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Ag/AgO Nanoparticles Grown 
via Time Dependent Double 
Mechanism in a 2D Layered Ni-PCP 
and Their Antibacterial Efficacy
Rashmi A. Agarwal1, Neeraj K. Gupta2, Rajan Singh3, Shivansh Nigam3 & Bushra Ateeq3

A simple synthesis route for growth of Ag/AgO nanoparticles (NPs) in large quantitative yields 
with narrow size distribution from a functional, non-activated, Ni (II) based highly flexible porous 
coordination polymer (PCP) as a template has been demonstrated. This template is a stable storage 
media for the NPs larger than the pore diameters of the PCP. From EPR study it was concluded that NPs 
were synthesized via two mechanisms i.e. acid formation and the redox activity of the framework. Size 
range of Ag/AgO NPs is sensitive to choice of solvent and reaction time. Direct use of Ag/AgO@Ni-PCP 
shows influential growth inhibition towards Escherichia coli and the pathogen Salmonella typhimurium 
at extremely low concentrations. The pristine template shows no cytotoxic activity, even though it 
contains Ni nodes in the framework.

Porous coordination polymers (PCPs)/metal organic frameworks (MOFs) are of research interest as they possess 
structural regularity, high porosity and surface area, and structural transformation ability, thus creating great 
potential in molecular adsorption and separation processes1,2, ion exchange3, catalysis4,5, sensor technology6, 
optoelectronics and biomedical applications7, etc. These can be either rigid or flexible. Flexible PCPs are more 
versatile as their frameworks can respond to external stimuli8, a unique characteristic, which is applicable for the 
efficient development of certain devices and sensors. These characteristics can be enhanced by functionalization 
on both the organic and inorganic parts of the structures9. Enhanced functionalization has enabled PCPs to 
emerge as a new class of templates that combine the long-range order of hard templates with small diameter and 
synthetically flexible environment of soft templates, thus providing a confined space for nucleation of nanopar-
ticles (NPs). NPs have substantial impact across diverse fields, including catalysis10, sensing11, photochemistry12, 
optoelectronics13,14, energy conversion15 and medicine16.

Depending on both structure and functionality of PCPs, monodispersion to narrow size range NPs can be 
produced. The physical and chemical properties of metal nanoparticles (M NPs) are essentially divergent from 
their bulk metals, and are manifested by delocalization of free electrons17. The high surface-area-to-volume ratio 
of NPs provides a large number of active sites, the size and shape of which control reactivity18, whereas high sur-
face energy and large surface area of NPs results in drastic reduction of thermodynamic stability which hinders 
their size, shape and degree of uniformity.

Nucleation includes methodologies such as chemical vapour deposition19, solution infiltration with20 and 
without photo-irradiation, solid grinding21 and polyol mediated method22 of synthesis for introducing metal 
precursors. Fischer et al. investigated both vapor-phase23 and solution methods to infiltrate metal organic frame-
works (MOFs) with Pd, Pt, Au, Cu, and Ru. As an example, in MOF-5, they obtained Pd, Cu, Au and Ru NPs in 
the size range of 1.4, 1–4, 5–20, 1.5–1.7 nm respectively after treatment of the inclusion compounds with H2 gas24. 
Wang et al. synthesized Pt NPs (2–3 to 5–6 nm) via photo-irradiation of MOFs immersed in precursor solution20. 
Xu and co-workers applied solid grinding methodology to grow Au NPs in MOF-5 from an organovolatile pre-
cursor in a stream of 10% volume H2 in N2 at 230 °C for 2–3 h21. A recent method for conversion of MOFs into 
metal/metaloxide@carbon(M/MO@C) composites with well-defined shapes has been studied by Woojeong et al. 
By this method, porosity of carbon and M/MO particle sizes were controlled by a two-step process that included 
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impregnation of the polymer precursors in vapour form, and condensation polymerization of precursors followed 
by thermolysis25. These cited methods appear to require either higher energy inputs or secondary synthesis steps 
for the growth of NPs.

Amongst PCPs, redox-active frameworks26–28 are useful even though they are extremely rare, as they oxidize 
or reduce certain metal precursors and include them within their structures. Suh et al., have synthesized redox 
active Ni(II) based PCPs for the growth of Ag and AuNPs (~3–4 and ~2 nm respectively) nucleated initially 
within the framework which later diffused onto the surface and aggregated with complete or partial dissociation 
of the framework26.

