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Abstract Galvanic replacement reaction was
used in the synthesis of bimetallic gold-silver alloy
nanoparticles (Au—Ag NPs), where pre-synthesized
Ag nanoparticles-polyvinylpyrrolidone  (AgNPs-
PVP) were used to reduce the aryldiazonium
tetrachloroaurate(Ill) salt in water. TEM images and
EDS elemental analysis showed the formation of
spherical Au—Ag NPs with sizes of 12.8+4.9 nm
and 25.6+14.4 nm for corresponding Au—Ag ratios
and termed as Au,q,Ag, g and Au,,9Ag,,;, respec-
tively, with different concentrations of the gold pre-
cursor. The hydrodynamic sizes measured using
dynamic light scattering are 46.4 nm and 74.8 nm
with corresponding zeta potentials of — 44.56 and —
25.09 mV in water, for Augg;Agq 09 and Aug9Agg 5,
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respectively. Oxidative leachability of Ag ion studies
from the starting AgNPs-PVP in 1 M NaCl showed
a significant decrease in the plasmon peak after 8 h,
indicating the complete dissolution of Ag ions, how-
ever, there is enhanced oxidation resistivity of Ag
from Au-Ag NPs even after 24 h. Electrochemical
studies on glassy carbon electrodes displayed a low
oxidation peak in aqueous solutions of 20 mM KCl
at 0.16 V and KNOj; at 0.33 V vs. saturated calomel
electrode (SCE). We studied the antibacterial activity
of Au—Ag alloy nanoparticles against gram-positive
Staphylococcus aureus, Staphylococcus epidermidis,
Enterococcus faecalis, and gram-negative Escheri-
chia coli, Salmonella typhimurium, and Pseudomonas
aeruginosa. Our findings demonstrated superior
antibacterial activity of Au—Ag NPs compared with
AgNPs-PVP. Moreover, the nanoparticles inhibited
the S. epidermidis biofilm formation.
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Introduction

The interest in gold—silver nanostructures originated
from the old civilizations (Botros 2015). The curios-
ity in developing such nanostructures takes its roots
from the natural alloy “Electrum” which contains dif-
ferent ratios of gold and silver metals. Moreover, the
different routes for the synthesis of Au—Ag nanostruc-
tures published in recent years have been increasing
rapidly because of their stoichiometric control which
resulted in several applications (Link et al. 1999; Fer-
rando et al. 2008; Chernousova and Epple 2013; Cun-
ningham et al. 2016; Gilroy et al. 2016; Zugic et al.
2017; Shirman et al. 2018; Wang et al. 2018; Bijal-
wan et al. 2020; Borah and Verbruggen 2020; Zhou
et al. 2020; Loza et al. 2020). For example, Cunning-
ham et al. demonstrated the use of Au—Ag NPs in a
paper-based sensor for the electrochemical detection
of AgNPs labels (Cunningham et al. 2016). Borah
and Verbruggen utilized the alloys and core—shell
arrangements for photothermal applications (Borah
and Verbruggen 2020). Bijalwan et al. used the alloys
coated on the sand for the reduction of the environ-
mental pollutant 4-nitrophenol to 4-aminophenol
(Bijalwan et al. 2020), Bai et al. studied the nano-
structures for surface-enhanced resonance spectros-
copy (Bai et al. 2015) and Shirman et al. studied
methanol oxidation over nanoporous alloys (Shirman
et al. 2018). The most studied applications of Au—-Ag
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NPs in nanomedicine engineering are the antibacte-
rial effects due to the ability of the leached Ag ions to
generate reactive oxygen species for killing bacteria
(Chernousova and Epple 2013; Mijnendonckx et al.
2013; Loza et al. 2020).

Gold-silver nanostructures can be synthesized
using immobilization by simple mixing of AuNPs
and AgNPs, seeding by the chemical reduction of Ag
over AuNPs, co-reduction by the chemical reduction
of both Au(IIT) and Ag(I) salts, and galvanic exchange
by mixing Au(Ill) with AgNPs (Sun and Xia 2004;
Rioux and Meunier 2015; Panicker et al. 2020). On
the other hand, the choice of the gold precursor is
critical in the potential difference of the redox cou-
ple Au(Ill)/Ag(0) in the galvanic replacement. Fur-
thermore, a few studies probed the mechanisms of
the replacement reactions using Au in the oxidation
states (I) and (IIT) (Sun et al. 2002; Sun and Xia 2004;
Au et al. 2008; Gonzalez et al. 2011; Wan et al. 2013;
Bai et al. 2015; Jang and Min 2015; Rioux and Meu-
nier 2015; Chen et al. 2016). The reduction of Au(I)
compounds was reported at higher potentials than
Au(IlT) (Mohamed et al. 1999, 2003). A comparative
study involved [AuClL,]” and [AuCl,]” in the reac-
tion with Au nanocubes (Au et al. 2008). In a related
study, the galvanic exchange route was carried out via
the reaction of [AuBr,]™ with citrate-capped AgNPs
(Bai et al. 2015). Gold(IIT) was also used for galvanic
exchange with Ag wires (Sun and Wang 2011).

