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INTRODUCTION
Antibiotic resistance has become a global public health burden.1 
Each year, 700.000 people worldwide lose their lives due to 
antibiotic resistance, and this critical issue is predicted to 
cause more than 10 million annual deaths by 2050.2 In addition 
to the misuse and overuse of antibiotics in humans, antibiotic 
resistance can occur naturally, through hereditary changes in 
bacterial strains, or via the transfer of resistant genes between 
bacteria.3,4

Cefotaxime (CTX) is a member of the third-generation 
cephalosporin group of antibiotics with greater activity against 

both gram-negative and gram-positive bacteria than the first 
and second generations.5 It exhibits activity by preventing 
the biosynthesis of peptidoglycan, which is involved in the 
formation of the bacterial cell wall.6 The Food and Drug 
Administration has approved its use for infants, children, 
and adults with various microbial infections, including those 
affecting the central nervous system, lower respiratory tract, 
bone and joint, genitourinary, and skin systems.7,8 Specifically, 
the World Health Organization has offered it as an essential 
medicine for treating life-threatening meningitis.9 However, 
extended-spectrum β-lactamase has been reported as a 
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ABSTRACT

Objectives: Antibiotic resistance has become a global public health threat. Cefotaxime (CTX), a third-generation cephalosporin, is approved for 
use in infants, children, and adults with various microbial infections, particularly those affecting the central nervous system. This study aimed 
to synthesize and characterize zeolitic imidazolate framework (ZIF)-8-based drug delivery systems (DDSs) to enhance antimicrobial activity and 
control CTX release.
Materials and Methods: ZIF-8 was synthesized via the coordination network of Zn ions and 2-methylimidazole and subsequently modified with 
tannic acid (TA) and copper ions (Cu2+). ZIF-8 MOF and its derivatives were characterized by Fourier Transform Infrared, zeta potential, in vitro 
dissolution rate, and in vitro antimicrobial activity.
Results: The drug loading capacity and encapsulation efficiency were found to be 39.50 ± 1.19% and 98.75 ± 2.96%, respectively, for ZIF-8@TA@CTX, 
and 40.75 ± 1.22% and 97.75 ± 2.93%, respectively, for ZIF-8@TA@Cu@CTX. Following 48 hours, the drug released from ZIF-8@TA@Cu@CTX was 
detected at 62.83 ± 1.89% at pH 5.0 and 83.19 ± 2.50% at pH 7.4 after 48 h, with dissolution profiles best fitting the Korsmeyer–Peppas model. The 
synthesized DDSs demonstrated a higher antibacterial activity against gram-positive bacteria than against gram-negative bacteria.
Conclusion: ZIF-8 MOF DDs may serve as an alternative for delivering drugs to infected areas due to their controlled release under low pH 
conditions.
Keywords: Antibiotic resistance, metal organic framework, zeolitic imidazolate frameworks, cefotaxime
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resistance mechanism of bacteria against third-generation 
cephalosporins (e.g., cefotaxime).10

Using nanomaterials as drug delivery systems (DDSs) to 
combat antibacterial resistance has been of growing interest.11 
A number of strategies based on nanomaterials, including 
nanoparticles and nanosystems based on metals and carbon, 
have been preferred to overcome the challenges of current 
antibiotic therapies12 due to their large surface area, enhanced 
intracellular penetration, and multidrug combination.13 
Furthermore, surface modification of nanosystems enables 
them to target the infected site, thereby enhancing cell 
internalization and minimizing systemic exposure.14

Metal-organic frameworks (MOFs) are highly porous 
coordination systems comprising metal-ion nodes and organic 
ligands.15 Their high surface-to-volume ratio, greater drug 
loading (DL) capacity, tunable surfaces, and biocompatible 
properties make them attractive DDSs.16 Recently, MOFs have 
been applied in the literature for advanced antibacterial therapy, 
and this success can be attributed to different strategies. 
The MOF structure can consist of different metal ions, such 
as zinc, silver, iron, and copper. Therefore, bacterial growth 
can be prevented due to the antibacterial properties of these 
ions.17 Furthermore, organic ligands, such as porphyrins, show 
photocatalytic activity with the help of light, thus facilitating 
the death of bacteria by forming reactive oxygen species. 
Lastly, MOFs can load cargo with many antibacterial activities, 
including drugs and antimicrobial peptides, which are triggers 
to kill bacteria.18

Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs 
composed of tetrahedrally coordinated metal ions linked by 
imidazolate ligands. This results in the formation of zeolite-
like structures. ZIF-8, constructed from zinc ions (Zn2+) 
and 2-methylimidazolate linkers, is one of the most widely 
investigated ZIF materials due to its high porosity, structural 
stability, and pH-responsive degradation behavior, which render 
it attractive for drug delivery applications.19 For instance, Costa 
et al.2 combined ZIFs and zinc oxide (ZnO) nanoparticles to 
increase ciprofloxacin activity and provide its controlled release. 
The DL process was conducted following the incorporation 
of ZnO with ZIF-8. The resultant complex (CIP-ZnO@ZIF-8) 
demonstrated significantly elevated activity, exhibiting 10- and 
200-fold higher activity against the Staphylococcus aureus strain 
and Pseudomonas aeruginosa, respectively.

Tannic acid (TA) is a natural secondary compound found in 
numerous plants and has various pharmacological activities, 
including anti-tumor, anti-diabetes, anti-obesity, and anti-
myocardial ischemia.20 Recently, TA has been encapsulated 
in different nanoscale DDSs to increase its antimicrobial (e.g., 
antiviral, antibacterial, and antifungal) and anti-inflammatory 
activities.21

In 2008, the Environmental Protection Agency approved copper 
(Cu2+ ions) as the pioneer metallic antimicrobial agent, which 
can kill bacteria at a rate of 99.9%.22 Cu ions penetrate the 
bacterial cell membrane, enter the cell via transport proteins 
following membrane rupture, and bind to essential components 

such as DNA and proteins. This results in cell death and 
antibacterial activity.23

The current study aimed to investigate the efficacy of ZIF-8 
(ZIF-8@TA@Cu@CTX), a TA- and Cu-functionalized material, 
in enhancing the antibacterial activity and controlling the 
release of CTX. For this purpose, ZIF-8 was synthesized by a 
one-pot method and functionalized with TA and Cu, which may 
contribute to a reduction in the dose of CTX due to their inherent 
antibacterial properties. The synthesis of ZIF-8 was confirmed 
by X-ray diffraction, thermogravimetric analysis, and scanning 
electron microscopy, and the structure of its derivatives was 
verified by Fourier Transform Infrared (FT-IR) analysis. ZIF-8, 
ZIF-8@TA, ZIF-8@TA@Cu, ZIF-8@TA@CTX, and ZIF-8@TA@Cu@
CTX were subjected to in vitro antibacterial tests to investigate 
and compare their antibacterial activity. Finally, the in vitro drug 
release behavior in the dissolution media, namely acetate buffer 
(pH 5.0) and phosphate buffer (pH 7.4), was evaluated.

MATERIALS AND METHODS
Materials
Zinc nitrate hexahydrate [Zn(NO3)2.6H2O], 2-methylimidazole 
(2-MeIm), TA, and copper (II) sulfate pentahydrate (CuSO45H2O) 
were obtained from Sigma-Aldrich. Methanol (MeOH) and 
dimethyl sulfoxide (DMSO) were obtained from MERCK 
Millipore, Germany. A Sartorius Arium Pro purification system 
was used to supply ultrapure water.

Synthesis of the ZIF-8
ZIF-8 was produced according to the ratio reported by Özsoy 
et al.24 1.35 g of Zn(NO3)2·6H2O and 0.75 g of 2-MeIm were 
dissolved in 30 mL of MeOH separately. The latter solution was 
added dropwise to the zinc nitrate solution, and the mixture 
was stirred for 1 h. Finally, ZIF-8 complexes were obtained by 
washing with MeOH after for centrifugation at 4000 rpm for 15 
minutes, and this procedure was performed three times.

Modification of ZIF-8 using TA and Cu
TA and copper sulfate solutions were prepared separately to 
modify the ZIF-8 surface; 0.5 g of TA was dissolved in deionized 
distilled water (DDW), and 0.2 g of ZIF-8 was dispersed in 
MeOH. TA solution was added dropwise to the ZIF-8 dispersion 
to form ZIF-8@TA, and stirring was continued for 2 h. The 
mixture was centrifuged at 4000 rpm for 15 min and washed 
with MeOH to obtain the final product (ZIF-8@TA). This process 
was repeated three times. ZIF-8@TA was dispersed in MeOH, 
and copper sulfate solution (0.2 g in DDW) was added dropwise 
to synthesize ZIF-8@TA@Cu. The same centrifugation and 
washing procedures described above were applied.