Here we report a highly flexible, layered Ni-PCP to nucleate and grow Ag/AgO NPs. It is suggested that both 
the open flexible structure and functional electronic environment which consist of monodentate binding mode of 
each carboxylate of BTC colinker which is a very positive site for anchoring metal precursor along with presence 
of confined sized cavities (in which once NPs are synthesized they will not get agglomerate) within the frame-
work present an excellent opportunity to explore this PCP as a host template to fabricate Ag/AgO NPs without 
any external reducing agent or secondary steps. An interesting aspect explored is that the Ag/AgO NPs can be 
extracted without destroying the host framework. It is reported for the first time the potential of using the Ag/
AgO@Ni-PCP directly for antivirulent properties without the need of extracting the NPs prior to use.

Results
A previously synthesized Ni-PCP, {[Ni3(TBIB)2(BTC)2(H2O)6]∙5C2H5OH∙9H2O}n [TBIB =  1,3,5-tri(1H-benzo[d]
imidazol-1-yl)benzene, H3BTC =  1,3,5-benzenetricarboxylic acid)29 highly breathing structure at room temper-
ature, comprising of isolated cavities, the largest (diameter ~7.4 Å) containing four ethanol and six lattice water 
molecules; smaller ones (size ~7.37 ×  0.7 Å) containing one ethanol and one water molecule and a macro-cyclic 
ring (size ~4.6 ×  1 Å) within a layer possessing two non-coordinated water molecules was utilized (Fig. 1a) with-
out solvent removal. The functional electronic environment includes free oxygens of each carboxylate groups 
(BTC molecules) bonded in a monodentate fashion (Fig. 1b). Solvent accessible volume of the PCP is ~36% of the 
unit cell volume and Brunauer-Emmett-Teller (BET) surface area calculated from CO2 sorption at 195 K and one 
atmospheric pressure, is 297.63 m2 g−1.

To nucleate and grow Ag/AgO NPs, the Ni-PCP was immersed in suitable solution of AgNO3 at room tem-
perature for 48 h (See Methods) to afford a brownish fibrous host solid whose morphology is different from the 
pristine green coloured crystalline polymer (Supplementary Fig. S1). This indicates that there are interactions 
between the host framework and AgNO3.

To check the growth, distribution and location of Ag/AgO NPs, following techniques including powder X-ray 
diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), electron density spectroscopy (EDS), electron par-
amagnetic resonance (EPR), zeta potential and high resolution transmission electron microscopy (HRTEM), 
were employed.

From the PXRD patterns of Ag/AgO@Ni-PCP it is observed that the framework remains intact after gen-
eration of Ag/AgO NPs (Fig. 2). Slight peak shifting towards lower 2θ  values evidences that the framework has 
expanded indicating that Ag/AgO NPs are introduced between the host layers. This expansion agrees well with 

Figure 1. Two dimensional layered crystal structure of porous host template (Ni-PCP). (a) Showing three 
different types of cavities to grow NPs in the Ni-PCP. (b) Highly functional part of the structure involving free 
oxygens of each carboxylate groups of BTC linker bonded in a monodentate fashion act as anchoring sites for 
metal ions of metal precursor. Colour scheme: purple, carbon; red, oxygen; blue, nitrogen; green, nickel.



www.nature.com/scientificreports/

3Scientific RepORTS | 7:44852 | DOI: 10.1038/srep44852

observations of FTIR data (explained later). Crystalline silver appears at 2θ  =  37.0° while diffraction peak at 37.5° 
is due to the presence of AgO which corresponds well with theoretical values of literature30,31. AgO is formed by 
the reaction of Ag(0) with O2 present in air.

From XPS and EDS data (Supplementary Figs S2 and S3), it is apparent that Ag/AgO and Ni(III) coexist in the 
framework. In XPS, 3d5/2 and 3d3/2 occur at 365.6 and 372 eV respectively, which are comparable to standard val-
ues (368 and 374 eV) for metallic silver32. The binding energy of Ag 3d5/2 was shifted to 367.2 eV which indicates 
the presence of AgO. Further confirmation is obtained from the peaks at 570.4 and 602.4 eV which are ascribed 
to Ag 3p3 and Ag 3p1 of silver oxide33. The peak at 284 and 282.4 eV are attributed to co-condensation of ethanol 
and methanol on Ni(II) and Ni(III)34 in as-synthesized Ni-PCP and Ag/AgO@Ni-PCP respectively. The peaks at 
397.6 and 399.2 eV are assigned to coordinated N-atom of linker on Ni(II) and Ni(III). Peaks at 530.4 eV for both 
structures are attributed to oxygen of BTC adsorbed on Ni(II) and Ni(III).

