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Abstract

The aim of the present study is focused on the synthesis of Au@ZnO core—shell nanocomposites, where zinc oxide is over-
laid on biogenic gold nanoparticles obtained from Hibiscus Sabdariffa plant extract. Optical property of nanocomposites is
investigated using UV-visible spectroscopy and crystal structure has been determined using X-ray crystallography (XRD)
technique. The presence of functional groups on the surface of Au@ZnO core—shell nanocomposites has been observed by
Fourier transforms infrared (FTIR) spectroscopy. Electron microscopy studies revealed the morphology of the above core—
shell nanocomposites. The synthesized nanocomposite material has shown antimicrobial and anti-biofilm activity against
Staphylococcus aureus and Methicillin Resistant Staphylococcus haemolyticus (MRSH). The microbes are notorious cross
contaminant and are known to cause infection in open wounds. The possible antimicrobial mechanism of as synthesized
nanomaterials has been investigated against Staphylococcus aureus and obtained data suggests that the antimicrobial activity
could be due to release of reactive oxygen species (ROS). Present study has revealed that surface varnishing of biosynthesized
gold nanoparticles through zinc oxide has improved its antibacterial proficiency against Staphylococcus aureus, whereas
reducing its toxic effect towards mouse fibroblast cells under normal and hyperglycaemic condition. Further studies have
been performed in mice model to understand the wound healing efficiency of Au@ZnO nanocomposites. The results obtained
suggest the possible and effective use of as synthesized core shell nanocomposites in wound healing.

Keywords Biofilm - Core—shell - Gold - Staphylococcus aureus - Methicillin resistant Staphylococcus haemolyticus - Zinc
oxide

Introduction

Raise in bacterial infections and decrease in the antibiotic

susceptibility are considered as two major issues which
can adversely affect the public health globally, particularly
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source of bacteremia, which is known to be associated
with higher morbidity and mortality [3, 4]. The problem
of S. aureus bacteremia (SAB) is not only high in terms
of cost and utilization but also it can enhance the threat
of infectious endocarditis. Early diagnosis and appropri-
ate treatment is essential since SAB infection may cause
proliferation of other metastatic foci thereby increasing
the risk of mortality [5, 6]. In recent years, clinical com-
plications associated with SAB has increased rapidly due
to the increase in the frequency of invasive procedures,
numbers of immunocompromised patients, and resistance
of S. aureus strains to available antibiotics [7]. In addi-
tion, if the patient diagnosed with SAB is known to have a
previous history of yperglycemia, then it becomes a tortu-
ous situation for the practicing physician. A recent study
undertaken by Kanafani et al. has suggested that the com-
plications from SAB are higher in diabetic patients with
significant mortality rate (22.1%) [8]. Moreover, biofilms
formed by this particular bacterium has been recognized as
the most frequent cause of biofilm-associated infections.
Host immune responses and effect of antibiotics against
persistent biofilm infections are generally considered to
be less effective and hence may lead to chronic diseases
[9]. Since the dispersal of cells from biofilm can facilitate
spread of infection to various secondary sites, it can inten-
sify clinical complications particularly in case of patients
with hyperglycemia [10]. This change in epidemiology
along with the ingrained virulence of the pathogen and
the ability to form biofilm, demands the development of
improved antibiotic agents to prevent and treat SAB asso-
ciated complications. In this respect, nano-therapeutic
agents have established abundant attraction in the scientific
community due to their distinctive antimicrobial activity
which might be due to the synergistic effect of small size
and high surface-to-volume ratio that permits close inter-
faces near microbial membranes. This particular aspect
is also expected to be effective against bacterial biofilms.
In the recent past, ZnO nanoparticles (ZnO NPs) have
displayed promising results towards S. aureus [11, 12].
However, the probable toxicity against healthy cells and
tissues has impeded their further development and pos-
sible clinical trials [13, 14]. To overcome such practical
complications, fabrication of metal/ZnO nanocomposites
(NCs) has been proposed, which may preserve the antimi-
crobial action of the ZnO NPs and improve the biocompat-
ibility of the resultant material. One of the fundamental
reasons behind designing NCs is focused on increasing the
antibacterial activities of the as synthesized NCs by influ-
encing their natural composition, structural behavior and
morphologies, however, posing minimum damage towards
healthy cells and tissues. Recently our group has dem-
onstrated the antifungal activity of Ag@ZnO core—shell
NCs against Candida krusei [15]. However, to the best of
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our knowledge, such structures have never been explored
for antibacterial and anti-biofilm application against SAB.

Keeping this in view; in the current report we have syn-
thesized Au@ZnO core—shell NCs, where thin layer of ZnO
is coated on Au NPs. Au NPs are known to be more biocom-
patible than other inorganic nanomaterials and hence it is
expected that the resultant hetero-nano-junction will have
improved biocompatibility. Au NPs have been synthesized
using Hibiscus sabdariffa (HS) plant leaf extract and coating
of ZnO is done by the addition of zinc nitrate hexahydrate
in alkaline condition. As the NCs is synthesized using the
extract of HS, it may add various properties which are medi-
cally relevant to the overall system. Polyphenolic compounds
present in the extract of this plant is known to inhibit hyper-
glycemia, hyperlipidemia, and glycation-oxidative stress
whereas improving insulin resistance [16]. Keeping this in
view, the antibacterial and anti-biofilm activity of Au@ZnO
NCs have been investigated against S. aureus and MRSH.
Further detailed study has been conducted to understand the
possible antimicrobial mechanism of as synthesized NCs
against S. aureus. In vitro experiments such as intracellu-
lar measurement of ROS and DNA degradation have been
performed. The cytotoxicity and genotoxicity of Au@ZnO
NCs, ZnONPs and Au NPs have been tested against mouse
fibroblast cells under normal and hyperglycemic conditions.
In vitro antibacterial activity has also been checked in S.
aureus infected cell line and we have got promising results
with as synthesized Au@ZnO NCs. Further, the wound heal-
ing potential of the resultant NC system has been evaluated
on mouse model and results suggest that NCs may have
potential applications in would healing and biofilm control.

Materials and methods
Materials

Gold (IIT) chloride trihydrate (HAuCl,.3H,0, 99.0%), zinc
nitrate hexahydrate (ZnNO;.6H,0, 99.0%), crystal violet
and all the microbial and animal cell culture medium were
obtained from Himedia (Mumbai). All antibodies, sodium
hydroxide (NaOH), sodium chloride (NaCl), acetic acid (gla-
cial) 100%, methanol, agarose, 2',7'-dichlorofluorescin diac-
etate (DCF-DA), Fluoresein diacetate (FDA) and propidium
iodide (PI) were purchased from Merck (Germany). All the
materials were used as received without further purification.

Extraction of plant leaf extract and Au NPs synthesis

Hibiscus sabdariffa were purchased from local market. 20 g
of leaf were washed thrice using distilled water and crushed
with 40 mL of de-ionized (DI) water by mortar pestle and
filtered using vacuum filter (Whatman No. 1). Then filtrate
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was taken for the biosynthesis of Au NPs. Au NPs were
synthesized according to earlier reported protocol [17].

Synthesis of Au@ZnO core-shell NCs

Encapsulation of the Au NPs with ZnO was achieved by
following previously reported protocol [15]. 2 mL of NaOH
(2M) was taken and added into 10 mL of 10 mM zinc nitrate
hexahydrate to get white precipitate of zinc hydroxide.
Formed precipitate was dissolved with addition of excess
amount of NaOH (2M) solution to get sodium zincate.
Sodium zincate (5 mL) was added to 50 mL of biosynthe-
sized Au NPs in stirring condition 90 +2 °C. To synthesize
Au@7Zn0O NCs, reaction was stirred for 30 min and color
changing from reddish-purple to blackish-purple indicated
the development of Au@ZnO core—shell NCs. The final con-
centration of zinc nitrate hexahydrate was ~ 1 mM.

Optimization of reaction parameters for Au@ZnO
NCs synthesis

Three parameters which were considered to be critical for
the synthesis of NCs i.e. concentration of zinc nitrate hexa-
hydrate, reaction temperature and pH were optimized for
obtaining the most favourable reaction condition. All the
parameters were optimized at a reaction volume of 50 mL.
The process was first optimised for the concentration of zinc
nitrate hexahydrate and temperature. Four different concen-
trations (0.5 mM, 1 mM, 1.5 mM and 2 mM) of zinc nitrate
hexahydrate were used for the synthesis of ZnO shell on Au
NPs at 90 °C. The data obtained from UV-Vis spectropho-
tometer suggested that ~1 mM of zinc nitrate hexahydrate
was optimum, and thus showed good result. Following this,
with ~ 1 mM zinc nitrate hexahydrate, four altered tempera-
tures (room temperature i.e. 25 +2 °C, 50 °C, 70 °C and
90 °C) were selected for the synthesis and the reaction was
found to produce desired results at 90 °C. These two param-
eters were further used to optimize the pH (natural pH 3.34,
4.0, 6.0, 8.0 and 10.0) of reaction system. UV-Vis spectro-
photometer results indicated that the optimum pH for the
system was 3.34 (natural).

