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Arginine-assisted immobilization of silver
nanoparticles on ZnO nanorods: an enhanced and
reusable antibacterial substrate without human
cell cytotoxicity†

Shekhar Agnihotri,a Geetika Bajaj,a Suparna Mukherjia,b and Soumyo Mukherji*a,c,d

Silver-based hybrid nanomaterials are gaining interest as potential alternatives for conventional antimicro-

bial agents. Herein, we present a simple, facile and eco-friendly approach for the deposition of silver

nanoparticles (AgNPs) on ZnO nanorods, which act as a nanoreactor for in situ synthesis and as an im-

mobilizing template in the presence of arginine. The presence of arginine enhanced the stability of ZnO

deposition on the glass substrate by hindering the dissolution of zinc under alkaline conditions. Various

Ag/ZnO hybrid nanorod (HNR) samples were screened to obtain a high amount of silver immobilization

on the ZnO substrate. Ag/ZnO HNRs displayed potent antibacterial ability and could achieve 100% kill for

both Escherichia coli and Bacillus subtilis strains under various test conditions. The hybrid material

mediated its dual mode of antibacterial action through direct contact-killing and release of silver ions/

nanoparticles and showed superior bactericidal performance compared to pure ZnO nanorods and col-

loidal AgNPs. No significant decline in antibacterial efficacy was observed even after the same substrate

was repeatedly reused multiple times. Interestingly, the amount of Ag and Zn release was much below

their maximal limit in drinking water, thus preventing potential health hazards. Immobilized AgNPs

showed no cytotoxic effects on the human hepatocarcinoma cell line (HepG2). Moreover, treating cells

with the antibacterial substrate for 24 hours did not lead to significant generation of reactive oxygen

species (ROS). The good biocompatibility and bactericidal efficacy would thus make it feasible to utilize

this immobilization strategy for preparing new-generation antibacterial coatings.

1. Introduction

Considering the potential health risks associated with the

emergence of multidrug-resistant bacteria and greater inci-

dences of cross contamination, the development of new and

effective bactericidal agents is of utmost concern.1,2 The inter-

est in nano-silver based antimicrobial materials is increasing

worldwide and is corroborated by the large number of research

articles published in this area during the past decade.3,4

Compared to colloidal AgNPs, immobilized silver nanoparti-

cles are physico-chemically more stable as they are less prone

to aggregation and oxidation when exposed to the aqueous

medium.5–7 Thus, they retain long-term antibacterial efficacy.

Moreover, immobilization of silver nanoparticles on a support

matrix facilitates ease of handling and reusability and mini-

mizes toxic effects associated with their inevitable discharge

into the aqueous ecosystem.7,8 Reportedly, silver nanoparticles

can be incorporated on hybrid materials either by impregnat-

ing AgNPs within porous matrices9 or by anchoring them on

surface-functionalized solid supports.10,11 Silver nanoparticles

immobilized on various inorganic and organic substrates such

as SiO2, Fe2O3, zinc oxide, and graphene have demonstrated

an enhanced antibacterial performance over long term

use.7,12–14

Other than metallic silver, zinc oxide (ZnO) has also been

widely reported to inhibit and inactivate microbial growth at

the nanoscale. Being relatively cheaper, non-toxic, and biocom-

patible, ZnO is an important ingredient for various cosmetic

products and antibacterial lotions and is commonly used as a

drug carrier and filler in dental materials.15,16 The use of
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Ag/ZnO based hybrid nanostructures has recently gained

much interest not only because of their ease of fabrication

through various routes, but also due to their comparatively

higher photocatalytic efficiency and synergistic antibacterial

activity than their individual forms.16,17 To date, a variety of

methods have been explored for the incorporation of Ag on to

ZnO support material through doping, ultrasonication, the

solvothermal method, pulsed layer deposition, irradiation

assisted anchoring or in situ synthesis of AgNPs.13,18–21 From

the point of view of immobilization, silver nanoparticles can

readily self-assemble on ZnO templates as they provide both

anchoring sites for the metal ions to bind and nucleation sites

for their subsequent growth. However, in the absence of any

binder/linker, it is extremely difficult to control the dispersiv-

ity, stability and loading of silver nanoparticles over ZnO sur-

faces.20 As a result, AgNPs may get easily desorbed from the

ZnO surface when exposed to harsh experimental conditions,

thereby limiting its long term usage. Therefore, it is highly

desirable to develop an effective approach for localized de-

position of AgNPs on the surface-functionalized ZnO nano-

structures without compromising their bactericidal efficacy.

Amino acids possess high affinity towards metals and metal

oxides. Among all the amino acids, arginine has the highest

affinity towards silver ions,22 which may bind at various elec-

tron rich sites, i.e., nitrogen atoms of α-amino groups as well

as guanidino side chains, in addition to carboxyl moieties at

the C-terminus, forming stable silver–arginine complexes. On

the other hand, arginine is also known to involve in surface

modification of zinc oxide as a ZnO-binding polypeptide.23,24

However, to the best of our knowledge, arginine-assisted

immobilization of silver nanoparticles on ZnO nanorods

under ambient conditions has not been attempted to date.

Although considerable success has been achieved in enhan-

cing the bactericidal action of Ag/ZnO nanocomposites, sur-

prisingly some important aspects are yet to be explored. There

are only a limited number of reports in which Ag/ZnO nano-

composites have been evaluated on the basis of their silver/

zinc release in aqueous medium, reusability, durability, long-

term antimicrobial efficacy and cytotoxic effects on human or

mammalian cells. Li et al.13 recently demonstrated the long-

term antimicrobial activity and reusability of Ag/ZnO nano-

material for wound dressing applications. Similarly, Motshekga

et al.20 have reported better disinfection performance of the

Ag/ZnO nanocomposite supported on Bentonite clay, where

the leaching of silver from the nanocomposite was found to be

within the acceptable limits specified for potable water.

However, in order to establish the biocidal potential of Ag/ZnO

hybrid nanomaterial for diverse applications, all the aforemen-

tioned aspects need to be discussed in one study.

In this study, we describe a facile and greener approach for

dense immobilization of silver nanoparticles on ZnO nanorods

using arginine as the linker molecule for potential antibacter-

ial purposes. The reaction conditions were optimized to

achieve maximum immobilization of AgNPs over ZnO nano-

rods to maximize the bactericidal potential. Antibacterial tests

for Ag/ZnO hybrid material against both Gram-positive and

Gram-negative bacterial strains were performed at two initial

cell concentrations (103 CFU ml−1 and 105 CFU ml−1) in a

100 ml batch reactor. The bactericidal efficacy and the corres-

ponding silver release profile of the same AgNP/ZnO substrate

were also evaluated over multiple wash and reuse cycles in

order to determine its potential for practical applications.

Cytotoxicity analysis of Ag/ZnO nanomaterial was performed

using the human HepG2 cell line as an in vitro model to test

its biocompatibility and applicability as antibacterial coatings

for promising biomedical applications.