Zeta potential measurements shows changes in surface charge of NPs with time. Ag NPs with more positive 
than +30 mV or negative values more than − 30 mV tend to repel each other thus prevents agglomeration and 
leads to stability for storage35. In this case to check zeta potential, suspensions of Ag/AgO@Ni-PCP were son-
icated for 3 minutes to extract NPs in to the solvent. Three measurements have been taken for two suspensions 
independently which shows average value of zeta potential is − 6.72 to − 4.12 mV (Supplementary Fig. S4) show-
ing that these NPs are highly reactive after extraction from the host template.

Contact mode AFM images (Fig. 3) show that the pores of the pristine framework are evenly sized and dis-
tributed, although contact mode AFM images do not give very high spatial resolution due to finite size of the tip, 
and capillary condensation. Surface roughness appears to be in the range of ~2 nm. Images for Ag/AgO@Ni-PCP 
are taken at a much higher magnification as the pores were not visible. The difference between surface topologies 
of Ni-PCP and Ag/AgO@Ni-PCP show that the channels after Ag/AgO NPs integration become elongated and 
narrow with reduction in surface roughness. This confirms that the original structure is now in a highly stretched 
state due to its inherent flexibility. HRTEM analysis of Ag/AgO@Ni-PCP shows the presence of discrete particles 

Figure 2. PXRD patterns. (a) Host framework (Ni-PCP). (b) Ag/AgO@Ni-PCP showing expansion of the 
framework after fabrication of NPs in the host which is observed due to slight shifting of peaks towards lower 2θ  
value.

Figure 3. AFM contact mode images. (a) Host framework showing open cavities even at a lower resolution. 
(b) Cavities are not visible in Ag/AgO@Ni-PCP even at higher resolution due to growth of NPs in a large 
quantity providing stretched structure.
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with dimensions several times larger (typically 2–8 nm) than those of the host framework cavities. There are no 
Ag/AgO NPs formed on the surface of the host framework. The images (Fig. 4a–c) show some discrete particles 
scattered outside the host PCP, which may have been released from the periphery of the structure due to son-
ication during sample preparation. When synthesis is carried out for an extended period of 96 h, there is very 
slight agglomeration of particles (Supplementary Fig. S5a and S5b). When the Ag/AgO@Ni-PCP is treated with 
ethanol for 10 minutes, the NPs are released from the framework as seen in HRTEM images (Fig. 4d–f). The 
reason for this is attributed to swelling of the layered structure in solvent thereby allowing NPs to exit. Also, high 
mobility as a result of low aggregation and weak attracting forces in the cavities facilitates release of the particles 
from within the framework. The crystalline planes of NPs are not visible in these images so an image of these NPs 
where crystalline planes are clearly seen is shown in Supplementary Fig. S6.

The EPR spectrum (Supplementary Fig. S7) of the Ag/AgO@Ni-PCP synthesized after 48 h reaction time 
shows a sharp peak at g =  2.004 indicative of Ag/AgO nanoparticles in a narrow size range with homogeneous 
distribution. With a reaction time of 96 h, the appearance of a peak at g =  4.36 indicates the presence of octahedral 
Ni(III) species along with the peak at g =  1.90 with multiple prominent shoulder peaks inferring formation of 
discrete NPs along with small clusters.

Comparative stabilities of the pristine Ni-PCP and Ag/AgO@Ni-PCP by thermogravimetric analysis (TGA) 
(Supplementary Fig. S8) shows that as synthesized PCP undergoes weight loss of 15% between 40–160 °C due 
to combined evaporation of ethanol and water molecules. This corresponds well with the calculated amount of 
lattice solvent molecules (17%) (Supplementary Table S1). The host PCP exhibits excellent thermal stability till 
420 °C beyond which it undergoes degradation and loss of structure. After formation of Ag/AgO NPs within the 
framework, thermal stability is drastically reduced and is attributed to the integrated framework being stressed 
and the catalytic activity of Ag/AgO NPs.