Structural and morphological characterization
of the materials

To monitor the formation of Au NPs and Au@ZnO NCs,
UV-Vis spectroscopy (Cary 100 UV-Vis, Agilent tech-
nologies) was performed. The NPs and NCs synthesized
under optimized condition were characterized using differ-
ent instrumental techniques. Morphology of the materials
was analyzed using High-resolution transmission electron
microscopy (TEM, JEOL-JEM-2010). Further, X-ray dif-
fraction technique (XRD, D/Max 2005, Rigaku) was used

to investigate the crystal structure of the materials. Surface
functional groups of as synthesized nanomaterials was
observed through Fourier transform infrared spectropho-
tometer (FTIR, Shimadzu 8201PC, Japan).

Investigation of stability of Au@ZnO NCs
under hyperglycemic condition

To investigate the stability of as synthesized Au@ZnO NCs
under hyperglycemic conditions, optimum concentration of
the NC (100 pg/mL) was challenged with different concen-
trations (0, 10, 20, 30, 40 and 50 mM) of glucose at room
temperature (25 +2 °C) and at 37 °C for 7 days. UV-Visible
spectrophotometer was used to analyze the results.

Colony forming unit (CFU) assay

The antibacterial activity of the synthesized nanomaterials
was observed against two Staphylococcal strains. Methicil-
lin resistant Staphylococcus haemolyticus (MRSH) isolated
from environment and S. aureus (MTCC-3160) purchased
from Microbial Type Culture Collection and Gene Bank
(MTCC), Chandigarh were taken for this study. Both the
bacterial cultures were maintained in nutrient media at
37 °C. Antibacterial action of Au NPs, ZnO NPs and Au@
ZnO NCs was investigated against MRSH and S. aureus
through CFU assay. Single colony of bacteria was picked
from nutrient agar (NA) plate and inoculated into 10 mL of
nutrient broth (NB) test tube. The later was incubated in a
refrigerated shaking incubator (Shaking Incubator, LabTech,
Daihan Labtech) at 37 °C for 12 h. 100 pL of grown culture
from the above tube was taken and further inoculated into
fresh 100 mL NB and incubated at 37 °C for 6 h (stationary
phase) in a refrigerated shaking incubator. After incubation,
1 mL of bacterial cells were collected in 1.5 mL microcen-
trifuge tube (MCT) followed by centrifugation at 8000 rpm
(5 min) and washed with 1X PBS buffer. The pellet was
re-suspended into fresh 1 mL NB, which was later used for
inactivation experiment. CFU assay was done by inoculat-
ing 1x 10° CFU/mL of bacterial cells into a final volume of
20 mL NB with varied concentrations (0, 50, 100, 250, 500
and 750 pg/mL) of nanomaterials and incubated at 37 °C for
12 h in shaking incubator (200 rpm). At 3 h interval, 100 pL
of sample was withdrawn and serially diluted (10~ to 107)
using 0.9% NaCl (normal saline solution) and 1072 dilution
was used for plating on NA by spread plate technique to
conclude the bacterial cell growth inhibition by CFU assay.

Crystal violet assay
To examine the comparative anti-biofilm efficacy of Au NPs,

ZnO NPs and Au@ZnO NCs against MRSH and S. aureus,
crystal violet assay was performed [18]. Biofilm formation

@ Springer



612

Medical Microbiology and Immunology (2019) 208:609-629

was initiated by seeding 1 mL of bacterial culture in NB
(~ 107 CFU/mL) into 24-well polystyrene microtitre plates
(Nest Biotechnology Co., Ltd., USA) and incubated at 37 °C
for 24 h in a static incubator to permit biofilm development.
Subsequently, non-adhered cells were removed followed
by washing the wells three times using 1 mL of 1X PBS.
Thereafter, the existing biofilm was incubated for 24 h in
NB which were supplemented with various concentration (0,
50, 100, 250, 500 and 750 pg/mL) of nanomaterials. After
treatment, nanomaterials containing culture media were
discarded and wells were washed using 1 mL of 1X PBS.
Biofilm was fixed using absolute methanol for 15 min and
dried for 1 h at 37 °C. Treated and untreated biofilms were
stained with crystal violet (0.1% in DH,0) and incubated
for 45 min at 37 °C. Biofilms incubated with NB only were
used as control. After incubation, stains were removed and
washed using 1X PBS. To solubilize the crystal violet stains,
1 mL of acetic acid (33% v/v) was added into each well and
absorbance was taken at 590 nm using UV-visible spectro-
photometer. Acetic acid (33% v/v) was used as blank. % of
biomass was calculated according to the following Eq. (1):

AbSsgp,m Treated — Abssgg,,, Blank
Abssgg,m Control

x 100

ey

% of Biomass =

Evaluation of bacterial cells viability
through fluorescence microscopy

Live/dead staining was conducted to investigate the viability
of S. aureus after treating with as synthesized nanomaterials.
Assay was done according to manufacturer protocol (LIVE/
DEAD™ BacLight™ Bacterial Viability Kit, Invitrogen').
Briefly, S. aureus cells were treated with 100 pg/mL of Au
NPs, ZnO NPs and Au@ZnO NCs for 0, 6 and 12 h. Cul-
ture media were discarded followed by centrifugation and
obtained pellet was washed using 1x PBS. The pellets were
re-suspended in 1X PBS. SYTO9 and propidium iodide
was added into treated and untreated samples followed by
its incubation at room temperature (RT) for 15 min under
dark condition. Results were analyzed under fluorescence
microscope (Life Technologies, USA) at 40x magnification
of objective.

Determination of reactive oxygen species (ROS)

Intracellular reactive oxygen species (ROS) was qualitatively
measured using DCF-DA under fluorescence microscopy
[19]. DCF-DA is a particular dye which enter into the cells
inertly and counters with ROS to form greatly fluorescent
dichlorofluorescein (DCF). In the present work, 1 mL S.
aureus sample treated with Au NPs, ZnO NPs and Au@ZnO
NCs (100 pg/mL) were selected, centrifuged and washed
with 1X PBS. Further, cells were re-suspended in 1X PBS
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buffer with the addition of 10 uM of DCF-DA and incubated
under dark condition for 15 min at 37 °C. Pictures obtained
were analyzed through fluorescence microscope (Life Tech-
nologies, USA).

DNA degradation

Antimicrobial mechanism of nanomaterials against S. aureus
was evaluated through DNA degradation assay. Microbial
cells were incubated with 100 pg/mL of Au NPs, ZnO
NPs and Au@ZnO NCs for 12 h. Isolation of DNA was
performed followed by formerly reported protocol [20].
Obtained pellets of DNA were dissolved in nuclease free
water (Himedia, Mumbai) and 5 uL. of DNA sample from
each tube was loaded on 1% agarose gel made in Tris acetate
ethylene diamine tetra acetate (TAE) buffer and stained by
ethidium bromide (1 pg/mL). Images were analyzed using
gel documentation system (BioRad, USA).

Field Emission-Scanning Electron Microscope
(FE-SEM)

Samples of treated and untreated S. aureus cells for FE-SEM
analysis were prepared followed by previous protocol [21].
1x 10° CFU/mL of S. aureus was treated with 100 ug/mL of
Au@ZnO NCs for 6 and 12 h. FE-SEM analysis was done
following sputter coating of gold on treated and untreated
samples.

Methylthiazole tetrazolium (MTT) assay

Cytotoxicity of Au NPs, ZnO NPs and Au@ZnO NCs has
been investigated against mouse dermal fibroblast (isolated
from BALB/c mouse at IMGENEX India Pvt. Ltd., Bhu-
baneswar, India) and macrophage (RAW 267.4) cell line
through standard MTT assay and the formazan produced is
quantified using Microplate reader (Bio-Rad, USA, model
680) [22]. Cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM), supplemented with 10% Fetal
Bovine Serum (FBS). Initially, 5 x 10* cells in DMEM (10%
FBS) were plated into 24 well plate and incubated in the
presence of 5% CO, in a humidified incubator at 37 °C for
24 h to confluence the cells to 70-80%. For control, three
wells were taken with medium alone and this was consid-
ered as blank for absorbance readings. Following incuba-
tion, media was taken out from the wells with the help of
aspirator and nanomaterials (50, 100 and 250 pg/mL of Au
NPs, ZnO NPs and Au@ZnO NCs) supplemented growth
medium was added into the wells. Hyperglycemic condi-
tions were made with the addition of 50 mM of D-glucose
(D-glu). To maintain osmoregularity, 50 mM of L-glucose
(L-glu) was also added. The cells were incubated in the pres-
ence of 5% CO, in a humidified incubator at 37 °C for 24 h.
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After that, supernatant was aspirated out and the cells were
washed with 1x PBS buffer. MTT reagent (0.5 mg/mL) was
added into respective wells. The wells were incubated for
2 to 4 h to form purple precipitate. Results were analysed
by taking absorbance at 570 nm using Microplate reader.
Percentage (%) viability of cells was deliberated using fol-
lowing formulae:

[(Abs of treated — Abs of blank)]

% Viability =
o viabiity [(Abs of untreated — Abs of blank)]

x 100

@)
Viability assessment of fibroblast through live/dead
assay

FDA and PI stains is used to investigate the viability of fibro-
blast cells after treatment with nanomaterials. FDA stains
live cells giving green color whereas dead cells turn into
red color by PI. Staining was performed followed by previ-
ously reported protocol with some modifications [23]. Cul-
ture condition, concentration and confluency of cells was
same as mentioned in MTT assay. Cells were treated with
100 pg/mL of nanomaterials (Au NPs, ZnO NPs and Au@
ZnO NCs) for 24 h. After treatment, medium was removed
and washed with 1X PBS. To stain the cells, 500 pL of 1x
PBS was added into each well. Subsequently 20 pg/mL of
FDA and 50 pg/mL of PI was added and kept under dark
for 15 min at RT. After incubation, staining solution was
aspirated and washed with 1x PBS to remove excess amount
of stains. Images were analyzed under inverted fluorescent
microscope at 40X objective lens (Life Technologies, USA).