2. Experimental details
Materials required

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, ≥98% pure), zinc

nitrate hexahydrate (Zn(NO3)2·6H2O, ≥98% pure), and lithium

hydroxide monohydrate (LiOH·H2O, ≥98% pure) were received

from Sigma-Aldrich (USA). Hexamethylenetetramine (HMTA,

C6H12N4, ≥99% pure), silver nitrate (AgNO3, >99.9% pure),

L-arginine (C6H14N4O2, ≥99% pure) and ascorbic acid (C6H8O6,

≥99% pure) were purchased from Merck (India). Escherichia

coli MTCC 443 (ATCC 25922) and Bacillus subtilis MTCC 441

(ATCC 6633) were used as test strains for conducting anti-

bacterial experiments. They were originally procured from the

Institute of Microbial Technology (Chandigarh, India). Nutri-

ent medium (Himedia Pvt Ltd, Mumbai) was used for growing

bacteria in liquid broth culture as well as preparing solid

medium for plate culture studies by adding 2% bacteriological

agar (Himedia Lab. Ltd, Mumbai).

For cytotoxicity tests, human hepatocarcinoma cell lines

(HepG2) were obtained from the National Centre for Cell

Sciences, Pune, India. Phosphate buffered saline (PBS) was

purchased from Himedia Pvt Ltd, Mumbai, India. Dulbecco’s

modified Eagle’s medium (DMEM), fetal bovine serum, 104 U

ml−1 penicillin, 10 mg ml−1 streptomycin, and 25 µg ml−1

Amphotericin-B were procured from Gibco (USA). 3-(4,5-

Dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)

dye, Triton X-100, tertiary butyl hydroperoxide (t-BH) and 2,7-

dichlorofluorescein diacetate (DCFDA) dye were purchased

from Sigma-Aldrich (USA). All chemicals were used as received

without further purification. Ultrapure water (resistivity

18.2 MΩ cm) was used for all synthesis reactions and bacterio-

logical experiments.

Synthesis of AgNP–ZnO hybrid nanorods

ZnO nanorods were synthesized through a two-step alcother-

mal seeding and hydrothermal growth process (refer to section

S1† in ESI). Aqueous solution of arginine–silver complexes was

prepared as reported earlier.25 Five sets of silver–arginine com-

plexes (aq.) were synthesized having the molar concentrations

of AgNO3 of 5, 10, 20, 25, and 75 mM such that the molar ratio

of silver : arginine was kept constant at 5 : 2. ZnO NRs grown

on glass surfaces (2 × 2.3 cm2) were immersed in a freshly pre-

pared silver–arginine mixture of various concentrations (5 to

75 mM) for 12 hours to facilitate interaction between the ZnO
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NRs with the silver–arginine complex. Subsequently, the sub-

strates were removed, washed with DI water and sonicated for

10 seconds to remove loosely bound silver. This was followed

by in situ reduction of silver ions using a non-toxic reducing

agent, i.e., ascorbic acid. The silver loaded ZnO glass sub-

strates were dipped in an ascorbic acid solution (100 mM,

50 ml) for 30 minutes resulting in in situ reduction followed by

immobilization of AgNPs over the surface of ZnO NRs.

Samples were thoroughly rinsed and sonicated as mentioned

in the earlier step. To designate various AgNP–ZnO hybrid

nanorod (HNR) samples, substrates incubated in a silver–

arginine solution mixture containing 5 mM, 10 mM, 20 mM,

25 mM, and 75 mM AgNO3 are referred to as Ag/ZnO-5, Ag/

ZnO-10, Ag/ZnO-20, Ag/ZnO-25, and Ag/ZnO-75 HNRs, respecti-

vely, in the following studies. The mass loading of silver in

the immobilized substrates was quantified using inductively

coupled plasma-atomic emission spectroscopy (ICP-AES, refer

to section S2† in ESI). Finally, the silver content on Ag/ZnO

HNRs (µg cm−2) was calculated by normalizing the amount of

silver extracted from the substrate, with the total surface area

of Ag/ZnO HNRs deposited on the glass substrate.

Antibacterial studies

Strain specific antibacterial activity of Ag–ZnO HNRs was deter-

mined against Gram-negative Escherichia coli MTCC 443 and

Gram-positive Bacillus subtilis MTCC 441 strains. Two sets of

independent antibacterial tests were performed using de-

ionized water (DI) and a chlorine-free phosphate buffer as the

test solution, as described in our earlier study.7 The Ag–ZnO

glass substrate (2 × 2.3 cm2) was suspended centrally in a

batch reactor (100 ml) having either 103 or 105 CFU ml−1

initial bacterial concentration, and sampling was performed

over a period of 1–2 hours. Size-controlled, monodispersed col-

loidal AgNPs of average size 10 ± 2 nm, synthesized following

the protocol discussed in our recent study,26 were used in anti-

bacterial studies for comparing their bactericidal activity with

immobilized Ag/ZnO HNRs. The total mass of silver in col-

loidal AgNPs (in the 100 ml batch reactor) was kept at 6.0 ×

10−2 mg, which was similar to that in the immobilized system

(i.e., Ag/ZnO HNRs). Silver nanoparticles immobilized on a flat

amine functionalized silica substrate7 (AgNP-silica) was also

considered in order to compare the two ‘immobilized

systems’, i.e., AgNP-silica and Ag/ZnO HNRs for their anti-

bacterial action under similar test conditions. For each experi-

ment, the bacterial aliquots (100 µl) were homogeneously

plated on agar plates, and incubated at 37 °C to count the

viable bacterial colonies after 24 hours. All studies were done

in duplicate. The zone of inhibition (ZoI) assay was done to

compare the bactericidal potential of AgNP/ZnO HNR sub-

strates with that of pure ZnO NRs. For this, the substrates were

individually placed on an agar plate having uniform bacterial

suspension (E. coli MTCC 443, 105–106 CFU ml−1) and the

culture plates were incubated at 37 °C for 24 hours. Both sub-

strates (i.e., AgNP/ZnO HNRs and pure ZnO NRs) were

screened on the basis of the zone of inhibition (ZoI) using

photographic images of the culture plates. For determining

the contact-killing biocidal action of the material, Ag/ZnO-20

HNRs deposited on the glass substrate (2 × 2.3 cm2) were

placed in direct contact with solid agar having a uniform bac-

terial lawn (E. coli, 105–106 CFU ml−1) for one hour to express

its antibacterial effects. After one hour, the substrate was care-

fully removed and the culture plate was incubated for 24 hours

at 37 °C.

To demonstrate the reuse potential of the hybrid antibacter-

ial material, a single AgNP–ZnO HNR substrate was utilized

several times for disinfection experiments. Concurrently, the

silver and/or zinc release profile was also evaluated. The same

antibacterial substrate (2 × 2.3 cm2) was used 11 times alter-

nately, such that each nth and n + 1th study denotes a disinfec-

tion study and a silver/zinc release study, respectively (where

n = 1, 3, 5, 7,…). After each study, the substrate was immediately

removed from the test solution, washed with DI water, dried

with nitrogen gas purging and stored in a vacuum desiccator

until the next use. Silver release studies were performed under

similar reaction conditions in DI water devoid of any bacterial

cells. Predetermined volume of samples was taken at regular

intervals followed by acid digestion using dil. HNO3 (0.1 M).