Fourier transform infrared spectroscopy (FTIR) data (Supplentary Fig. S9c) of Ag/AgO@Ni-PCP synthe-
sized after 48 h reaction time shows a slight shift of the C-O stretching peak indicating integration of NPs in the 
framework. Ag/AgO@Ni-PCP synthesized after 96 h reaction time shows presence of NO3

− ions at 1384 cm−1 
(Supplementary Fig. S9b). Influence of Ag/AgO NPs within the framework is evidenced by noticeable shifting of 
stretching frequencies towards lower wave numbers. This indicates that due to generation of Ag/AgO NPs, via a 
double mechanism discussed below the framework is stressed since particles exist in size range of 2–8 nm which 
exceed the cavity dimensions.

Figure 4. HRTEM images. (a–c) As-synthesized Ag/AgO@Ni-PCP TEM images reveal that NPs are present 
inside the polymeric membrane of the host. (d–f) After treating Ag/AgO@Ni-PCP with ethanol for 10 minutes, 
the NPs are released from the framework as shown here.
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Discussion
From the above characterizations it is evidenced that there are two mechanisms by which the NPs are synthesized. 
At a reaction time of 48 h from EPR it is concluded that the single sharp peak of NPs is due to acid formation36 
in which the NPs are anchored to the free oxygens of carboxylate of the BTC ligand. This mechanism is further 
supported by FTIR wherein slight peak shifts were observed. Continuing the reaction time up to 96 h, a second 
mechanism is responsible for further NPs synthesis. EPR spectra of Ag/AgO@Ni-PCP shows a peak for Ni(III) 
which concludes that framework is oxidised. This is further supported by FTIR which shows the presence of 
NO3

− anions within the framework to compensate the positive charge of Ni(III). This second mechanism comes 
in to play when the anchoring sites (free oxygens) are saturated by the NPs. This structure has capacity to store 
large quantitative yields of Ag/AgO NPs, equivalent to one third of its mass, in spite of low BET surface area.

To check feasibility of synthesizing Ag/AgO NPs in host framework by different solvents namely acetonitrile, 
water, ethanol and methanol under identical conditions, reactions were performed (48 h). The integrity of the 
framework was analysed by PXRD which shows that the structures are maintained along with formation of Ag/
AgO NPs (Supplementary Fig. S10). In ethanol as reaction media, crysralline silver peak did not appear proba-
bly because the nanoparticles are too small to be diffracted. From EPR data of Ag/AgO@Ni-PCPs synthesized 
using different solvents it is seen that Ag/AgO NPs were formed in a narrow size range except in acetonitrile 
where formation of small clusters are evidenced along with discrete particles. Size range is influenced by molec-
ular radii and polarity of solvent molecules (Supplementary Fig. S11). It is noted from EPR spectrum of Ag/
AgO@Ni-PCP synthesized using water as solvent homogeneous particle size distribution is obtained due to high 
polarity which hinders formation of clusters. In the series of solvents used in synthesis, the order of polarity is 
water >  acetonitrile >  methanol/ethanol.

Ag NPs find biomedical applications in antibacterial paints and disinfectants, surface coating for neuro-
surgical implements, bone cement and other implants, impregnated wound dressings, etc. However they are 
prone to oxidation and agglomeration into larger clusters on storage. Herein we report for the first time direct 
use of Ag/AgO@Ni-PCP for growth inhibition of bacteria (E. coli) and pathogen (S. typhimurium) which are 
Gram-negative bacteria. It is clearly seen from Fig. 5a that the host framework (Ni-PCP) does not display any 
cytotoxicity despite the presence of Ni in its structure (being fixed in coordination environment). Different con-
centrations of Ag/AgO NPs present within cavities of Ag/AgO@Ni-PCP are released in suspension media under 
shaking. Sample concentrations of Ag/AgO@Ni-PCP used for assay were 300− 20 μ g/ml corresponding to cal-
culated equivalent of 96− 6.6 μ g/ml Ag/AgO NPs (See Methods). Complete extraction of Ag/AgO NPs is not 
expected and the actual concentrations will be still lower than the calculated values stated above. Despite the low 

Figure 5. Bacterial growth inhibition curves. (a) and (b) For E. coli no growth inhibition takes place by 
pristine Ni-PCP: Ni in host structure shows no cytotoxicity; Ag/AgO@Ni-PCP inhibits growth even at very low 
concentration 6.6 μ g/ml. (c) For pathogenic species S. typhimurium growth is inhibited due to presence of Ag/
AgO NPs exhibiting cytotoxicity.



www.nature.com/scientificreports/

6Scientific RepORTS | 7:44852 | DOI: 10.1038/srep44852

concentration of free Ag/AgO NPs in the suspensions, their efficacy in inhibiting bacterial and pathogen growth 
is strongly evidenced (Fig. 5c). Therefore, it appears that a still lower concentration of Ag/AgO@Ni-PCP could 
possibly be used to inhibit growth under certain conditions. This is an excellent achievement evidenced for this 
integrated template, not reported elsewhere, and presents potential for biomedical applications.