Synthesis of ZIF-8@TA@CTX and ZIF-8@TA@Cu@CTX
The drug-to-delivery system ratio was adjusted to 1:2.5.24 The 
CTX solution in DMSO was added dropwise to the ZIF-8@TA and 
ZIF-8@TA@Cu dispersions separately for each dispersion. The 
necessary steps to obtain the final products were performed 
following a 1-day stirring period at room temperature, as 
mentioned above.
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DLC and EC of ZIF-8@TA@Cu@CTX
The amount of CTX loaded into the designed DDSs was 
determined using the standard curve at 260 nm ultraviolet–
visible (UV–Vis) spectroscopy.8 Equations (1) and (2) were used 
to calculate the CTX loading capacity (%) and EE (%).25

(1)

(2)

In vitro dissolution rate studies from designed DDS

To evaluate the drug release behavior of the designed ZIF-8@
TA@Cu@CTX, in vitro dissolution rate studies were conducted 
in two distinct media (acetate, pH 5.0, and phosphate buffer, 
pH 7.4). ZIF-8@TA@Cu@CTX was selected as a representative 
formulation for dissolution kinetics studies because the 
incorporation of Cu²+ was anticipated a priori to have the 
greatest impact on both the coordination environment and 
release behavior. A specific quantity of sample used in drug 
release studies was dispersed individually in 10 mL of pH 5.0 
and pH 7.4 buffers via sonication and subsequently sealed within 
dialysis bags. These bags were then immersed individually in 50 
mL of the corresponding pH buffer and agitated at 37 °C using 
a magnetic stirrer set to 200 rpm for a duration of 48 hours. At 
periodic intervals, 1 mL of the sample was taken for analysis and 
replaced with a fresh buffer solution to ensure the maintenance 
of sink conditions. The drug amounts in the samples collected 
from the release medium were determined using UV-Vis at 
260 nm wavelength. Following the determination of the drug’s 
release at the point of interest, numerous mathematical models, 
such as zero-order, first-order, Higuchi, and Korsmeyer–Peppas 
have been used to evaluate the release profiles. The equations 
for each model are given below. The parameter k represents 
each model’s rate constant, n indicates the release exponent, 
and Q represents the amount of drug dissolved at time t.26

(3)

Characterization studies
To identify the functional groups and determine the structural 
characterization of the ZIF-8, ZIF-8@TA, ZIF-8@TA@Cu, ZIF-
8@TA@CTX, and ZIF-8@TA@Cu@CTX samples, FT-IR analysis 
was conducted on a Perkin Elmer instrument in the range of 
4000–400 cm-¹. Characteristic peaks were evaluated from the 
obtained spectra, and the chemical structure was confirmed.

The zeta potential, particle size, and polydispersity index 
(PDI) of rehydrated samples were measured using a Zetasizer 
Nano ZS (Malvern Instruments, Malvern, UK). Zeta potential 
measurements were performed after rehydration in buffer 
solutions at a defined concentration, whereas particle size 
measurements were conducted following rehydration in 
deionized water.27

Minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC)

This assay involves determining the antimicrobial susceptibility 
spectrum of compounds according to the resistance of gram-
positive and gram-negative bacteria using the Clinical and 
Laboratory Standards Institute (CLSI) broth microdilution 
method. The MIC is the lowest concentration of molecules 
that completely inhibits visible growth. The antimicrobial 
properties of the solvents were assessed to serve as a control, 
and the results of the tests were evaluated in accordance with 
established protocols.28 Bacterial inocula were prepared from 
overnight cultures to achieve concentrations of 1 x 108 colony 
forming units (CFU)/mL. Mueller–Hinton broth (Oxoid) was 
used to determine the MIC, while tryptic soy agar (TSA, Difco 
Laboratories) was used to evaluate the MBC value.