After acid digestion, the samples were analyzed for silver and

zinc released using ICP-AES. Standard solutions were used for

the calibration. The time lag between disinfection and silver

release studies was maintained as 10–12 hours in order to

minimize the variability.

Mechanism of antibacterial action

To demonstrate the mechanism of the biocidal action of Ag/

ZnO HNRs, E. coli cells (each at 106–107 CFU ml−1) were

treated with Ag/ZnO-20 substrate (2 × 2.3 cm2) for 6 hours.

Untreated E. coli cells were used as the control. The treated

cells were harvested by centrifugation (5000 rpm, 10 min) and

washed thrice with DI water to remove the loosely bound Ag or

Zn over the bacterial surface. A series of pre-treatment steps

were followed for electron microscopy analysis. Primary fix-

ation of bacterial cells was achieved using 2.5% glutaraldehyde

for 1 hour. After intermediate washing steps, secondary

fixation was performed using 1% OsO4 in the dark for

30 minutes. Phosphate buffer medium (pH 7.2) was used for

washing the bacterial cells before and after the fixation steps.

The samples were subsequently dehydrated with a graded

ethanol series (30%, 50%, 70%, 90%, 95%, and 100%) fol-

lowed by staining with 3% uranyl acetate. Bacterial cells were

drop casted on carbon coated Cu grids and were air dried at

room temperature for field emission gun-transmission elec-

tron microscopy (FEG-TEM) analysis. For field emission gun-

scanning electron microscopy (FEG-SEM) analysis, bacterial

cells loaded on Cu grids were examined without any conduc-

tive coating (gold/platinum/gold–palladium sputtering) to

reduce possible artifact.

In vitro cytotoxicity and intracellular ROS generation

Human hepatocarcinoma cells (HepG2) were cultured in

Dulbecco’s modified Eagle’s medium supplemented with 10%

fetal bovine serum, 100 U ml−1 penicillin, 100 µg ml−1 strepto-
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mycin, and 25 µg L−1 amphotericin-B in a 24-well plate. Cells

(1 × 105 cells) were grown for 24 hours at 37 °C under a

humidified atmosphere containing 5% CO2/95% air. 3-(4,5-

Dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)

assay was followed as reported earlier27 with minor modifi-

cations. Before seeding the cells, Ag/ZnO-25 HNR substrates

and pristine glass slides (without any Ag/ZnO deposition) of

equal dimensions (1 × 1 cm2) were sterilized by dipping in a

70% ethanolic solution for 2 hours followed by UV radiation

for 30 minutes. A single Ag/ZnO HNR substrate (1 × 1 cm2) was

placed at the bottom of each well in the 24-well plate. HepG2

cells (200 µl in each well) were treated with Ag/ZnO HNRs for

different time periods (6, 12, 24 and 48 hours) as four indepen-

dent studies set up in triplicate. Control experiments were

carried out using 1% Triton X-100 (positive control), which

causes 100% toxicity to cells. Treated cells were subsequently

incubated in MTT dye (1 mg ml−1) for 4 hours in the dark. Cell

viability was evaluated by the ability of metabolically active

cells to reduce MTT to insoluble, purple formazan crystals.

After incubation for the desired time period, the medium from

each well was discarded and the resulting formazan crystals

were dissolved in a 200 µl solution containing 10% sodium

dodecyl sulphate and 0.01 N HCl. The absorbance was

measured at 570 nm in a multi-well plate-reader (Bio-Tek,

Winooski, USA). The percentage of viable cells was determined

by the absorbance value of wells containing treated cells with

those in untreated cells (negative control).

The intracellular ROS generation was determined using 2,7-

dichlorofluorescein diacetate (DCFDA), a membrane per-

meable dye which undergoes hydrolysis by esterases present

within the cells. The resulting deacetylated moiety is highly

sensitive to react with various ROS (mainly peroxyl, hydroxyl

and peroxynitrite anions) produced inside the cells and forms

a fluorescent product, dichlorofluorescein (DCF). The intensity

of fluorescence is therefore proportional to the amount of ROS

produced by the cells. HepG cells (1 × 105 cells) were seeded in

a 24-well plate (black bottom) for 24 hours. Similar to the MTT

assay, grown cells were incubated with the Ag/ZnO-25 HNRs

for 6, 12, 24 and 48 hours as four independent studies set up

in triplicate. After treatment for the desired time period, the

cells were washed thrice with PBS and were subsequently incu-

bated in DCFDA dye (20 µM) for 30 minutes under dark con-

ditions. To isolate the cells from solution, the reaction mixture

was centrifuged at 2500 rpm for 10 minutes and the super-

natant was discarded. The cells were redispersed in PBS

(200 µl) and the fluorescence intensity was measured in a

multi-well plate reader at excitation and emission wavelengths

of 485 and 528 nm, respectively. The intracellular ROS level

was expressed by the fold change in the mean fluorescence

intensity of exposed cells with respect to the untreated cells.

3. Results and discussion

A hybrid antibacterial material was fabricated using ZnO

nanorods (ZnO NRs). ZnO NRs serve as nano-reactors for

in situ synthesis of silver nanoparticles concurrently providing

a template for their subsequent immobilization using arginine

as a linker. Arginine is known to bind silver ions via chelation

and complexation mechanisms. Under alkaline conditions,

arginine exists as a zwitterion and can form stable bidentate

and tridentate complexes with silver.25 It has been reported

that bidentate complexes of silver–arginine exist in two poss-

ible forms.22 First, Ag+ coordinates with the carbonyl oxygen

and with the nitrogen of the α-amino group, forming ‘charge-

solvated complexes’. Alternatively, Ag+ is attached to the two

oxygen atoms of the guanidino group of L-arginine forming

‘salt bridge complexes’. Moreover, the presence of four nitro-

gen moieties in L-arginine and the formation of stronger Ag–N

bonds to its side chain facilitate the formation of more stable

silver–arginine tridentate complexes.22,28

Although amino acids are reported to reduce silver ions and

form AgNPs, the introduction of silver nitrate into arginine

solution did not cause any color change. Thus, the formation

of AgNPs was not observed. Thus, it is hypothesized that Ag+

undergoes complexation with the arginine molecule under

mild alkaline conditions (pH 7–8), which lowers the standard

redox potential of Ag+/Ag, thus preventing the formation of

AgNPs in solution.17 We also observed that the introduction of

arginine enhanced the stability of ZnO deposition on glass

substrates and retarded the solubilisation of zinc under alka-

line conditions. ZnO NRs grown on glass substrates were

treated with an aqueous silver–arginine mixture of varying con-

centration (5–75 mM), followed by ascorbic acid mediated

reduction. This resulted in a uniform deposition of AgNPs over

the surface of ZnO NRs (Fig. 1).

Characterization

Different hybrid nanostructures (Ag/ZnO HNRs) synthesized

using this approach were characterized to optimize the relative

molar concentrations of AgNO3 and arginine that would facili-

tate maximum immobilization of AgNPs on the ZnO surface.

