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Abstract

The synthesis of nanostructures with tunable antibacterial properties using green solvents 

at room temperature is of environmental interest, and antibacterial nanomaterials have application 

in the fabrication of biofouling-resistant membranes for water purification and wastewater 

treatment. In this study, we investigate the effect of organic ligands on the antibacterial and 

structural properties of silver-based metal-azolate frameworks (Ag-MAFs). Three new Ag-MAFs 

were synthesized with silver, as the metal node, and imidazole-based linkers having different 

chemistries, via a facile and environmentally friendly method conducted at room temperature. 

The coordination of silver ions with the linkers resulted in the formation of Ag-imidazole, Ag-2 

methylimidazole, Ag-benzimidazole complexes with octahedral, hexagonal nanosheet, and 

nanoribbon morphologies, respectively. The Ag-MAFs exhibited excellent antibacterial activity 

(up to 95% die-off of bacteria at short exposure time of 3 h) in colloidal forms against both 

Gram-negative Escherichia coli (E. coli) and Gram-positive Bacillus subtilis (B. subtilis) due to 

synergetic effects of silver and the imidazole-based linkers. Ag-2 methylimidazole showed the 

highest antibacterial activity, owing to its high silver concentration and special nanocrystal 

structure that provide better contact with bacteria. This work indicates that the antibacterial 

activity of Ag-MAF nanostructures can be tailored by changing the organic linker, allowing for 

creating nanostructures with desired biocidal properties.
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Introduction

Pathogenic bacteria are increasingly posing a serious threat to public health, due to their 

intrinsic antibiotic resistance. 1 Multidrug-resistant bacteria are forecast to cause the highest rate 

of death by 2050. 2–4 This global threat can be lessened by combatting the spread of current 

pathogens through the development and use of effective and non-specific antibacterial and 

disinfectant materials. 5,6 

In recent years, antimicrobial nanomaterials have emerged to prevent resistant infections. 

7–9 Silver (Ag) nanoparticles have demonstrated broad-spectrum antimicrobial activity. 10–12 

However, bacterial proteins induce the coagulation of these nanoparticles, hence thwarting their 

efficacy. 13–15 To address this problem, the functionalization of these nanoparticles has been 

proposed. However, the functionalization can negatively affect the antibacterial activity of the 

nanoparticles. 16–18 

Highly-ordered arrays of self-assembled coordination polymers with a metal coordination 

center have demonstrated potent antimicrobial properties. 11,19–21 They have also shown long-

lasting antibacterial activity, because they can act as biocidal reservoirs that release biocidal 

metal ions gradually. 11,22 Since the antimicrobial properties of coordination polymers depend on 

both the nature of the organic linker and that of the metal node, a variety of antibacterial networks 

can be designed and synthesized. 20,23–25 

In many cases, the synthesis of supramolecular structures requires long reaction times, 

hazardous solvents, and high temperatures, thus limiting their industrial application. 26,27 It is, 

therefore, necessary to develop facile, rapid, inexpensive, and environmentally friendly 

techniques for preparing these structures. An ambient temperature synthesis via rapid 

precipitation is a viable strategy to promote the widespread application of these compounds. 
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Furthermore, the use of water as the reaction medium instead of hazardous solvents lowers the 

cost, negative environmental impacts, and safety risk of the synthesis. 28 

Affected by a function of both the linker and the metal, the engineering design of 

coordination polymers is directly related to the coordination characteristics of the metal ion and 

organic linker, resulting in a variety of multidimensional arrays or networks. Several linkers have 

been used to synthesize silver-based coordination polymers. However, to the best our knowledge, 

the preparation of silver-based coordination polymers from imidazole, 2-methyl imidazole, or 

benzimidazole with green solvents at a room temperature has not been reported yet. 20,24,29 The 

antibacterial, antiviral, and antifungal activity of imidazole linkers and their derivatives have been 

reported in the literature.30–33 Here, taking advantage of the antimicrobial properties of the 

diazole-containing ligands and of Ag as the most-well-known biocidal metal center, we report the 

design and synthesis of three new Ag-based metal-azolate frameworks (Ag-MAFs). The 

imidazole-based linkers (imidazole, 2-methyl imidazole, and benzimidazole) have different 

chemistries. Incorporating these antimicrobial ligands into biocidal metal centers has allowed for 

the creation of a class of nanosized Ag-based MAFs that offer high antimicrobial agents. Indeed, 

antimicrobial activity in these systems originates from the synergistic antibacterial effects of both 

metal core and organic linker. The production of these nanomaterials is performed via a facile 

and environmentally friendly method at room temperature. Specifically, the synthesis is carried 

out in aqueous systems, in the absence of any hazardous solvents, and with low energy 

consumption. The produced Ag-MAFs are characterized thoroughly and their antibacterial 

properties are evaluated with model bacteria using fluorescence imaging and flow cytometry. 
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Experimental

