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Experimental details

All reagents and solvents were commercially available and used as received without further purification. 

Silver Nitrate (AgNO3), hydrochloric acid (HCl), sodium hydroxide (pellets), ammonia solution, glacial 

acetic acid, ethylenediaminetetraacetic acid (EDTA), lithium fluoride (LiF), sodium chloride (NaCl), 

sodium bromide (NaBr), potassium iodide (KI), sodium nitrate (NaNO3), sodium acetate (NaOAc), 

sodium sulphate (Na2SO4), triphenylphosphine (PPh3), tetra butyl ammonium bromide (TBABr) and 

urea were procured from Qualigens, Fisher Scientific, LobaChemie, Fisher Scientific, Fisher Scientific, 

Merck, Sigma Aldrich, Fisher Scientific, Qualigens, Qualigens, Fisher scientific, SD Fine Chemicals, 

LobaChemie, LobaChemie, SD Fine Chemicals and Merck respectively. Silver(I) 

trifluoromethanesulfonate (AgOTf) and 3,5-diamino-1,2,4-traizole were obtained from Sigma Aldrich 

and used as received. Mueller Hinton broth (HiMedia, India), Luria-Bertani broth media (HiMedia), 

Dimethyl sulfoxide (DMSO; Invitrogen), 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich), 

Propidium Iodide (PI; Invitrogen), 2′,7′- Dichlorodihydrofluorescein diacetate (H2DCFDA; Invitrogen) 

were used as received.

The synthesized metallogels and corresponding xerogels were characterized using several 

techniques such as PXRD, FT-IR, FESEM, TEM, TGA, ICP-MS and dynamic rheological studies. The 

powder X-ray diffraction (PXRD) analysis was done using Philips X’pert MPD system (PANalytical 

diffractometer) with Cu Kα1 radiation (λ = 0.154 nm). The diffraction pattern was measured in the 2θ 

range from 5-90° at an operating voltage of 40 kV, 30 mA current, with a scan speed of 3º min-1 and a 

step size of 0.013º in 2θ at RT with a scan step time 58.395 sec. Anode material was Cu and the value 

of KKand K were1.54060 [Å], 1.54443 [Å] and 1.39225 [Å], respectively. Fourier transform 

Infrared Spectra analysis (FT-IR) was recorded on Perkin Elmer-Spectrum G-FTIR spectrometer 

(Germany) from 400-4000 cm-1 with a resolution of 4 cm-1 using KBr pellets. The surface morphology 

of the prepared gel material was analyzed by Field Emission-Scanning Electron Microscope (FESEM) 

(JEOL JSM 7100F) with an accelerating voltage of 5–15 kV with 10 μA of emission current. The 

transition electron microscope (TEM) analysis was done with JEOL, JEM 2100 TEM instrument. The 

rheological properties of samples were measured by the Anton Paar Rheometer. For the amplitude 

sweep experiment (Dynamic strain sweep, DSS) and step-strain experiment, the operating frequency 

was kept constant at 1 rad s-1. The operating strain was kept constant at 0.1% over the entire frequency 

range for the dynamic frequency sweep measurements. The xerogels (lyophilized powder derived from 

the corresponding metallogels) were prepared by freeze-drying (lyophilizing) method using a VirTis 

freezemobile 25EL lyophilizer.

The absorbance of bacterial culture was measured using Epoch2 microplate reader (BioTek, 

USA). The bacterial morphology (FE-SEM images) was examined using a Carl Zeiss SUPRA 55 V P 

FE-SEM (Germany). The total vs. dead cell population in the bacterial cells was imaged using a 

confocal laser scanning microscope (Leica Microscope, Wetzlar, Germany) with the HC PL APO CS2 
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63×/1.4 oil immersion lens, 405 nm laser for DAPI stained bacteria and 488 nm laser for PI. The 

intracellular ROS generation was measured by taking the fluorescence intensity of each sample using 

Spectramax M2e Multi Detection Microplate Readers (Molecular Devices LLC, USA) with the 

excitation and emission wavelengths at 485 nm and 535 nm, respectively.