Preliminary results obtained through FTIR and Raman ana-

lyses (refer to section S3† and Fig. S1† in ESI) demonstrated

the role of arginine as a linker molecule by the shift in the

absorption spectrum of a few characteristic peaks and the

enhancement in Raman signals. It was demonstrated that the

incorporation of AgNPs did not affect the structural

morphology and integrity of the ZnO surface. Moreover, the

enhancement in Raman intensity can be extrapolated for

qualitative determination of the extent of AgNP immobiliz-

ation on various Ag/ZnO HNRs, which is primarily governed

by arginine. Among various silver–arginine complexes, the

mixture having 20 mM AgNO3 concentration was expected to

exhibit the most efficient immobilization of AgNPs on ZnO

nanorods.

Based on a few recent studies,29,30 it can be inferred that a

stable silver–arginine interaction is favorable for immobilizing

AgNPs on the ZnO template. Aliaga et al.29 studied the extent

of silver–arginine interactions in a colloidal solution using

surface enhanced Raman spectroscopy (SERS) and reported a

pH dependent conformational change in the structure of
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an arginine molecule. Thus, the stability of silver–arginine

interactions is strongly dependent upon the solution pH.

Garrido et al.30 also studied the effect of pH on silver–arginine

interactions using SERS and reported that the zeta potential of

the complex mixture increased from −43.5 to −35.2 mV when

the pH was increased from 7 to 9. The higher pH reduced the

negative charge on arginine molecules so that the molecules

become less hydrophilic, and thus induces a preferential and

more stable silver–arginine interaction. In this study, the pH

values of various silver–arginine solution mixtures were in the

range of 7–10 and the pH of Ag/ZnO-20 was 8.6. Therefore,

the best stability of Ag/ZnO-20 can be attributed either to the

spatial orientation of arginine molecules or charge reduction

on L-arginine molecules at pH 8.6, which may have contributed

towards the most efficient silver–arginine interaction.

The quantitative estimation of Zn and Ag content on

various samples, as obtained through ICP-AES analyses, is

summarized in Table 1. For glass substrates of equal dimen-

sions (2 × 2.3 cm2), the average Ag loading increased up to

Ag/ZnO-20 HNRs, while, for Ag/ZnO-25 and Ag/ZnO-75 HNRs,

the silver loading drastically reduced. Since ZnO nanorods

were grown by drop coating of ZnO seeds on the glass sub-

strate, it was difficult to control the Zn content in each sample.

Therefore, the mass ratio of Ag : Zn was taken as a parameter

to determine the extent of silver immobilization on various

ZnO–glass substrates. Calculated values indicate that the

highest Ag : Zn ratio was obtained for Ag/ZnO-20 HNRs, vali-

dating the results obtained through FTIR and Raman

analyses. In the case of Ag/ZnO-20 HNRs, the mass loading of

silver was calculated to be 12.83 µg cm−2, which is ∼3.5-fold

higher than in our previous study7 where AgNPs were immobi-

lized on a surface functionalized silica substrate. This is an

indication of highly dense immobilization of silver nanoparti-

cles on ZnO substrates. For all samples the amount of Zn

deposition on the glass substrate was controlled in between

202 and 221 µg cm−2. Using nitrogen sorption measurements,

the specific surface area of Ag/ZnO-20 HNRs was found to be

57.1 m2 g−1. Compared to other Ag/ZnO hybrid nanorods,

Ag/ZnO-20 HNRs demonstrated the best results on using this

immobilization strategy and therefore they were used for

further characterization and antibacterial studies as discussed

in the following sections.

The extinction spectra were compared to characterize the

effect of silver loading on the plasmonic properties of ZnO

nanorods (Fig. 2a). Ag/ZnO HNRs showed a typical extinction

spectrum in the visible region at about 440 nm due to the

surface plasmon resonance of silver, which confirms that

AgNPs were successfully immobilized over the ZnO surface.

The formation of Ag/ZnO hybrid nanorods also caused a red

shift (from 352 to 360 nm) in the extinction peak of ZnO as

compared to pure ZnO nanorods. This was possibly caused by

the strong interfacial coupling between immobilized AgNPs

and ZnO, which is reported to reduce surface defects and

promote charge separation.31,32 Fig. 2b shows X-ray diffraction

Fig. 1 Schematic representation of in situ synthesis and immobilization of silver nanoparticles on ZnO nanorods using arginine as a linker.

Table 1 ICP-AES analysis of ZnO nanorods loaded with various

amounts of silver nanoparticles

Sample
code

Zn
contenta

(µg)

Ag
contenta

(µg) Ag : Zn
Ag loading
(µg cm−2)

Pure ZnO 974 ± 55 0.0 0.000 0.00
Ag/ZnO-5 938 ± 61 8.1 ± 0 0.009 ± 5.4 × 10−5 1.76
Ag/ZnO-10 959 ± 35 19.3 ± 3 0.020 ± 7.2 × 10−4 4.20
AgZnO-20 1016 ± 91 59.0 ± 5 0.058 ± 1.2 × 10−3 12.83
Ag/ZnO-25 1019 ± 36 31.2 ± 6 0.031 ± 1.6 × 10−3 6.79
Ag/ZnO-75 964 ± 93 16.2 ± 2 0.017 ± 5.9 × 10−4 3.52

a Average values based on three independent tests.
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(XRD) patterns of pure ZnO and AgNP-loaded ZnO HNRs. The

diffraction peaks at 2θ = 31.8°, 34.5°, 36.3°, 56.6°, 66.4°, 67.9°,

and 69.0° correspond to the (100), (002), (101), (110), (200),

(112) and (201) planes, indicating the typical hexagonal wurt-

zite structure of ZnO nanorods (JCPDS card no. 36-1451). In

the case of AgNP-loaded ZnO HNRs, the additional diffraction

peaks at 2θ = 38.2° (111), 43.9° (200), and 77.2° (311) depicted

the face centered cubic structure of AgNPs and demonstrated

that all silver nanoparticles existed in their metallic (Ag0) state.

Moreover, since the immobilization of AgNPs did not cause

any shift in the peaks of ZnO nanorods, this immobilization

strategy helps in depositing AgNPs without altering the crystal-

line behavior of the ZnO material.

