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Introduction 

Semiconductor oxides with noble or transition, or rare earth metal 
nanocomposites are interesting because of their superior optical, 
electrical, magnetic and chemical properties. �ese properties that arise 
from their combination, deliver the materials interesting in di�erent 
application areas, including nanoelectronics devices, catalysis, nonlinear 
optical devices, bio-medical, etc [1-3]. In these nanocomposites, 
materials with di�erent properties can be grouped in same particle 
to perform multiple technological functions. However, they can also 
show new properties and functionalities due to the strong interaction 
between the two di�erent functional components [4,5]. Metal-oxides 
semiconductor nanocomposites have been extensively explored 
because of their potential applications in wide �elds. Among them, Ag/
ZnO nanocomposites have attracted large attention, not only because 
ZnO is one of the most important wide-band gap semiconductors 
and has various applications, including use in sensors, electronics, 
solar cells and photo electronics, but also because silver nanomaterials 
display some unique features in chemical and biological sensing, which 
are based on surface-enhanced Raman scattering (SERS), localized 
surface plasmon resonance (SPR), and metal-enhanced �uorescence 
[6]. In addition, silver modi�cation is found to be e�ective for the 
fabrication of p-type ZnO, as the naturally occurring ZnO displays 
n-type conductivity due to its native defects such as zinc interstitials 
and oxygen vacancies [7]. In recent years, silver ions become more 
interests of the several research works, because of their novel e�ects 
on the e�ciency of photoactivity of semiconductor photocatalysis 
and their evolution on antibacterial activity [8]. On the other hand, 
ZnO has received much attention over the past few decades because 
it has a wide range of properties that depend on doping, including a 
range of conductivity from metallic to insulating (including n-type and 
p-type conductivity), high transparency, piezoelectricity, wide-band 
gap (3.37 eV at 300 K), large binding energy (60 meV), high melting 
point ~1975C, semi-conductivity, room-temperature ferromagnetism, 
and huge magneto-optic and chemical-sensing e�ects [8-10]. Without 

*Corresponding authors: Manikandan E, Department of Physics, B.S. Abdur 
Rahman University, Chennai-600048, India, E-mail: mani@bsauniv.ac.in

Basheer Ahmed M, Department of Physics, B.S. Abdur Rahman University, 
Chennai-600048, India, E-mail: basheerahamed@bsauniv.ac.in

Received February 02, 2013; Accepted March 01, 2013; Published March 04, 
2013

Citation: Shah AH, Manikandan E, Ahmed MB, Ganesan V (2013) Enhanced 
Bioactivity of Ag/ZnO Nanorods-A Comparative Antibacterial Study. J Nanomed 
Nanotechol 4: 168. doi:10.4172/2157-7439.1000168

Copyright: © 2013 Shah AH, et al. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author and 
source are credited.

Enhanced Bioactivity of Ag/ZnO Nanorods-A Comparative Antibacterial 
Study
A. H. Shah1, E. Manikandan1*, M. Basheer Ahmed1 and V. Ganesan2

1Department of Physics, B.S. Abdur Rahman University, Chennai-600048, India
2UGC-DAE, CSR, Devi Ahilya University Campus, Devi Ahilya University, Indore-452017, India

Abstract
Background: In the present work, Ag/ZnO nanorods were synthesized in order to investigate bacterial sensitivity 

against Gram positive and Gram negative bacteria, comparatively by using well diffusion method.

Materials and methods: Nanoparticles were synthesized by the Sol-Gel method, using AgNO3, Zn(CH3CO2)2, 
NaOH and PVP as capping agent. All the materials were characterized by XRD, HRTEM, PL, FTIR, EDX, and μ-Raman.

Results: The Ag nanoparticles were found attached to crystalline ZnO nanorod. Ag/ZnO nanorods were found 
to be more effective towards Gram positive, and thus contribute to the greater mechanical damage to all functions of 
bacteria and enhanced bactericidal impact of Ag on ZnO nanoparticles.