Overall studies confirmed the role of the capping
agents in gating the electron transfer at the surface
(Zhang et al. 2011; Ma et al. 2012; Wu et al. 2013;
Li et al. 2014; Long et al. 2017). Several techniques
were used to probe Ag oxidation. Transmission
electron microscopy, fluorescence electrochemical
microscopy, single-particle hyperspectral images,
X-ray photoelectron spectroscopy, and electrochem-
istry were used in probing the oxidative leaching,
interfacial charge-transfer, and dynamic restructur-
ing of Au—Ag NPs (Sun and Wang 2011; Nishimura
et al. 2012; Toh et al. 2015; Holt et al. 2016; Plow-
man et al. 2016; Saw et al. 2016; Tanner et al.
2017a, b; Russo et al. 2018; Al-Zubeidi et al. 2021;
Xie et al. 2021). Electrochemistry evolved as the
first choice to relate the oxidation potential to the
leaching of Ag in Au—Ag NPs drop-casted on the
electrodes (Nishimura et al. 2012; Toh et al. 2015;
Holt et al. 2016; Plowman et al. 2016; Saw et al.
2016; Tanner et al. 2017a, b; Russo et al. 2018).
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Supporting electrolytes of KCI and KNO; were used
in this study to control the solubility product which
plays a major role in fine-tuning the redox behav-
ior of Ag (Russo et al. 2018). The rich information
gained on oxidative dissolution (dealloying) thus far
by Compton, Merkogi, and Tschulik in this research
concludes with the facile control of Ag oxidation in
Au—Ag NPs (Nishimura et al. 2012; Toh et al. 2015;
Holt et al. 2016; Plowman et al. 2016; Saw et al.
2016; Tanner et al. 2017a, b; Russo et al. 2018).

Literature on the antibacterial effects of Ag is
focused on several factors that control the structural
development and release of Ag ions from Au-Ag
alloy and core—shell nanostructures. The correla-
tion of a few factors was reported such as the stor-
age effect on the Ag ion release and toxicity mecha-
nism, size effect on Ag ion release, electrolyte effect
on the electrochemical oxidation of Ag, atomic
structure effect on toxicity mechanism and antibac-
terial effect, organic surface ligand and antibacte-
rial effect, size effect on the Ag ion release under
neutral and acidic conditions, and thickness effect
on the antibacterial properties (Martinez et al. 1993;
Shibata et al. 2002; Pallavicini et al. 2010; Kittler
et al. 2010; Liu et al. 2010, 2016; Das et al. 2012;
Hahn et al. 2012; Peretyazhko et al. 2014; Gilroy
et al. 2014; Ivask et al. 2014; Padmos et al. 2015;
Yang et al. 2017; Bhattacharya et al. 2018; Ray
et al. 2018; Zheng and Xie 2020; Dolinska et al.
2020).

This study aims to synthesize Au—Ag NPs using
the galvanic replacement method and probe their
electrochemical properties and relate them to the
antibacterial effects. Diazonium gold(IIT) salts
possess extremely low reduction potentials which
makes them the first choice in redox chemistry in
surface modification. We evaluated the antibacte-
rial activity of Au—Ag NPs solutions prepared by
the galvanic replacement on gram-positive Staphy-
lococcus aureus, Staphylococcus epidermidis, Ente-
rococcus faecalis, and gram-negative Escherichia
coli, Salmonella typhimurium, and Pseudomonas
aeruginosa ATCC strains. For the analysis of the
antibacterial properties, the well diffusion and mini-
mum inhibitory concentration, and minimum bacte-
ricidal concentrations were evaluated according to
Clinical and Laboratory Standards Institute (CLSI)
guidelines (Wikler 2006). The ability to inhibit

Staphylococcus epidermidis biofilm is evaluated by
crystal violet assay.

Experimental and methods
Chemicals

Sodium nitrite, hydrochloric acid (36.5-38.0%),
4-aminobenzoic acid, polyvinylpyrrolidone (PVP),
and ethyl acetate from Sigma-Aldrich. Potassium
chloride from Riedel-de Haén and potassium nitrate
from Merk Millipore. HAuCl, was synthesized in
our laboratory from gold metal. Sodium borohydride
from Fisher Chemicals. Silver nitrate from PanReac
AppliChem. Crystal violet, nutrient agar, and Muller
Hinton broth from HIMEDIA, India. Staphylococcus
aureus ATCC 29213, Staphylococcus epidermidis
ATCC 14990, Enterococcus faecalis ATCC 29212,
Escherichia coli ATCC 25922, Salmonella typhimu-
rium ATCC 29629, and Pseudomonas aeruginosa
ATCC 27553 from American Type Culture Collec-
tion ATCC.