Cell Cytotoxicity of AgDU-Xerogels:

To determine the cytotoxic effect of AgDU-Xerogels against human Caco-2, HEK293T and INT407 

the 50% cytotoxic concentration (CC50) was determined by standard 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide (MTT) assay.1 In brief, each type of cell (1.5 × 104 cells/well) was seeded 

in a 96 well plate and maintained in growth medium (containing Dulbecco’s modified eagle medium 

(DMEM; Gibco, Invitrogen, Thermo Scientific, USA) supplemented with 10 % fetal bovine serum 

(Gibco, Invitrogen, Thermo Scientific), 100 U/mL penicillin and 100 μg/mL streptomycin). At 80% 

confluence, cells were treated with different concentrations of AgDU-Xero1 and AgDU-Xero2 

(ranging from 1.95-250 μg/mL) and incubated for 24 h at 37 °C under 5% CO2 pressure. After the 

incubation, cells were washed with PBS and again incubated with fresh growth media containing MTT 

dye (final concentration 100 μg/mL) for another 3 h. Next, formazan crystals were dissolved in DMSO, 

and the absorbance was measured at 595 nm using a microplate reader (Epoch2, BioTek, USA). Cell 

viability was calculated according to the following equation:

Cell viability (%) =(ATr/AC) × 100

where, ATr is the absorbance of cells treated with AgDU-Xerogels and AC is the absorbance of untreated 

cells. CC50 value was calculated from dose-response curves of the cell viability versus concentration 

graphs, plotted using GraphPad Prism 8. 

Exploration of Antibacterial activity of AgDU-Xerogels

Assessing the Minimum Inhibitory Concentrations (MIC) of AgDU-Xero1 and AgDU-Xero2 

against C. jejuni and S. aureus:

The assessment of MIC of AgDU-Xero1 and AgDU-Xero2 against the test bacteria was performed 

using the micro broth dilution method as described earlier with some modification.2 In brief, both 

bacteria were separately grown for 24 h in respective growth media. Next, the bacterial culture was 

diluted to an optical density of 0.4 at 600 nm (OD600) in the growth medium and 50 μL of bacterial 

culture was added to each well of a 96-well plate. After that, different concentrations of AgDU-Xero1 

and AgDU-Xero2 were prepared in 0.1% DMSO (v/v), ranging from 0 to 250 μg/mL. Finally, 50 μL 

from each dilution was added to the plates and incubated for 24 h. Next day, the absorbance was 
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measured (OD600) in a microplate reader (Epoch2, BioTek, USA). The MIC was calculated from the 

absorbance values that depicted a 50% retardation in bacterial growth as per the following formula:

                                 Bacterial viability =[(ODcompound/ODcontrol) × 100]

Where ODcompound is the absorbance value of bacterial suspension treated with each concentration of test 

compound, ODcontrol is the absorbance value of bacterial suspension without any treatment.

The MIC50 of hydrogels value was at which 50 % retardation in bacterial growth was visible.
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Antibacterial effect of AgDU-Xero1 and AgDU-Xero2 

Comparative analysis of the anti-bacterial effect of multi-component xerogel vs single component:

Antibacterial activity of multicomponent xerogels, such as AgDU-Xero1 and AgDU-Xero2 were 

evaluated against both the bacteria by counting the colony-forming units (CFU) at 5 h post-treatment 

time point.3 Briefly, the bacterial strains were grown separately in MH and LB media. Three different 

concentrations (40 μg/mL, 60 μg/mL, and 80 μg/mL) of AgDU-Xero1 and AgDU-Xero2 were chosen. 

Each concentration of the test compounds was then co-incubated with the test bacteria for 5 h. After the 

incubation, the suspensions were plated onto MH or LB agar plates, respectively. Untreated and DMSO 

(0.1 %; vehicle control) treated bacterial cultures served as controls. Finally, after 24-48 h of incubation, 

the resulting bacterial colonies on the plate were counted. All the experiments were carried out in 

triplicate and calculated as mean CFU/mL ± SE.