Conclusions: Sol-Gel method was found to be an effective chemical method to synthesis Ag/ZnO metal-
semiconductor nanorods. ZnO was found to be good match for Ag, for enhanced and synergistic antibacterial activities, 
for both Gram positive and Gram negative bacteria. So, this study provided both theoretical and experimental support 
for the practical applications of Ag/ZnO nanorods.

much e�ort, it can be grown in many di�erent nanoscale forms, thus 
allowing di�erent novel devices to be achieved. Many e�orts have 
been made alone to synthesize ZnO with various morphologies in the 
nanoregime, including rods [11], belts [12], prisms [13], wires [14], 
rings [15], �owers [16], and many more. Various techniques that 
have been used to synthesize Ag/ZnO composites include template-
con�ned synthesis routes [17], high-temperature methods [18], 
hydrothermal synthesis [19], solution-phase methods using additives, 
such as surfactants [20], sonochemical method and microwave heating 
[21]. In the present article, we report on the synthesis of Ag/ZnO 
nanorods of the order of 100 nm diameters through facile chemical 
sol-gel method. E�ects of incorporation of Ag into ZnO crystal on their 
optical, structural and antibacterial behavior of the ZnO nanorods are 
studied in details.

Experimental Techniques

Sample synthesis

All the chemical reagents were of analytical grade and used without 
further puri�cation in this experiment.

Synthesis of undoped and doped ZnO nanorods: High purity 
zinc acetate [Zn(CH

3
CO

2
)

2
], silver nitrate Ag(NO

3
)

2
, sodium hydroxide 
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(NaOH) and poly vinylpyrrolidone (PVP) as capping agent, were used 
for chemical processing. In a typical procedure for the synthesis of pure 
ZnO, 0.05 M zinc acetate was dissolved in 100 ml of de-ionized water and 
0.1 M NaOH was dissolved in 100 ml deionized water. NaOH solution 
was added drop wise to zinc acetate solution. �en, a white colored gel 
is produced and this gel was kept for ageing overnight. Similarly for 
the synthesis of Ag doped ZnO nanorods, 0.1 M zinc acetate Zn(Ac)

2
 

solution with milimolar silver nitrate and aqueous ammonia (1:1) was 
added drop wise to reach a pH ~ 7, and the stirring was continued 
for another 30 minutes. A few drops of PVP were also added during 
stirring for controlling growth. �e formed glassy like white gel was 
allowed to age overnight. It was �ltered, washed, dried at 100°C for 12 
hrs and annealed at 500°C for 2 hrs in a mu£e furnace, �tted with a 
proportional-integral-derivative (PID) temperature controller, and the 
heating rate was set at 100°C per minute. 

Characterization: �e synthesized doped and Ag doped ZnO 
nanorods were characterized by XRD with nickel-�ltered CuKα 
radiation source (λ=1.5417 Å, 2θ range 5-80° and 0.02 step size) for 
the crystallinity, phase purity and average particle crystallites size. 
�e surface morphology and microstructure was investigated by 
high resolution HRTEM; Tecnai F20. �e compositional analysis of 
synthesized samples was carried out using energy-dispersive EDX. �e 
optical emission spectra was measured by an F-2500 spectrophotometer, 
with Xe900 (450 W xenon arc lamp) as the excitation source, with a 
spectral slit width of 1 nm in back scattering con�guration. A confocal 
micro-Raman study excited by the 488 nm line of Ar+ laser (power 100 
W) was used for synthesized samples. �e scanning speed and step 
for measurements were 60 nm/min and 0.5 nm, respectively. All the 
spectra and characterization were observed at RT.