Materials

Silver nitrate (AgNO3 >99%), 2-methylimidazole (>99%), imidazole (>99%), 

benzimidazole (>98%), and ethanol (>99%) were purchased from Merck, Germany. Escherichia 

(E.) coli (ATCC 35695) and Bacillus (B.) subtilis (ATCC 23857) were used as Gram-negative 

and Gram-positive model systems, respectively.  LB broth with agar (Sigma-Aldrich; Cat. No.: 

L2897) and Terrific Broth, TB (Sigma-Aldrich; Cat. No.: T0918) were used for bacteria cell 

culturing. Propidium iodide (Sigma-Aldrich), and SYTO9 (Molecular ProbesTM) were used for 

bacteria staining.

Synthesis of Ag-MAFs

For the preparation of the metal solution, 0.17 g (1.0 mmol) of AgNO3 was dissolved in 

30 mL of deionized water. For the preparation of the ligand solution, 0.082 g (1.0 mmol) of 2-

methylimidazole, 0.068 g (1.0 mmol) of imidazole, and 0.118 g (1.0 mmol) of benzimidazole 

were separately dissolved in 30, 25, and 40 mL of ethanol, respectively.  Next, all the solutions 

were homogenized by sonication for 2 min. The three ligand solutions were then gradually added 

to separate AgNO3 solutions while stirring at room temperature. Each mixture was stirred for 

another 30 min to complete the reaction. The precipitate was recovered, washed with fresh 

ethanol, and deionized water several times, and finally air-dried. Figure 1 summarizes the 

synthesis process and depicts the molecular structures of the three Ag-MAFs, Ag-2-

methylimidazole, Ag-imidazole, and Ag-benzimidazole, which are referred to as Ag-2Imid, Ag-

Imid, and Ag-Benz, respectively.
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Figure 1.  Photos showing the steps of the Ag-MAFs synthesis process: (a) solution preparation and 

stirring, (b1, b2) washing process, and (c) nanoparticle powder obtained after centrifugation. (d1, d2, 

d3) Images depicting the Ag-MAFs molecular structures (silver, carbon, nitrogen, and hydrogen 

atoms are shown in red, black, blue, and white, respectively).
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Characterization of Ag-MAFs

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy (Varian 

Excalibur FTS-3000, with 16 scans and a resolution of 4 cm−1) was performed to determine the 

functional groups of the structures. To identify the crystalline structure of compounds, samples 

were characterized by X-ray diffraction (XRD): XRD patterns were obtained at 298 K via an 

XPERT-PRO X-ray diffractometer equipped with a Cu-Kα radiation source (λ=1.5406Å) at 40 

mA and 40 kV. The morphology of the samples was analyzed via field emission scanning 

electron microscopy (FE-SEM, MIRA3 TESCAN) equipped with energy-dispersive X-ray 

spectroscopy (EDX), and via transmission electron microscopy (TEM, Zeiss EM900), operated at 

20 kV. The average size distributions of nanomaterials were determined via dynamic light 

scattering (DLS, Nano ZS ZEN 3600). Prior to measurements, the samples were sonicated in 

water. The zeta potentials of the nanoparticles were measured with ZetaPALS (Brookhaven 

Instruments) at a pH of 6 with 1 mM KCl, whereby the average of five trials with 30 cycles per 

run is reported. Absorption spectra of the nanoparticles were determined via a UV–Vis 

spectrophotometer (PerkinElmer LAMBDA 35). X-ray photoelectron spectroscopy (XPS) 

(Bestec, Germany) equipped with a 100 μm monochromatic Al Kα X-ray photoelectron 

spectrometer source was used to determine the characteristic elements of the structures, where a 

hemispherical electron energy analyzer was used to record the emitted photoelectrons.

Bacteria Strains and Suspension Preparation

Antimicrobial properties of the nanomaterials were evaluated using the Gram-negative E. 

coli and Gram-positive B. subtilis species. The bacterial strains were cultivated on LB agar 

medium plates at 37 °C for 24 h and then stored at 4 °C for future use. A discrete colony of each 

bacteria strain was grown aerobically at 37 °C in TB culture media in a shaking flask at 150 rpm 
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for ~10 h (at middle-to-late exponential phase). After centrifuging at 1500xg for 2 min, the pellet 

of cultured bacteria was gently washed three times with phosphate buffer saline, PBS (pH = 7.3) 

to remove the residual TB. A Rotamix (10101-RKVSD, ATR Inc.) at 20 rpm was used to 

resuspend the pellet cells in PBS. Bacterial stock samples with the cell densities of ~2×108 

cfu/mL were prepared from each cultivated colony to be used for antibacterial assessment.