An X-ray photoelectron spectroscopy (XPS) analysis was per-

formed to investigate the chemical states of Ag–ZnO hybrid

nanorods (Fig. 3). The high resolution Zn 2p spectrum demon-

strated two peaks at 1021.5 eV (2p3/2) and 1044.5 eV (2p1/2),

which confirms the existence of zinc in Zn2+ form.33 The high

resolution Ag 3d spectrum of Ag–ZnO demonstrated two peaks

at 367.5 eV (Ag 3d5/2) and 373.53 eV (Ag 3d3/2) with a peak split-

ting of 6.0 eV, which corresponds to metallic silver (Ag0).7

Interestingly, the immobilization of AgNPs on the ZnO tem-

plate was evidenced through the decrease in the binding

energy values of 3d doublet as compared to their standard

values in bulk silver, i.e., 368.2 eV and 374.2 eV, respectively.18

The reduction in charge density occurred due to the transfer of

electrons from Ag to the conduction band of ZnO at the inter-

face, creating a new Fermi energy level for Ag–ZnO nanocom-

posite.18,34 Similarly, peaks at 368.4 eV, 369.3 eV and 374.2 eV

also suggest a strong association of silver with the oxygen and

nitrogen moieties of arginine. A small fraction of these peaks

can also be ascribed to AgO/Ag2O species due to the formation

of a thin oxide layer over AgNPs while the immobilized nano-

particles predominantly exist in their Ag0 oxidation state. The

formation of oxide layers over AgNPs is inevitable under

ambient conditions.35 It has been reported to facilitate con-

trolled release of Ag+ ions, which enhances the biocidal

performance.7,36

As predicted, the high resolution O 1s spectrum showed a

relatively complex pattern due to various associations of

oxygen atoms with zinc, oxygen, and arginine biomolecule and

therefore several possible peaks may coincide within a narrow

range. The deconvoluted spectra showed a peak at 530.2 eV

which can be assigned to the lattice oxygen (O2−) in ZnO.34,37

A sharp peak at 531.3 eV provides sufficient indication of the

Ag–O bond formation in the hybrid nanocomposite, while a

smaller proportion of AgO/Ag2O is also reported to exist within

this region.7 The presence of arginine over ZnO nanorods was

further confirmed through the peaks at 532.9 eV which can be

assigned to C–OH, C–O, and CvO bonds available for silver

ions to bind with.38 Besides this, the peak at the 532–533

region is also attributed to the oxygen associated with the

surface hydroxyl groups of ZnO.33 There was also a small com-

ponent peak of 535 eV which was ascribed to several associ-

ations of oxygen atoms present in the arginine moieties.39

Arginine being the only source of carbon and nitrogen, the

appearance of carbon and nitrogen spectra in the Ag/ZnO

HNRs clearly indicates the existence of arginine over the ZnO

surface. The high resolution C 1s spectra were deconvoluted

into three distinct peaks that correspond to the C–C bond

(285.7 eV), and the carbon atoms bonded to different func-

tional moieties of arginine (C–O/C–N at 286.3 eV; and CvO/

O–CvO at 290 eV).40–42 Similarly, the N 1s spectra can be

deconvoluted into three distinct peaks at 399.2 eV (C–N bond),

400.4 eV (CvN bond) and 400.7 eV (protonated amine,

NH3
+).41

Analyzing Ag/ZnO HNRs using FEG-SEM, it was noticed

that ZnO nanorods were randomly aligned throughout the

glass substrate, while AgNPs were observed as white dotted

structures throughout the surface of the ZnO nanorods (Fig. 4a

inset). A bunch of ZnO rods with immobilized AgNPs suggested

that multiple nanorods may have grown from a single aggregate

of ZnO seed during the growth process (Fig. 4b). The elemental

composition of the sample was studied by energy-dispersive

X-ray (EDX) analysis. As shown in Fig. 4c (inset), the presence

of zinc, oxygen and silver peaks appeared due to Ag/ZnO

Fig. 2 UV-Vis extinction spectroscopy (a) and X-ray diffraction analysis

(b) of pure ZnO and AgNP immobilized ZnO hybrid nanorods (HNRs).

Paper Nanoscale

7420 | Nanoscale, 2015, 7, 7415–7429 This journal is © The Royal Society of Chemistry 2015

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

3
 F

eb
ru

ar
y
 2

0
1
5
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
4
/2

0
2
2
 8

:0
0
:4

2
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/C4NR06913G


hybrid nanostructures, while a peak of silicon was observed

because of the glass (silica) material used as the support

matrix. A smaller proportion of arginine was also evidenced

through a relatively smaller peak of carbon, whereas no nitro-

gen peak was identified due to insufficient element counts

during the course of EDX analysis. The elemental mapping

analysis for a selected region (indicated in pink) clearly

showed that silver (green) is homogeneously distributed

throughout the surface in addition to other major elements,

i.e., Zn (blue), O (white) and Si (red). Semi-quantitative esti-

mation of the surface composition indicated that nearly 30%

(by wt.) of the surface is occupied by elemental silver (see

Table S1† in ESI). The absence of any other peaks clearly indi-

cates that the synthesized antibacterial substrate is in pure

form, thus validating an efficient immobilization of AgNPs

using our greener approach.

Transmission electron microscopy (FEG-TEM) was per-

formed to confirm the immobilization of AgNPs on the ZnO

surface (Fig. 5). The results obtained corroborate with those of

the FEG-SEM analysis, where silver nanoparticles were found

to be evenly distributed over ZnO nanorods (Fig. 5a). Analyzing

the TEM micrographs of the ZnO surface (side view) it was

evident that immobilized AgNPs were nearly spherical in

shape with size ranging from 5 to 14 nm (Fig. 5b). The average

size of AgNPs was found to be ∼11 nm. The HRTEM micro-

graph (Fig. 5c) reveals a distinct interface and spatial arrange-

ment of atoms between AgNP and ZnO. The lattice fringes

having a d-spacing of 0.26 nm and 0.24 nm correspond to the

crystallographic (002) plane of zinc and the (111) plane of the

face centered cubic AgNPs,34 respectively (Fig. 5d and e). The

selected area diffraction (SAED) analysis further validates

the presence of silver and zinc in Ag/ZnO HNRs due to their

characteristic diffraction patterns.

Antibacterial studies

It is worth mentioning that immobilizing AgNPs onto another

bactericidal material, i.e., ZnO, may promote synergistic action

and may cause a superior antibacterial effect compared to

AgNPs and ZnO, each acting individually. In order to elucidate

this, the antibacterial performances of three different anti-

bacterial materials, i.e., pure ZnO NRs, colloidal AgNPs (average

size, 10 ± 2 nm), and AgNP-silica substrate, were compared

with Ag/ZnO HNRs against E. coli MTCC 443 strain at an initial

cell count of 103–104 CFU ml−1 in a 100 ml batch reactor. As

shown in Fig. 6a, the Ag/ZnO hybrid nanorods showed much

faster antibacterial activity than pure ZnO nanorods and

achieved 100% bactericidal activity in 30 minutes. In contrast to

this, pure ZnO nanorods could not achieve complete bactericidal

activity even after a much longer duration, i.e., 120 minutes.

Although the colloidal AgNPs showed promising bactericidal

potential compared to the pure ZnO nanorods, the time to

achieve complete disinfection was prolonged to 90 minutes. The

AgNP-silica substrate also demonstrated inferior bactericidal

effect (50 minutes) when compared to Ag/ZnO HNRs, which can

Fig. 3 XPS spectral analysis of Ag/ZnO hybrid nanorods showing full scan and corresponding deconvoluted peaks in the high resolution (HR)

spectra of various elements present, i.e., Zn (2p), Ag (3d), O (1s), C (1s), and N (1s).
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be explained on the basis of ∼3.5 higher silver loading in the

case of the latter. Analyzing these data, it can be predicted that

the hybrid nanocomposite of AgNP and ZnO acts effectively

against E. coli, resulting in enhanced antibacterial performance

compared to the individual components.

