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Abstract The perpetual use of antibiotics against pathogens
inadvertently altered their genes that have translated into an
unprecedented resistance in microorganisms in the twenty-
first century. Many researchers have formulated bactericidal
and bacteriostatic inorganic nanoparticle-based antiseptics
that may be linked to broad-spectrum activity and far lower
propensity to induce microbial resistance than organic-based
antibiotics. Based on this line, herein, we present observations
on microbial abatement using gold-based zinc oxide nano-
structures (Au@ZnO) which are synthesized using hydrother-
mal route. Inhibition of microbial growth and biofilm using
Au@ZnO is a unique feature of our study. Furthermore, this
study evinces antimicrobial and antibiofilm mechanisms of
photo-eradiated Au@ZnO by disruption of cellular functions
and biofilms via reactive oxygen species (ROS)-dependent

generation of superoxide anion radical. The present study is
significant as it introduces novel functionalities to Au@ZnO
in the biomedical field which can be extended to other species
of microbial pathogens.

Keywords Au@ZnO . Hydrothermal . Antimicrobial .
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Introduction

The re-emergence of infectious diseases and the continuous
development of antibiotic resistance amongst disease-causing
microorganisms pose a serious threat to public health (McIntyre
2012). One of the reasons for this resistance has been the ability
of thesemicroorganisms to form a biofilm on surfaces. Biofilms
are defined as conglomerations of microbial cells protected by a
self-synthesized extra-polymeric substance (EPS) (Stewart and
Costerton 2001). The EPS act as a diffusion barrier, restrict the
entry of antibiotics inside the biofilm, and therefore, despite the
antibiotics treatment, microorganisms survive in the biofilm,
often leading to chronic infections (Bjarnsholt 2013). In the
medical sector, up to 60 % of all human infections have impli-
cated due to biofilm (Davies 2003). The biofilm formation has
also caused a significant economic loss in the industrial sector
(VanHoudt andMichiels 2010). In industry, biofilms have been
implicated in the contamination of installations in the food in-
dustry by colonization of the interior of pipes. The yearly eco-
nomic losses caused by Bbiofouling^ (due to biofilm forma-
tions) in the marine industry were estimated at $6.5 billion
(Yebra et al. 2004).

Recent advances in the field of nanotechnology, particular-
ly the ability to manipulate the phase, size, shape, and func-
tionality of inorganic, organic, and hybrid nanosystems, have
led to the development of new Bnanobiocidal^ agents
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(Stoimenov et al. 2002). There are countless reports on the
biocidal nature of nanomaterial; however, semiconductor met-
al oxide nanoparticles outsmart over all existing nanocompos-
ites due to excellent photon absorption property and efficient
transport of photogenerated charge carriers (Prokopovich et
al. 2011). One of the most important semiconductor metal
oxide nanoparticles is a zinc oxide (ZnO) with wide band
gap energy of 3.37 eV and large exciton binding energy
(60 meV). ZnO nanomaterials have received increasing atten-
tion as an excellent candidate for photocatalytical killing of
microbial growth because of their stability under harsh pro-
cessing conditions (Lipovsky et al. 2013; Ma et al. 2013). The
interaction of ZnO nanomaterial with light underlies many of
its biocidal applications. When light (usually UV light) is
absorbed by ZnO nanomaterial , the photoexcited
nanomaterial stores energy by charge separation, creating
electron–hole pairs and generating reactive oxygen species
(ROS). The ROS eventually oxidizes organic matter and, thus,
imparts biocidal property to ZnO (Sirelkhatim et al. 2015).
But low photoenergy conversion efficiency of ZnO (probably
because of their relatively low charge separation efficiency
and fast recombination of charge carriers) (Tamaki et al.
2009) forced many scientists to improve the photocatalytic
efficiencies in ZnO by suppression of the recombination of
photogenerated electron–hole pairs. Such examples include
SnO2/ZnO, ZnO/In2O3, Pt/ZnO, ZnO/ZnS, Bi2S3/ZnO, ZnO/
CdS (Li et al. 2013), CdS/CdSe (Murugadoss 2012), ZnO/
CdS (Sahi and Chen 2013), CeF3/ZnO (Salazar et al. 2011),
ZnO/CdTe and ZnO/CdS (Shirakata 2013), ZnO/CdS/Cu(In,
Ga)Se2 (Chang et al. 2013), ZnO/CuO (Tamez et al. 2012),
SnO2–ZnO (Yang et al. 2013), CdS/ZnO (Dongguang et al.
2012), Ag/ZnO–C (Yu et al. 2013), Pt–ZnO (Zhang et al.
2012), and CdS/CdSe (Song et al. 2009).