Fluorescence Imaging of Bacteria 

Stock suspensions of the MAF nanostructures with a concentration of 400 μg/mL were 

prepared in 10% DMSO. For treated samples, bacterial stock samples were exposed to the final 

concentration of 200 μg/mL of each MAF structure for 3 h (with the final concentration of 5% 

DMSO). To examine the possible impact of DMSO on bacterial survival, DMSO with the final 

concentration of 5% was added to the untreated bacteria samples. The untreated and treated 

samples were subsequently incubated with 20 μM propidium iodide and 5 μM SYTO9 for 15 min 

in dark at room temperature. To avoid osmotic stress on bacterial samples, the propidium 

iodide/SYTO9 solution was prepared in PBS solution. A 20 μL aliquot of each sample was added 

onto a microscope glass slide, enclosed by a glass coverslip, and mounted on the microscope 

stage (Nikon ECLIPSE TE200 microscope). Epi-fluorescence images of at least 15 field-of-view 

(i.e., Exc./Det. of 560/630 for propidium iodide and 480/535 for SYTO9) were recorded for each 

sample and more than 2000 cells were counted for three separate trials. The ratio of the areas of 

propidium iodide-stained cells (red) to SYTO9-stained cells (green) were used to estimate the 

percentage of dead bacteria in each sample. Image analysis was performed by using ImageJ 

software (National Institutes of Health, 1.43u). Welch’s t-test was used to analyze statistical 

differences ( = 0.05) between the proportion of live cells in the untreated samples and the 

samples with each of the three MAF-treatments.
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Flow Cytometry of Bacteria 

100 μL of treated or untreated samples (see above) were added into a 96-well flat-bottom 

plate and incubated with 20 μM propidium iodide in PBS for ~15 min in complete darkness. Flow 

cytometry analyses were conducted with a medium fluid rate and the limit of 100,000 events for 

each trial. To remove debris impact, two thresholds were applied before the analyses in which 

only forward angle scattering-height (FSC-H) signals larger than 10,000 and side angle 

scattering-height (SSC-H) signals larger than 100 were collected. The propidium iodide molecule 

was illuminated with a 15 mW argon ion laser (488 nm), and fluorescence signals were recorded 

via the FL2 channel with the detection wavelengths of 585±40 nm. The fluorescence signals were 

amplified with the logarithmic mode and shown on the logarithmic scale. To do single-cell 

analysis, a FSC-H vs. FSC-A (-area) counterplot was used to remove doublets from our 

calculations in which the doublets show a separate population toward higher-area values. Three 

separate flow cytometry experiments were performed for each bacteria suspension. The flow 

cytometry data were analyzed by the BD Accuri® C6 software.  Statistical comparisons were 

conducted between the proportion of live bacteria for each MAF treatment for each bacterium 

(e.g., Ag-Benz vs. Ag-Imid for E. coli). The null hypothesis for each comparison was “no 

difference in the proportion of bacteria living.” The two-tailed P-values from Welch’s t-test were 

used to evaluate statistical significance.

Results and Discussion

Characterization of Ag-MAFs 

To investigate the important parameters affecting the biocidal properties of the MAF 

structures, their morphology and surface chemistry were carefully evaluated. Generally, N-

heterocyclic carbenes (NHCs)–metal complexes can be prepared by direct metalation. NHCs can 
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form strong bonds to a wide range of metals due to their excellent σ-donor and weak π-acceptor 

ability. NHCs coordinate to metal ions via σ → d donation. 34 Since main-group elements and 

rare-earth metals lack π-backdonation while NHCs have a pure σ-donor character, the latter form 

stable adducts with the metal centers. 35 On account of the flexibility of NHC ligands, they can 

form stable electron-deficient metals via a π → d donation and stabilize electron-rich metals by d 

→ π* backdonation. 36 Fundamentally, the integration of steric and electronic characteristics of an 

NHC in a specific coordination environment affects the stability of the carbene lone pair. From 

the structural perspective, the bulkiness of the bonded groups to the nitrogen atoms of the NHCs 

and the short metal-carbon distances in their metal complexes improve the steric congestion 

around the metal center. The NHC–metal bond is formed by coulombic attraction between the 

lone-pair electrons at the carbene sites and the positively charged metal atoms. Also, there are 

considerable covalent interactions originated by the donor lone-pair electrons. In this regard, a 

DFT study conducted on the NHC–metal bonding of a series of Ag-NHCs complexes confirmed 

that the NHCs have good-donating but relatively weaker-accepting characteristics, 37 while the 

electron donation of the NHC carbene lone pair occurred at an unfilled p (5p) or s (5s) orbital of 

the Ag atoms. 