To assess the antibacterial activity of the individual components (such as AgOTf, AgNO3, Urea and 

DATr) of AgDU-Xero1, and AgDU-Xero2, the same experimental set-up was used. For comparative 

analysis (multicomponent vs individual components), we choose to use MIC50 of AgDU-Xero1 and 

AgDU-Xero2 as standard for determining the antibacterial efficacy of individual components (DATr, 

Urea, and AgNO3/AgOTf). The bacterial cells were incubated with the following concentration of 

multicomponent xerogels and their respective compositional components as mentioned below:

AgDU-Xero1 (60 μg/mL) contains [Ag(I) (15.02 μg/mL)# + Urea (8.64 μg/mL)+ DATr (14.4 

μg/mL)]* (Figure S16a);

AgDU-Xero2 (60 μg/mL) contains [Ag(I) (16.56 μg/mL)# + Urea (10.86 μg/mL) + DATr (18.18 

μg/mL)]* (Figure S16b)

*The final concentration of individual components is used to test antibacterial efficacy.

#Concentration of Ag(I) calculated from ICP-MS analysis (Table S1). 
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Bacterial cell viability: To assess the viability of bacterial cells treated with AgDU-Xero1 and AgDU-

Xero2, the ratio of total vs. dead bacteria was calculated at 5 h post-treatment. To differentiate live and 

dead cells, we performed a dual staining method with DAPI as a cell-permeable dye (to stain both dead 

and live bacteria) and propidium iodide as a cell-impermeable dye (to stain the dead bacterial population 

only).4 For this, bacterial cells incubated (5 h) with different concentrations (40 μg/mL, 60 μg/mL, and 

80 μg/mL) of AgDU-Xero1 and AgDU-Xero2, were centrifuged, washed, resuspended in PBS, 

followed by adding 1 L of PI (1 mg/mL) and 1 L of DAPI (1 mg/mL). The samples were gently 

tapped and incubated for 30 min at room temperature (RT). Then the samples were washed 2-3 times 

to remove excess dye molecules. Finally, the samples were loaded on a glass slide by drop casting 

method and observed under a confocal laser scanning microscope (Leica) using 405 nm laser for DAPI 

and 488 nm laser for PI.
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Induction of oxidative stress in bacteria:  Given that Reactive Oxygen Species (ROS) are constantly 

generated as secondary metabolites of some biological processes, we assessed the gel’s ability to 

facilitate oxidative damage on the test bacteria as per the method described previously.5 Briefly, 

bacterial suspension was incubated with AgDU-Xero1 and AgDU-Xero2 (final concentration 60 

g/mL) for 30 min, 1 h, and 2 h. Next, 200 μL of H2DCFDA (20 μM) in 1X PBS was added and 

incubated for 1 h. Finally, intracellular ROS generation was measured by taking the fluorescence 

intensity of each sample using Spectramax M2e Multi Detection Microplate Readers (Molecular 

Devices LLC, USA) with the excitation and emission wavelengths at 485 nm and 535 nm, respectively.

 

Effect of AgDU-Xero1 and AgDU-Xero2 on bacterial morphology.

The morphological changes of S. aureus and C. jejuni after treatment with the test compounds were 

examined by FE-SEM images (Carl Zeiss SUPRA 55 V P FE-SEM) as per the method described 

previously.6 Briefly, S. aureus and C. jejuni co-incubated with different concentrations (40 and 60 

g/mL) of AgDU-Xero1 and AgDU-Xero2 for 5 h, respectively. Post-incubation, cells were washed 

with sterile 1X PBS and fixed for 2 h in 2.5% (v/v) glutaraldehyde (prepared in PBS; pH 7.4) at RT. 

