electronic structure
of ZIF-8 is largely preserved post-encapsulation. The DRS results
affirm the structural integrity of the framework and indicate
that penicillin G loading generates changes in the material's
optical characteristics.

The porosity and textural characteristics of the synthesized
materials were assessed by nitrogen adsorption-desorption

View Article Online
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isotherms at 77 K (Fig. 4a), with the associated pore size
distributions illustrated in Fig. 4b. Table 1 summarizes the
calculated surface areas, pore volumes, and pore size charac-
teristics obtained from several analytical models. Pristine ZIF-8
has a classic type I isotherm typical of microporous materials,
indicating its well-defined pore structure and elevated surface
area. The high micropore surface area (1345 m> g ) and con-
strained micropore volume (0.575 cm® g~ '), determined via the
Dubinin-Astakhov model, affirm the preeminence of micropo-
rosity. The BET surface area of ZIF-8 is 886 m> g ', the Lang-
muir surface area is considerably greater at 1608 m* g ',
aligning with the extensive internal surface characteristic of its
sodalite-type structure. The t-plot analysis corroborates its
primarily microporous characteristics, revealing a micropore
area of 739 m”> g~ ' and external surface area of 146 m”> g~ .
Following the encapsulation of penicillin G (ZIF1, ZIF2, and
ZIF3), a significant decrease in surface area and pore volume is
observed. The BET surface areas diminish to 635 m”> g~ for ZIF2
and 679 m”> g~ ' for ZIF3, while the micropore volumes, ascer-
tained via the ¢-plot approach, reduce to 0.306 cm® g~ ' and
0.331 cm® g7, respectively. The decrease is attributed to partial
colonization of micropores by penicillin molecules, which
restricts nitrogen availability within the interior cavities. The
limiting micropore volume decreases from 0.575 cm® g~ " in ZIF
to 0.482-0.502 cm® g ' in the drug-loaded samples, thereby
indicating the successful integration of the antibiotic inside the
framework.

Pore size studies using BJH and Dollimore-Heal (D-H)
methodologies further mesoporous contributions
following drug encapsulation (Fig. 4b). The average pore widths
for adsorption and desorption exhibit a small increase (e.g., the

reveal

Table 1 Textural analysis of values extracted from nitrogen sorption isotherm

Materials
Parameters ZIF-1 ZIF-2 ZIF-3
Dubinin-Astakhov
Micropore surface area (m* g™ ") 1345 1028 1089
Limiting micropore volume (cm® g ™) 0.575 0.482 0.502
Surface area (m’g ")
Single point surface area at p/p° = 0.300290916 (m”> g ') 947 681 727
BET surface area (m” g ") 886 635 679
Langmuir surface area (m”> g~ ) 1608 1101 1225
t-Plot micropore area (m* g ) 739 554 599
t-Plot external surface area (m”> g ™) 146 80 79
BJH adsorption cumulative surface area of pores (m” g ') 1243 65 65
Single-point adsorption total pore volume of pores less than 1255.755 A 0.705 0.435 0.502
diameter at p/p° = 0.984482264 (cm® g™ )
t-Plot micropore volume (cm® g ") 0.410 0.306 0.331
Pore size adsorption average pore width (4V/A by BET, A) 31 27 29
Dubinin-Astakhov
Micropore surface area (m”> g~ ") 1345 1028 1089
Limiting micropore volume (cm® g™ ) 0.575 0.482 0.502
MP-method
Cumulative surface area of pores between 2.6362 A and 19.6000 A 1255 969 1047

hydraulic radius (m* g™ ")

© 2026 The Author(s). Published by the Royal Society of Chemistry
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adsorption average pore width rises from 31 A in ZIF to 27-29 A
in drug-loaded samples, accompanied by broader distributions
extending into bigger pore sizes). The data indicate the forma-
tion of hierarchical porosity, perhaps resulting from interpar-
ticle voids, partial pore obstruction, or structural
reconfigurations during drug integration. The cumulative
surface area and pore volume values obtained from the BJH and
D-H models indicate diminished mesoporous surface contri-
butions in drug-loaded samples relative to pure ZIF-8, poten-
tially reflecting variations in aggregation or packing density
post-encapsulation (Fig. 4b). Moreover, the Freundlich and
Dubinin-Astakhov parameters indicate a reduced adsorption
capacity (Qm x C values) in drug-loaded materials, consistent
with pore-filling effects. Nitrogen sorption studies indicate that
pure ZIF-8 is a highly microporous material with a substantial
surface area and pore volume. Encapsulation of penicillin G
results in partial pore occupation, thereby decreasing micro-
porosity and surface area while facilitating the development of
hierarchical pore structures. These modifications significantly
facilitate effective drug loading within the porous framework
while preserving structural integrity and accessible porosity.