There are various factors which may affect the growth of the bacteria, for example nature of nutrients, sterility, 
growth medium, and other materials present in the medium. So to check these effects on the growth of bacteria 
with and without NPs another approach classic plates count method has been done, In this experiment (See 
Methods) a significant growth inhibition was observed by using Ag/AgO@Ni-PCP for assay at a concentration of 
20 μ g/ml for 16 h while no growth inhibition was shown for 0 h period as it is visible in Fig. 6, because during this 
period no Ag NPs are extracted from integrated PCP.

Antimicrobial efficacy has been shown to be dependent on both size and shape of NPs. Particles that have 
larger surface areas and come in contact with bacterial cells will have a higher percentage of interaction com-
pared to larger particles37. Particles smaller than 10 nm interact with bacteria and produce electronic effect which 
enhance their reactivity38,39. The particle size range of synthesized Ag/AgO NPs is 2–8 nm, hence the obtained 
high bacterial growth inhibition efficacy even at very low concentrations. Studies on inhibition of bacterial 
growth have also shown that efficacy is also influenced by shape, e.g. truncated triangular particles show complete 
inhibition with Ag NPs content 1 μ g, spherical particles reduce bacterial growth above 12.5 μ g, while a total of 
50 to 100 μ g of silver cause 100% inhibition of bacterial growth and for rod shaped particles it needs ~100 μ g38.

Superior antibacterial nature of these Ag NPs over other Ag NPs is probably due to its bulk synthesis in the 
host framework which is directly used for antibacterial properties. While in commonly used Ag NPs which are 
normally get agglomerated during their use so their efficiency goes down. But in this case direct use of integrated 
framework Ag/AgO@Ni-PCP does not allow aggregation of NPs during extraction because as soon as they are 
extracted from the host template, their zeta potential value is less negative so highly reactive (mentioned earlier) 
and inhibiting the growth of bacteria. Size of Ag NPs is also a deciding factor for their antibacterial efficacy. In this 
case due to small sized cavities of PCP, Ag NPs are very small in diameter (2–8 nm) which have excellent antibac-
terial properties than commonly available Ag NPs those consist of large diameter.

It is possible that in case of Gram-positive bacteria these Ag NPs may not work so efficiently as recent study 
by Dasgupta et al. suggests that thick multilayered peptidoglycan layer in these bacteria regulates bacterial decay 
while Gram-negative bacteria have much thinner and single layer of peptidoglycan which is more susceptible for 
decay40.

Figure 6. Growth inhibition of E. coli DH5α strain by plate culture method at a concentration of 20 μg/ml 
of Ag/AgO@Ni-PCP for 16 h. While no growth inhibition is seen for 0 h period because during this period no 
Ag/AgO NPs are extracted from integrated PCP.
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As it has been evidenced by PXRD (Fig. 2) that the structure of the Ni-PCP was maintained after integration 
of Ag/AgO NPs within the framework. It was of interest to ascertain maximum extraction of NPs and reintegra-
tion of Ag/AgO NPs within the extracted framework. Extraction of NPs was carried out by immersion in excess 
ethanol, under stirring for minimum 1 h at room temperature. The colour of the extracted framework changed 
from dark brown to light pastel brown indicating removal of Ag/AgO NPs. Maximum removal of Ag/AgO NPs 
is evidenced by PXRD (Supplementary Fig. S12a) of the extracted framework which shows only a minor pres-
ence of particles. Shifting of peaks infers that the flexible 2D network undergoes distortion due to expansion and 
contraction of the layered structure. Ultra violet (UV) fluorescence and FTIR of the filtrate (Supplementary Figs 
S13 and S14) show only presence of Ag/AgO NPs. The extracted host framework was reimmersed in considered 
solvent under identical reaction conditions. Ag/AgO NPs were again synthesized, maintaining phase purity of 
the structure as evidenced by PXRD (Supplementary Fig. S12b). The colour of the extracted framework changed 
from light pastel brown to dark brown. This shows that this Ni-PCP can serve as a reusable template and or as a 
dry storage media for the NPs.