Instruments

The synthesized Au-Ag NPs were character-
ized with a high-resolution transmission elec-
tron microscope (HR-TEM, Field Emission JEM-
2100F, JEOL, Japan). The composition of Au and
Ag in the samples was determined with energy dis-
persive X-ray spectroscopy installed in HR-TEM.
For the analysis, the nanoparticles in H,O/ethyl
ether were immobilized on a TEM grid of FORM-
VAR FCF 400-Cu (Electron Microscopy Sci-
ences, Hatfield, Pennsylvania, USA). The ImageJ
software provided by the United States National
Institutes of Health was used to measure lattice
spacings and the sizes of the synthesized sam-
ples. UV-visible absorption spectra were meas-
ured using a scanning spectrophotometer (Spectro
UV-2510TS, Labomed Inc.) in the 200-800 nm
range with 2 nm resolution. X-ray powder dif-
fraction (XRD) data were collected using Bruker
D8 ADVANCE diffractometer with Cu-Koa X-ray
source at A=1.5406 A operating at 40 kV tube
voltage and 40 mA current. Dynamic light scatter-
ing (DLS) measurements and {-potential analysis
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of the synthesized nanoparticles in water were car-
ried out using Anton Paar Litesizer 500 and ana-
lyzed using KalliopeTM software. A Renishaw
Ramascope was used for Raman measurements
at a laser excitation wavelength of 785 nm in the
scale range 200-3000 cm™!.

Cyclic voltammetry (CV) studies were per-
formed using CH Instrument -electrochemical
analyzer Model 660. The electrochemical cell is
comprised of glassy carbon (GC) electrode, Pt
wire counter electrode, and a saturated calomel
electrode (SCE) reference electrode, known as a
three-electrode setup, was employed for the analy-
sis. For cyclic voltammetry measurements, the GC
working electrode was polished with 0.05 pm Bue-
hler micro polish alumina powder, washed with
deionized water, sonicated for 5 min, and dried
with acetone. Before the electrochemical measure-
ments, the solutions in 20 mM KCI or KNO; sup-
porting electrolytes were bubbled for 10 min and
were blanketed with nitrogen gas while conduct-
ing the experiments. Background cyclic voltam-
mograms were acquired before the drop-casting.
Potentials are reported versus SCE reference elec-
trode at room temperature and are not corrected
for liquid junction potentials.

Dissolved silver concentrations were determined
using simultaneous ICP-OES (inductively coupled
plasma-optical emission spectroscopy-ICP-Varian,
Vista MPX CCD model).

Synthesis of AgNPs-PVP

AgNPs-PVP samples were synthesized using a
modified procedure (Panicker et al. 2020). Briefly,
20 mL of 80 mM NaBH, was taken in an Erlen-
meyer flask and placed in an ice bath under stir-
ring. The solution was kept under stirring for
30 min, and then 5 mL of 1% PVP and 1.0 mM
AgNO; solution was added dropwise simultane-
ously into the stirring NaBH, solution. Stirring
was stopped as soon as all AgNO; was added and
a clear yellowish-brown solution of AgNPs-PVP
was formed. The solution was heated at 40 °C for
3 h to remove the excess NaBH, and filtered using
cellulose tape. The solution was kept at 4 °C in the
fridge for further use.
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Synthesis of [HOOC-4-C.H,N=N]AuCl,

Aryldiazonium tetrachloroaurate(IIl) salt was synthe-
sized according to our previously published proce-
dure (Ahmad et al. 2019). The 4-aminobenzoic acid
of 3.0 mM was dissolved in 6 M HCI and 4.5 mM
sodium nitrite was dissolved in 5.0 mL of DI water.
Both solutions were mixed at 0.0-5.0 °C and stirred
for 1 h. Tetrachloroauric(Ill) acid of 3.0 mM was
dissolved in DI water and added slowly to the mix-
ture. The obtained yellow precipitate was filtered and
washed for further use.

Preparation of Au—Ag NPs

To the pre-synthesized AgNPs-PVP, 1 mM aque-
ous solution of aryldiazonium gold(Ill) salt was
suspended and was allowed to exchange overnight
undisturbed at room temperature. AgNPs reduced the
aryldiazonium salt and a reddish-blue Au—Ag NPs
solution was formed. Similarly, another set of 5 mM
and 10 mM aryldiazonium gold(III) solutions were
also mixed with AgNPs-PVP solution and stirred
overnight.