The morphology and particle size of the produced materials
were analyzed using SEM, as illustrated in Fig. 5 for ZIF1 and
ZIF3. The SEM images demonstrate the creation of nanoscale
particles with reasonably uniform shape and high dispersion.
The estimated particle size ranges from roughly 50 to 100 nm,
indicating the formation of nanocrystalline ZIF-8 structures
despite drug encapsulation. The particles manifest as aggre-
gated nanocrystals, creating clusters with voids (interparticle
porosity). The interparticle voids facilitate the formation of
mesoporosity, aligning with the hierarchical pore attributes
identified through nitrogen sorption studies. The presence of
interparticle mesopores may enhance mass transfer and
promote the diffusion of guest molecules, which is beneficial
for drug-release applications. Crucially, no notable morpho-
logical collapse or structural deformation is seen following the
integration of penicillin G, affirming that the encapsulation
process retains the overall particle morphology while preserving
nanoscale dimensions.

The one-pot synthesis of penicillin G-loaded ZIF-8 under
ambient, aqueous conditions presents significant benefits over
traditional MOF synthesis methods, including solvothermal or
multi-step post-loading techniques. Conventional solvothermal
methods typically require organic solvents, high temperatures,
and extended reaction times, increasing costs, energy use, and
environmental impacts. Moreover, such severe temperatures
are inappropriate for thermally and chemically sensitive anti-
biotics. Penicillin G exhibits excellent stability in aqueous
environments at a pH range of 5.0-8.0, particularly near neutral
pH (~7), but it rapidly degrades in severely acidic or basic
conditions and at high temperatures due to the cleavage of the
B-lactam ring.®* Its stability markedly decreases with rising
temperature; it can maintain stability for extended periods
when preserved under mild conditions (e.g., in chilled aqueous
solutions) or in the presence of polymer materials.®® Even green
solvents such as ionic liquids show limitations for the use of
penicillin G.** For example, the stability of Penicillin G in the
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ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate
([Bmim]PF) is significantly affected by pH and temperature,
with enhanced stability as pH increases from 1.5 to 4.0 and
temperature decreases. Under optimum conditions (pH 2.0 and
10 °C), penicillin G demonstrates a half-life of around 17.7
hours, according to first-order kinetics, with three rearranged
isomers identified at pH 2.0, whose structures remain invariant
with temperature changes.** Thus, the ideal circumstances for
preserving the stability of Penicillin G sodium require a citrate
buffer solution with a buffer-to-penicillin molar ratio of at least
0.75, at roughly pH 7.0.*® The temperature must be kept at or
below 25 °C to reduce degradation and retain the integrity of the
antibiotic. The moderate, room-temperature, water-based
synthesis employed in this study offers a significant advantage
by maintaining the chemical integrity of penicillin G during
MOF formation and by circumventing conditions that could
accelerate deterioration. The single-step procedure eliminates
supplementary post-synthetic loading steps, thereby reducing
processing time and solvent use and rendering the method
more ecologically sustainable and possibly scalable for the
future synthesis of antibacterial nanomaterials. This method
offer also an encapsulation efficiency of 80-90%.

Antibacterial efficacy

The antibacterial efficacy of five penicillin formulations (PEN,
ZIF, ZIF1, ZIF2, and ZIF3) at a concentration of 50 ug mL~ "' was
assessed against five human pathogenic bacteria: Escherichia
coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Bacillus
cereus, and Staphylococcus aureus (Fig. 6). The results were
juxtaposed against Chloramphenicol (CHL), serving as the
positive control, and untreated cultures, serving as the negative
control. All penicillin-derived formulations exhibited signifi-
cant antibacterial activity, whereas the control samples showed
the highest viable bacterial numbers. ZIF3 exhibited the most

W Escherichia coli

I Klebsiella pneumonia
Il Pseudomonas aeruginosa
[ Bacillus cereus

I Staphylococcus aureus

N w H (3]
o o o o

Total counts (CFU x10°)
=

CHL
Antibacterial agents (50ug/ml)