In this regard, the occurrence of metal nanoparticles on the
surface of semiconductor nanostructures is expected to change
the optical and electronic properties of noble metal/metal ox-
ide hybrid nanostructures by increasing the efficiency of
charge carrier separation and extending light absorption and
facilitating creation of electron/hole pairs induced by the sur-
face plasmon resonance (SPR) effect (especially for Au and
Ag) (Lee et al. 2011; Mubeen et al. 2013).

Therefore, in the present study, we have attempted to in-
crease the photocatalytical efficiency of ZnO nanoparticles by
conjugating Au in the ZnO nanoparticles and studied its bio-
cidal and antibiofilm activities against model organisms.

Materials and method

Synthesis of ZnO nanostructure

Zinc nitrate hexahydrate (Zn (NO3)2·6H2O) and potassium
hydroxide (KOH) were used as source chemicals for the

synthesis of ZnO nanostructures by hydrothermal method.
One millimole of Zn (NO3)2.6H2O and 5 mmol of KOH were
dissolved into 100 mL aqueous solution, and mixture was
immediately transferred into a Teflon-lined stainless steel au-
toclave (200 mL). The hydrothermal synthesis was carried out
at two different reaction temperatures, 85 and 120 °C for 2 h
durations. After completion of the reaction, product was
washed with distilled water and dried in an oven at 70 °C.

Synthesis of Au@ZnO nanostructure

In a typical experiment, 1 mol of Zn (NO3)2.6H2O, 5 mmol of
KOH, and 0.05 mmol of HAuCl4 were dissolved into 100 mL
aqueous solution and mixture was immediately transferred
into a Teflon-lined stainless steel autoclave (200 mL). The
hydrothermal synthesis was carried out at 120 °C for 2 h du-
rations. After completion of the reaction, the product was
washed with distilled water and dried in an oven at 70 °C.

Structural characterizations

ZnO and ZnO/CdTe nanostructures were characterized by X-
ray powder diffraction (XRD) (Philips X’Pert PRO), field
emission scanning electron microscopy (FESEM) (Hitachi
S-4800), and high-resolution transmission electron microsco-
py (HRTEM) (FEI Tecnai 300). The optical properties were
studied by ultraviolet–visible (UV–vis) spectroscopy (JASCO
V-670 spectrophotometer), and photoluminescence (PL) spec-
troscopymeasurements were performed on a Perkin-Elmer LS
55 spectrophotometer.

Antibacterial

It was performed by using model organisms, Bacillus subtilis
NCIM 2063 and Escherichia coliNCIM 2931, in the presence
of visible light (Fluorescence lamp 36 W, 2450 lm). It was
performed by counting the number of viable cells as colony
forming units per milliliter (CFU/mL). In short, approximately
about 1 × 106 cells/mL of B. subtilis and E. coli were inocu-
lated with Au@ZnO nanostructures (in the concentration
range of 0 to 500 μg/mL), separately, and incubated at
37 °C for 15 h. After 15 h, viable numbers of cells were
counted in comparison to control (without nanostructures).
To observe the cellular morphologies of B. subtilis in the pres-
ence of Au@ZnO, SEM was performed. In short, the cells of
B. subtilis were grown to mid-log phase (approximately
1 × 107 cells/mL) and treated with respective MIC concentra-
tion of Au@ZnO nanostructure for 3 h at 37 °C and 150 rpm.
The cells were collected by centrifugation at 10,000g for
15 min at 4 °C. The pellets were then washed three times with
0.1 M phosphate buffer at pH 7.4 and fixed in 2.5 % glutaral-
dehyde at 4 °C for 4 h. After rinsing twice with buffer, the
pellets were dehydrated in ethanol serials (10–100 %, 15 min

5850 Appl Microbiol Biotechnol (2016) 100:5849–5858



per step) and then dried in air. Finally, the images were seen
under SEM (Joel JSM).