The MBC refers to the lowest concentration of antimicrobial 
agents required to attain a 99.9% reduction in the initial 
inoculum, as quantified by CFU counts. 10 µL samples were 
extracted from each well of the microplate and transferred to 
TSA-containing Petri dishes. After a 24-h incubation period at 
37 °C, the colonies were inspected to ascertain the presence of 
MBC.29 The positive control wells contained bacteria without 
any drugs, and the negative control wells contained only the 
media and were used to confirm the sterility of the medium. The 
tests were performed using standard antibacterial agents, such 
as meropenem and ciprofloxacin, as controls.28

Statistical analysis
The data obtained from the in vitro dissolution studies were 
statistically analyzed through non-linear regression using the 
GraphPad Prism 9.0 statistical program. The microbiological 
results were interpreted in accordance with the sensitivity 
limits established by recognized authorities, such as the CLSI 
or the European Committee on Antimicrobial Susceptibility 
Testing. Because MIC is not a continuous variable, statistical 
analysis is not required for MIC testing. All characterization 
tests except for FT-IR analysis were performed in triplicate 
(n = 3). Standard deviations presented where applicable. In 
the antimicrobial tests, standard deviations were not reported 
when identical concentration values were obtained across 
replicates. This information has been clarified in the revised 
manuscript.

RESULTS
ZIF-8 was synthesized via coordination polymerization and 
modified with TA and Cu, respectively. After these modifications, 
CTX was separately loaded on ZIF-8@TA and ZIF-8@TA@Cu 
to evaluate their antimicrobial activity as DDSs, as shown in 
Figure 1.

In the ZIF-8 spectrum (Figure 2), the first stretching peak at 
3200 cm-1 was due to the N-H bond, and the other small peaks 
at 3100 and 2800 cm-1 could be attributed to the imidazole ring 
and methyl group, respectively.30 The peaks at 1450 and 1560 
cm-1 were determined to be due to the C=N stretching modes 
from 2-MeIm, whereas the peak at 1380 cm-1 was attributed to 
the entire ring stretching. The stretching peak that appeared 
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at 1000 cm-1 was due to C-N bond of imidazole, and the peaks 
ranging from 1100 to 900 cm-1 could be related to the in-plane 
bending of the ring. The peak observed at 420 cm-1 confirmed 
the formation of the ZIF-8 structure due to the Zn-N bond 
formed as a result of the reaction between 2-MeIm and Zn 
atoms.24 In the TA spectrum, a broad band ranging from 3500–
3200 cm-1 was attributed to the stretching vibration of O-H 
groups, while the peaks at 2900–2800 cm-1 were associated 
with C-H stretching vibrations of CH2 and CH3, respectively. The 
stretching vibrations of C=O from the carbonyl group located 
at 1700 cm-1, which confirms aromatic ester moieties.31 The 
ZIF-8@TA spectrum show broad O–H (≈3300 cm-¹) and C–O 
(≈1210/1040 cm-¹) bands characteristic of TA. The C=O band of 
TA was weaker and shifted ~20 cm-¹ downwards relative to TA, 
and a shift of around 4 cm-¹ was observed in the Zn–N band. 
These findings indicate that the phenolic groups were bound 
via Zn+² surface coordination/H-bonding. The appearance of 
β-lactam C=O (~1700 cm-¹), amide I (~1600 cm-¹) and amide II 
(~1560 cm-¹) bands specific to CTX in the spectrum of ZIF-8@
TA@CTX, the displacement of C–O bands of TA (≈1210/1040 cm-

¹) and the preservation of ZIF-8 backbone bands (and ~420 cm-

¹) indicate that CTX was successfully immobilized on ZIF-8@TA. 
The spectrum of ZIF-8@TA@Cu showed a decrease in the width 
of the TA O–H band and a downward shift of the C–O bands 
(≈1210/1040 cm-¹) by ≈12 cm-¹, as well as the appearance of a 
new, weak Cu–O band around 615 cm-¹ and the preservation 
of the ZIF-8 skeleton bands (e.g. ≈420 cm-¹), indicate that Cu²+ 
is coordinatively bound to the surface via TA. Similar to ZIF-
8@TA@CTX, characteristic peaks belonging to CTX were also 
observed in the ZIF-8@TA@Cu@CTX spectrum.

The surface charges of ZIF-8 and its derivatives were examined 
by zeta potential measurement, as shown in Figure 3. ZIF-8 
exhibited a negative surface charge in acetate buffer (pH 5.0) 
and phosphate buffer (pH 7.4), in line with the literature.32 The 
analysis of particle size and PDI performed on rehydrated 
formulations revealed hydrodynamic diameters in the micron 
range (2380 ± 209 nm and PDI: 0.24 ± 0.04 for ZIF-8@TA@

Figure 2. FT-IR spectra of the synthesized DDSs A (ZIF-8@TA@CTX 
synthesis steps) and B (ZIF-8@TA@Cu@CTX synthesis steps).
CTX, cefotaxime; DDSs, drug delivery systems; FT-IR, Fourier Transform Infrared; 
TA, tannic acid; ZIF, zeolitic imidazolate framework.