DAPI (4',6-Diamidino-2-Phenylindole,
Dihydrochloride) assay

Genotoxicity of Au NPs, ZnO NPs and Au@ZnO NCs
against fibroblast cells was also investigated. Briefly, cells
were treated with 100 pg/mL of nanomaterials for 24 h and
washed with 1x PBS buffer followed by addition of 10 ug/
mL DAPI stain and incubated under dark for 10 min at room
temperature. Changes in the nuclear morphology was exam-
ined using fluorescence microscope at 40X magnification of
objective lens (Life Technologies, USA).

Western blotting

Fibroblast cells were grown and incubated with 100 pg/mL
of Au NPs, ZnO NPs and Au@ZnO NCs for 24 h under nor-
mal and hyperglycemic conditions. After treatment, nano-
materials containing media were removed and washed with
1X PBS buffer. Untreated and treated cells were lysed using
Radioimmunoprecipitation assay buffer (RIPA buffer) in the
presence of protease and phosphate inhibitor. Protein con-
centration was estimated through Bradford assay. Extracted

proteins were resolved on 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS—-PAGE), electro-
transferred to polyvinylidene difluoride (PVDF) membrane
and probed with primary antibody: p-actin, GAPDH and
ERK1/2. After incubation with secondary antibody which
was conjugated with horseradish peroxidase, the immune
complexes were pictured using enhanced chemiluminescent
(ECL) substrate for horseradish peroxidase (HRP) according
to the manufacturer’s protocol (Thermo Fisher Scientific,
USA).

Enzyme-Linked Immunosorbent Assay (ELISA)
to measure the level of cytokines

Protein extract were collected from fibroblast cells which
was treated with Au NPs, ZnO NPs and Au@ZnO NCs
(100 pg/mL) under normal and hyperglycemic conditions.
The level of cytokines: IL 6 and IL 22 was measured using
ELISA kit (Thermo Fisher Scientific, USA).

Intracellular antimicrobial activity of nanomaterials
against S. aureus

For this experiment, optimum concentration (100 ug/mL)
of nanomaterials were selected. Mouse dermal fibroblast
(5% 10% cells were seeded in 24 wells plate and incubated
for 24 h at 37 °C in humidified incubator in the presence of
5% CO,. Subsequently cells (80% confluent) were exposed
to S. aureus (~1x10°) at multiplicity of infection (MOI) 10
for 1 h and 20 pg/mL gentamicin were added and incubated
for 30 min to kill extracellular bacteria. Infected cells were
treated with 100 pg/mL of Au NPs, ZnO NPs and Au@ZnO
NCs under normal and hyperglycemic condition for 12 and
24 h. S. aureus infected dermal fibroblast cells (untreated)
were used as control. After incubation, extracellular media
was aspirated and cells were lysed using 0.1% Triton-X100.
To check intracellular survival of S. aureus, plating was
done on NA plates by serial dilution of the samples and
colonies were counted after 24 h of incubation at 37 °C in
static incubator.

Wound creation and wound closure analysis

In this investigation, five to seven week old female BALB/c
mice were used and preserved in cages in the compartment
of high efficiency particulate air (HEPA)-filter in 12 h light
cycles. Sterilized food (chow) and water ad libitum were
given to each mice. All the experimentations were imple-
mented according to national guidelines of animal care
and were permitted by the Institutional Animal Ethical
Committee.

A 6 mm-diameter full-thickness excisional wound was
made on the dorsum of mice and separated in two categories.
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Mice treated with 1x PBS were considered as the control
specimens whereas mice treated with 100 pg/mL of Au@
ZnO NCs suspended in 1x PBS were taken as experimental
specimens. After 1 day of wound creation, 100 pg/mL of
Au@ZnO suspended in 1x PBS were injected below the
created wound or crust and treated for 1, 5, 10 and 15 days.
Digital photography was performed to check morphological
assessment, wound re-epithelialization and closure till the
wound was totally healed. Photographs of wound were taken
on day 0, 1, 5, 10 and 15 days after creating wound in con-
trol and treated mice. % of wound closure were calculated
through following equation:
DO - Dn
% of wound closure = D x 100 3)
0

In this equation, D, is the wound area at the day of wound

9

created and D,, is the wound area at day “n”.

Histological examination

Treated and untreated mice were sacrificed after 5 and 15
days of wound creation. The wound biopsies were excised,
fixed with paraformaldehyde and embedded with paraffin.
Following this, 4 um thick central wound was processed,
stained by hematoxylin and eosin to notice the migration
and re-epithelialisation of fibroblasts as well as keratinocytes
into the epidermal layer.

Statistical assessment

Statistical study was done via one-way analysis of variance
(ANOVA) through Dunnett test (compared all columns vs
control column) by PRISM software (GraphPad, San Diego,
CA, USA). Data were expressed as the +standard error of
the mean (SEM). Variances were shown to be statistically
significant for p <0.05. Significant level of statistical analy-
sis has been specified in the legend of images.

Results and discussion

Effect of process parameters on the formation
of Au@ZnO NCs

Due to the abundance of free electrons on their surface,
noble metal nanoparticles exhibit strong and stable Sur-
face Plasmon Resonance (SPR) band in the UV-Visible
spectrum. Coating by a metal oxide shell will encourage a
modification in the dielectric constant of the neighboring
environment and can induce an alteration in the SP band
of the aqueous dispersion of metal NPs. This phenomenon
has been employed to investigate the precipitation of zinc
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oxide shell on Au NPs. UV—Vis spectroscopy has been used
to monitor the formation of Au NPs and Au@ZnO NCs.
The resultant spectra are shown in Fig. 1a. This figure also
includes the spectra of plant extract and gold salt solution
(1 mM). Aqueous dispersion of biosynthesized Au NPs has
shown strong SPR band at 535 nm, which indicates the for-
mation of crystallites of 20 to 50 nm [24, 25]. Plant extract
and aqueous solution of gold salt did not show any signifi-
cant absorption peak. After the addition of aqueous sodium
zincate solution, SPR band has red-shifted to 536 nm with
a minor but distinct peak at 351 nm for ZnO NPs [26]. This
minor shift could be due to the formation of ZnO shell which
may have changed the dielectric constant around Au NPs
(Mo = 1.33 and n, o = 1.92). This optical occurrence could
be attributed to the relocation of electronic charge among the
metallic core and semiconductor shell. Due to the existence
of surface charge, unprotected Au NPs will have a tendency
to agglomerate and form larger crystal which in turn will
diminish their nano-size dependent antibacterial properties.
Owing to the large change between the intrinsic Fermi level
of the Au and conduction band of ZnO (n-type semiconduc-
tor), mobile electrons which diffuse inside the shell will be
confined for extended periods of time in the central core. It
can reduce the intimate interface between the nearby NPs
and, therefore, may increase the stability of the resultant NC
structure. In addition to the major peak at 537 nm, a shoulder
peak is also noticed at 351 nm. It is proposed that, formation
of ZnO shell may have taken some time (usually 30 min).
Prior to the encapsulation process, few Au NPs might have
agglomerated and made massive clusters. This may have
produced dipole pairing amid closely relating metal particles
which could have induced a large alteration in the environ-
ment around metal particles [27, 28].