Antibiofilm

It was performed by using Pseudomonas aeruginosa MTCC
2297 by crystal violet retention assay. Crystal violet has an
ability to absorb to polysaccharides of biofilm. In short, the P.
aeruginosa was grown overnight in Luria Bertaini (LB) me-
dium at 37 °C with agitation. After growth, the culture was
diluted with LB medium (OD 600 = 0.02), and 50 μL of the
diluted culture was added to 950 μL of LB medium and
allowed to form biofilm. After the formation of biofilm on
polystyrene plastic surfaces, the planktonic cells (suspended
cells in the medium) were replaced with fresh medium each
supplemented with 0–500 μg/mL of Au@ZnO nanostructures
and incubated statically for 18 h at 37 °C. After incubation,
planktonic bacteria were discarded and the biofilms were
washed three times with phosphate buffered saline buffer.
Washed biofilms were fixed with 1 mL of methanol (99 %).
After 15 min, the methanol was discarded and the plates were
dried at room temperature. Crystal violet (0.1 % in water) was
then added to each well (1 mL/well), and the plates were
incubated for 15 min at room temperature. Crystal violet
was then discarded, and stained biofilms were washed three
times with 1 mL of water. Acetic acid (33 % in water) was
added to the stained biofilms (2 mL) in order to solubilize the
crystal violet, and the absorbance of the solution was read at
590 nm with a spectroscopy (Shimadzu, Japan). Further, to
observe the structure of the biofilm, SEM was performed. For
SEM analysis, the biofilm was dehydrated in a series of etha-
nol solutions (10–100 %, each for 15 min). The biofilm was
dried, mounted on aluminum stubs with conductive carbon
cement, and finally coated with a gold film. The samples were
observed under SEM (Joel JSM).

Results

X-ray diffraction study of ZnO and Au@ZnO

The observed peaks can be well indexed to the hexag-
onal wurtzite structure of bulk crystalline ZnO [JCPDS
no. 36–1451] and the face-centered cubic structure of
Au [JCPDS card no. 04–0784]. Appearance of Au peaks
in the diffraction patterns clearly indicates the formation
of crystalline Au nanoparticles on ZnO nanostructures.
No extra peaks related to any impurities or silver oxides
were observed, which confirms that the as-synthesized
products are pure wurtzite ZnO and Au@ZnO nano-
structures (Fig. 1).

Optical properties of ZnO and Au@ZnO

The optical properties of ZnO and Au@ZnO samples
were studies by UV–visible diffused reflectance (UV–
vis-DRS) and photoluminescence spectroscopy at room
temperature. The UV–vis–DRS of ZnO and Au@ZnO is
shown in Fig. 2. It can be seen that Au@ZnO samples
exhibit two prominent absorption peaks (380 and
570 nm). A strong broad band around 570 nm is due
to Au. This band has been found to redshift, broaden,
and increase in intensity with an increase in the extent
of Au NPs loading onto ZnO nanostructures (data not
shown). Room temperature PL spectrum of the ZnO
sample excited by 350 nm UV light is shown in Fig.
3. The photoluminescence spectra of ZnO consists of
three emission bands, a near-band-edge (UV) emission
(393) and broad, deep-level (visible) emissions (598).

Fig. 1 X-ray diffraction of ZnO (red in color) and Au@ZnO
nanostructure (black in color)

Fig. 2 UV–visible diffused reflectance of (a) ZnO and (b) Au@ZnO
nanostructure
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Raman spectroscopy of ZnO and Au@ZnO

To investigate the influence of Au on the molecular
vibrational modes of ZnO nanostructures, room temper-
ature Raman spectra of ZnO and Au@ZnO samples in
the spectral range of 100 to 800 cm−1 were measured
(Fig. 4). The Raman spectra of pristine ZnO nanostruc-
tures were observed at 329 (second-order vibration),
379, 408, 435, 537, 579, 658, and 704 cm−1 corre-
sponding to the E2H-E2L, A1(TO), E1 (TO), E2H,
TO + TA(M), E1 (LO), and E2L-B1H fundamental pho-
non modes of hexagonal ZnO nanostructure, respective-
ly. Au@ZnO nanostructure-related vibrational modes
were identified as follows: 427, 489, 600, and
704 cm−1. The main peak, 427 cm−1, slightly redshifted
to a lower wavenumber, 475 cm−1. The redshift in the
Au@ZnO nanostructures further confirms the size effect
of quantum confinement.