Fixed samples were washed thrice with PBS, followed by sequential dehydration in 35%, 50%, 70%, 

and 95% ethanol for 10 min each and 100% ethanol for 1 h for complete dehydration. The fixed and 

dehydrated samples were drop-casted on the coverslip and vacuum-dried overnight. The samples were 

thoroughly dried under vacuum, fixed to aluminium stubs with silver conductive paint, sputter-coated 

with gold, and examined using a Supra 55 Carl Zeiss scanning electron microscope.

Data analysis

The OriginPro 8.5 and GraphPad Prism statistical software (version 8) were used for graphical 

presentations and data analysis. 
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Analytical Data

Mass analysis for the gels

Figure S1. Mass spectral pattern of AgDU-Gel1 showing the repeating unit of the gel as C5H14Ag2N12O 

(theoretical m/z = 473.95, observed m/z = 473.34).

Figure S2. Mass spectral pattern of AgDU-Gel2 showing the repeating unit of the gel as C5H14Ag2N12O 

(theoretical m/z = 473.95, observed m/z = 473.34).
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Evaluation of the minimum gelator concentration (MGC) for the gels

Figure S3. Evaluation of minimum gelator concentration (MGC) for the gels Panel-A) AgDU-Gel1, 

and Panel-B) AgDU-Gel2 respectively. In all the cases from A) and B), the evaluation performed for 

a) 0.5 mmol, b) 0.25 mmol, c) 0.2 mmol, d) 0.15 mmol, e) 0.125 and f) 0.1 mmol for each of Ag(I) 

precursor, DATr and urea concentration.

FT-IR spectra of the gels and xerogels

Figure S4. FT-IR spectra of the gels (and corresponding xerogels). a) AgDU-Gel1 and AgDU-Gel2; 

b) AgDU-Xero1 and AgDU-Xero2, respectively.
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FE-SEM images of gel-derived xerogels

Figure S5. (a) and (b) FE-SEM images of the gel-derived xerogel AgDU-Xero1 showing fibrous 

morphology.

Figure S6. (a) and (b) FE-SEM images of the gel-derived xerogel AgDU-Xero2 showing fibrous 

morphology.
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TEM images of gel-derived xerogels

Figure S7. (a) and (b) TEM images of the gel-derived xerogel AgDU-Xero1 showing fibrous 

morphology.

Figure S8. (a) and (b) TEM images of the gel-derived xerogel AgDU-Xero2 showing fibrous 

morphology.
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XPS spectra of the gel-derived xerogels

Figure S9. High-resolution XPS data depicting the presence of a) C, b) N and c) O, respectively, in the 

gel-derived xerogel AgDU-Xero1.

Figure S10. High-resolution XPS data depicting the presence of a) C, b) N and c) O, respectively, in 

the gel-derived xerogel AgDU-Xero2.
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Figure S11. Surface atomic percentage of the constituent elements in the gel-derived xerogels AgDU-

Xero1 and AgDU-Xero2.
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TGA measurements of the gel-derived xerogels

Figure S12. TGA analysis of the gel-derived xerogel a) AgDU-Xero1 and b) AgDU-Xero2.
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Stimuli-responsive nature of Ag(I)-hydrogels

Figure S13. Detailed depiction of the stimuli-responsive nature of AgDU-Gel1.
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Figure S14. Detailed depiction of the stimuli-responsive nature of AgDU-Gel2.
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Cytotoxic effect of AgDU-xerogels

Figure S15. Cytotoxic effect of AgDU-Xerogels. The CC50 of xerogels was calculated by standard 

MTT assay. Human Caco-2 (a), Human HEK293T (b) and Human INT407 (c) cells were treated with 

different concentrations of AgDU-Xerogels (ranging from 0 μg/mL to 250 μg/mL) and incubated for 

24 h. The data suggest that the CC50 value of AgDU-Xero1 is ~33 μg/mL for Caco-2, ~13.3 μg/mL for 

HEK293T and ~6.4 μg/mL for INT407 cells. The CC50 value of AgDU-Xero2 is ~27 μg/mL for Caco-2, 

~14 μg/mL for HEK293T and ~4.4 μg/mL for INT407 cells. Individual dots represent the Mean 

percentage of cell viability ± SE.
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Antibacterial effect of multi-component xerogels vs single components