This hypothesis has been supported by the electron
microscopy images. However, after the formation of ZnO
shell, agglomeration of metal NPs is restricted. Aqueous
zinc nitrate further dissociates to yield Zn** and NO;™ ions.
In the appearance of sodium hydroxide, Zn** may possibly
precipitate to develop Zn(OH),. The resulting Zn(OH), is
expected to produce [Zn(OH);-H,O]™ in presence of excess
amount of NaOH and water. Instantly under hydrothermal
state, solvated zincate ion can convert to make [Zn(OH)4]2‘.
However, these [Zn(OH)4]2_ ions may nucleate on the sur-
face of Au NPs followed by thermal decomposition to form
ZnO and H,0, which may also convert to Zn(OH), and fur-
ther decompose to make ZnO [29]. In this regard, optimiza-
tion of reaction parameters is crucial not only to get maxi-
mum Yyield of the preferred production but also to scale-up
the biosynthesis protocols. Effect of three process param-
eters viz. concentration of sodium zincate solution, reaction
temperature and pH has been investigated. With increase in
the concentration of the sodium zincate solution from 0.5
to 1.0 mM, intensity of both the peaks corresponding to
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Fig.1 Au NPs and Au@ZnO NCs were synthesized using Hibis-
cus Sabdariffa leaf extracts and characterized through a UV-Vis-
ible spectrophotometer, b X-ray diffraction and ¢ FTIR. Electron
microscopy images of Au@ZnO core—shell NCs: d TEM, e, f HR-

Au@ZnO NCs has increased (Figure S1a). Similarly, beyond
1.0 mM, any further increase in the concentration of the
zincate solution has resulted in sharp damping of both the
peaks in the absorption spectrum. With 1.0 mM of sodium
zincate solution, maximum intensity of both the peaks
corresponding to Au@ZnO NCs has been obtained. It is
expected that lower concentration would not have produced
enough ZnO colloid for complete encapsulation of Au NPs.
Similarly, at a higher concentration, large amount of free
[Zn(OH),]*~ ions might have been produced which could
have resulted in damping of the SPR band corresponding
to Au@ZnO NCs. However, when the temperature of the
reaction system is maintained at 25 or 50 °C, SPR band
did not shift remarkably. Minor shift in SPR band has been
noticed with increase in reaction temperature to 70 °C. This
is further enhanced by increasing the temperature to 90 °C
with the formation of two distinct peaks (536 and 351 nm)
(Figure S1b). In addition, at low reaction temperature (e.g.

TEM, g EDAX and h SAED. Image in the index of a, indicates the
color changes in the solution. (1) Au salt, (2) plant extracts, (3) Au
salt+ plant extract, (4) Au NPs and (5) Au@ZnO NCs

25 °C), free [Zn(OH)4]2_ ions will not be transferred to ZnO
and hence will not be able to form Au@ZnO NCs. Thus,
any shift in the SPR band is not noticed. With increase in
the reaction temperature (beyond 70 °C), the formation of
nanocrystalline ZnO is facilitated and hence shift of the SPR
band is observed.

Characterization of Au@ZnO core-shell NCs

Crystal phase and structure of Au@ZnO NCs has been
investigated by XRD and results are presented in Fig. 1b.
Obtained data has shown twelve diverse peaks for as syn-
thesized NCs. Three peaks at 20=38.21, 44.35, 64.75 and
77.6 were assigned to (111), (200), (220) and (311) planes
of face centered cubic structure of metallic gold (JCPDS
04-0784) with Fm3m planetary group symmetry. Similarly,
peaks at 20=31.8, 34.55, 36.35, 47.9, 56.8, 63.1, 68.1, and
69.15 corresponds to (100), (002), (101), (102), (110), (311),
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(112), and (201) wurtzite phase of ZnO planes (JCPDS
36-1451). Scherrer’s equation is used to calculate the mean
crystallite diameter (MCD) of as synthesized nanomaterials,
and the size is found to be ~22 nm and 31 nm for Au NPs
and Au@ZnO NCs respectively. In the XRD pattern of the
NCs, any peak which might attribute to the gold oxides (i.e.
Au,0, Au,0; etc.) or Zn—Au—O compounds has not been
observed.

The occurrence of adsorbed particles and functional
groups on the surface can have significant role on the
antimicrobial activity of the nanomaterials. Thus, func-
tional group present on the surface of Au@ZnO NCs have
been investigated using FTIR spectroscopy in the range of
500-4000 cm™! to understand its surface chemistry. The
FTIR spectrum of as-synthesized Au@ZnO NCs is shown
in Fig. lc. Sharp band at 3844, 3742, 3681, 3611 cm™!
may relate to O—H stretch of vibration. At 3334 and 2989
cm™!, small vibration is observed, which may be due to the
stretching peak of N—H and C—-H group, respectively. The
strong embarking stretch of side chain for O=C=0 group is
obtained at 2359 cm™!. The weak and small band is shown
at 2163 cm ™! which may correspond to C=C group. Two
small vibrational stretch of C=C=C is observed at 1982 and
1919 cm™! which comes between 2000 and 1900 cm™'. A
weak bending at 1835 cm™' is seen which may resemble to
the vibration of C—H group. Two small and distinct stretch
is seen at 1741 and 1692 cm™!, which may relay for the
C=0. A small and medium stretch at 1645 cm™! is detected
for C=N. A strong and sharp stretch band at 1517 cm™ is
noticed, which may correspond to N-O stretch. Small vibra-
tional stretch of C—O is seen at 1025 cm™! which originate
between 1075-1020 cm™!. A small vibration at 878 cm™!
and a sharp and distinct band at 681 cm™! are observed,
which suggests the bending of C=C [30].

Morphology of the Au@ZnO NCs is studied using TEM
and resultant pictures are revealed in Fig. 1. Samples for
TEM analysis, have been processed by dipping the TEM grid
in aqueous dispersion of nanomaterials followed by freeze
drying for 12 h. Formation of core—shell morphology with
near-spherical Au NPs with a size range of 16 to 25 nm
capped within ZnO shell are clearly observed (Fig. 1d, e).
Thickness of the oxide shell is found to be 15 to 20 nm. In
the present case, multiple Au NPs is found to be encapsu-
lated within single ZnO shell. Comparable results have been
previously obtained by other researchers [31]. As shown in
Fig. If, the core has an inter planar positioning of 0.236 nm,
which matches to the (111) plane face centered cubic (FCC)
structure of metallic gold [32]. The distance among adja-
cent lattice fringes at the gold-zinc oxide hetero-junction is
0.29 nm, which is near to the d-spacing of the (100) plane
of hexagonal ZnO (exact value is 0.287 nm). Chemical com-
position of Au@ZnO NCs is investigated by TEM Energy
Dispersive X-ray Spectrometry (EDS) technique. As shown
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in Fig. 1g, NCs have shown clear peaks corresponding to
Au, Zn, and O. TEM SAED pattern rings are shown in
Fig. 1h. Size distribution and surface charge of Au@ZnO
NCs is inspected by differential light scattering (DLS) and
zeta potential technique, respectively. As displayed in Figure
S2a and b, average range of size for NCs is 134.3 nm and
obtained surface charge is — 19.7 mV.

Stability of Au@ZnO NCs under hyperglycemic
condition

Stability is the foremost challenge in practical application of
nanostructures in real working environment [33]. According
to the American Association of Diabetes, a hyperglycemic
situation is usually doubted if the random plasma glucose
in patient sample accounts to >200 mg/dl or 11.1 mmol/L.
Thus stability of the as synthesized and purified NCs is
investigated by keeping the dispersion undisturbed at 37 °C
in increasing concentrations of glucose. As shown in Figure
S3 and S4, the SPR band of the aqueous distribution of Au@
ZnO NCs is not altered remarkably. This suggests that any
significant structural modification in the particle size of NCs
is not registered inspite of an incubated time duration of 7
days’ treatment with glucose.

Antimicrobial efficiency of nanomaterials

Antibacterial action of Au NPs, ZnO NPs and Au@ZnO
NCs has been investigated against MRSH and S. aureus
through CFU assay. As observed from Fig. 2, the effec-
tiveness of ZnO NPs as compared to biosynthesized Au
NPs is very high since lower concentration of the metal
oxide NPs has inhibited the growth of both MRSH and S.
aureus. Data shown in Fig. 2a clearly suggests that lesser
concentrations of Au NPs (50 and 100 pg/mL) has not
shown any antibacterial activity against both pathogens.
After 12 h incubation, percentage of S. aureus viability
is observed to be approximately 50.83, 44.55 and 24.67%
with 250, 500 and 750 pg/mL of Au NPs respectively.
Against MRSH the antibacterial effect is observed with
only 500 and 750 pg/mL of Au NPs after 12 h incubation
(Fig. 2d). In contrast, when bacterial cells are treated with
chemically synthesized ZnO NPs, the antibacterial activity
has been observed with the lowest concentration of ZnO
(50 pg/mL) following 12 h of incubation against S. aureus
and MRSH (Fig. 2b, e). 100, 250 and 500 pg/mL concen-
tration of ZnO NPs inhibited S. aureus growth completely
within 9, 6 and 3 h of incubation, respectively, whereas
750 pug/mL of ZnO NPs killed the bacteria within 3 h of
incubation. Data shown in Fig. 2e suggests that the anti-
bacterial activity of ZnO NPs against MRSH is higher than
S. aureus at 250, 500 and 750 pg/mL concentration. More-
over, the time taken to suppress the growth of S. aureus
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Fig.2 Comparative antibacterial activity of nanomaterials a Au
NPs, b ZnO NPs and ¢ Au@ZnO NCs against S. aureus and MRSH
d Au NPs, e ZnO NPs and f Au@ZnO NCs was performed through
CFU assay. 1x10% CFU/mL of bacterial cells were incubated with
different concentration (Control, 50, 100, 250, 500 and 750 pg/mL)

and MRSH is also lesser with ZnO NPs as compared to
Au NPs. This could be attributed to the fact that gold is
conventionally biocompatible and hence is expected to
have less antimicrobial activity [34]. Figure 2c clearly
indicates bacterial cell growth inhibition with 250, 500
and 750 pg/mL of Au@ZnO NCs within 12, 9 and 3 h post
incubation independently. Similar results are also obtained
against MRSH and growth is inhibited with 250 ug/mL of
NCs within 12 h incubation. Complete growth inhibition
is seen with 500 and 750 pg/mL of Au@ZnO NCs within
3 h post incubation (Fig. 2f). Au@ZnO NCs have shown
better antibacterial efficacy against MRSH. Lower con-
centrations of NCs (50 and 100 pg/mL) have suppressed
the development of bacterial growth in excess of 20 and
50% as compared to untreated cells. Formation of the NCs
system is expected to improve the biocompatibility of the
resultant material while preserving its antibacterial activ-
ity. From Fig. 2b, c, it can be concluded that Au@ZnO
NCs and ZnO NPs have nearly equivalent antibacterial
efficiency against MRSH and S. aureus.