Structural morphology of ZnO and Au@ZnO

The structural morphologies of ZnO and Au@ZnO were ob-
served under TEM and HRTEM (Figs. 5, 6, and 7). Under
low-resolution TEM, ZnO and Au@ZnO were observed as
flowerlike structures with a diameter of 1–2μm and construct-
ed by numerous nanosheets which have a uniform thickness
of ∼10 nm. The high-resolution TEM image of ZnO nano-
structures (Figs. 5 and 7) clearly shows lattice fringes and
the measured lattice spacing of 0.26 nm. The HRTEM image
of Au@ZnO sample is shown in Fig. 7 and reveals lattice
fringes of 0.24 and 0.26 nm which correspond to the (002)
and (111) interplanar spacing (d-spacing) of Au and ZnO,
respectively. Figure 7 shows the selected area diffraction
(SAD) pattern from a region marked by a dotted circle. The
SAD pattern shows concentric rings consisting of distinct
spots, which is because of the presence of many small crystals
and also suggests the crystalline nature of Au@ZnO
nanostructures.

Antibacterial studies of Au@ZnO

All biological studies were performed under ordinary labora-
tory light.We have performed all biological studies using only
Au@ZnO sample since our PL data shows that ZnO nano-
structures do not show absorption under ordinary light, as
opposed to Au@ZnO which showed absorption under ordi-
nary light. The antibacterial study is shown in Fig. 8. We
started our antibacterial study with approximately 4 to 5 Log
CFU/mL of B. subtilis and E. coli (model organisms). As can
be seen from Fig. 8, after 16 h of incubations, the growth of
model organisms in the absence of nanomaterial was 8 to
9 Log CFU/mL (considered as 100 % growth). However, in
the presence of Au@ZnO (20 μg/mL), the growth of B.
subtilis decreased to 3 Log (99.9 % reduction of growth).
However, a similar reduction was not observed for E. coli.
Next, we decided to know the mechanism of action of
Au@ZnO sample on B. subtilis by observing the cellular ap-
pearances of B. subtilis under SEM. When we observed the
cellular morphology of B. subtilis in the presence of 20 μg/mL
of Au@ZnO by SEM, we noted surface perturbation (pits and
ruptured appearances) on the cell wall of B. subtilis (Fig. 9).

Antibiofilm studies of Au@ZnO

The antibiofilm activity of Au@ZnO nanostructures is as
shown in Fig. 10. We assayed the biofilm formation/
inhibition by measuring the amount of crystal violet retained
by the biofilm. When the cells of P. aeruginosa were allowed
to grow for 48 h, they tend to form biofilms on the surfaces of
polystyrene plate, as revealed by the retention of the crystal
violet. However, when P. aeruginosa was subjected to in-
creasing concentration of the Au@ZnO sample, a reduction

Fig. 3 Photoluminescence of ZnO (black in color) and Au@ZnO (red
color)

Fig. 4 Raman spectra of (black) ZnO and (red) Au@ZnO nanostructure
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in the retention of crystal violet and hence decrease in the
biofilm was observed (Fig. 10). At 31.25 μg/mL of

Au@ZnO, a 29 % reduction in biofilm was observed. After
31.25 μg/mL, the decrease in biofilm was also associated with

Fig. 5 TEM andHRTEM images
of ZnO nanostructures

Fig. 6 TEM images of Au@ZnO
nanostructures
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the decrease in viable number of cells. In order to get the better
idea of the extent of the biofilm inhibition, a topographical
observation of biofilm was made under SEM. The biofilm of
P. aeruginosa under SEM was observed as an intact structure
of polysaccharide with cells inside (Fig. 11), a typical of bio-
film structure. However, at 31.25 μg/mL of Au@ZnO, a trun-
cated biofilm was observed.