Antibacterial test: Well di�usion method was used to determine 
the antibacterial activity of the Gram negative bacteria, V. cholera, 
towards pure undoped and doped ZnO nanorods. �is bacterium 
is an Asian bacterium, and is related to cholera infections which are 
most commonly acquired from drinking water in which this bacteria 
is found naturally, or into which it has been introduced from the feces 
of an infected person. Well di�usion is a very cost-e�ective, facile and 
useful method for assessing the antibacterial properties. In this method, 
sterile nutrient agar plate was prepared and these agars are poured into 
the sterilized Petri dish. �e 100 µl of cultured bacterial cell suspension 
were spread over the agar plate using sterile glass rod. �e plates were 
allowed for 1 min to dry and sterile well cutter of diameter 9 mm was 
used to bore wells in the agar plates. Subsequently, a 100 μl of the 
nanoparticle suspension was introduced into wells of the inoculated 
nutrient gar plates. �e plates were allowed to stand for 1 h or more 
for di�usion to take place, and then incubated at 37°C for 24 h and the 
diameter of inhibitory zones was measured in millimeter (mm).

Results and Discussions

Structural studies

�e change of crystalline phase structure of Ag/ZnO composite 
were investigated by XRD at room temperature (RT). Figure 1a shows 
the XRD pattern of uncoated ZnO nanoparticles recorded in the range 
of 20° to 80°, with a scanning step size 0.02°. All di�raction peaks 
attributed to crystalline of ZnO with the hexagonal wurtzite structure 
(space group: P63mc (186); a=0.325 nm, c=0.519 nm). �e data 
obtained are in good agreement with the joint committee on powder 
di�raction standards (JCPDS) card for ZnO (JCPDS 036-1451). �e 
strongest peaks were detected at 2θ values are: 31.7°, 34.4°, 36.17°, 47.5°, 

56.6°, 62.2°, 66.4°, 68° and 69.1°, corresponding to the following lattice 
(hkl) planes: (100), (002), (101), (102), (110),(103), (200), (112), and 
(201), respectively. Two additional weak peaks are obtained at 38.18° 
and 44.36°, as shown in �gure 1b, which can be assigned to the (111) 
and (200) crystal planes of face centered cubic (fcc) structure of Ag 
crystalline (JCPDS 4-0783) [22]. �ese peaks are weak presented due to 
their low content. �e average particle grain size (D) can be calculated 
from the width of lines in the XRD spectrum, with the aid of Scherrer 
formula [23]. �e calculated D values of Ag nanoparticles estimated 
around 10 nm, and that of ZnO nanorods were found to be decreased 
from 17 nm to 12 nm a´er Ag coating.

Morphological and compositional studies

In order to obtain the information about Ag distribution in the 
as-synthesized samples, HRTEM observations and EDX mapping 
measurements were carried out, as shown in �gure 2. A typical HRTEM 
image of an individual Ag/ZnO composite sample, as shown in �gure 
2a, reveals that metallic Ag nanoparticle attaches on the surface of ZnO 
nanorod. �e composition of the as-synthesized is further characterized 
by EDX, and the results are shown in �gure 2b. Almost all the peaks on 
the curves are ascribed to Zn, Ag and O elements and some additional 
ones. �ese additional peaks may be belong to Cu and C elements are 
form sampler holder with conductive tap. �us, it is concluded that the 
as-synthesized samples are composed of Zn, Ag and O elements, which 
is in good agreement with XRD and FTIR.

Figure 1: X-ray diffractions pattern of a) uncoated ZnO and b) Ag-ZnO nanorods.
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Figure 2: (a) HR-TEM images of Ag attached with ZnO nanorods (b) EDAX.
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Optical study