Incubation time (h)

Incubation time (h)

of nanomaterials and incubated for 0, 3, 6, 9 and 12 h at 37 °C in
200 rpm. Bacterial cell viability is represented with respect to the
control. Three independent experiments were performed and data
points are the mean of triplicate samples + SEM

Anti-biofilm activity of nanomaterials

The investigation of an antibacterial agent against biofilms
is becoming necessary in the present day scenario since
biofilms are known to be associated with many microbial
infections [35]. Such infections can lead to serious clinical
complications. Staphylococcus aureus is a cross contaminant
which colonizes in open wounds [36]. Infections due to this
pathogen could be prolonged and severe, which might cause
major difficulty in wound healing [37]. The consequences
could be serious if wound colonization by this pathogen
leads to biofilm formation. Biofilms progressively dam-
age the skin tissues as compared to free planktonic bacteria
[38]. Comparative antibiofilm potential of nanomaterials
have been performed against MRSH and S. aureus. Biosyn-
thesized Au NPs have shown less antibiofilm activity than
chemically synthesized ZnO NPs and Au@ZnO NCs. This
might be due to the cell wall of gram positive pathogens hav-
ing thick layer of peptidoglycan with linearly arranged poly-
saccharide chains [39]. This gives much rigidity to the cell
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wall of the microbe thus making the penetration of an anti-
bacterial agent more difficult as compared to gram negative
bacteria [40, 41]. When biofilms have been incubated with
Au@ZnO NCs, the percentage (%) biomass of S. aureus is
49.82, 40.04 and 27.37% at a concentration of 250, 500 and
750 pg/mL, respectively (Fig. 3c). Destruction of MRSH
biofilm is also observed with Au@ZnO NCs and % biomass
is 62.25,47.45,41.40, 33.11 and 21.76 with increasing con-
centration of NCs (50, 100, 250, 500 and 750 pg/mL). The
images can be seen in Fig. 3f. The % biomass of S. aureus
is found to be 67.26, 60.43 and 58.65% after treatment with
250, 500 and 750 pg/mL of Au NPs, respectively (Fig. 3a)
whereas in the case of MRSH, % biomass is 73.10, 71.70
and 64.13% after incubation with 250, 500 and 750 pug/mL
of Au NPs, respectively (Fig. 3d). ZnO NPs has shown toxic
effects at lower concentrations. 55.80, 50.61, 49.34, 39.50,
32.11% of S. aureus biomass is observed in samples incu-
bated with 50, 100, 250, 500 and 750 pg/mL of ZnO NPs,
respectively (Fig. 3b). Against MRSH, 66.90, 65.16, 56.58,
48.87, 43.37% of biomass is observed at a concentration

of 50, 100, 250, 500 and 750 pug/mL of ZnO NPs, respec-
tively (Fig. 3e). Although, chemically synthesized ZnO have
shown highest antibacterial activity against the test patho-
gens, the antibiofilm activity of the metal oxide NP is low
as compared to Au@ZnO NCs. Crystal violet stained image
of biofilm shown in Figure S5 indicates the destruction of
biofilm formation in samples treated with the synthesized
nanomaterials. From the above data it can be suggested that
Au@ZnO NCs could be used as a potential antibacterial
agent against MRSH and S. aureus.

Live/dead staining

Fluorescence microscopy has been implemented to confirm
the viability of cells after treatment with nanomaterials. We
have performed staining of S. aureus cells (untreated and
treated) using SYTOO and propidium iodide (PI) since PI
can only penetrate the cells with damaged/disrupted mem-
branes [42]. In contrast, SYTO9 is a green-fluorescent
nucleic acid stain which enters live and dead bacterial cells.

S. aureus
Au NPs Zn0O NPs Au@ZnO NCs

120 120
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Fig.3 Crystal violet assay was performed to investigate the com-
parative anti-biofilm activity of nanomaterials against S. aureus and
MRSH; a Au NPs treated S. aureus, b ZnO NPs treated S. aureus,
¢ Au@ZnO NCs treated S. aureus, d Au NPs treated MRSH, e ZnO
NPs treated MRSH and f Au@ZnO NCs treated MRSH. Biofilms
were incubated with different concentration (control, 50, 100, 250,
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Concentration (ng/mL)

Concentration (png/mL)

500 and 750 pug/mL) of nanomaterials for 24 h at 37 °C. Percentage
(%) of biomass is represented with respect to the control. Three inde-
pendent experiments were performed and data points are the mean of
triplicate samples+SEM. Statistical differences are represented as
*p<0.05, **p <0.01, ***p <0.001
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In the presence of both dyes, PI shows a stronger attraction
to nucleic acids and later displaces SYTO9 [43]. From the
image it can be seen that there are no dead cells in untreated
sample irrespective of the incubation time (Fig. 4a—c). In the
Au NPs treated samples, no dead cells are seen at 0, 6 and
12 h incubation (Figure S6d-f). Similarly, when S. aureus
cells have been treated with ZnO NPs, the number of non-
viable cells is very less at 0 h (Figure S6g) incubation. How-
ever, with the rise of incubation time, the number of live and
dead cells is almost equivalent (Figure S6h). At 12 h of incu-
bation, drastic increment in dead cells is observed (Figure
S6i). Remarkable result has also been detected with Au@
ZnO NCs treated samples. At 0 h incubation the non-viable
cells are very less (Fig. 4d) but after 6 h, the number of dead
cells increased and the quantity of dead cells is more than
live cells (Fig. 4e). After 12 h of incubation (Fig. 4f), the
population of dead cells drastically increased in the sample
and aggregation of cells is also observed. From this assay it
is observed that population of dead cells increased with the
rise of incubation time in cells treated with ZnO NPs and
Au@ZnO NCs. The data obtained is almost similar to CFU
and biofilm data, since growth of the bacteria is completely
inhibited within 12 h of interaction of the NCs with the test
pathogen.

Antimicrobial mechanism of Au@ZnO NCs

Increase in the oxidative stress and induction of intracellular
ROS are very crucial in understanding the probable antimi-
crobial mechanism of nanomaterials. In the present work,
our findings suggest that the antimicrobial activity of as
synthesized Au@ZnO NCs against S. aureus strains is ROS
dependent. The intracellular production of ROS has been
qualitatively determined using fluorescence microscopy by

Fig.4 Qualitative viability of S.
aureus cells was done through
Live/dead assay and analyzed
under Fluorescence microscope.
Untreated cells were used as
controlaOh,b6handc 12 h.
For treatment 1 x 10° CFU/

mL of S. aureus cells were
incubated with 100 pg/mL of
Au@ZnO NCs fordOh,e6h
and f 12 h at 37 °C. Two differ-
ent dyes were used to stain the
S. aureus cells; (1) SYTO9 (for
live cells; which gives green
color) indicated by green arrow
and (2) Propidium iodide (dead
cells; which gives red color)
indicated by red arrow

Untreated
Control

Au@ZnO
treated

DCF-DA, which can identify the hydrogen peroxide (H,0,).
DCF-DA can easily enter into cells due to its permeable
nature and is hydrolyzed with intracellular H,O, into cyto-
plasm to produce Dichloro-dihydro-fluorescein (DCFH) car-
boxylate anion [44]. For finding the probable antimicrobial
mechanism, ROS analysis of as synthesized nanomaterials
against S. aureus strain has been performed. No increment
in ROS is seen in Au NPs treated samples at 0, 6 and 12 h
incubation (Figure S7d—f). Generation of ROS is observed
in S. aureus cells treated with ZnO NPs at O h incubation
(Figure S7g). As shown in Figure S7h and i, extraordinary
increment in ROS is observed after 6 and 12 h of incuba-
tion with ZnO NPs respectively. In previous works, it has
already been reported that the antimicrobial and cytotoxic
effect of ZnO NPs and Ag NPs is very much linked with the
production of reactive oxygen species [15]. As per reports,
Au NPs generally do not generate ROS [45]. Hence, the
antimicrobial activity of ZnO NPs is more likely due to the
generation of ROS [46]. Untreated and treated (100 ug/mL
Au@ZnO NCs) cells at 0 h (Fig. 5a—d) did not show any
green fluorescence. However, with the rise in treatment time
(6 h), induction of intracellular ROS has upgraded up to
two—three turns in treated sample (Fig. Se) as compared to
untreated cells (Fig. 5b). After 12 h (Fig. 5f) of incubation,
generation of ROS is expressively higher in treated cells but
no significant change is observed in untreated cells (Fig. 5c).
In our study, Au@ZnO Core—Shell NCs have generated reac-
tive oxygen species and the antimicrobial activity of the NCs
could be ROS dependent.