Figure 1. Synthesis of ZIF-8@TA, ZIF-8@TA@Cu, ZIF-8@TA@CTX, and ZIF-8@TA@Cu@CTX.
CTX, cefotaxime; TA, tannic acid; ZIF, zeolitic imidazolate framework.
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CTX and 3223 ± 293 nm and PDI: 0.36 ± 0.09 for ZIF-8@TA@
Cu@CTX). Secondary aggregates may influence mass transfer 
and biological interactions, as suggested by micron-scale 
hydrodynamic diameters.

Loading capacity and encapsulation efficacy of CTX

CTX loading in ZIF-8 MOFs was measured using an indirect 
method. The EE and DLC were determined using a standard 
curve with the range of 3.96–23.76 µg/mL, as illustrated in 
Figure 4. The limit of detection and limit of quantification of the 
method were 1.10 and 3.33 µg/mL, respectively. The DLC and EE 
were detected as 39.50 ± 1.19% and 98.75 ± 2.96% for ZIF-8@
TA@CTX, respectively, while they were 40.75 ± 1.22% and 97.75 
± 2.93% for ZIF-8@TA@Cu@CTX, respectively (Figure 5).

Determination of MIC and MBC
The in vitro antimicrobial activity of the DDSs against 
five gram-negative bacteria and four gram-positive 
bacteria determined by the dilution technique using CLSI 
recommendations. Table 1 presents the results of the 
antimicrobial experiments for all samples.

The test cultures, Pseudomonas aeruginosa American Type 
Culture Collection (ATCC) 27853 and Escherichia coli ATCC 25922, 
demonstrated resistance to all synthesized ZIF-8 MOFs. Among 
the DDSs tested, only ZIF-8@TA@Cu showed antimicrobial 
activity against both Proteus vulgaris ATCC 13315 and methicillin-
resistant S. aureus (MRSA) ATCC 43300 with MIC values of 
1250 µg/mL and 312.5 µg/mL, respectively. ZIF-8@TA@Cu@CTX 
had the lowest MIC activity with 312.5 µg/mL against Klebsiella 
pneumoniae ATCC 4352 among gram-negative bacteria.

All DDSs except for ZIF-8 showed good activity against S. 
aureus, with an MIC value of 39.06 (DDSs except for ZIF-8 and 
last one in Table 1) and 19.53 g/mL (for ZIF-8@TA@Cu@CTX) 
19.53 μg/mL. Besides, ZIF-8@TA@CTX, and ZIF-8@TA@Cu@
CTX had the same inhibitory activity against Staphylococcus 
epidermidis ATCC 12228 with an MIC value of 19.53 μg/mL. The 

Figure 3. Zeta potential of ZIF-8 MOF and its derivatives in aqueous buffer 
solutions.
CTX, cefotaxime; MOF, metal-organic frameworks; TA, tannic acid; ZIF, zeolitic 
imidazolate framework.

Figure 4. Standard curve of CTX for EE and DL evaluation.
CTX, cefotaxime; DL, drug loading; EE, encapsulation efficiency.

Figure 5. Concentration of DL and EE for CTX.
CTX, cefotaxime; DL, drug loading; EE, encapsulation efficiency.

Figure 6. Cumulative release of CTX from ZIF-8@TA@Cu@CTX in acetate 
(pH 5.0) and phosphate buffer (pH 7.4) solutions.
CTX, cefotaxime; TA, tannic acid; ZIF, zeolitic imidazolate framework.
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MBC values of the DDSs were found against S. aureus ATCC, S. 
epidermidis ATCC 12228, and Enterococcus faecalis ATCC 29212 
among Gram-positive bacteria, and ZIF-8, ZIF-8@TA, and ZIF-
8@TA@Cu@CTX exhibited the lowest MBC values against S. 
epidermidis ATCC 12228 (Table 2).

