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Abstract 

Zeolitic imidazolate framework-8 particles (ZIF-8) have attracted attention because of their high 

drug-loading capabilities. In this study, we synthesized silver (Ag)-doped curcumin (CUR) 

adsorbed ZIF-8 to test its antibacterial activity against methicillin-sensitive and -resistant 

Staphylococcus aureus (S. aureus). Ag-doped curcumin adsorbed ZIF-8 particles 

(Ag@CUR/ZIF-8) were investigated to study their crystallinity, charge, morphology, chemical 

bonding, absorption, and adsorption characteristics, and the results showed successful loading of 

curcumin and silver into the ZIF-8 structure. Microstructure analysis using scanning electron 

microscopy (SEM) revealed that the CUR/ZIF-8 particles have a rhombic dodecahedral 

morphology and the synthesis of Ag@CUR/ZIF-8 through doping using Fourier Transform 

Infrared (FTIR). The nanoparticle size was around 150 nm, while the average crystalline size was 

14.768 nm. The minimum inhibitory concentration (MIC) of Ag@CUR/ZIF-8 was 40 μg/ml 

against all strains of S. aureus, exhibiting substantial antibacterial activity against the pathogens 

tested. This proves that Ag@CUR/ZIF-8 displayed superior antibacterial activity through the 

synergistic effect of CUR, Ag, and zinc ions. 
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1. Introduction 

Metal-organic frameworks have intrigued researchers worldwide due to their advantageous 

properties, such as tunable structure, high surface area, and easy chemical functionalization [1]. 

These are increasingly explored in drug delivery because they possess hydrophobic pockets that 

encapsulate drugs and chemicals, creating multifunctional theragnostic platforms [2]. Metal-

organic frameworks comprise the ZIF-8 subclass, with unique structures and variable chemical 

surfaces, allowing them to encapsulate molecules within their pores, protect them from 

degradation, and improve their bioavailability [3]. ZIF-8 comprises zinc ions coordinated with 

imidazole ligands, forming a three-dimensional porous structure. 

Curcumin is the main bioactive compound found in turmeric and has broad-spectrum biological 

and pharmacological activities [4]; however, its poor bioavailability and low solubility in aqueous 

mediums limit its therapeutic use [5]. One method of increasing curcumin bioavailability is to use 

delivery systems [6], which improve its solubility and stability. Moreover, such systems can be 

functionalized with targeting ligands for site-specific delivery [7]. 

Silver has been extensively studied for its antibacterial properties against both gram-positive and 

-negative bacteria [8]; however, it is susceptible to aggregation [9] and potential toxicity [10] 

without functionalization. Silver could be functionalized by doping it into other nanoparticles, and 

functionalizing it with organic biomolecules can further enhance its antibacterial properties and 

reduce potential cytotoxicity. 

Although the antibacterial activity of curcumin in ZIF-8 frameworks [11] and Ag-doped ZIF-8 

frameworks [12] has been previously studied, the combination of Ag, curcumin, and ZIF-8 has not 

been investigated yet. In this study, we synthesized Ag-doped curcumin-loaded ZIF-8 frameworks 

and evaluated their antibacterial activity against methicillin-resistant and -sensitive 

Staphylococcus aureus. The frameworks' morphology, crystallinity, charge, chemical bonding, 

absorption, and adsorption characteristics were analyzed using suitable characterization 

techniques. 
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2. Materials and methods 

2.1. Materials 

Zinc nitrate hexahydrate, curcumin (CUR), and methanol were purchased from Merck Life 

Science Pvt. Ltd., India, HiMedia Laboratories Pvt. Ltd., India, and Finar Chemicals, India, 

respectively. 2-methylimidazole and silver nitrate were purchased from Sigma-Aldrich, India. No 

further purification of the chemicals was required. 

 

2.2. Synthesis of curcumin-encapsulated ZIF-8 (CUR/ZIF-8) 

CUR/ZIF-8 was synthesized by dissolving 1.5 g of zinc nitrate hexahydrate in 50 ml of deionized 

water and 3.3 g of 2-methylimidazole and 50 mg of curcumin in 100 ml of methanol and mixing 

and stirring the two solutions for one hour at room temperature. CUR/ZIF-8 was obtained by 

centrifuging the solution at 13,000 rpm for 30 minutes and washing it with methanol [13]. 

 

2.3. Synthesis of Ag-doped-curcumin encapsulated ZIF-8 (Ag@CUR/ZIF-8) 

An AgNO3 solution was prepared by mixing 93.75 mg of AgNO3, 2 mL of deionized water, and 

20 mL of ethanol and stirring for 15 min. 0.5 g of CUR/ZIF-8 was added to the prepared AgNO3 

solution to adsorb Ag+ ions on its surface, and later, the colloidal solution was centrifuged and 

washed three times with ethanol and oven dried at 50 ℃ to obtain Ag@CUR/ZIF-8 [14]. 