Discussions

Characterizations of Au@ZnO

The XRD and UV–vis-DRS spectra characterized the synthe-
sis of ZnO nanostructures and Au@ZnO nanostructures. In
XRD, lattice constants (a = 0.325 nm and c = 0.521 nm;
JCPDS: 36–1451) were well assigned to the crystal structure
of ZnO, thus, confirming to the formation of ZnO nanostruc-
ture. The presence of peaks (2θ = 38.5°) confirms the presence
of Au nanocrystals on the surface of ZnO nanostructure. The
absence of any other peak demonstrates the purity of the syn-
thesized nanoparticles and nanostructures. In UV–vis-DRS
spectroscopy, a peak around 380 nm is attributed to the exci-
tonic absorption peak of ZnO nanostructure (Deng et al.
2012), and a peak around 570 nm is due to the growth of Au
NPs on the surface of ZnO nanostructures. It was also ob-
served that the intensity of UV emission decreased with an

increase in the Au content of the samples. The decrease of
intensity in the UV region clearly indicates that the recombi-
nation of electrons and holes was suppressed (Liu et al. 2004)
which, in turn, improved the photocatalytic destruction of mi-
crobial cells and biofilm. In UV–vis-DRS spectroscopy, the
peak at 570 been found to redshift, broaden, and increased in
intensity due to the SPR peak of Au nanoparticles (Wang et al.
2010). It is known that the SPR wavelength of noble metal
nanoparticles can be tuned by tailoring the size, shape, inter-
particle spacing, and surrounding medium (Kelly et al. 2003).
In PL spectra, a peak near-band-edge emission (393 nm) re-
sults from the recombination of free excitons (Zhou et al.
2007), a weak emission peak at 440 nm (blue emission) results
due to surface defect in ZnO, mainly due to Zn vacancy (Dutta
and Ganguly 2012), and a strong emission at 598 nm in the
yellow region results from various intrinsic defects in ZnO
nanostructures. Normally, these defects are located on the sur-
face of the ZnO nanostructures (Li et al. 2009;Wu et al. 2001).

In Raman spectra, the 329-cm−1 mode was observed due to
the enhancement of Raman active and inactive phonons. The
379-cm−1 mode lifted the degeneracy of infrared active optical
phonons into a transverse (TO) branch. The 408-cm−1 mode is
associated with lattice disorder along the c-axis of the ZnO
crystal; the 435-cm−1 mode corresponds to E2 mode of
wurtzite ZnO. The 579-cm−1 E1(LO) corresponds to well re-
solve Raman peak due to multiphonon and resonance process-
es and are related to oxygen deficiency.

Fig. 7 TEM andHRTEM images
of Au@ZnO flower-like
nanostructure
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Antibacterial activity of Au@ZnO

The microbial resistance to antibiotics poses a serious threat to
public health worldwide (Sriramulu 2013). Many strategies
were developed to design appropriate antimicrobial agents

which will not only kill these drug-resistant pathogens but also
will not induce resistance in such pathogens. Unlike the organic
agents whose indiscriminate use induced a drug resistance, in-
organic antimicrobial materials are not likely to induce the drug
resistance since multiple simultaneous gene mutations should
occur in such cells, which is yet not reported. Therefore, in the
last few years, an interest in nanomaterial synthesis has gained
momentum (Chernousova and Epple 2013; Lipovsky et al.
2013; Pelgrift and Friedman 2013). Because of unique proper-
ties of ZnO nanoparticles viz. good thermal stability (which
helped in the synthesis of ZnO nanostructure by various
methods) and non-toxicity (Colon et al. 2006), in the present
study, we explored the functionality of Au@ZnO nanostruc-
tures to eradicate microbial growth and biofilm.

The pronounce action of ZnO nanostructures on B. subtilis
seems due to the difference in the cell wall composition be-
tween these B. subtilis and E. coli. Most of the Gram-negative

Fig. 8 Determination of minimum bactericidal concentration of
Ag@ZnO nanostructure: (upper): photographic representation of the
antibacterial activity of nanostructure against B. subtilis and E. coli.
(Lower) the cultures were set up at an initial conc of 1 × 105 in Muller
Hinton broth containing various concentrations (1.25–20 μg/mL) of
Au@ZnO nanostructures and incubated for 12 h at 180 r.p.m. and
37 °C. A 3 Log reduction in the number of viable cells of B. subtilis
occurred at 20 μg/mL, while there was no effect of Au@ZnO on cells
of E. coli, in comparison to control, under similar conditions. Error bars
represent the standard deviation (n = 3)