Control PEN Zif Zif1 Zif2 Zif3

Fig. 6 The antibacterial activity of penicillin derivatives against five
human pathogenic bacteria (Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Bacillus cereus, and Staphylococcus
aureus) was compared with that of chloramphenicol (CHL) as a stan-
dard antibacterial agent and free antibacterial medium (control). Data
were expressed as mean + SD, p < 0.05.
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pronounced antibacterial activity among the evaluated mate-
rials, with significantly reduced CFU levels across all strains.
ZIF3 diminished bacterial counts to 17.5 x 10° CFU mL ™" for E.
coli, 5.92 x 10° CFU mL* for K. pneumoniae, 14.96 x 10° CFU
mL~" for P. aeruginosa, 21.6 x 10° CFU mL™" for B. cereus, and
22.3 x 10° CFU mL ™" for S. aureus. The results are significantly
lower than those achieved with free penicillin, suggesting
improved antibacterial efficacy following encapsulation. Free
penicillin (PEN) demonstrated modest antibacterial efficacy but
was inferior to ZIF3, exhibiting high residual CFU values across
all strains. Chloramphenicol exhibited robust antibacterial
efficacy; however, ZIF3 displayed equivalent or, in some
instances, enhanced inhibition against certain strains. The
intermediate formulations (ZIF, ZIF1, and ZIF2) significantly
diminished bacterial counts relative to controls, with enhanced
efficacy noted as drug loading increased, indicating a dose-
dependent improvement linked to encapsulation efficiency.
The enhanced antibacterial efficacy of drug-loaded ZIF mate-
rials may be ascribed to multiple factors: (i) increased stability
of penicillin within the porous matrix, (ii) sustained or regu-
lated release characteristics, and (iii) increasing interaction
between the nanostructured carrier and bacterial cell
membranes. The nanoscale particle size (50-100 nm) and
hierarchical porosity may further promote interaction with
bacterial membranes, hence augmenting antibacterial efficacy.

The minimum inhibitory concentrations (MICs) of the five
formulations were assessed across a concentration spectrum of
0-25 ug mL ™" (Fig. 7a—e). Bacterial growth inhibition generally
increased with higher treatment concentrations, confirming
a concentration-dependent antibacterial effect. The majority of
isolates exhibited MICs between 5 and 10 pug mL ™", ZIF-based
formulations consistently demonstrated reduced MIC values
(5 ng mL ™) relative to free penicillin (10 pg mL ™" in multiple
instances), signifying enhanced antibacterial efficacy post-
encapsulation. ZIF, ZIF1, ZIF2, and ZIF3 exhibited MIC values
of 5 ug mL ™" against E. coli and K. pneumoniae, whereas free
penicillin necessitated 10 pg mL™" for equivalent inhibition.
Comparable trends were observed for P. aeruginosa, B. cereus,
and S. aureus, in which the encapsulated formulations
demonstrated effective suppression at lower or equivalent
concentrations compared to PEN. The MIC results validate the
CFU findings, demonstrating that encapsulation of the medi-
cation within the ZIF-8 framework enhances antibacterial
activity. The uniform efficacy observed in both Gram-positive
and Gram-negative pathogens underscores the extensive appli-
cability of the formulated nanocomposite system. The findings
indicate that ZIF-based delivery systems can enhance antibiotic
efficacy, perhaps reducing required dosages and aiding efforts
to tackle bacterial resistance.

The antibacterial efficacy of MOF-based systems is regulated
by several mechanisms, including ROS formation, ion release,
photocatalytic activity, and cascade catalytic events.®**® Several
MOFs have been reported to exhibit artificial enzymatic activity,
MOFZyme.*” ZIF-8 exhibits enzymatic activity, specifically
peroxidase activity,.”* Ou et al. created a GOx@MIL-53(Fe)@PVP
nanosystem wherein glucose is converted to H,O, by in situ
embedded GOx, which is subsequently converted into hydroxyl
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radicals via the peroxidase-like activity of MIL-53(Fe), resulting in
bacterial kill rates of 99.7% and 99.8% against S. aureus and
Escherichia coli, respectively, while facilitating rapid wound
healing in infected murine models with minimal harm to healthy
tissues.” Notwithstanding these encouraging outcomes, the
synthesis of MIL-53(Fe) requires high hydrothermal tempera-
tures and potentially hazardous chemicals that could diminish
enzyme performance, while post-synthesis analysis indicated
a comparatively modest GOx loading (5.9 wt%) primarily on the
exterior surfaces. Zinc-imidazolate MOFs such as ZIF-8 demon-
strate nearly complete inactivation of E. coli (>99.9999%) under
simulated solar irradiation within 2 hours, as ligand-to-metal
charge transfer (LMCT) processes produce photoelectrons at
Zn" centers that facilitate ROS generation, underscoring their
inherent photocatalytic antibacterial capabilities.” The integra-
tion of noble metals, specifically Au, into ZIF-8 (Au@ZIF-8) within
injectable hydrogels amplifies ROS production under visible light
(>400 nm) via surface plasmon resonance and Schottky junction
effects, leading to significant antibacterial efficacy against E. coli
and S. aureus and to expedited wound healing.** Pre-synthesized
MOFs can be integrated into polymeric fibers through electro-
spinning, exemplified by MXene/ZIF-8/polylactic  acid
membranes, which exhibited antibacterial efficacy exceeding
99.8% against E. coli and MRSA under 808 nm irradiation;
nevertheless, challenges persist, including diminished MOF
crystallinity and restricted loading capacity.” The integration of
metal nanoparticles within MOFs presents a viable strategy:
polymer-based Cu-MOF nanosheets infused with Ag nano-
particles (polyCu-MOF@AgNPs) demonstrated significant Ag"
release, regulated Cu®" release, ROS-induced bacterial membrane
disruption, and metabolic interference, resulting in increasing
antibacterial efficacy both in vitro and in vivo, alongside
enhanced wound healing characterized by substantial collagen
deposition.*® These studies collectively illustrate that MOF-based
antibacterial systems can utilize ROS generation, catalytic reac-
tions, photocatalysis, ion release, and structural interactions to
attain broad-spectrum antibacterial efficacy. ZIF-8 offers advan-
tages in structural stability, simplicity, and inherent photo-
catalytic activity, whereas enzyme-loaded Fe-MOFs and noble
metal composites provide additional cascade or plasmon-
enhanced functionalities.’**>7>7