 

2.4. X-ray diffraction (XRD) 

The X-ray diffraction spectrum of CUR, CUR/ZIF-8, and Ag@CUR/ZIF-8 were recorded using 

Rigaku Miniflex 600 (5th generation) operating at a voltage of 40 kV and a current of 15 mA 

between 10–90° at room temperature [15]. 

 

2.5. Zeta potential 

The zeta potential was measured using a Malvern Zetasizer Nano ZS at a 90° scattering angle. The 

samples were placed in capillary cells, and measurements were taken in triplicates, with the 

findings averaged [16]. 
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2.6. Microstructure analysis 

The microstructure of CUR/ZIF-8 and Ag@CUR/ZIF-8 was observed using EVO MA18 with 

Oxford EDS(X-act) SEM. The samples were vacuum dried, sputtered with gold particles, and 

examined at various magnifications while exposed to 10 kV voltage [17]. 

 

2.7. Functional group analysis 

The composition and surface chemistry of CUR/ZIF-8 and Ag@CUR/ZIF-8 were analyzed using 

a Shimadzu IRSpirit FTIR spectrometer. A sample pallet was prepared and scanned between 

4000–400 cm-1 to obtain data on its functional groups and molecular structure [18]. 

 

2.8. UV-visible spectroscopy analysis 

UV-visible spectroscopy was used to obtain the maximum absorbance wavelength (λmax) of 

CUR/ZIF-8 and Ag@CUR/ZIF-8. Samples were dissolved in methanol to form a homogenous 

solution, and the absorbance spectra were measured using a LABINDIA analytical UV 3092 

spectrophotometer between 200–800 nm [19]. 

 

2.9. Brunauer–Emmett–Teller (BET) adsorption analysis 

Porosity and surface area were determined using Quantachrome® ASiQwin™ (Quantachrome 

Instruments, USA). The samples were accurately weighed and degassed for 24 hours at room 

temperature to achieve a pressure of 2 mHg, and the surface area was calculated using the single-

point nitrogen adsorption technique [20]. 

 

2.10. Antibacterial activity 

The MIC of Ag@CUR/ZIF-8 was examined against methicillin-sensitive and -resistant S. aureus 

(ATCC 43300; ATCC 25923, ATCC 29213, and MTCC 1430) in a 96-well microtiter plate for 24 

h. The S. aureus inoculants were made from active bacteria and diluted with Mueller-Hinton broth, 
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and 100 μL was added to the plate and treated with two-fold dilutions of the Ag@CUR/ZIF-8 

concentrations between 320–0.15 μg/ml. The absorbing value was used to determine the growth 

of S. aureus in the presence of Ag@CUR/ZIF-8. The MIC endpoint was declared to be the lowest 

concentration of Ag@CUR/ZIF-8, at which no growth was observed [21]. 

 

3. Results and discussion 

3.1. X-ray diffraction 

Figure 1 shows the crystalline nature of Ag@CUR/ZIF-8, CUR/ZIF-8, and CUR, respectively. 

When comparing the spectrum of CUR/ZIF-8 and CUR, it can be inferred that the periodicity in 

CUR corresponding to ~9° is altered when it was loaded into ZIF-8 frameworks. Furthermore, the 

spectrum of Ag@CUR/ZIF-8 and CUR/ZIF-8 is similar, which reveals that Ag is inert when 

incorporated within the ZIF-8 frameworks. The crystalline size of the Ag@CUR/ZIF-8 

frameworks was determined to be 14.768 nm using the Scherrer equation (Supplementary 1) [22]. 

 

3.2. Zeta potential 

Figure 1. XRD spectra of Ag@CUR/ZIF-8, CUR/ZIF-8, and CUR, respectively. 
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Figure 2 shows the zeta potential of ZIF-8, CUR/ZIF-8, and Ag@CUR/ZIF-8, respectively. It can 

be inferred that the total charge of both ZIF-8 and CUR/ZIF-8 is negative, while that of 

Ag@CUR/ZIF-8 is positive. This is because Ag is a cation, and upon doping it within the 

CUR/ZIF-8 frameworks, the total charge of the particles became positive. 

 

3.3. Microstructure analysis 

Figure 3 shows the surface microstructure of CUR/ZIF-8 and Ag@CUR/ZIF-8, respectively. The 

SEM micrograph of the CUR/ZIF-8 particles shows that they have a rhombic dodecahedral 

morphology and are supported by [23], where similar rhombic dodecahedral ZIF-8 particles were 

obtained. Also, the average diameter of the particles was around 150 nm, which is consistent with 

[11]. The SEM micrograph of Ag@CUR/ZIF-8 particles shows the absence of Ag on their exterior 

surface because Ag is embedded on their interior surface [24]. The Ag@CUR/ZIF-8 particles 

appear noticeably rounder and smaller compared to CUR/ZIF-8, as incorporating Ag into the ZIF-

8 particles slightly deformed their crystal lattice by binding to the ZIF-8 ligands, resulting in 

smaller particles [25]. 