�e room temperature PL spectra (excitation at 325 nm) of pure and 
doped ZnO nanoparticles are shown in �gure 3. It is used to verify the 
quality crystal and possible e�ects of Ag coating on ZnO nanostructures. 
Generally, the PL spectrum of ZnO consists of UV emission and 
the visible broadband emission [24]. �e UV-range emission, called 
radioactive recombination, occurs due to the recombination between 
the electrons in a conduction band and the holes in a valence band. 
On the other hand, the visible range emission, called nonradioactive 
recombination, occurs due to the recombination between the electrons 
in a deep defect level or a shallow surface defect level, and the holes 
in a valence band [25,26]. �erefore, in case of both samples shown 

in �gures 2a and b, the narrow UV emission band centered at around 
359 and 334 nm is ascribed to the radiative recombination. It could be 
seen from PL spectra that the UV emission in Ag/ZnO composite is 
decreasing due to the distinct surface plasmon resonance (SPR) e�ect 
of noble metals, Ag or Au, indicating the decrease in electron-hole 
recombination. �is decrease in emission intensity is in accordance 
with the Stern-Volmer quenching, and similar results were previously 
reported [27]. Further in pure ZnO PL spectrum, the two weak blue 
bands obtained at 417 and 438 nm are corresponding to band edge free 
excitons and bound excitons, respectively [28]. Furthermore, there is 
a green emission observed at ~ 547 nm, was o´en attributed to singly 
ionized oxygen vacancies (V

O
+) [29], while other reports indicated the 

green emission (~ 521 nm) was due to oxide antisite defect (O
Zn

) [30]. 
Moreover, the green emission (~ 520 nm) of ZnO nanostructures was 
also attributed to oxygen vacancies and zinc interstitials (Zn

i
) [31]. 

A´er Ag coating e�ect of the PL, emission peaks increased in the order 
of UV to visible regime as 334,390,423,469 and 570 nm, shown in the 
spectral lines. �e additional peak, 390 nm, was found in the samples 
usually called near band edge (NBE), which is attributed to excitonic 
recombination. �e peaks, 423 and 469 nm, got red shi´ed from 417 
and 438 nm (Figure 3a and b). �is shi´ is attributed to shape changes 
of particles. Actually, the peak positions of PL spectra are signi�cantly 
dependent on the size of the ZnO crystalline due to the quantum-
con�nement e�ect, which will induce gap enhancement [32]. �e size 
of ZnO nanoparticles decreases from 57 nm to 52 nm in our case. So, the 
red-shi´ for UV emission may be related to the quantum-con�nement 
e�ect of the ZnO nanoparticles. �e e�ects of defects or/and impurities 
due to Ag doping on PL, can be observed by the FWHM measurement 
of free exciton emission. Generally, FWHM of intrinsic emission in PL 
spectrum is related to the crystal quality. A small FWHM indicates that 
the crystal is of high quality, and its large value suggests the crystal is 
imperfect, showing it may have point defects. Meanwhile, FWHM the 
values for both samples are nearly close to each other. �ese results 
indicate Ag coating does not e�ectively degrade the crystal.

Micro-Raman (μ-RS) scattering study 

To investigate the in�uence of Ag on the molecular vibrational 
modes of ZnO nanoparticles, room temperature Raman spectra of 
ZnO and Ag-nanorods in the spectral range of 200 to 800 cm-1 were 
measured, as shown in �gure 4. According to group theory, the structure 
of ZnO belongs to the C

6V
 symmetry group, which predicts two A

1
, two 

E
1
, two E

2
 and two B

1
 modes. Among these, A

1
 and E

1
 modes are polar, 

and split into transverse (TO) and longitudinal optical (LO) phonons, 
all being Raman and infrared active. E

2
 modes are only Raman active, 

and B
1
 modes are infrared, and Raman inactive (silent modes). �e 

Raman spectra of undoped ZnO nanoparticles consist of peaks that 
were observed at 331 cm-1 (second-order vibration), 380, 409, 438, 537, 
581, 658, and 720 cm-1, corresponding to the E