The drug release profile of ZIF-8@TA@Cu@CTX in acetate (pH 
5.0) and phosphate buffer (pH 7.4) solutions at 37 ± 0.5° C is 
shown in Figure 6. The quantity of drug released was calculated 
based on the analytical curve. Within the first six hours, CTX 
release from ZIF-8@TA@Cu@CTX was observed to be 25.78 
± 0.77% in a pH 5.0 acetate buffer, while the cumulative 
drug release was determined to be 71.64 ± 2.15% in a pH 7.4 
phosphate buffer. Following a 48-hour period, the percentage 
of drug release was 62.83 ± 1.89% at pH 5.0 and 83.19 ± 2.50% 
at pH 7.4. 

The release pattern data were processed using GraphPad 
Prism software to analyze the mechanism of drug release 
kinetics. The parameters of each model are shown in Table 3. 
The in vitro dissolution rate results were best fitted Korsmeyer–
Peppas kinetics model (Figure 7), which yielded the highest R2 
value in both dissolution media. 

DISCUSSION
Recently, there has been a mounting interest in the use 
of MOF-based DDSs as a means of combating antibiotic 
resistance. ZIF-8 offers a highly porous delivery system and 
has antibacterial and anti-inflammatory properties due to the 
presence of Zn+2 ions in its composition.33 For example, Costa 
et al.2 combined ZnO nanoparticles with ZIF-8 and loaded them 

Table 1. MIC (mg/L) of synthesized DDSs against gram-negative and gram-positive bacteria.
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ZIF-8 - - - - 625 39.06 156.25 625 -

ZIF-8@TA - - 625 - 625 39.06 39.06 625 -

ZIF-8@TA @Cu - - 625 1250 625 39.06 39.06 625 312.5

ZIF-8@TA @CTX - - 625 - 625 19.53 39.06 625 -

ZIF-8@TA @Cu@CTX - - 312.5 - 156.25 19.53 19.53 625 -

CTX 8 0.125 0.060 16 1 1 1 16 4

Reference 0.5a 0.06a 0.5a 0.125a 2a 0.25a 0.06a 0.5a 1b

aMeropenem; bCiprofloxacin. ATCC, American Type Culture Collection; CTX, cefotaxime; DDSs, drug delivery systems; MIC, minimum inhibitory concentration; MRSA, 
methicillin-resistant S. aureus; TA, tannic acid; ZIF, zeolitic imidazolate framework.

Table 2. MBC (mg/L) of synthesized DDSs against gram-negative and gram-positive bacteria.
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ZIF-8 @TA @Cu - - - 1250 625 312.5 625 - -

ZIF-8 @ TA @ CTX - - - - 625 312.5 1250 - -

ZIF-8 @TA @Cu@CTX - - - - 156.25 19.53 1250 - -

CTX 8 0.6 0.06 16 1 1 2 32 8

Reference 0.5a 0.06a 0.5a 0.125a 2a 0.25a 0.06a 0.5a 1b

aMeropenem; bCiprofloxacin. ATCC, American Type Culture Collection; CTX, cefotaxime; DDSs, drug delivery systems; MBC, minimum bactericidal concentration; 
MRSA, methicillin-resistant S. aureus; TA, tannic acid; ZIF, zeolitic imidazolate framework.
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with the antibiotic ciprofloxacin to increase their antimicrobial 
activity through synergistic efficacy. They concluded that the 
combination of CIP and ZnO@ZIF-8 reduced the amount of CIP 
required to achieve an MIC similar to that of pure ciprofloxacin.2

In this study, ZIF-8 MOF was successfully synthesized and 
modified with TA and Cu by incorporating antimicrobial CTX. 
As seen in Figure 2 the formation of ZIF-8 MOF, surface 
modifications, and DL were confirmed by the functional groups 
and stretching vibrations in the 4000-400 cm-1 spectra. This 
was further validated using zeta potential measurements. The 
difference in surface charge illustrated that the compounds 
(e.g., TA and Cu ions) were successfully loaded on the ZIF-8 
MOF surface (Figure 3). The absolute potential increased when 
TA was bonded to the ZIF-8 surface due to the -OH moieties, 
whereas it decreased when Cu ions were attached due to their 
positive charge.

Owing to the large cages of ZIF-8 MOFs,2 the DLC values 
(39.50% for ZIF-8@TA@CTX and 40.75% for ZIF-8@TA@Cu@
CTX) were quite consistent with the literature.