Figure S16. Antibacterial effect of multi-component xerogels vs single components. Representative 

of Gram-positive bacteria (S. aureus) and Gram-negative bacteria (C. jejuni) were incubated with 

AgDU-Xero1 (60 μg/mL) contains Ag(I) (15.02 μg/mL) + Urea (8.64 μg/mL) + DATr (14.4 μg/mL) 

(a); AgDU-Xero2 (60 μg/mL) contains Ag(I) (16.56 μg/mL) + Urea (10.86 μg/mL) + DATr (18.18 

μg/mL) (b) at 37 ℃ for 5 h. Next, approximately 50 µL culture from each set was plated on respective 

agar plates, and the resulting colonies were counted. For the bacteria, either C. jejuni (c) or S. aureus 

(d), treatment with multi-component xerogels (AgDU-Xero1 and AgDU-Xero2) showed a significant 

reduction of bacterial count compared to the single components. The data are presented as mean 

CFU/mL ± SE from three independent experiments. p ≤ 0.05 were considered statistically significant.
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Table S1. ICP-MS Analysis of the gels and corresponding xerogels

Sl. No. Name of the compounds Presence of Ag(I) content in 10 mg of samples
1. AgDU-Gel1 0.668 mg
2. AgDU-Gel2 0.796 mg
3. AgDU-Xero1 2.504 mg
4. AgDU-Xero2 2.761 mg

Table S2. Zeta potential measurements of the Ag(I)-hydrogels

Sl. No. Name of the compounds Zeta potential (ζ) values

1. AgDU-Xero1 (triflate counter anion) +18.1 mV 

2. AgDU-Xero2 (nitrate counter anion) +17.4 mV 

Table S3. Minimum Inhibitory Concentration (MIC) of AgDU-Xero1 and AgDU-

Xero2
Minimum Inhibitory Concentration (MIC50) (µg/mL)

Gram-positive bacteria Gram-negative bacteria
Compounds

S. aureus C. jejuni
AgDU-Xero1  62.5  60

AgDU-Xero2 62.5  60

Table S4. Comparison table for antibacterial activities against Gram-negative C. jejuni

Sl. 
No.

Antibacterial Compound Bacteria MIC References

1. Silver(I)-hydrogel C. jejuni 60 µg/mL This work
2. Medicinal plant Adenanthera pavonina C. jejuni 62.5-125 µg/mL 7
3. Flavonoids galangin and quercetin C. jejuni 0.250- 

0.125 mg/mL
8

4. Ciprofloxacin C. jejuni 16 mg/L 9
5. Erythromycin C. jejuni 4-8 mg/L 9
6. Cinnamon oil, (E)-cinnamaldehyde, clove oil, eugenol, 

and baicalein
C. jejuni 25–100 μg/mL 10

7. polysaccharides (phenolic acid, flavonoid and other 
phenolic antimicrobials)

C. jejuni 256-1024 μg/mL 11

8. Essential oil ((E)-Methylisoeugenol and Elemicin) C. jejuni 250 μg/mL 12
9. Phenolic compounds C. jejuni 78-313 μg/mL 13
10. allyl-isothiocyanate C. jejuni 50–200 μg/mL 14
11. Nanocarriers from natural lipids C. jejuni 0.78-3 mg/mL 15
12. Magnesium oxide nanoparticles C. jejuni 0.5 mg/mL 16



S-21

Table S5. Comparison table for antibacterial activities against Gram-positive S. 
aureus and MRSA

Sl. 
No.