Zone of inhibition (ZoI) tests were performed to compare

the bactericidal potential of the two substrates in a solid

medium (Fig. 6b). The results were in good agreement with

those in the liquid medium where superior bactericidal activity

of Ag/ZnO HNRs was marked by a noticeable ZoI formation.

Pure ZnO NRs did not show a distinct inhibition zone. Fuchs

and Tiller43 demonstrated similar results where an antibacter-

ial substrate depicted a distinct but narrow ZoI due to its

contact-killing mechanism. The narrow width of the ZoI indi-

cated that bacteria were able to grow in close proximity to the

substrate since there was negligible release of biocidal material

from the antibacterial substrate. Furthermore, in order to

verify its contact-killing bactericidal action, it was observed

that the Ag/ZnO HNR-glass substrate not only killed bacterial

colonies in that area but also suppressed further growth of

bacteria at that zone even after 24 hour incubation, owing to

its ‘bacteriostatic’ effect (see Fig. S2† in ESI). Similar photo-

graphic images have been shown in an earlier study,44 where

AgNP coated cellulose acetate fibers when placed in direct

contact with a bacterial lawn for 4 hours showed complete

inhibition of E. coli growth at the contact area. Thus, although

a dual mode of antimicrobial action of Ag/ZnO HNRs is envi-

saged, the contact-killing mode as opposed to inactivation

through release of silver ions is predominantly responsible for

the antimicrobial activity. However, some diffusion of biocidal

material from the immobilized substrate and its contribution

towards antibacterial action cannot be ruled out.

Previous studies have demonstrated a substantial difference

in bactericidal activity of antimicrobial material, if either the

type of culture strain or the initial bacterial concentration is

varied.7,8,26,45 To investigate the wide-spectrum antibacterial

activity of Ag/ZnO HNRs, E. coli MTCC 443 and B. subtilis

MTCC 441 strains were selected as model Gram (−) and Gram

(+) strains. Four independent tests were performed against

each of the strains, in deionized water (DI) and phosphate

buffer medium (PBS), both at lower (103 CFU ml−1) and higher

(105 CFU ml−1) initial cell concentrations (Fig. 7). Ag/ZnO

HNRs demonstrated good antibacterial activity against both

types of strains where complete disinfection could be achieved

within 70 minutes for all the test conditions. In DI water, it

took 30 and 60 minutes for complete disinfection against

Fig. 4 FEG-SEM micrographs showing (a) uniform deposition of Ag/ZnO nanorods on the glass substrate. Image in the inset reveals a high depo-

sition of silver nanoparticles. (b) Bunch of ZnO nanorods with immobilized AgNPs. (c) Elemental mapping done for the selected region revealed the

presence of zinc (Zn, blue), oxygen (O, white), silver (Ag, green) and silicon (Si, red). Surface composition of the substrate was based on an EDX ana-

lysis, with the characteristic peak of silver at ∼2.9 kV in addition to other elements.
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E. coli at 103 and 105 CFU ml−1 initial bacterial counts,

respectively. Under similar test conditions, the time to achieve

complete disinfection was marginally delayed to 40 and

70 minutes against B. subtilis strain, showing the strain-

specific bactericidal activity of Ag/ZnO hybrid nanorods. As

compared to DI water, no significant variation in the anti-

bacterial activity of Ag/ZnO HNRs was observed in the phos-

phate buffer medium, which mimics the physiological

conditions. Therefore, the AgNP immobilized ZnO substrate

can be well suited for other potential in vitro applications,

such as surgical coatings and wound dressings.

Antibacterial efficacy on multiple reuse

Nanocomposites, which act as an immobilizing matrix and/or

support for antibacterial agents, are advantageous as they

enable not only the convenient use of the antibacterial agents

but also facilitate their release.5 However, the antibacterial

activity of such materials is adversely affected due to the con-

tinuous depletion of Ag+ ions, rendering them unsuitable for

long term use. One of the aims of the current study was to elu-

cidate the antibacterial efficacy of Ag/ZnO HNRs on multiple

reuse and to determine the corresponding silver and zinc

release. As shown in Fig. 8a, the Ag/ZnO HNRs remained bac-

tericidal against E. coli MTCC 443 (103 CFU ml−1) even after

the same substrate was reused eleven times. Initially, up to the

5th reuse, the time for complete killing remained constant at

30 minutes although the rate of kill was slower in the initial

phase. For subsequent use, i.e., 7th/9th and 11th reuse, the time

to achieve complete disinfection using Ag/ZnO HNRs was

increased by 5 and 10 minutes, respectively. Silver release after

90 minutes duration for the 2nd, 4th, 6th, 8th, and 10th use was

103.8 ± 4.6, 94.7 ± 2.5, 65.2 ± 2.8, 44.7 ± 2.5, and 40 ± 1.1 ppb,

respectively (Fig. 8b). As predicted, the decrease in the disin-

fection kinetics can easily be explained on the basis of lower

silver release with every subsequent use. Interestingly, as low

as ∼26 ppb (11th use, 30 min) of silver release was sufficient to

elicit 100% killing of E. coli cells after multiple reuse. It was

also essential to study whether the amount of Zn+2 release

from the ZnO nanorods over repeated use contributed towards

the enhanced bactericidal action of Ag/ZnO HNRs. Fig. 8c

shows that the amount of Zn release after 90 minutes was pro-

gressively reduced from 91.6 ± 2.4 ppb in the 2nd use to 18.5 ±

0.2 ppb after the 8th reuse. For subsequent uses, zinc release

was not detected (below the detection limit). The variation in

the release profile of silver and zinc in the aqueous phase can

be explained on the basis of their different chemical states.19

Fig. 5 FEG-TEM micrograph of (a) a single ZnO nanorod with uniform immobilization of silver nanoparticles. (b) Side view of Ag/ZnO nanorods and

immobilized AgNP at the tip of ZnO (inset). HRTEM image (c) showing a distinct interface between Ag and ZnO. High resolution micrographs of ZnO

(d) and silver nanoparticles (e) with characteristic d-spacing and corresponding diffraction patterns of ZnO (above panel) and silver (below panel) are

also presented.
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Silver, present in their nanoparticulate form (Ag0), is con-

sidered to be more reactive than the oxide form of zinc (ZnO),

which may lead to higher release of silver, both in the form of

silver ions as well as AgNPs. Despite this, it was observed that

the amount of silver and zinc release over 30 minutes (i.e.,

time for complete disinfection) with every use was well below

the permissible concentration limits for Ag (i.e., 100 ppb) and

Zn (i.e., 3–5 ppm) in potable water, as defined by the World

Health Organization.20 Therefore, it can be predicted that the

Ag/ZnO HNRs would pose minimum health risks. Low dis-

charge of the biocidal materials would also minimize adverse

effects on other organisms in the ecosystem.

The disinfection profile and silver/zinc release profiles on

multiple reuse also gave useful insights to determine the

mechanism of antibacterial action of Ag/ZnO HNRs. As the

results indicated, the continuous depletion of silver and zinc

ions did not significantly affect the extent of disinfection with

every usage. This implies that the mode of bactericidal action

of Ag/ZnO HNRs cannot be fully explained on the basis of

release of silver and zinc only. Rather, the immobilized Ag/

ZnO HNRs may act primarily through a contact-killing mode.