It was initially anticipated that CTX release would be higher 
under acidic conditions (pH 5.0 acetate buffer), considering 
the pH-sensitive nature of ZIF-8 and the protonation-induced 
weakening of coordination between imidazole ligands and Zn²+ 
ions.Therefore, acidic environments are commonly associated 
with ZIF-8 degradation and drug release.34 However, the 
experimentally observed higher drug release at pH 7.4 phosphate 
buffer can be explained by the specific role of phosphate ions 
present in the dissolution medium. As previously reported 
by Velásquez-Hernández et al.,35 phosphate species exhibit a 

strong affinity toward Lewis acidic metal centers such as Zn²+, 
effectively competing with imidazole ligands and accelerating 
framework decomposition in PBSs. This ligand-exchange 
process leads to ZIF-8 structural disruption and promotes rapid 
drug liberation, accompanied by the formation of insoluble zinc 
phosphate species.35 Accordingly, the pronounced burst release 
observed in the pH 7.4 medium during the initial hours can be 
attributed to phosphate-induced ZIF-8 degradation rather than 
to pH effects alone. In contrast, no abrupt framework collapse 
was observed under acidic but phosphate-free conditions (pH 
5.0 acetate buffer), resulting in a more gradual and sustained 
release profile extending up to 48 h.

In addition to chemical and buffer-dependent factors, the 
particle size may contribute to the observed release behavior. 
Measurements of the rehydrated formulations revealed 
hydrodynamic diameters in the micron range, indicating the 
formation of secondary aggregates upon re-dispersion. Such 
aggregation, which can be promoted by multidentate interactions 
of TA and further enhanced by Cu²+-mediated interparticle 
bridging, may reduce the available effective surface area for 
mass transfer.19,36 Moreover, micron-scale hydrodynamic sizes 
can limit immediate particle–bacteria contact, which has been 
reported to contribute to sustained drug release behavior and 
to restrict the apparent enhancement of antimicrobial potency 
observed in MIC and MBC assays for nanoparticle-based 
antibiotic delivery systems.37,38

Overall, these findings indicate that drug release from ZIF-8-
based DDSs is governed not only by pH sensitivity but also by 
buffer composition and the rehydrated system’s physical state. 

Table 3. Drug release kinetic model parameters for ZIF-8@TA@Cu@CTX.

Sample name
Zero order First order Higuchi Korsmeyer–Peppas

R2 K0 R2 K1 R2           Kh R2 n

pH 5.0 0.848 1.083 0.749 -0.024 0.895 10.31 0.908 0.472

pH 7.4 0.446 32.49 0.366 -0.019 0.580 15.98 0.729 0.614

CTX, cefotaxime; TA, tannic acid; ZIF, zeolitic imidazolate framework.

Figure 7. Korsmeyer–Peppas kinetics model fitting curves of DDS in acetate (pH 5.0) and phosphate buffer (pH 7.4) solutions.
CTX, cefotaxime; DDSs, drug delivery systems.
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While the faster release observed at pH 7.4 may be attributed 
to phosphate-induced framework destabilization, the sustained 
release under mildly acidic, phosphate-free conditions could 
result from controlled framework degradation combined with 
diffusion through the MOF structure. In addition, the micron-
scale hydrodynamic sizes observed after rehydration may 
contribute to prolonged release by limiting the effective surface 
area and mass transfer. Taken together, these characteristics 
support the potential applicability of ZIF-8-based DDSs 
for infection-associated environments, which are often 
characterized by local acidosis.39

As given in the Korsmeyer–Peppas equation, n denotes the 
release exponent, where if n ≤0.45, the release is controlled 
by Fickian diffusion. Values ranging from 0.45 to 0.89 indicate 
a non-Fickian diffusion process, whereas values greater than 
0.89 correspond to case-II transport or zero-order (swelling-
driven) release.40 n is a useful indicator to determine the release 
mechanism. The release exponent increased from 0.472 at pH 
5.0 to 0.614 at pH 7.4 when the Korsmeyer–Peppas model was 
applied to the initial release region of ≤60%. The value at pH 
5.0 indicates a diffusion-dominated early release with minor 
deviations from ideal Fickian behavior, possibly resulting 
from drug desorption from the ZIF-8 cages and subsequent 
CTX diffusion through the MOF structure. Conversely, higher 
n values at pH 7.4 indicate anomalous transport, which 
is consistent with the contribution of phosphate-induced 
framework destabilization in addition to diffusion.41 Therefore, 
it appears that the early release of CTX in phosphate buffer is 
governed by coupled diffusion and matrix disruption processes, 
whereas a more diffusion-controlled profile is maintained 
under acidic, phosphate-free conditions.