Among the various ligands used for supramolecular silver-based building blocks, multi-

dentate building blocks containing nitrogen (N) donor based on imidazole can lead to 

morphologically promising architectures. The Ag+ ion has a great affinity to N-donor ligands and 

reacts with these linkers via coordination bonds, hence creating metal coordination supramolecular 

structures. Regardless of potential applications of their coordination compounds in biomedical 

chemistry, 38 the coordination chemistry of the imidazole containing ligands has not been studied 

in detail and a few complexes have been reported in the literature. 39–41 The presence of the 

Page 10 of 42

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

imidazoline moiety with well-known biocidal activity in the structure of the organic linkers 

makes them promising candidates for antimicrobial studies. 30–32 Thanks to the synergetic presence 

of Ag+ ions and azole rings in the structure of Ag-based MAFs, they represent promising 

antimicrobial agents against Gram-positive and Gram-negative bacteria.

To validate the coordination of silver and imidazole-based ligands, as well as the chemical 

structures of Ag-MAFs, FTIR analysis was performed and the results are presented in Figure 2a. 

Signals appearing in the IR spectrum of the Ag-2Imid structure were consistent with those 

previously reported for 2-methylimidazole compounds. 42,43 The peaks observed at 3135 and 2924 

cm‒1 can be associated to the aliphatic and aromatic asymmetric C–H stretching, respectively. 42–

44 The band observed at around 1580 cm‒1 corresponds to the C=N stretching vibration in 

imidazole structure. 42 The bands at around 1144, 992, 760, and 1610 cm‒1 is attributed to the C–

N stretching, C–N bending, C–H bending, and C=C stretching vibrations, respectively. 45,46 

Moreover, the peaks around 1300–1465 cm‒1 corresponds to the entire ring stretch of the 

imidazole group. 42,47 

In the case of Ag-Benz, there is a sharp peak at around 3135 cm−1, due to C–H stretching 

vibration. Although there are several N-H signals between 3335 and 2500 cm−1 (the Aldrich 

Library of FTIR spectra, ed II, vol. 3), all these peaks disappeared after the coordination with Ag 

atoms, indicating benzimidazole linkage to the framework of Ag-Benz. 48 Moreover, two peaks 

around 1608 and 1580 cm-1 can be associated to C=C and C–N vibrations, respectively. 46 The 

absorption band at 769 cm−1 in the Ag-Benz spectrum is related to the typical out-of-plane C–H 

bending vibration of ortho-disubstituted benzene in the benzimidazole linker. 46,49 

Compared to the control imidazole for which different signals exist between 2500 and 

3335 cm−1, 50 the disappearance of almost all of these peaks indicates that imidazole molecules 
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11

were coordinated with Ag atoms and connected to the backbone of Ag-Imid. 48 Meanwhile, the 

peaks appeared at about 3018, 659, and 1541 cm-1 can be ascribed to the N-H stretching, out of 

plane NH2 bending, and N-H bending vibrations of imidazole, respectively. 50 

Figure 2. (a) ATR-FTIR spectra (b) XRD patterns, (c) UV-Vis spectra, (d) DLS results, (e) and zeta 

potentials of the Ag-MAFs. 

The crystalline structure and the crystalline phase of the metal-organic complexes have 

been determined by XRD characterization, as shown in Figure 2b. The XRD patterns of Ag-Imid 

and Ag-Benz suggest the formation of their crystalline planes. The sharpest peaks with the 

Page 12 of 42

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12

highest intensity in the XRD pattern of Ag-2Imid indicate its higher crystallinity compared with 

the other samples. Based on a calculation with a peak-position error of less than 0.02˚, a 

crystalline unit cell in the form of a monoclinic lattice (based on Bravais Lattice category) is 

proposed for Ag-Imid by adapting the XRD data with ITO15 program, while β = 90.71˚ was 

calculated. 51 In this regard, the peaks at 16.34˚, 17.75˚, 19.88˚, and 28.96˚ can be attributed to 

(011), (012), (013), and (203) crystal planes, respectively. In a similar way, a triclinic lattice by 

the use of DIKVOL91 program is proposed for the Ag-Benz crystalline structure, for which the 

main peaks at 5.67˚, 7.84˚, 11.41˚, and 17.17˚ can be respectively associated to (0 1), ( 1), (1 11 12

2), and ( 3) crystal planes. 52 The XRD pattern of Ag-2Imid demonstrates several highly sharp 21

peaks at 2θ = 16.89˚, 22.47˚, 27.98˚, and 28.78˚, which can be assigned to (011), (200), ( 11), 2

and (013) crystal planes based on the ITO15 program. The crystal structure of Ag-2Imid has 

already been reported. 53 The XRD pattern we obtained in our study exactly matches the 

simulated XRD pattern extracted from the CIF file reported in Ref. 53. In the other words, the 

peaks are notably consistent with the pattern calculated from the Primitive Monoclinic unit cell 

structure reported by Huang et al. 53 This indicates that the Ag-2Imid crystals were formed 

perfectly via the procedure applied in this study. Therefore, we propose the same crystal structure 

for Ag-2Imid; that is, 1D zigzag chains where two Ag(I) centers giving rise to the absolute 180º 

of N–Ag–N angles and the anti-arrangement of neighboring 2-methylimidazolate rings (Fig. S1).