Figure 2. Zeta potential of ZIF-8, CUR/ZIF-8, and Ag@CUR/ZIF-8, respectively. 
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3.4. Functional group analysis 

Figure 4 shows the FTIR spectrum of CUR/ZIF-8 and Ag@CUR/ZIF-8, respectively. The 

spectrum of CUR/ZIF-8 shows peaks at 3126 cm-1, 2929 cm-1, and 1588 cm-1 corresponding to the 

aromatic C-H stretching of an imidazole ring, a methyl group, and C-N stretching of imidazole, 

respectively [26]. The peaks at 1152 cm-1, 1302 cm-1, and 1506 cm-1 correspond to the C=C 

stretching of the C-O-C, C-O, and benzene ring from curcumin, respectively. The phenolic 

stretching peak of curcumin (Supplementary 2) shifted from 3511 cm-1 to 3332 cm-1, which implies 

that curcumin was encapsulated into ZIF-8 [27]. 

The FTIR spectrum of Ag@CUR/ZIF-8 contains the primary absorption bands of CUR/ZIF-8 at 

3126 cm-1, 2929 cm-1, 1588 cm-1, 1302 cm-1 and 1152 cm-1, indicating that Ag unaffected the 

framework [14]. The wide band at 3488 cm-1 shows the stretching vibration of the O-H bond [28]. 

Figure 3. SEM micrographs of (Left) CUR/ZIF-8 and (Right) Ag@CUR/ZIF-8. 
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3.5. UV-visible spectroscopy analysis 

Figure 5 shows the UV-visible spectrum for Ag@CUR/ZIF-8 and CUR/ZIF-8, respectively. The 

CUR/ZIF-8 spectrum has a peak corresponding to curcumin at 453 nm, which is due to the 

electronic dipole moment that allows π-π* type excitation, while the sharp peak at 218 nm is due 

to excitonic absorption of the ZIF-8 structure [29], [30]. The Ag@CUR/ZIF-8 spectrum shows 

the peaks of ZIF-8 and curcumin, along with an additional broad peak at 320 nm, which could be 

the absorption band of Ag [31]. The blue shift in the peak of Ag could be due to the formation of 

ultra-small Ag particles within the ZIF-8 frameworks. 

Figure 4. FTIR spectrum of CUR/ZIF-8 and Ag@CUR/ZIF-8, respectively. 
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3.6. BET adsorption analysis 

Figure 6 shows the BET porosity and surface area measurements carried out through the nitrogen 

adsorption–desorption isotherms. It is observed that all of the samples show mesoporous behavior 

and exhibit a type III isotherm. The pore radius and surface area follow the order: Ag@CUR/ZIF-

8 > CUR/ZIF-8 > ZIF-8, and this indicates that the surface area-to-volume ratio increased upon 

incorporating Ag into the ZIF-8 frameworks as the particle size became smaller, as depicted in the 

SEM micrographs. 

Figure 5. UV-Visible spectrum of Ag@CUR/ZIF-8 and CUR/ZIF-8, respectively. 
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3.7. Antibacterial activity 

Figure 6. The adsorption and desorption curves and average pore radius of ZIF-8, CUR/ZIF-8, 

and Ag@CUR/ZIF-8, respectively. 
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Figure 7 shows 96-well microtiter plates containing different strains of S. aureus exposed to 

Ag@CUR/ZIF-8. The MIC of Ag@CUR/ZIF-8 was determined to be 40 μg/ml against all strains. 

Previously, [11] found that the MIC value of CUR/ZIF-8 against S. aureus (ATCC 23235) was 

1000 μg/ml, while [12] found the MIC value of Ag@ZIF-8 against S. aureus (ATCC 25922) to 

be 0.17 mg/ml. Our result shows that Ag@CUR/ZIF-8 has superior antibacterial activity 

compared to other studies due to the synergistic effect of curcumin, Ag, and zinc ions [32]. 

 

4. Conclusion 

This study aimed to develop Ag@CUR/ZIF-8 to test its antibacterial activity against different 

strains of S. aureus. Ag@CUR/ZIF-8 particles were synthesized by incorporating ZIF-8 

frameworks with CUR and then doping the CUR/ZIF-8 particles with Ag. The SEM micrographs 

revealed that the CUR/ZIF-8 particles of around 150 nm had a rhombic dodecahedral structure, 

and incorporating Ag affected their morphology by producing smaller and rounder 

Ag@CUR/ZIF-8 particles, whose formation was confirmed by the zeta potential, UV-visible 

spectroscopy, and FTIR studies. Furthermore, the crystallite size of Ag@CUR/ZIF-8 was 

calculated from the XRD graph using the Scherrer equation and was found to be 14.768 nm on 

average. The antibacterial activity of the Ag@CUR/ZIF-8 nanoparticles against methicillin-

sensitive and -resistant S. aureus strains was determined to be 40 μg/ml, indicating the synergistic 

Figure 7. 96-well microtiter plates containing different S. aureus strains exposed to 

Ag@CUR/ZIF-8 
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antibacterial effect of CUR, Ag, and zinc ions. In conclusion, Ag@CUR/ZIF-8 particles were 

found to be superior antibacterial agents for use in drug delivery and biomedical applications. 
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