The CTX release profile revealed a pronounced initial release, 
particularly at physiological pH, followed by a sustained release 
phase. Although such release behavior could be expected to 
support antibacterial activity, the MIC or MBC values of the 
CTX-loaded DDSs were not lower than those of free CTX. This 
outcome suggests that antibacterial performance is influenced 
by factors beyond the overall amount of drug released.42 Despite 
the inherent antibacterial properties of TA and Cu2+ ions, 
their incorporation into ZIF-8 predominantly results in their 
coordination or surface association, thereby constraining their 
direct and independent interaction with bacterial cells under 
MIC and MBC testing conditions. Although CTX was released 
in substantial amounts as detected by the analytical method, 
transient interactions with Zn²+/Cu²+ ions and TA may reduce 
the fraction of freely available and biologically active drug 
during early exposure.43 In parallel, non-covalent interactions 
between CTX and polyphenolic compounds, such as TA, may 
transiently influence the fraction of pharmacologically active 
drugs during early exposure.

Furthermore, the local microenvironment generated during the 
partial degradation of the ZIF-8 framework, including transient 
metal ion release and local coordination effects, may influence 
the immediate availability of CTX for bacterial targets rather 
than causing chemical degradation of the drug. Such effects 
are of particular relevance to β-lactam antibiotics, whose 

antibacterial activity depends on the freely accessible fraction 
of the drug during early exposure rather than on the total drug 
concentration.44

The findings of this study indicate that the ZIF-8-based DDS 
is not primarily designed to surpass free CTX in short-term 
in vitro assays, but rather to provide controlled delivery and 
prolonged local exposure. Therefore, the observed antibacterial 
behavior reflects the balance between release kinetics, drug–
carrier interactions, and microenvironmental factors, rather 
than an unexpected loss of antimicrobial efficacy. It is also 
important to note that the MIC and MBC assays are based on 
short-term exposure and, therefore, may not fully capture the 
potential benefits of SR formulations, especially in the context 
of localized infection.

From a clinical perspective, the ZIF-8-based DDS was not 
primarily intended to reduce the systemic dose of CTX but rather 
to modulate its local availability through controlled release. This 
approach may be of particular relevance in cases of localized 
infections, where prolonged exposure at the infection site 
could enhance antibacterial efficacy. With regard to safety 
considerations, Cu2+ ions were incorporated into the DDS in a 
coordinated state within the ZIF-8 framework, which may limit 
the immediate availability of free Cu²+ ions under physiological 
conditions. However, further detailed in vivo investigations are 
required to comprehensively evaluate copper biodistribution, 
toxicity, and clearance. In conclusion, while the present study 
provides proof-of-concept in vitro findings, further in vivo 
studies are required to more accurately assess the system’s 
translational potential.

CONCLUSION
In this study, a ZIF-8-based MOF DDS was successfully 
synthesized and further modified with TA and Cu ions. The 
high porous nature of the ZIF-8 framework enabled efficient DL 
and EE of CTX. Although the TA- and Cu-modified ZIF-8 DDSs 
did not enhance the antimicrobial potency of CTX in terms of 
MIC and MBC values compared to free drug, they preserved 
bactericidal activity under sustained exposure conditions. 

Drug release studies revealed biphasic behavior, which is 
governed by pH and buffer composition. Phosphate-induced 
framework destabilization led to accelerated release at pH 7.4, 
whereas a more gradual, sustained release profile was observed 
in an acetate buffer at pH 5.0. The prolonged release of CTX for up 
to 48 h under mildly acidic conditions without abrupt framework 
collapse suggests that ZIF-8-based maintain controlled local 
drug availability in microbial infection-relevant environments.

TA and Cu modification primarily contribute to the observed 
release behavior and carrier characteristics by modulating 
the coordination environment and surface interactions within 
the ZIF-8 framework, rather than directly enhancing the 
antimicrobial potency. Therefore, the ZIF-8 MOF system 
represents a promising platform for controlled and localized 
antibiotic delivery, particularly for applications where prolonged 
exposure at infection sites is desirable, while acknowledging 
that further in vivo investigations are required to assess 
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translational potential and safety.
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