UV-Vis spectroscopy was also performed to corroborate the results discussed above. The 

absorption spectra of nanostructures are presented in Figure 2c. On account of the presence of 

conjugated π bonding (π-π* transition) and nonbonding electron (n -π* transition) systems, 

imidazole derivatives absorb UV light, since there are definite energy gaps between π-π* and n-

π* orbitals. 50 Regarding the UV-Vis spectra of the Ag-2Imid and Ag-Imid, there is an 
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insignificant difference between these two samples, due to the structural similarity of the linkers. 

The characteristic absorption peaks of these Ag-MAFs were observed at λmax of 208 nm, whereby 

a hypsochromic shift in maximum absorbance was observed. On the contrary, Ag-Benz showed 

both hypsochromic and bathochromic effect at the maximum absorbance (λmax of 215 nm), which 

may be ascribed to the charge and energy transfer difference between the imidazole and 

benzimidazole molecules.

As illustrated in Figure 2d, the results of DLS analysis indicate that Ag-2Imid, Ag-Imid, 

and Ag-Benz MAFs nanostructures mainly exhibited an average size distribution of 760, 400, and 

550 nm, respectively, which is in agreement with the FE-SEM and TEM images. Since surface 

charge properties of Ag-MAFs affect their properties, zeta potential measurements were also 

carried out. As illustrated in Figure 2e, all the Ag-MAFs nanostructures showed a negative charge 

around neutral pH. However, Ag-2Imid showed the highest negative surface charge while Ag-

Benz demonstrated the lowest negative surface charge. It is important to underline that bacterial 

cells are normally negatively charged in a pH range of 4–9, 54,55 thus the negative potential of the 

MAFs can provide electrostatic repulsion to bacteria. 56 
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Fig. 3. (a) XPS survey spectrum of the Ag-MAFs and the De-convoluted high resolution spectra of: (b) C 

(1s) of Ag-2Imid, (c) C (1s) of Ag-Imid, (d) C (1s) of Ag-Benz, (e) N (1s) of Ag-2Imid, (f) N (1s) of Ag-

Imid, (g) N (1s) of Ag-Benz of the Ag-MAFs.

XPS was performed to determine the elemental composition and chemical structure of the 

synthesized Ag-MAFs (Figure 3). The survey spectra of Ag-MAFs nanostructures principally 

included the energy peaks related to carbon (C), nitrogen (N), and silver (Ag) elements (Figure 

3a). The elemental compositions of all Ag-MAFs are listed in Table 1, comprising the amplitude 

of the O (1s), N (1s), C (1s), Ag 3d5/2, and Ag3d3/2 peaks which are located at around 532, 399, 
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and 285, 368, and 374 eV, respectively. 57 The presence of silver signals clearly indicates the 

formation of Ag-based MAFs. The highest and lowest contents of silver atoms were observed for 

Ag-2Imid and Ag-Benz, respectively. 

Table 1. Elemental compositions of the Ag-MAFs.

Atomic concentration (%)
Membrane C(1s) O(1s) N(1s) Ag(3d) Ag(3p)

Ag-2Imid 33.55 4.60 34.15 15.40 12.30
Ag-Benz 49.25 4.20 30.35 9.10 7.10
Ag-Imid 27.40 7.10 38.50 14.70 12.30

More information on the chemical coordination of the Ag-MAFs nanostructures can be 

extracted by the deconvolution of the C1s and N1s high-resolution spectra (Figures 3b-g). The 

result for C1s includes two main peaks: a major peak located at 284.6 eV, which is assigned to 

the C−C/C=C bond, 58 an intermediate peak at 285.6 eV attributed to C−N bond, 9,10 and a minor 

peak at 286.5 eV assigned to C=N bond. 59 In view of the structures of 2-methylimidazole, 

benzimidazole, and imidazole ligands applied for the synthesis of Ag-MAFs, mainly three kinds 

of nitrogen-containing functional groups can be observed in all these organic linkers, namely, 

pyridinic-N, pyrrolic-N, and quaternary N centers. 60,61 Indeed, the N1s spectra of Ag-MAFs 

comprised three main peaks: a peak located around 398.6 eV corresponding to the imidazole =N– 

bond (pyridinic-N of imidazole-based linkers), and a peak around 399.4 eV associated to –NH– 

bond (pyrrolic-N groups of the linkers), and another peak at 400.1 eV attributed to the quaternary 

N centers after reaction with Ag atoms. This new peak is formed can be assigned to the 

protonated N atoms coordinated with Ag. 60–63 Indeed, all Ag-MAFs structures form polymeric 
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structures in which the silver atoms are coordinated to the deprotonated amine N of one 

imidazolate ligand and the imine nitrogen of a neighboring imidazolate ligand.