Further, we conducted DNA damage study of S. aureus
taking optimum concentration (100 pg/mL) of Au NPs, ZnO
NPs and Au@ZnO NCs. After 12 h incubation, (Fig. 5g)
intact DNA band could be seen in untreated cells but partial
decrease in the intensity of the DNA band is observed in Au
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Untreated
Control

100pm

Au@ZnO
Treated

100pm j--

Fig.5 Antibacterial mechanism of Au@ZnO NCs was investigated
through measurement of the induction of intracellular Reactive Oxy-
gen Species (ROS) using DCF-DA dye and analyzed under fluores-
cence microscopy. Untreated S. aureus cells a O h untreated, b 6 h
untreated and ¢ 12 h untreated were used as control. 1 x 10® CFU/mL

NPs treated cell but no DNA band is observed after treat-
ment with ZnO NPs and Au@ZnO NCs. From the data it can
be inferred that bacterial cells have been invaded by ZnO
NPs and Au@ZnO NCs and the later induced significant
oxidative stress in the S. aureus cells, thereby generating
reactive oxygen species which triggered DNA degradation
and subsequent cell death [47]. There are similar reports
on the probable antimicrobial mechanism of ZnO and TiO,
NPs against Escherichia coli [48]. There are also reports
regarding the antimicrobial mechanism of silver nanoparti-
cles coupled with reactive oxygen species and the production
of hydroxyl radical leading to DNA degradation and nuclear
fragmentation in Candida albicans [49].

For further confirmation, FE-SEM analysis is performed
to understand the approach of action of as synthesized NCs
against the target pathogen. For this experiment, cells have
been incubated with 100 pg/mL of Au@ZnO NCs and
images are taken at different time intervals. Untreated sam-
ples kept for 12 h incubation have been considered as con-
trol for FE-SEM analysis. From Fig. 6a it can be observed
that untreated samples have coccal shape, which is distinct
and intact. At 6 h incubation with NCs, rapid change in the
natural shape of cells has been detected as compared to the
control samples. Aggregates of NCs have also been noticed
around the cell membrane (Fig. 6b). After 12 h incubation,
cells have completely lost their morphology, the cell mem-
brane is found to be ruptured and defragmentation of cell
membranes is clearly visible. There is agglomeration of
NCs (Fig. 6¢). However, from the images it can be seen that
untreated S. aureus cells have not shown any change in mor-
phology. These results suggest that NCs might have broken
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100um

of S. aureus cells were treated with 100 ug/mL of Au@ZnO NCs for
dOh,e6handf 12 h g DNA degradation of S. aureus cells was
checked after incubation with 100 pg/mL of Au NPs, ZnO NPs and
Au@ZnO NCs for 12 h. Untreated cells were used as control

the cell membrane in treated cells which subsequently lead
to leakage of intracellular compounds. This could be due to
the stress condition induced in the cells post cell exposure
to as synthesized Au@ZnO NCs. In our previous research
work, similar type of result has been observed with biologi-
cally synthesized Au NPs and chemically synthesized ZnO
NPs against different type of pathogenic bacteria [50, 51].
Increase in interaction time with the NPs triggered cell death
at a faster rate.

Cytotoxicity (under normal and hyperglycemic
condition)

Real time application of NPs in medical field is restricted
due to safety and toxicity issues. Nanomaterials have large
surface area which makes them superior for different biolog-
ical applications. However, this could also lead to increased
toxicity since smaller size could increase the material inter-
action within a target cell [52]. Hence, determining the toxic
effects of synthesized nanomaterials is very important. In
the present study, comparative cytotoxic action of Au NPs,
ZnO NPs and Au@ZnO NCs has been performed against
mouse fibroblast and macrophage cells under normal and
hyperglycemic condition. After 24 h of incubation with
50, 100 and 250 pg/mL of nanomaterials, cell viability has
been analyzed through MTT assay. Results shown in Fig. 7
suggest that the chemically synthesized ZnO NPs are more
toxic under both normal and hyperglycemic conditions as
compared to biosynthesized Au NPs and Au@ZnO NCs
against both cells. Toxic effect of Au NPs is very less and
percentage (%) viability of fibroblast cells is 96.92, 86.91
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Fig.6 FE-SEM was performed
to check morphology of a
untreated, b 6 h treated ¢ 12 h
treated S. aureus cells. Initially
1x10° CFU/mL of S. aureus
cells were incubated with

100 pg/mL of Au@ZnO NCs
for 6 and 12 h at 37 °C

det
00KV | ETD  Nova NanoSEM 450_NIT_RKL

and 83.45 +2% under normal conditions in the presence of
50, 100 and 250 pg/mL, respectively (Fig. 7a). Under hyper-
glycemic condition, 88.25+2, 83.42+2 and 75.67 +2% via-
bility is observed with 50, 100 and 250 pug/mL of Au NPs
respectively (Fig. 7b). Under normal condition toxic effect
of Au NPs is also low towards macrophage cells and % via-
bility is 94.07, 90.74 and 78.36 +2% after incubation with
50, 100 and 250 pg/mL, respectively (Fig. 7¢). 92.06, 85.99
and 79.73 +2% viability of macrophage cells is observed
under hyperglycemic condition in the presence of 50, 100
and 250 pg/mL of Au NPs respectively (Fig. 7d). In the pre-
sent report, survivability of Au NPs treated fibroblasts and
macrophage cells is quite better at 100 pg/mL, which sug-
gests that as synthesized Au NPs does not have toxic effect
towards both the cells under normal and hyperglycemic
condition. Cytotoxicity is also depending upon the category

of cells used. Au NPs may have advantage over additional
metallic NPs in terms of biocompatibility and non-cytotox-
icity [53]. Contrastingly, with lower concentration (50 pg/
mL) of ZnO NPs, 70.99 + 2% of fibroblast cell viability is
observed under normal condition (Fig. 7a) but under hyper-
glycemic condition only 59.95+2% viability is detected
(Fig. 7b). Similarly 65.54 and 62.87 +2% viability of mac-
rophage cells is observed after treatment with 50 ug/mL of
ZnO NPs under both normal and hyperglycemic condition,
respectively (Fig. 7c, d). 100 pg/mL of ZnO NPs have shown
63 + 2% viability under normal conditions (Fig. 7a) whereas
under hyperglycemic condition viability of fibroblast cells
is 49 + 2% as compared to untreated samples (Fig. 7b). The
viability of macrophage cells is even lower under normal
(54.52 +2%) and hyperglycemic condition (52.52 +2%)
after treatment with 100 pg/mL of ZnO NPs (Fig. 7c, d).
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Fig. 7 Evaluation of cytotoxicity of Au@ZnO NCs, Au NPs and ZnO
NPs against mouse fibroblast and macrophage cells under a, ¢ normal
and b, d hyperglycemic conditions. Cells were incubated with differ-
ent concentration (control, 50, 100 and 250 pg/mL) of nanomaterials

The cytotoxicity of ZnO NPs has increased with increase in
concentration (250 pg/mL) towards mouse fibroblast cells
under both normal (52.91 +2% viability) and hyperglyce-
mic condition (37.40 +2% viability). Similar results is also
observed with macrophage cells with 250 pug/mL of ZnO
NPs and viability is 36.29 and 42.96 + 2% under normal and
hyperglycemic condition respectively (Fig. 7c, d). There are
previous reports on toxicity of ZnO and TiO, NPs towards
human skin fibro-blasts [54]. To minimize the toxicity of
ZnO NPs and simultaneously enhance the cell proliferation,
we have synthesized Au@ZnO NCs and checked their cyto-
toxicity. Lower cytotoxicity effect is observed when fibro-
blast cells have been incubated with 50, 100 and 250 g/
mL of Au@ZnO NCs for 24 h. In the presence of 50 ug/mL
of NCs, the cells have shown 87.26 +2 and 83.26 +2% of
viability under normal and hyperglycemic conditions respec-
tively (Fig. 7a, b). 79.32 and 71.32 +2% viability is observed
when fibroblast cells have been exposed to 100 and 250 ug/
mL of Au@ZnO NCs respectively under normal condition
(Fig. 7a). As shown in Fig. 7b, the viability of the cells has
decreased slightly with the same concentration of the NCs
under hyperglycemic condition (76.39 +2 and 67.76 2%
viability). Data displayed in Fig. 7c, d, suggests that as
synthesized NCs have also shown less toxicity towards
macrophage under both normal and hyperglycemic condi-
tion. Viability of cells is observed to be 90.86, 83.86 and
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for 24 h. Cell viability is represented as percentage (%) with respect
to the control. Three independent experiments were performed and
data points are the mean of triplicate samples+SEM. Statistical dif-
ferences are denoted as *p <0.05, **p <0.01 and ***¥p <0.001

71.66 +£2% after treatment with 50, 100 and 250 ug/mL of
NCs under normal condition respectively (Fig. 7c). Slightly
low viability of macrophage cells is detected under hyper-
glycemic condition. 87.12, 80.12 and 68.45 +2% of viability
is observed after incubation with 50, 100 and 250 ug/mL of
NCs respectively (Fig. 7d).