2H
-E

2L
, A

1
(TO), E

1
 (TO), 

E
2H

, TO+TA(M), E
1
 (LO) and E

2L
-B

1H
 fundamental phonon modes 

of hexagonal ZnO, respectively [33-37]. �e 331 cm-1 mode could be 
observed by enhancement of Raman active and inactive phonons, with 
lattice symmetry due to disorder-activated Raman scattering (DARS) 
[38,39]. �e 380 cm-1 mode was li´ed the degeneracy of infrared active 
optical phonons into a transverse (TO) branch, as is well known by the 
Lyddane–Sachs–Teller relation [40]. �e 409 cm-1 mode is associated 
with lattice disorder along the c-axis of the ZnO crystal, the 438 cm-1 
mode corresponds to E

2
 mode of wurtzite ZnO, and a very sharp 

feature. �e 582 cm-1 E
1
 (LO) corresponds to well resolve Raman peaks 

due to multiphonon and resonance processes, and are related to oxygen 
de�ciency. According to the reports of Li et al. [39], the 537 cm-1 peak 
is a Zn–C mode, and the 658 cm-1 peak was a Zn–CH

2
 mode, which 
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Figure 3: PL spectra of (a) ZnO (b) Ag-ZnO nanorod.
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are associated with the precursor materials in the sol-gel process. Ag/
ZnO composite related vibrational modes were identi�ed as follows: 
234, 343, 420, 509, 610, and 700 cm-1. �e additional peak at 234 cm-1 
obtained in the given spectrum is due to the radial e�ect of Ag atoms. 
�e main peak, 438 cm-1, slightly red shi´ed to lower wavenumber of 
420 cm-1, with the increment of 2 cm-1. Respectively, the PL studies 
con�rmed the red shi´ of 20 nm in the doped materials; this might be 
con�rming the size e�ect of quantum con�nement.

Molecular vibrational study

�e FTIR spectrum of ZnO and Ag/ZnO nanostructures were 
recorded in the range 400-4000 cm-1, using FTIR spectrometer, is given 
in �gure 5. From the FTIR spectrum, various functional groups and 
metal-oxide (MO) bond present in the compound were analyzed. In 
the FTIR spectrum, a signi�cant band at ~ 475 and 425 cm−1 is assigned 
to the characteristic stretching mode of Ag-O and Zn-O bond [41-43]. 
�e peak at ~ 940 cm-1 may be attributed to aromatic C=C stretching 
mode [44]. Absorption band at ~ 3425 cm-1 arises due to the stretching 
mode of O-H group, that reveals the existence of a small amount of 
water absorbed by the ZnO nanostructure [45,46]. �e peak located 
at ~ 2344 cm-1 is due to atmospheric CO

2
 present in the instrument. 

Stretching modes of C-O and C=O are observed at ~ 1387.31 cm−1 and  
1533.86 cm−1. On doping, stronger and wider absorption bands are 
observed in the region ~ 1170-878 cm−1 due to the organic capping of 
nano silver.

Antibacterial studies 

In our study, the relative antibacterial activity of ZnO and Ag/
ZnO suspensions of particles of di�erent sizes around 17 nm and 
12 nm towards Gram positive (M. leutus) and Gram negative (K. 
pneumonia) bacteria were studied in aqueous in LB broth (Figure 6). 
�e well di�usion method is used to test the ability of the antibacterial 
agent to rupture the bacterial cells, and inverse relationship has been 
found between the particle size and its activity. �e reason may 
be due to the increase in the surface-to-volume ratio of small size 
particles, and hence, a greater penetrating ability and reactivity [47]. 
At the concentration of 1 mg/ml, the antibacterial activity studied 
against Gram negative and positive bacteria, as shown in �gure 5. �e 
observed mean inhibition zones for ZnO are around 14 and 18 mm 
and for Ag/ ZnO nanorods, these values increased to 19 and 23 mm, 
respectively against given bacteria mentioned in the table 1. From 
these zone measurements, it could be stated that Ag/ZnO composite 
possesses e�ective antibacterial property, when compared to ZnO 
nanoparticle. �e antibacterial activity of nanoparticles can may 
either directly interact with the microbial cells (e.g. interrupting trans 

membrane electron transfer, disrupting/penetrating the cell envelope 
and oxidizing cell components), or produce secondary products (e.g. 
reactive oxygen species (ROS)) that cause damage. Only a few reports 
are available in the case of antibacterial properties of doped ZnO. �ere 
are numerous mechanisms behind the antibacterial activity of MOs. 
More recently, Padmavathy and Vijayaraghavan [48] reported that 
ZnO is activated by white lights to increase electron-hole pairs. �ese 
holes split the H