To further confirm the successful formation of nanoscale Ag-MAFs and investigate their 

structures, several morphological characterizations including FE-SEM and TEM were conducted 

(Figures 3 and 4). As can be observed in Figure 4a, the synthesized Ag-2Imid consisted of 

octahedral nanocrystals with an average particle size distribution of 200-700 nm and no obvious 

agglomeration observed. Figure 4b indicates that the Ag-Imid had a hexagonal nanostructure with 

a thickness mainly distributed in the range of 250-350 nm (Figure S2). The length of these 

hexagonal nanostructures fell in the range 400-800 nm (Figure 2d). Finally, the Ag-Benz 

nanostructures were in the form of nanoribbons, with an average thickness of 160-190 nm (Figure 

4c), while their width mainly fall in the range of 200-500 nm (Figure 2d and Figure S2). The 

TEM data (Figure 4d-f) were in agreement with the FE-SEM images, indicating 2D nanoribbons 

and hexagonal nanostructures, respectively, for Ag-Benz and Ag-Imid MAFs.  
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Figure 4. Representative FE-SEM and TEM images of Ag-MAFs nanostructures at different 

magnifications: a, b, c) FE-SEM and d, e, f) TEM images of Ag-2Imid, Ag-Imid, and Ag-Benz are in 

the form of octahedral nanocrystals, hexagonal nanostructures, and nanoribbons, respectively.

Regarding the XRD patterns and FE-SEM images, it could be inferred from that the 

morphologies of Ag-MAFs mainly depends on their crystal structure. 64–66 Imidazole-based 

ligands are great candidates to form self-assembled coordination polymers. 67 The polymeric 

structure shown in Figure 1 is proposed to represent the hexagonal nanosheets of Ag-Imid. In this 

structure, each Ag+ center is coordinated with four imidazole ligands in a tetrahedral geometry, 

leading to the formation of -hexagonal sheets made from hexanuclear rings. Similar hexanuclear 

units and more examples of related structures formed by imidazole-based ligands have already 

been reported. 67–70 To represent the structure of the long-chain nanoribbons of Ag-Benz 

indicating the one-dimensional feature of this compound, we proposed the infinite structure 
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shown in Figure 1.  In this structure, each Ag+ center is coordinated with two benzimidazole 

ligands and the ligands act as a bridging unit between two adjacent Ag+ ions, leading to the 

formation of 1D infinite coordination polymers. This 1D zig-zag structure for Ag-Benz complex 

also proposed in 71 in which the structural details of a series of Ag+ complexes of substituted 

imidazoles were discussed. Weak intermolecular interactions (hydrogen bonding and π-π 

interactions) between imidazole rings play an important role in constructing 2D assemblies from 

1D chains 72–77 Therefore, the 2D morphology of the nanoribbons of Ag-Benz could be due to the 

connection between a series of parallel 1D chains linked via intermolecular interactions. 78  

All EDX spectra (Figure 5) from the Ag-MAFs nanostructures confirmed that the 

nanostructures were mainly composed of carbon (C), nitrogen (N) and Ag atoms, all detected in 

sharp peaks. The oxygen (O) peaks are mainly related to absorbed water. More importantly, the 

morphological texture of Ag-MAFs revealed the homogenous distribution of C, N, and Ag atoms 

across the entire nanostructures (Figure S3 and S4). The octahedral nanocrystals of Ag-2imid, 

nanoribbons of Ag-Benz, and hexagonal nanostructures of Ag-Imid can also be recognized by 

their corresponding SEM images in Figure 5.
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Figure 5. a, b, c) FE-SEM images, and EDX-mapping of the Ag-2Imid, Ag-Imid, and Ag-Benz structures, 

respectively.

Antibacterial Properties of Ag-MAFs

Among various strategies suggested to examine the viability of bacterial cells subjected to 

external stimuli, propidium iodide staining has frequently been used to assess the integrity of 

bacterial membranes. 79,80 Propidium iodide is a fluorescent molecule that exhibits a fluorescence 

enhancement of ~30-fold upon intercalation into double-stranded regions of DNA. 81,82 Given that 

the cytoplasmic membrane (CM) of bacterial cells are impermeable to propidium iodide and that 

bacterial DNA is found exclusively within the cell cytosol, propidium iodide fluorescence 
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enhancement is observed only if the integrity of the CM has been lost. Specifically, breakdown-

induced permeability enhancement of the bacterial CM results in the uptake of propidium iodide 

followed by fluorescence increment. SYTO9 molecule, on the other hand, can readily be 

transported across the intact CM. Using both fluorescent probes allows the evaluation of the ratio 

of dead/live cells in a bacterial sample (i.e., propidium iodide-stained for dead; SYTO9-stained 

for live). Flow cytometry and fluorescence imaging are usually applied as complementary 

techniques to evaluate the viability of bacterial cells exposed to an antimicrobial treatment 83 or 

antibacterial nanomaterials. 6,84 While fluorescence imaging allows visualizing the percentage of 

dead cells in a small bacterial population, flow cytometry provides statistical results over a high 

population of the cells (e.g., 100,000 cells).