Proliferation and viability of mouse fibroblast cells has
been analyzed through Fluorescence microscopy after treat-
ment with nanomaterials. Untreated and treated fibroblast
cells has been stained using FDA and PI. The later is an
impermeable dye and enters into cells after damage of cell
membrane [42]. In contrast, FDA is a green-fluorescent
stain, which can easily enter into the cell membrane. FDA
interacts with intracellular esterases, which transform the
non-fluorescent FDA to fluorescein [55]. From the images
shown in Fig. 8A, B, it can be observed that in untreated
(control) sample, population of dead cells is very low (only
2 cells) under normal condition (Fig. 8A, c) whereas under
hyperglycemic condition no dead cells is observed (Fig. 8B,
c). After treatment with Au NPs, population of non-viable
cells has been detected but in very low amount under both
normal (Fig. 8A, f) and hyperglycemic conditions (Fig. 8B,
f). Very high population of dead cells is seen after treat-
ment with ZnO NPs under both normal and hyperglycemic
condition. Image revealed in Fig. 8A, h (PI stained cells)
and Fig. 8A, i (FDA 4+ PI merged) show very high amount of
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Fig.8 Fluorescence microscopy was done to analyze the fibroblast
cell viability after treatment with Au@ZnO core—shell NCs, Au NPs
and ZnO NPs. a Normal and b hyperglycemic conditions. Cells were

dead cells as compared to live cells (Fig. 8A, g) under nor-
mal condition. Similar result is also observed under hyper-
glycemic condition after treatment with ZnO NPs (Fig. 8B,
g-i). Au@ZnO NCs has shown lower toxicity and viability
of fibroblast cells is much better under both normal (Fig. 8A,
j-1) and hyperglycemic condition in comparison to ZnO NPs
(Fig. 8B, j-1). Although the biocompatibility of Au NPs is
the highest, however, their antibacterial activity is very less.
In contrast, ZnO NPs have high antibacterial action but are
extremely toxic towards fibroblast cells. Hence, our objec-
tive was to synthesize Au@ZnO NCs, which would increase
the antibacterial activity against the test pathogen but at the
same time will be less toxic against the eukaryotic cells used
in the present study. The obtained data suggests that as syn-
thesized NCs have less cytotoxicity as compared to ZnO
NPs but simultaneously have much improved antibacterial
activity against S. aureus as compared to Au NPs.

Genotoxicity (under normal and hyperglycemic
condition)

We conducted a comparative genotoxic analysis of Au NPs,
ZnO NPs and Au@ZnO NCs against mouse dermal fibro-
blast cells under normal and hyperglycemic condition by
fluorescence microscopy. In the AuNPs treated samples,

incubated with 100 pg/mL of nanomaterials for 24 h and staining was
performed using FDA and PI stains

population of cells has not decreased and change in nuclear
morphology is not observed after 24 h incubation under both
normal (Fig. 9b) and hyperglycemic conditions (Fig. 9f) as
compared to control sample. In the ZnO NPs treated sam-
ples (Fig. 9c, g) altered and partially fragmented nuclear
morphology is observed with decrease in cells numbers as
compared to untreated sample (Fig. 9a, e) under normal
and hyperglycemic condition. Slight changes in nuclear
morphology has been observed with Au@ZnO NCs treated
cells under both normal (Fig. 9d) and hyperglycemic condi-
tion (Fig. 9h). As compared to control and AuNPs treated
samples, population of cells is low. This might be due to
slightly higher toxicity of Au@ZnO NCs as compared to the
metal NPs. Phase contrast images of fibroblast cells treated
with Au@ZnO NCs is given in supplementary information
(Figure S8 and S9). As observed in Figure S8, adherence
of the cells is very much visible after treatment with the
NCs under both normal and hyperglycemic condition. How-
ever, after washing the cells with 1x PBS (triplicates), some
detachments of the cells along with NCs is observed (Fig-
ure S9). Au NPs did not show any genotoxic effect towards
fibroblast cells and nuclear morphology is intact. Alteration
and fragmentation in nuclear morphology has been observed
with ZnO NPs treated cells. From Fig. 9, it can be seen that
ZnO NPs have genotoxic effect towards fibroblast cells under
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Control Au NPs

ZnO NPs Au@ZnONCs
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Fig.9 Investigation of genotoxicity of nanomaterials against fibro-
blast cells under normal and hyperglycemic condition and analyzed
through DAPI staining using fluorescence microscope. Images shown
in a control, b Au NPs treated, ¢ ZnO NPs treated and d Au@ZnO
NCs treated cells are under normal condition. Pictures displayed in

both normal and hyperglycemic condition. There are several
reports on the toxicological properties of ZnO NPs [56].
Genotoxic data supports the result obtained from MTT and
live/dead assay indicating that the synthesized core shell
NCs might be biocompatible in nature under normal as well
as hyperglycemic condition.

Expression of B-actin, GAPDH and ERK1/2:
under normal and hyperglycemic condition

To confirm the expression of B-actin, GAPDH and ERK1/2
intracellular signaling in fibroblast cells, western blotting
analysis is performed. Cells have been treated with Au NPs,
ZnO NPs and Au@ZnO NCs under normal and hypergly-
cemic condition and data is shown in Fig. 10a. In the pre-
sent report, we observed that the expression of p-actin is
downregulated in cells post treatment with ZnO NPs under
both normal and hyperglycemic condition as compared to
control and Au NPs treated cells. However, when cells have
been incubated with Au@ZnO NCs, expression of B-actin is
almost equal as compared to untreated fibroblast cells since
thick band has appeared on the membrane under both normal
and hyperglycemic condition. Actin is an essential compo-
nent of the cytoskeleton which helps in the cell motility,
immune response and wound healing [57]. Most important
role of B-actin is control of the cellular G-actin pool which
helps in the regulation of cell movement and gene expression
[58]. The expression of GAPDH enzyme is also analyzed
since GAPDH catalyzes the oxidative phosphorylation of

@ Springer

e control, f Au NPs treated, g ZnO NPs treated and h Au@ZnO NCs
treated cells are for hyperglycemic condition. Fibroblast cells have
been treated with 100 ug/mL of nanomaterials for 24 h. Untreated
cells have been used as control

glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate
during glycolysis and performs reverse reaction in tissues
involved in gluconeogenesis. GAPDH has also been impli-
cated in other ubiquitous processes such as DNA replication
and repair as well as in apoptosis [59]. Obtained data sug-
gests that as synthesized nanomaterial does not degrade or
suppress the expression of GAPDH under both normal and
hyperglycemic condition. As shown in Fig. 10a, expression
of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
is similar in control and all the treated samples under both
normal and hyperglycemic condition. Similar experiment
has been repeated to study the expression of ERK1/2 in
treated fibroblast cells. ERK plays a key role in the regula-
tion of cell survival, proliferation, and differentiation. ERK
is stated to be contributing in regulation of cell migration
and is also associated with cell motility [60]. The inhibi-
tion of ERK activation might reduce migration of epithelial
and endothelial cells in wound-healing investigation [61,
62]. Furthermore, various reports have proposed that the
ERK pathway is essential for fibroblast movement since
it is possibly involved in defining the movement path [63,
64]. In the present study, we have observed that there is
not much difference in the expression pattern of Au NPs,
Au@ZnO NCs treated cells and untreated cells under both
the conditions. Our results suggest that the ERK1/2 activity
is downregulated in fibroblast cells treated with ZnO NPs
under both normal and hyperglycemic condition. On the
membrane very thin band appeared as compared to control,
Au NPs and Au@ZnO NCs treated samples. From the above
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Fig. 10 a Western blotting was performed to analyze the expression
of B-actin, GAPDH and ERK1/2 under normal and hyperglycemic
condition. b ELISA assay was performed to measure the expres-
sion of cytokines: IL 6 and IL 22 under normal and hyperglycemic
condition. For both experiments fibroblast cells were incubated

experiments we can conclude that the expression of all the
above mentioned proteins/enzymes has not been downregu-
lated under both normal and hyperglycemic condition when
cells are treated with as synthesized Au@ZnO NCs. Hence,
the proposed core shell NC may be used as a wound healing
formulation in future studies in normal as well as immuno-
compromised individuals.