In our recent study,7 it was illustrated that immobilized AgNPs

demonstrated bactericidal action predominately via direct

contact-killing mode, while release of silver ions had a

minimum role in disinfection. In this study, the extent of dis-

infection remained the same irrespective of significant

reduction (∼37%) in silver release after the 2nd to 6th reuse,

indicating the role of direct contact in bacterial killing. Inter-

estingly, release of zinc ions appeared to have no significant

effect on the bactericidal performance since there was only a

marginal delay in achieving complete disinfection after the

10th reuse, where zinc release was not even detected. This

showed that Ag/ZnO HNRs could retain their antibacterial

efficacy and were unaffected by the absence of zinc ions in the

releasing medium. These results preclude our initial hypoth-

esis regarding the synergistic role of zinc and silver nanoparti-

cles in the antibacterial action of Ag/ZnO HNRs. In contrast to

this, the ZnO template seems to contribute primarily by pro-

viding a high surface area for the deposition of AgNPs, thereby

facilitating the direct-contact mode of action of immobilized

AgNPs. Therefore, the enhanced antibacterial action of the

Ag/ZnO substrate can be better described by a dual mode of

bactericidal action, i.e., direct contact killing upon contact of

bacteria with Ag/ZnO HNRs and leaching of silver in a nano-

particulate and/or ionic form.

Fig. 6 (a) Comparative disinfection potential of pure ZnO nanorods,

AgNP immobilized ZnO nanorods (Ag/ZnO HNRs) and colloidal AgNPs

(12 ± 2 nm, 6.0 × 10−2 mg in mass). All disinfection studies were per-

formed using E. coli MTCC 443 strain (initial cell concentration, ∼103

CFU ml−1) in a 100 ml batch reactor. (b) Zone of inhibition (ZoI) tests

done at relatively higher bacterial counts (105
–106 CFU ml−1) showing

the bacteriostatic effect of Ag/ZnO HNRs, while no ZoI was observed in

the case of pure ZnO nanorods.

Fig. 7 Strain-specific antibacterial activity of Ag/ZnO hybrid nanorods (2 × 2.3 cm2) against (a) Gram-negative, E. coli MTCC 443 and (b) Gram-posi-

tive, B. subtilis MTCC 441 strain. For each strain, disinfection kinetics was tested at an initial concentration of 103 CFU ml−1 (triangle) and 105 CFU

ml−1 (square) in both deionized water (continuous line) and phosphate buffer medium (dashed line).
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E. coli–Ag/ZnO interaction

In order to further investigate the interaction behaviour of the

AgNP/ZnO substrate with the bacterial cells, SEM and TEM

imaging was done (Fig. 9). Ag/ZnO HNR treated E. coli cells

showed adverse effects as compared to untreated cells (see

Fig. S3a† in ESI), and significant population of AgNPs was

observed inside the bacterial cells (Fig. 9a). The presence of

AgNPs near the cell membrane and inside the cells is con-

sidered to be the most fundamental and accepted mechanism

for the antibacterial action of AgNPs other than silver ion

release.46,47 AgNPs were located both at the periphery of the

cell membrane as well as deep within the cells as aggregates

with a peculiar pattern (Fig. 9b). Similar patterns of AgNP

aggregates have been evidenced in an earlier study, where the

role of bacterial surface proteins was found to be critical for

AgNP binding and aggregation pattern formation.48 Therefore,

it can be hypothesized that during earlier stages of bacteria–

AgNP interaction, the presence of surface proteins facilitated

the formation of AgNP aggregates and mediated their sub-

sequent entry into the intracellular environment via endocyto-

sis (Fig. 9c). After successful internalization, AgNP aggregates

could be translocated inside the bacterial machinery to carry

out antibacterial action through multiple mechanisms, such

as ROS generation, blocking cell respiration and inhibiting

DNA replication. These mechanisms may work concurrently

and mediate the enhanced antibacterial effect. While asses-

sing the Ag/ZnO–E. coli interactions, the presence of crystalline

form (Fig. 9e) and the appearance of the characteristic peak at

∼2.9 kV during EDX analysis (see, Fig. S3b† in ESI) supported

the existence of AgNPs (i.e., Ag0) in bacterial cells. In contrast

to this, crystalline Zn was not detected in any of the treated

bacterial cells. Thus, its role in antibacterial action was not

mediated via zinc nanoparticles. The release studies have also

shown the negligible role of zinc ions. The antibacterial action

was mediated by silver both in the form of AgNPs and silver

ions.

Based on FEG-SEM analysis, some other possible mecha-

nisms of bactericidal action may be hypothesized. As shown in

the micrograph (Fig. 9e), Ag/ZnO HNR treated cells appeared

to show atypical shape and a few cells were severely damaged

(encircled). Membrane disruption may increase the cell per-

meability and allow intracellular material to come out, ulti-

mately causing cell death (Fig. 9e, the inset above).49 The

formation of pits and holes on the bacterial surface indicates

cell damage, which consequently allows the internalization of

Fig. 8 (a) Disinfection performance of a single Ag/ZnO HNR substrate (2 × 2.3 cm2) after 11 times repeated usage against E. coli MTCC 443 (103

CFU ml−1). (b) The corresponding silver release profile after every usage was evaluated. (c) Zinc release after each use over 30 min and 90 minutes

duration. (# below the detection limit.)
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AgNPs (Fig. 9e, the inset below).26 We also observed that

AgNPs were not only present inside the bacterial cells; they

were universally present over the entire bacterial surface

(Fig. 9f). The interaction of AgNP/ZnO with bacterial cells

leads to multiple pathways for bactericidal action, where it is

extremely difficult to analyze which mechanism predominates

over another. It can be assumed that an initial AgNP–bacterial

interaction plays an important role. The results clearly indicate

that the hybrid nanocomposite containing AgNPs and ZnO is a

promising candidate for antibacterial applications owing to its

dual mode of antibacterial action, contact-killing and release

of metal ions.

Cytotoxicity analysis of human HepG2 cells

The use of nanomaterials containing silver and zinc oxide is

often limited for therapeutic purposes owing to their intrinsic

cytotoxic effects on humans.50 A few recent studies have shown

that the immobilization of AgNPs onto a substrate matrix

would limit the release of silver in aqueous medium thereby

causing either minimal toxic effects or none at all on mamma-

lian cells.51–54 Agarwal et al.51 demonstrated that AgNPs

immobilized on polyelectrolyte multilayer (PEM) films of poly-

(allylamine hydrochloride) and poly(acrylic acid) did not

induce any cytotoxic effects against the mouse fibroblast cell

line, NIH-3T3, under various test conditions. Beside this,

AgNP-impregnated PEMs showed good antibacterial activity

against Staphylococcus epidermidis, a clinical isolate from a

veterinary hospital. In a different study, poly(L-glutamic acid)-

capped silver nanoparticles were encapsulated within poly-

(lactide-co-glycolide) nanoparticles, which showed superior

antibacterial activity against seven pathogenic strains without

affecting the cell viability of the human HepG2 cells.54 There-

fore, it is quite possible to construct non-cytotoxic, AgNP-

based antibacterial substrates by exploring some effective

Fig. 9 FEG-TEM (a–e) and FEG-SEM (f, g) analyses of E. coli cells (bacterial count, 106
–107 CFU ml−1) treated with Ag/ZnO HNR loaded substrate.