Figure 6 summarizes fluorescence imaging and flow cytometry results obtained with E. 

coli and B. subtilis bacteria species after exposure to 200 μg/mL of MAFs for 3 h. The majority 

of bacteria in the control samples were stained only with SYTO9 molecules (i.e., > 95%); see 

Figure 6a and 6b. The MAFs-exposed samples, however, showed a high-density population of 

cells stained with the propidium iodide. The strong antibacterial properties of the MAF 

nanostructures are reflected in the significant decline of the viable B. subtilis bacteria from a 

percentage of 97.3% (untreated) to 35.5%, 19.5%, and 16.1% in Ag-Benz, Ag-Imid, and Ag-

2Imid-exposed samples, respectively. A similar trend was observed for E. coli, for which the 

fraction of viable population was significantly decreased from 96.2% (untreated) to 24.5%, 

16.4%, and 10.3% in samples exposed to Ag-Benz, Ag-Imid, and Ag-2Imid, respectively (Figure 

6d). All MAF-treated samples had significantly fewer living E. coli and B. subtilis cells than the 

untreated samples. Comparison between the MAF-treated samples revealed first that the Ag-

2Imid and Ag-Imid-exposed samples had significantly fewer living E. coli and B. Subtilis cells 
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than the Ag-Benz (P<0.01 for all comparisons). Comparison between Ag-2Imid-exposed samples 

and Ag-Imid were less conclusive; while Ag-2Imid had a lower mean number of living cells than 

Ag-Imid, the difference was statistically significant only for E. coli and not B. subtilis. 

Figures 6c and 6d show complementary findings obtained with the flow cytometry 

technique. Two distinct regions can be observed in the propidium iodide-fluorescence histogram 

of the untreated samples, i.e., negative control samples that were not exposed to MAFs. The low-

signal region (1–5 102) resulted from the bacteria auto-fluorescence (and free propidium iodide ×

molecules), depicted by a background gray histogram. On the other hand, the population with 

fluorescence of > 5 102 corresponds to the propidium iodide-stained cells (cells with disrupted ×

CM). Considering that the flow cytometry measurements are accompanied by the same limit of 

100,000 events, the percentage of damaged cells in each sample was simply calculated from the 

number of detected cells in the two distinct populations. Although the center of the dead cells 

histogram in the Ag-Benz-exposed E. coli sample was shifted to lower fluorescence intensities, 

the whole population was still in the region of > 5 102 values. For this Ag-MAF, fewer ×

propidium iodide molecules were able to pass through the damaged CM. 

The histograms of the MAF-treated samples of B. subtilis are all centered at ~104 values 

revealing that the three nanostructures disrupted the CM almost equally. To perform an unbiased 

statistical analysis of the flow cytometry results, we first fitted the flow cytometry signals of 

untreated samples to a double-Gaussian distribution equation (fitted lines in Figures 6c, d). The 

first Gaussian plot is assigned to the live cell population and the second plot refers to the cells 

with PI-permeable cytoplasmic membranes. The untreated signals were used as constraints to 

obtain a PI fluorescence threshold of live/cell regions. For example, in E. coli samples, a 

threshold of 800 (i.e., with an arbitrary unit) was applied to the treated samples in which signals 
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above the value of 800 were resulted from PI-stained cells (dead cell), whereas signals below 800 

were resulted from autofluorescence of the bacterial cells. The threshold for B. subtilis bacteria 

occurred at higher fluorescence signals of ~1200. Percentage of viable bacterial cells in each 

sample was calculated from the cells population in the two Gaussian regions. The flow cytometry 

results illustrated of Figures 6c and 6d agreed well with the confocal fluorescence microscopy 

results in Figure 6d. 
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Figure 6: Antibacterial activity of the Ag-MAFs against E. coli and B. subtilis investigated by florescence 

imaging and flow cytometry techniques. The bacteria were exposed or not exposed (“untreated”) to 200 

g/mL of Ag-Benz, Ag-Imid, and Ag-2Imid for 3 h. (a) Fluorescence images of the samples stained with 

propidium iodide/SYTO9 present the relative population of dead (damaged) cells in each field-of-view. 