Table 2 presents a range of ZIF-based antibacterial
compounds, detailing their compositions, manufacturing
techniques, target bacteria, bioassays, efficiencies, and
processes. Most published systems utilize metals (Ce, Zn, Cu,
Ag), photosensitizers (Ce6), antibiotics (Rifaximin, CUR), or
enzymes (CAT), functioning predominantly through ROS
formation, metal ion release, or enzymatic activity, with effi-
ciency varying from 65% to 100% against S. aureus and E. coli
(Table 2).7*%° This study presents the penicillin G@ZIF-8
nanocomposite, which exhibits exceptional broad-spectrum
antibacterial efficacy (MIC 5 pg mL™') against both Gram-
positive (B. cereus, S. aureus) and Gram-negative (E. coli, K.
pneumoniae, P. aeruginosa) bacteria, through regulated antibi-
otic release rather than metal toxicity or reactive oxygen species.
The one-pot, room-temperature aqueous synthesis offers
a simple and environmentally friendly alternative to previously
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Fig. 7 (a—e): The minimal inhibiting concentration of penicillin derivatives against five human pathogenic bacteria (Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Bacillus cereus, and Staphylococcus aureus) compared with free antibacterial medium (control). Data
were expressed as mean + SD, p < 0.05.
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reported heating or multi-step techniques, underscoring its
promise for scalable and biocompatible MOF-based antimi-
crobial applications (Table 2).7>%* The material of penicillin G-
loaded ZIF-8 can also be further suggested for other applica-
tions, such as sunblock creams offering UV protection and
antibacterial activity.*

Conclusion

This study produced penicillin G-loaded ZIF-8 nanocomposites
via a mild, eco-friendly approach at room temperature, using
water as the solvent. Thorough characterization using XRD,
Raman, FT-IR, SEM, TEM, DRS, and nitrogen sorption
measurements verified that the crystalline structure of ZIF-8
was preserved during drug encapsulation. The materials di-
splayed nanoscale particle dimensions (50-100 nm) and hier-
archical porosity, conducive to effective drug loading and
transport. DRS data demonstrated strong interactions between
penicillin G and the ZIF-8 framework, whereas nitrogen sorp-
tion analysis indicated a change from exclusively microporous
structures to hierarchical micro-mesoporous architectures,
enabling regulated drug release. Antibacterial assessments
revealed that penicillin-encapsulated ZIF-8, especially the ZIF3
variant, exhibited markedly enhanced efficacy against both
Gram-positive and Gram-negative bacteria. The nanocomposite
decreased colony-forming units and minimum inhibitory
concentrations more efficiently than free penicillin and the
reference antibiotic chloramphenicol. The superior antibacte-
rial efficacy is due to the combined effects of reactive oxygen
species production, nanoscale interactions with bacterial
membranes, and enhanced drug diffusion facilitated by the
porous ZIF-8 matrix. These findings underscore penicillin-
loaded ZIF-8 as a promising nanoplatform for antibacterial
therapy and possible wound-healing applications. Subsequent
research should focus on in vitro and in vivo biocompatibility
evaluations, comprehensive drug-release kinetics, and long-
term stability and toxicity assessments. This method may also
be applied to other antibiotics and MOF systems, facilitating
the creation of scalable MOF-based antibacterial delivery plat-
forms and sophisticated antimicrobial technologies for
biomedical and public health purposes.
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