Measurement of IL 6 and IL 22 expression:
under normal and hyperglycemic condition

During skin injury, fibrocytes migrate to the areas of
wound and stimulate the healing process. They also con-
tribute in the division of fibroblasts at the wound areas
thereby producing cytokines, chemokines, and growth
factors [65]. We have performed ELISA to quantify the
expression of cytokines IL 6 and IL 22. Fibroblast cells
have been incubated with 100 pg/mL of Au NPs, ZnO NPs
and Au@ZnO NCs for 24 h under normal and hypergly-
cemic conditions. Result shown in Fig. 10b clearly sug-
gests that ZnO NPs treated fibroblast cells have shown
low expression of both cytokines (IL-22 and IL-6) under
hyperglycemic and normal condition. Alternatively, IL-22
expression increased in Au@ZnO NCs treated fibroblast

op
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with 100 pg/mL of Au NPs, ZnO NPs and Au@ZnO NCs for 24 h.
Absorbance of cytokines is represented with respect to the control.
Three independent experiments were performed and data points are
the mean of triplicate samples +SEM. C control, AZ Au@ZnO, A Au
NPs, Z ZnO NPs

cells and it is higher as compared to cells treated with Au
NPs and ZnO NPs under both normal and hyperglycemic
conditions. Previous reports suggest that IL-22-induced
signaling in fibroblasts cells regulates the production of
extracellular matrix (ECM) and helps in the differentia-
tion of myofibroblast in wound healing [66]. There are
also reports stating that IL-22 treatment promotes vascu-
lar endothelial growth factor release and inhibit diabetic
keratinocyte differentiation [67]. On the other hand, IL-6
is engaged in the growth and differentiation of various
cells and it is considered as one of the pleiotropic cytokine
[68]. Particularly in the skin, IL-6 is mostly formed via
epidermal keratinocytes, macrophages, Langerhans’ cells
and fibroblasts [69]. Previous reports validate that, strep-
tozotocin-induced diabetic mice having lesser levels of
IL-6 in wound fluids have impaired wound healing. This
is a very common complication observed with individu-
als suffering from diabetes [70-72]. In our investigation,
it is observed that the level of IL-6 marginally increased
in Au@ZnO NCs treated cells under both normal and
hyperglycemic conditions suggesting that the as synthe-
sized NCs have the potential to cure cutaneous wounds in
diabetic and non-diabetic patients.
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Intracellular antibacterial activity

Fibroblasts cells have endocytosis properties and can
internalize the nanoparticles in a definite size [73]. In
the present study, we have evaluated the internalization
and antibacterial activity of nanomaterials against intra-
cellular bacteria in mouse dermal fibroblast cells. Also
S. aureus is an intracellular pathogen and lives inside the
mammalian cells. Hence, we tried to eliminate the intra-
cellular load of S. aureus in fibroblast cells under normal
and hyperglycemic condition. For this experiment, mouse
dermal fibroblast cells have been infected with S. aureus
for 1 h followed by treatment with 100 pg/mL of Au NPs,
ZnO NPs and Au@ZnO NCs. Data shown in Fig. 11a, b
suggest that the Au NPs have shown very less antimicro-
bial activity. More than 80% bacteria survived under both
normal and hyperglycemic condition after 12 and 24 h of
incubation. However, remarkable intracellular killing of
S. aureus is observed with the same concentration of ZnO
NPs. After 12 h incubation, almost 75% and 85% of intra-
cellular killing of S. aureus has occurred under both nor-
mal and hyperglycemic condition respectively (Fig. 11a).
After 24 h of incubation, approximately 80% (normal)
and 90% (hyperglycemic) decrease in intracellular sur-
vival is detected (Fig. 11b). With 100 pg/mL of Au@ZnO
NCs, approximately 40% and 55% intracellular killing
is noticed after 12 h under normal and hyperglycemic
condition respectively (Fig. 11a). After 24 h incubation,
intracellular killing of bacterial cells has considerably
increased. 50% and 60% of reduction is observed under
both normal and hyperglycemic condition, individually
(Fig. 11b). Images of colonies containing plates has been
shown in supplementary information (Figure S10, S11
and S12).

2.0x104

1.5x104

1.0x10*

CFU/mL

5.0x10°

Normal
Incubation time (12 h)

Fig. 11 Intracellular antimicrobial activity of Au NPs, ZnO NPs
and Au@ZnO NCs against S. aureus is displayed in figure. Mouse
fibroblast cells were infected with 1x10® CFU/mL of S. aureus and
treated with 100 pg/mL of Au NPs, ZnO NPs and Au@ZnO NCs for
a 12 h and b 24 h under normal and hyperglycaemic condition. Fibro-
blast cells infected with bacteria only were considered as control.
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Wound creation and wound closure analysis
(morphological assessment of wound)

Compromised wound healing is one of the main health
issues associated with diabetes patients [74]. Many nano-
materials with magnetic, electronic and photonic properties
have been developed through the progress of nanotechnol-
ogy [75]. In our previous study, we have reported that as
synthesized Au NPs have anticancer activity under normal
and hyperglycemic conditions [17]. Au NPs have been used
for wound healing, gene delivery and as a curatively intra-
vascular and percutaneous drug [76—78]. To evaluate the
efficiency of the as synthesized NCs in wound healing, we
studied the effect of Au@ZnO NCs in mice model. We cre-
ated open wounds on dorsal skin of mice and treated with
Au@ZnO NCs. Results have been analyzed after 0, 1, 5, 10
and 15 days of wound induction. There has been considera-
ble reduction in wound area in mice treated with NC as com-
pared to mice treated with 1X PBS (Fig. 12a). Data shown in
Fig. 12b indicates that wound healing significantly increased
in treated mice and as a result, the wound is 67.33 +2%
healed by day 15 as compared to control mice (48.66 +2%).
These observations lead to the conclusion that wound heal-
ing process is stimulated by Au@ZnO NCs.

To further analyze the influence of Au@ZnO NCs in mice
model, histological examination is also conducted. Samples
from treated and untreated mice have been collected post 5
and 15 days of wound creation. Restoration of normal der-
mal and epidermal tissues in mouse wound area is observed
with Au@ZnO NCs treated mouse within 5 days of post
treatment as compared to control sample (Fig. 12c, i, ii).
After 15 days of wound creation, it is observed that stained
samples of treated mice (Au@ZnO NCs) resembled normal
skin and re-epithelialization is also significantly increased
(Fig. 12c¢, iv) as compared to 1X PBS treated mice (Fig. 12c,

1.0x104 b|E Control
8.0x103F B3 A 100
B z 100

6.0x103 @™ Az 100

4.0x103

CFU/mL

2.0x103

0

Hyper
Incubation time (24 h)

Normal

At 12 and 24 h of incubation, the cells were lysed and intracellular
survival of bacteria was evaluated by CFU assay. Three independent
experiments were performed and data points are the mean of tripli-
cate samples + SEM. Statistical differences are denoted as *p <0.05,
**p <0.01 and **¥p <0.001. AZ Au@ZnO, A Au NPs, ZZnO NPs
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Fig. 12 Wound healing analysis in Au@ZnO treated wounds. a Rep-
resentative pictures of Au@ZnO NCs and 1X PBS-treated wound
at 0, 1, 5, 10 and 15 days of wound creation. b Showing the % of
wound closure (*p<0.05). ¢ Hematoxylin and Eosin staining was
performed to evaluate the wound closure of NCs treated wound (i)

iii). Obtained results suggest that Au@ZnO NCs is effec-
tive and expressively improved the wound healing. Prolif-
eration and migration of dermal fibroblast and keratinocytes
is enhanced which accelerated the wound closure within
15 days of treatment. These results advocate the probable
application of Au@ZnO NCs in the treatment of cutaneous
wounds.

Conclusions

Here, we report facile synthesis of Au@ZnO core—shell NCs
for their potential application as antimicrobial and anti-bio-
film agent. MCD of as synthesized NCs is determined by
means of Scherrer’s equation and observed to be ~22 nm
and 31 nm for Au NPs and Au@ZnO NCs respectively.
TEM analysis suggests the formation of core—shell morphol-
ogy with near-spherical Au NPs with a size range of 16 to
25 nm capped within ZnO shell. SPR spectrum of aqueous

day 5 untreated, (ii) day 5 treated, (iii) day 15 untreated and (iv) day
15 treated. Red oval shaped area showing the broken and unrecov-
ered wound and black shape indicating the completely healed area of
wound

dispersion of NCs did not change remarkably even after 7
days of incubation under hyperglycemic condition. Au@
ZnO NCs have shown higher antimicrobial and anti-biofilm
activity than Au and ZnO NPs even at lower concentration
(i.e. 100 pg/mL) against MRSH and S. aureus. NCs is found
to be less toxic towards mouse fibroblast cells compared to
ZnO NPs. Based on experimental findings it is expected that
as synthesized NCs inhibit the growth of S. aureus bacterium
by generation of ROS which have compromised the bacterial
membrane and other cellular components. FESEM images
also advocate the above possibility. Au@ZnO NCs have
also shown appreciable wound healing potential on mouse
model. Further work to evaluate the therapeutic potential of
this material will be carried out in near future.
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