Fig. 9 Effect of Ag@ZnO
nanostructure on cellular
morphology: The cell surface
morphology of B. subtilis in the
presence of Au-ZnO nanostruc-
tures atMIC value for 4 h at 37 °C
and 180 r.pm. showed a ruptured
appearance of cells of B. subtilis
(left) and E. coli (right) in com-
parison to controls

Fig. 10 Effect of Ag@ZnO nanostructure on biofilm: The cultures of P
aeruginosa were set up at initial inoculums of 1 × 106 in Luria Bertaini
broth and incubated at 37 °C in the presence of various concentration of
Au@ZnO nanostructure. After the removal of planktonic cells, formed
biofilmwas treatedwith 0.1% crystal violet and extracted in acetic acid to
read at 595 nm. At 31.25 μg/mL of nanostructure, there was a reduction
in biofilm by about approx. 29 %. Above this conc., there was a decrease
in the number of viable cells. Error bars represent the standard deviation
(n = 3)
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organisms, including E. coli, possess an extra outermost layer
made up of lipopolysaccharide and thus may restrict the dam-
age to cell membrane of organisms (Wagh et al. 2013). The
antibacterial action of Au@ZnO nanostructures can be ex-
plained in the light of following four most common reported
mechanisms: (1) the uptake of free Ag ions followed by the
disruption of ATP production and DNA replication
(Chernousova and Epple 2013), (2) the charging-discharging
model for superoxide-mediated generation of reactive oxygen
species (ROS) (He et al. 2011), (3) the Ag NPs and Ag ions
generation of ROS (Xu et al. 2012), and (4) the Ag nanopar-
ticles direct damage to the cell membranes (Gholap et al.
2013; Panmand et al. 2014). In our previous study (Patil et
al. 2015; Patil et al. 2014), we have shown that ZnO nano-
structures act onmicrobial cells by generating ROS on cellular
membrane, which virtually oxidizes every cellular compo-
nents and thus ruptures the cell wall. Therefore, in the present
study, we hypothesize that the electrostatic interactions be-
tween Au@ZnO nanostructures and bacterial cells might have
recruited the former on cellular surfaces of B. subtilis, and a
series of the oxidative reactions (explained in following sec-
tion) would have brought about the observed antibacterial
effect. This hypothesis was tested by observing the cellular
morphologies of B. subtilis under SEM. When we observed
the cellular morphology of B. subtilis under SEM, we ob-
served the surface perturbation, in agreement with the previ-
ous reports (Gholap et al. 2013; Panmand et al. 2014). This is
also supported by a recent study (He et al. 2014) and Wang et
al. (2015) wherein the photogenerated charge carriers and re-
active oxygen species in ZnO/Au hybrid nanostructures were
reported for antibacterial activities.

Antibiofilm activity of Au@ZnO

Next, we moved to study the effect of Au@ZnO nanostruc-
tures on the biofilm of P. aeruginosa. The most characteristic
phenotype of the biofilm mode of growth is its inherent resis-
tance to antimicrobial treatment and immune response killing
(de la Fuente-Nunez et al. 2013). The medical implants and

indwelling devices are severely affected due to bacterial col-
onization and biofilm formation. Thus, conventional antibiotic
therapies which were effective against device-associated bio-
film now are falling without the removal of the infected im-
plant (Sun et al. 2013). Recently, nanostructures have been
effectively shown to inhibit. For example, Campoccia et al.
(2013) synthesized classes of bacteria repelling and anti-
adhesive surfaces on nanomaterials to inhibit bacterial bio-
film, De Faria et al. (2014) has decorated Ag NPs on graphene
oxide (GO) nanosheets and showed an antibiofilm activities,
Durmus et al. (2013)) have shown an improved efficacy van-
comycin with superparamagnetic iron oxide particles by ma-
nipulating the biofilm metabolic microenvironment,
Inbakandan et al. (2013)) showed efficacy of Ag NPs on ma-
rine biofilm-forming bacterial species, Ronen et al. (2013))
reconstructed commercial polypropylene feed spacer with
composite spacer containing zinc oxide nanostructures to re-
press biofilm development on membranes, Taglietti et al.
(2014)) designed a glass surface modified with AgNPs and
showed biofilm inhibition in Staphylococcus epidermidis.
However, in comparison to all these various reports, the pres-
ent work is significant because (i) Au@ZnO nanostructures
are relatively non-toxic and (ii) Au@ZnO nanostructures not
only have inhibited the biofilm but also have reduced the
viability of cells as well, which is important because if cells
in the biofilm are not viable, they will not form biofilm and,
thus, the biofilm would be permanently eradicated.