(b) The percentage of viable cells obtained from four independent confocal microscopy experiments for 

each bacteria strain; error bars represent +/- one standard deviation. (c, d) Flow cytometry histograms of 

the propidium iodide-stained samples show two separate regions: bacteria autofluorescence and propidium 

iodide enhanced fluorescence (dead cells). 

The Ag-MAF-induced changes in the bacterial cells were mainly due to increased 

permeability of the cytoplasmic membrane rather than disruption of the entire cell. Despite the 

low particle-to-cell ratio of ~2 picograms/cell, the antibacterial activity of the nanostructures was 

observed during the first 3 hours of experiments. 
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Likely antimicrobial mechanisms can be proposed for the Ag-MAFs. Silver containing 

hybrid organic-inorganic materials have a well-known reputation as biocidal tools owing to their 

strong antibacterial property and high durability. 85 Ag-based MOFs have been reported as 

antibacterial materials. 86 The toxicity and antimicrobial mechanism of action of Ag-containing 

materials can be related to the Ag ions’ coordination ability to N, O, or S donor atoms, and 

hydroxyl, carbonyl, carboxyl, amino, and sulfhydryl functional groups present in DNA or the 

bacteria cell membrane resulting in biological deactivation of bacteria. 85,87,88 It is worth 

mentioning that Ag+ ions can also infiltrate into a bacterial membrane and deteriorate cell 

membrane integrity. 23,89 Different possible mechanisms of action have been reported for 

metal/organic-based nanomaterials:

 The gradual release of the metal ions whether in the form of cation or of small fragments 

of the structure 86,90 is the most apparent reason for the toxicity of MOFs. In this case, the 

antimicrobial activity is directly proportional to the kinetics of cation release, and it 

increases with the density of released ions. 86,90,91 

 The intrinsic properties of the organic linker in the platform, as the organic linker might 

itself have antimicrobial activity.

 The crystal size of the nanostructure especially when it falls in the range of nanometer 

scales, as cells tend to incorporate nanostructures by endocytosis and pinocytosis. 92 In 

this regard, several recent reports have demonstrated that reducing the size of Ag 

nanoparticles could offer superior and wide-spectrum antimicrobial activity. 93,94 

Overall, the content of silver and nitrogen atoms in the structure of Ag-MAFs can provide 

a baseline indicator of their antibacterial activity. Despite the lowest repulsions between Ag-Benz 

and bacteria (zeta potential results), Ag-Benz presented the lowest silver and nitrogen 
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concentrations (XPS), thus providing them with the lowest antibacterial activity among the 

synthesized Ag-MAFs. It has been suggested that morphological features also affect 

antimicrobial activity. 95 The sharp edges of Ag-2Imid crystal structures (as shown by SEM 

images) would allow the nanoparticles to better interact with bacteria cells. It is reported that the 

shape of an Ag nanoparticle strongly affects the antibacterial activity of the nanoparticle. 96 For 

example, triangular Ag nanostructures exhibited higher antibacterial activity than rod-shaped or 

spherical nanostructures. 97 A good nanostructure-bacteria interaction can induce a charge 

imbalance in the bacterial membrane, resulting in a surge of intracellular reactive oxygen 

moieties formation that kills bacteria cells. Consequently, the antibacterial activity can be 

controlled by modulating the Ag+ release, the particle morphology, and the type of organic linker. 

Furthermore, the coordination strength of Ag-MAFs can affect the dissolution of silver and of the 

MAFs themselves. Molecules, such as cysteine, present in the structure of the subcellular 

molecules (proteins, enzymes, and DNA) of bacteria can induce the decomposition of Ag-MAFs. 

For instance, cysteine has been shown to induce the dissolution of zero-valent Ag nanoparticles 

via absorption on the Ag nanoparticles surface, forming Ag-sulfhydryl bonds. 98 Consequently, 

the release rate can be tuned using different organic linkers. 

Conclusion

In this study, we successfully synthesized three new Ag-MAFs with silver as the metal 

node coordinated with imidazole-based linkers having different chemistries, via a facile and 

environmentally friendly method at room temperature. The imidazole-based linkers were chosen 

to investigate the effect of the linker chemistry on the antibacterial and structural properties of the 

Ag-MAFs. The coordination of silver ions with 2-methylimidazole, imidazole, and benzimidazole 

led to the formation of octahedral, hexagonal sheet, and ribbon nanostructures, respectively. With 
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their silver release and the imidazole groups, the Ag-MAFs showed excellent antibacterial 

activity in colloidal forms against E. coli and B. subtilis. Overall, the highest antibacterial activity 

was achieved for Ag-2Imid, likely owing to its higher silver concentration and specific 

nanocrystal structure. Ag-MAFs are novel antimicrobial nanostructures that may open a new 

avenue for antimicrobial applications.
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