2
O molecule from the suspension of ZnO into hydroxyl 

radical (OH-) and hydrogen ion (H+). Dissolved oxygen molecules 
are converted to superoxide radical anions (O

2
-), which react with 

hydrogen ion (H+), to produce HO
2

- radical. �ese hydroxyl radicals on 
collision with electrons produce hydrogen peroxide anions HO

2
,
 
which 

react with hydrogen to produce H
2
O

2
 molecules. �ese generated H

2
O

2 

molecules can penetrate the cell membrane and kill the bacteria. �e 
hydroxyl radicals OH- and O

2
-, super oxide radical anion are negatively 

charged particles, they cannot penetrate into the cell membrane and 
must remain in contact with outer surface of the bacteria, and however, 
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Figure 4: Micro-Raman scattering of (a) pure ZnO (b) Ag-ZnO.
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Figure 6: Antibacterial test for inhibition zones of (a) ZnO (b) Ag-ZnO 
nanorods M. leutus and K. pneumonia bacteria.

Table 1: Inhibition Zones of ZnO and Ag/ZnO nanorods against M. leutus and K. 
pneumonia.

Bacterial culture
Inhibition Zones (nm)

ZnO Ag/ZnO
M. leutus 14 19
K. pneumonia 18 23
Grain Size (nm) 17 12
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H
2
O

2 
penetrate into the cell [49]. �ese active molecules are e�ectively 

toxic to bacterial substances. In addition, the damage of cell membrane 
might directly lead to the leakage of minerals, proteins and genetic 
materials, causing ultimate cell death. Another mechanism behind the 
cell envelope is ZnO, which can produce the Zn2+ ions [50-52]. �ese 
ions penetrate into the interior cell �rst. �e physical contact between 
the cell membrane and ZnO could also be observed because of the 
electrostatic force of attraction. But, physical contact is being the main 
reason for the bacterial toxicity of the microorganism. By inducing the 
chemical reaction between the bacterial cultures and nanoparticles, 
an e�ective antibacterial activity could be observed. As a result, the 
creation of active species from the nanoparticles will directly in�uence 
the cellular inhibition. From antibacterial test, we con�rmed that 
Ag/ZnO nanoparticles render an e�ective antibacterial agent, when 
compared to pure ZnO. It was also interesting to note that both the 
samples had strong antibacterial activity against both Gram negative 
and positive bacterial culture. �erefore, it could be concluded that 
the creation of active species by photo induced reaction are the main 
source towards the bacterial toxicity, in the case of metal transition 
metal oxides (TCMO) compounds. 

Conclusion

Ag/ZnO nanorods were synthesized by the simple wet chemical 
sol-gel method. �e grain size was controlled by using polyvinyl 
pyridine as capping agent. Nanoparticle crystallinity, quality of the 
samples, chemical composition, and the optical properties were 
investigated by XRD, μ-RS, FTIR, PL spectrometer and HR-TEM. �e 
enhanced bioactivity was demonstrated by studying the antibacterial 
activity of ZnO and Ag/ZnO samples. �ese improved bioactivities of 
smaller particles were attributed to the higher surface to volume ratio. 
�e smaller particles need more particles to cover a bacterial colony, 
which results in the generation of active oxygen species, which will kill 
bacteria more e�ectively. �erefore, Ag/ZnO nanorods were found 
to be more e�ective towards Gram negative and thus, contribute to 
the greater mechanical damage for all the functions of bacteria, and 
enhanced bactericidal impact of uniform �ne structured Ag/ZnO 
nanorods.
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