Although there are no concrete studies on the mechanism
of inhibition of biofilm by the nanoparticles, we hypothesize
that the antibiofilm of Au@ZnO nanostructures could be due
to interaction of nanostructures with the polymeric substances
of biofilm. There are few reports in support of this hypothesis
(Gholap et al. 2013; Wagh et al. 2013; Radzig et al. 2013). In
our antibacterial study, since a reporter of ROS on cellular
surfaces was hypothesized for the microbial destructions, the
biofilm inhibition of P. aeruginosa, therefore, could occur due
to a similar photocatalytic generation of ROS. Since histidine
has been shown to play an important role in the oxidative
stress in P. aeruginosa (Lemire et al. 2010), we have

Fig. 11 Effect of Ag-ZnO nano-
structure on biofilm structure:
Cells of P. aeruginosa (mid log
phase, approx. 1 × 105 cells/mL)
in presence sub-inhibitory conc.
of Au@ZnO nanostructures were
seen as sparsely distributed with-
out the associated matrix as op-
posed to control wherein they
were observed as compact mass
of structures surrounded by bio-
film matrix
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performed a supporting experiment (Supplementary Fig. S1). In
this experiment, when we observed the biofilm structure in the
presence of Au@ZnO and histidine (an antioxidant), we found
an increase in the formation of biofilm in comparison to one
observed in the presence of 31.25 μg/mL of Au@ZnO. In other
words, the histidine alleviated the effect of ROS and restored the
biofilm formation in P. aeruginosa, thus proving the observa-
tion that generation of ROS by Au@ZnO is responsible for the
antibiofilm activity. In the presence of aqueous solution and
upon irradiation of Au@ZnO nanostructures, electrons in the
valence band are excited and promoted across the band gap to
the conduction band, which create a hole in the valence band.
Electrons in the conduction band and holes in the valence band
exhibited high reducing and oxidizing power, respectively, and
result in generation of ROS. The valence band-edge energy and
conduction band-edge energy of semiconductors determine the
type of ROS generated during photoexcitation. The redox po-
tential for dissolved oxygen/superoxide couple is −0.16 V
(E0(O2(aq)/O2− •)) and for the H2O/OH couple is
2.32 V(E0(H2O/·OH)) at pH 7.40. Therefore, photogenerated
electrons, needed to form superoxide, must therefore have a
potential less than −0.16, and photogenerated holes, needed to
form hydroxyl radicals, must have a potential greater than 2.32.
Awide band gap (Eg = 3.2 eV) semiconductor such as ZnO has
a conduction band edge with a redox potential of −0.2 Vand a
valence band edge with a redox potential of 3.0 V. Thus, the
highly reactive holes react with water to generate hydroxyl rad-
icals, and electrons react with dissolved oxygen to produce
superoxide anions. We hypothesize that more hydroxyl radicals
are generated than superoxide anions during photoexcitation of
Au@ZnO nanostructures. This may be attributed to the higher
redox potential difference (0.68 V) between the valence band
edge and the H2O/·OH couple than those (0.04 V) between the
conduction band electrons and O2(aq)/O2

−•.
Thus, the daunting task of the twenty-first century (antimi-

crobial resistance) has necessitated the search for the synthesis
of ZnO and Au@ZnO nanostructures, and in this endeavor,
Au@ZnO nanostructures have proved worth as an alternative
to organic-based drugs. The antibacterial and antibiofilm in
the present study warrants the successfulness of the as-
synthesized nanostructures in antimicrobial therapies. The
ruptured appearances on cell surfaces and truncated biofilm
further elaborate the mechanisms of action of Au@ZnO
nanostructures.
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