(a) Lower and (b) higher magnification showing the presence of AgNPs, both near the cell membrane and in the interiors of bacterial cells. (c) An

early and (d) late stage of internalization of AgNP aggregates (white arrow) near the cell membrane (black arrow). (e) Crystalline structure reveals the

presence of silver in its Ag0 state, i.e., AgNPs. SEM images of (f ) damaged E. coli cells with ruptured morphology (inset, above) and formation of pits

and holes on the bacterial surface (inset, below). (g) Silver nanoparticles were homogeneously present all over the surface of bacterial cells.
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immobilization strategies, which can control silver release into

the medium to an amount just sufficient to cause bactericidal

effects.

In order to establish the fact that Ag/ZnO HNRs exhibit an

enhanced, long-term antibacterial efficacy and do not cause

undesirable toxic implications on human cells, cytotoxicity

experiments were performed against HepG2 cells through the

MTT assay. HepG2 cells are considered to be a useful in vitro

model for the detection of cytotoxic and genotoxic agents.55 As

shown in Fig. 10a, cell viability of HepG2 cells treated with

Ag/ZnO-25 HNRs were tested at four different time periods,

i.e., 6, 12, 24 and 48 hours. Compared to untreated cells (nega-

tive control), cells treated with Ag/ZnO HNRs did not show any

significant reduction in cell viability even after 24 hours of

incubation. The pristine glass substrate did not contribute

towards any cytotoxic effects and showed similar cell viability

as that with the Ag/ZnO HNRs. As a positive control for tox-

icity, cells treated with Triton X-100 showed complete absence

of cell viability. Under the given test conditions, Ag/ZnO HNRs

showed no cytotoxic effects on human cells, which is indicative

of good biocompatibility of the hybrid nanocomposite. More-

over, we can interpret its minimal toxicological consequences

on aquatic organisms, due to low discharge of silver and zinc

from the immobilizing template. The silver loading in Ag/ZnO

HNRs (1 × 1 cm2) was calculated to be 2.8 µg cm−2, which is

nearly ∼10-fold lower (25 µg cm−2) than that reported by Shi

et al.53 where AgNPs were immobilized on the PEM functiona-

lized stainless steel surface. Even at a much higher AgNP

loading, Shi et al.53 did not find any cytotoxic effects on mam-

malian cells. Thus, Ag/ZnO HNRs do not provoke cytotoxic

responses to human cells and yet demonstrated excellent anti-

bacterial efficacy.

A number of studies have proposed sub-lethal effects of

AgNPs and nano-ZnO, when present either in very low concen-

tration or short incubation times,56,57 due to the generation of

intracellular reactive oxygen species (ROS). Higher production

of intracellular ROS can induce severe oxidative stress and is

considered to be one of the most important mechanisms for

cellular apoptosis, due to nanomaterial exposure.58 To deter-

mine whether the interaction between Ag/ZnO hybrid nano-

rods and HepG2 cells would lead to oxidative stress, we

measured the intracellular ROS generation using the DCFDA

assay. As shown in Fig. 10b, no significant increment in ROS

generation was noticed up to 24 hours, as compared to the

untreated cells. A relatively longer period of treatment (i.e.,

48 hours) may cause some sub-toxic effects on cells, as indi-

cated by a slight increase in the ROS level. The positive

control, tertiary butyl hydroperoxide (t-BH), induced a 3.2-fold

increase in ROS generation as compared to the untreated cells.

These results are in contrast to earlier studies, where AgNPs

and ZnO nanoparticles have been reported to induce severe

oxidative stress to cells both by their “nanoparticulate” effect

as well as the release of ionic forms.59–62 It was therefore

anticipated that probably the intrinsic chemical composition

of Ag/ZnO hybrid nanorods could have an inhibitory effect on

ROS generation. Interestingly, L-arginine, one of the com-

ponents of Ag/ZnO HNR synthesized in this study, has been

reported to act as a free radical scavenger and possesses anti-

oxidant properties.63 Tripathi et al.64 also reported the use of

L-arginine as an oral supplement to patients suffering from

acute myocardial infarction, as it retards ROS production by

scavenging the oxygen derived free radicals. Stevanovic et al.54

have recently demonstrated the ROS scavenging property of

ascorbic acid, another antioxidant molecule whose presence

made the AgNP-loaded material highly bactericidal without

causing cytotoxic effects on HepG2 cells. Therefore, it is

expected that the presence of arginine not only facilitated

dense immobilization of AgNPs on ZnO nanorods, but could

Fig. 10 Cytotoxicity analysis of Ag/ZnO hybrid nanorods on human hepatocarcinoma (HepG2) cells as determined by (a) an MTT assay and (b) intra-

cellular ROS generation. Cells were treated with Ag/ZnO HNRs deposited on the glass substrate (1 × 1 cm2) and the pristine glass substrate (1 ×

1 cm2) for various time periods, and (a) the percentage of cell viability and (b) the intracellular ROS levels were evaluated after each treatment. Triton

X-100 and tertiary butyl hydroperoxide (t-BH) were taken as a positive control for MTT and ROS determination experiments, respectively. Experi-

ments were performed in triplicate; data shown are expressed as mean ± standard error.
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also inhibit the ROS-induced cytotoxicity to some extent.

Further tests will be required to determine their sub-lethal,

genotoxic effects in detail.

4. Conclusions

In this study, we have demonstrated a facile, inexpensive and

entirely green approach for immobilization of silver nanoparti-

cles on a ZnO nanotemplate. The presence of arginine not

only facilitates a highly localized assembly of AgNPs, but also

enhances the stability of ZnO deposition on the glass matrix

and reduces the potential toxicity by limiting the release of

zinc ions under alkaline conditions. The Ag/ZnO hybrid nano-

material was found to be extremely stable in aqueous medium

and showed an extraordinary bactericidal effect against both

Gram-positive and Gram-negative bacterial strains. The results

obtained through zone of inhibition (ZoI) studies and surface

contact tests also depict growth inhibition of bacterial cells

(i.e., bacteriostatic effect). The Ag/ZnO HNRs acted primarily

through direct contact killing mode and released very low con-

centrations of silver and zinc in the aqueous medium, thus

minimizing potential health risks and other adverse effects

associated with their discharge. Cytotoxicity results clearly

indicate that Ag/ZnO HNRs deposited on glass substrates do

not induce cytotoxic effects on the human cell line, but retain

antibacterial efficacy even after multiple reuse. This immobiliz-

ation strategy therefore holds good promise and enormous

potential to be exploited for various antibacterial coatings in

implantable biomaterials and surgical instruments.
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