In conclusion it is stated that this highly flexible Ni-PCP is an excellent template for effectively synthesiz-
ing and storing Ag/AgO NPs at room temperature in large quantitative yields. The as-synthesized Ag/AgO@
Ni-PCP can be used directly or the NPs can be extracted ‘on demand’ for use as remarkable potent antimicrobials 
to inhibit growth or kill bacteria. The extracted template can be reused to grow new batches of Ag/AgO NPs. 
Syntheses of NPs from different metal precursors (Au, Pd, Zn, Mn, Mg, Fe, Cu, etc) are in progress.

Methods
Insitu growth of Ag/AgO NPs. Host framework (Ni-PCP) (0.04 g, 0.02 mmol) was immersed in a meth-
anol/water (3 ml, 2:1 v/v) solution of AgNO3 (0.01 g, 0.06 mmol) at room temperature for 48 h under stirring to 
afford a dark brownish fibrous solid product which was filtered. Colour change of the host solid is attributed to 
integration of Ag/AgO NPs. Filtrate was washed with excess methanol to remove any free AgNO3 and dried. FTIR 
(KBr pellet): υ  =  3397 (m), 1610 (s), 1509 (s), 1363 (s) cm−1.

A n a l .  c a l c d .  f o r  t h e  s o l i d  A g / A g O @ N i - P C P  i s o l a t e d  a f t e r  9 6  h  r e a c t i o n  t i m e 
{[Ni3

III(TBIB)2(BTC)2(H2O)6]}∙2CH3OH∙(NO3)12∙12Ag/AgO (Ni3C74H62N24O56Ag/AgO12): C, 24.32; H, 1.71; N, 
9.19. Found: C, 24.4; H, 1.74; N, 9.2. ICP data (in HNO3): concentration ratio of Ag/AgO:Ni =  102.28:25.65; mol 
ratio of Ag/Ni ≈  4. FTIR (KBr pellet): υ  =  3423.34 (m), 1604 (s), 1508 (s), 1357 (s) cm−1.

Cell culture and treatment. For Escherichia coli (E. coli), DH5α  strain and for Salmonella typhimurium 
(S. typhimurium), TA100 strain was used for Ag/AgO@Ni-PCP sensitivity assay. E. coli strains were stored in 
Luria-Bertani (LB) medium containing 15% glycerol at − 80 °C, and were grown in LB broth at 37 °C for 16 h 
under shaking at 250 rpm. S. typhimurium were grown in growth media (provided in Xenometrics kit for 
mutagenesis assay: “Ames MPF™  Penta”) with added ampicillin (50 mg/ml) at 37 °C for 16 h under shaking at 
250 rpm. E. coli (DH5α ) and S. typhimurium (TA100) were assessed for their cell growth by measuring their tur-
bidity at 600 nm (OD600). OD >  2.5 at 600 nm was checked for sufficient growth and further Ag/AgO@Ni-PCP 
treatment. Bacterial cultures (OD600 >  2.5) were sub-cultured in LB broth and growth media with different con-
centration of Ag/AgO@Ni-PCP and then incubated at 37 °C for 16 h under shaking at 250 rpm. OD values were 
taken after this step. Suspended concentrations of Ag/AgO@Ni-PCP used for assay were 300, 200, 100, 60, 50, 
40 and 20 μ g/ml corresponding to calculated equivalent of 96, 64, 32, 21.3, 16, 13.3 and 6.6 μ g/ml Ag/AgO NPs 
respectively. Triplicate samples from each treatment were obtained for the determination of mean values and 
standard deviations.

Statistical analysis. Data was plotted and statistically analyzed using Prism software program (GraphPad 
Software, USA).

Plate method. Escherichia coli bacteria (E. coli) were inoculated in the LB broth for 16 h. to obtain a pri-
mary culture of 0.7 O.D. The bacterial culture was then divided into two parts. One was mixed with Ag/AgO@
Ni-PCP to achieve a final concentration of 20 μ g/ml and the other part was used as a negative control. Both the 
cultures were diluted using LB broth with a dilution factor of 1:1 and 1:4 ratio and were spread on the LB agar 
plates immediately after mixing the NPs and the time point was noted as 0 h. The LB agar experimental and con-
trol plates were then incubated for 16 h at 37 °C and the bacterial growth was recorded. All the agar plates were 
incubated for 16 h at 37 °C. All the experiments were performed in triplicates.
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