Antibacterial Compound Bacteria MIC References

1. Silver(I)-hydrogel S. aureus 62.5 μg/mL This work
2. Medicinal plant Annona squamosa S. aureus 62.5-125 µg/mL 7
3. Curcumin S. aureus 125-250 μg/mL 17
4. oxacillin, and cefdinir (antibiotic) S. aureus ≤ 0.06 mg/L 18
5. Naringenin S. aureus 200-400 μg/mL 19
6. cysteine-rich cationic proteins S. aureus 1-8 mg/L 20
7. Silver nanoparticles S. aureus 100 μg/mL 21
8. Linezolid and Fosfomycin (antibiotic) S. aureus ≥8 mg/L and >32 mg/L 

respectively
22

9. tannic acid S. aureus 40 to 160 μg/mL 23
10. Silver nanoparticles S. aureus 

and MRSA
62.5 and 125 μg/mL 
respectively

24

11. AgNps and ZnNPs S. aureus 
and MRSA

1.25-5 and 2.5 mg/mL 
respectively

25

12. ZnO nanoparticle MRSA 160 µg/mL 26
13. amoxicillin, azithromycin and 

clarithromycin (antibiotic)
MRSA >64 µg/mL 27

14. Aminocellulose conjugate and 
hyaluronic acid on polymer nanoparticles

S. aureus 80 µg/mL 28

15. CuO nanoparticles S. aureus >10 mg/mL 29
16. Ampicillin and Cefotaxime (antibiotic) S. aureus >0.256 and 0.0015 mg/mL 

respectively
29

17. Auranofin (gold salt) MRSA 0.5 mg/L 30
18. Al2O3 nanoparticles MRSA 1,700 to 3,400 μg/mL 31
19. Reduced graphene oxide-metal oxide 

(rGO-NiO/AgO/ZnO) nanocomposites
S. aureus 125, 250 and 125 µg/mL 

respectively
32

20. CuO, NiO and CuO-NiO S. aureus 4.5, 8.5 and 3 mg/mL 
respectively

33

21. ZnO nanostructures S. aureus 25 mg/L 34
22. Antimicrobial peptides mimetic 

copolymers
S. aureus 125–250 µg/mL for butyl 

containing copolymers
35

23. NP108 (antimicrobial polymer) S. aureus 8 to 500 mg/L 36
24. Cationic methacrylate polymers S. aureus ~42-125 μg/mL 37
25. ZnO nanoparticles S. aureus 125 μg/mL 38
26. Propolis and gentamycin based hydrogel MRSA 41.6-83.3 μg/mL 39
27. Alginate/ PVA silver nanocomposite 

hydrogel
S. aureus 250 μg/mL 40

28. Levofloxacin-loaded hyaluronic acid 
nanohydrogel

S. aureus 0.104 ± 0.058 mg/L 41

29. Vancomycin loaded pluronic–a-
cyclodextrin supramolecular gel

S. aureus 1–4 mg/L 42

30. Polycationic hydrogel S. aureus 8-6300 µg/mL 43
31. Chitosan/poly[(acrylic acid)-co-(2-

hydroxyethyl methacrylate)] based 
nanocomposite hydrogels

S. aureus 1.56 mg/mL 44

32. Peptide based supramolecular hydrogel S. aureus 50-100 µg/mL 45
33. trishexylaminomelamine 

Trisphenylguanide
S. aureus 1 mg/L 46

34. AgNPs composing alginate/gelatine 
hydrogel

S. aureus 53.0 µg/mL 47

35. Drug loaded peptide amphiphiles with 
heparin-binding cardin-motifs

MRSA 300 µg/ml 48

36. Ag–ZnO nanocomposite S. aureus 60 μg/mL 49
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37. PVA AgNPs S. aureus ≥54 μg/mL 50
38. Silver doped ZnO nanoparticles S. aureus 4-10 mg/mL 51
39. Ag nanoclusters encapsulated in silica 

nanospheres
S. aureus 0.3 mg/mL 52

40. Meropenem and cefixime metal ion (Cd, 
Ag, Pd, Ni, Zn, Cu) complexes

S. aureus 50-500 μg/mL 53

41. Multiwalled carbon nanotube/ZnO 
nanoparticles hybrid material

S. aureus 0.25 mg/mL 54

42. MgO Nanoparticles S. aureus 0.075 mg/mL 55
43. AgNPs confined in silica-based calcium 

phosphate
S. aureus 20 mg/mL 56
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