Oxidative leaching measurement of silver

Leaching studies were performed on AgNPs-PVP and
Augg,Ag; o9 and Aug 59Ag,,; NPs in water. One mL
of 1 M NaCl was added to 2 mL each of both solu-
tions. They were mixed and incubated at room tem-
perature for 1 h. UV-visible spectra were recorded
after 1 h.

Electrochemical study

Cyclic voltammetry (CV) measurements were done
by loading samples on glassy carbon (GC) working
electrodes with the drop-casting method. A glassy
carbon disk electrode with a diameter of 3 mm was
used. Before loading, the GC electrode surface was
cleaned with DI water, ethanol, and acetone. Then,
5 pL of the sample dispersion was transferred onto
a glassy carbon electrode and dried in the open air.
Cyclic voltammogram of samples including AgNPs-
PVP, Augg,Ag) o9, and Au,9Ag,,; were drop casted
on glassy carbon electrode in 20.0 mM KCI or
20.0 mM KNOj at 50 mV/s scan rate.
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Antibacterial activities
Well diffusion method

Antibacterial activities of the nanoparticles were
evaluated with the well diffusion method on six
strains: three gram-positive Staphylococcus aureus
ATCC 29213, Staphylococcus epidermidis ATCC
14990, and Enterococcus faecalis ATCC 29212, and
three gram-negative Escherichia coli ATCC 25922,
Salmonella typhimurium ATCC 29629, and Pseu-
domonas aeruginosa ATCC 27553. The direct colony
suspension method was used to prepare the standard
inoculums from 24 h agar culture plates. The inocu-
lum optical density was adjusted to 0.5 McFarland
standard at 600 nm using DensiCHEK™ to give a
concentration of 1x10% CFU mL~!. Then, it was
spread over Muller Hinton agar surface with a cot-
ton swab. Then, wells with a diameter of 7 mm were
punched, and 50 pL of the samples were introduced
into the wells. Then, agar plates were incubated at 37
°C overnight. The zone of inhibition was measured
in mm. Erythromycin of 15 pg was used as a control
for the gram-positive and gentamicin 50 pg for gram-
negative bacteria.

Micro-broth dilution method

The micro-broth dilution method was used to deter-
mine the Minimum Inhibitory Concentrations (MIC)
and Minimum Bactericidal Concentrations (MBC)
according to the Clinical and Laboratory Standards
Institute (CLSI) (Wikler 2006). Briefly, the test-
ing solutions were double diluted in Muller Hinton
broth. Standard bacterial inoculums were tested at a
final concentration of 5x10° CFU mL~! in 100 uL
of the testing solution. Control wells of broth with
bacteria and sterile wells containing broth only were
set. Plates were sealed and incubated overnight in a
shaking incubator at 37 °C. MIC was detected visu-
ally. Minimum concentrations that kill 99.9% of the
initial inoculum were detected by sub-culturing 10 uLL
of the samples from all wells that showed inhibition
onto nutrient agar and incubated for 24 h at 37 °C,
and the number of colonies was counted to find the
MBCs. The MIC and MBC values were presented as
dilution %.

In vitro biofilm formation assay

Microtiter Dish Biofilm Formation Assay was used
to assess the inhibition of Staphylococcus epider-
midis biofilm formation and was evaluated by the
crystal violet method. In brief, 200 puL of Tryptic Soy
Broth (TSB) broth containing 10> CFU mL~! along
with MIC, 2 MIC, and 1/2 MIC of Au—Ag NPs were
inoculated in sterile 96 wells of polystyrene micro-
titer plate. The plate was incubated in a static mode
at 37 °C for 48 h. The negative and positive control
wells maintained the absence of nanoparticles and
sterility wells as a negative control. After the for-
mation of the biofilm, the content of each well was
removed, washed twice with sterile normal saline,
stained with 200 pL of 0.1% w/v crystal violet solu-
tion, and incubated for 30 min at room temperature.
Thereafter, the excess solution was removed, and the
plate was washed twice with normal saline and air-
dried. The bound stain was solubilized using 200
uL of 95% ethanol and the optical density (OD) was
scanned at 590 nm. The amount of biofilm inhibition
was calculated relative to the amount of biofilm that
was grown in the absence of nanoparticles (defined as
100% biofilm) and the media sterility control (defined
as 0% biofilm).

Statistical analysis

Statistical analysis was performed using paired Stu-
dent t test, P values of 0.05 were considered signifi-
cant. Single stars denote 0.01 <P <0.05, double stars
0.001 <P <0.01, and triple stars P<0.001.

Results and discussion
Synthesis and characterization

Au-Ag NPs were synthesized using galvanic
exchange of AgNPs-PVP with aryldiazonium gold
salt [HOOC-4-C,H,N=N]AuCl, in different ratios at
room temperature in water, Fig. 1 A. Diazonium salts
of 1 mM and 5 mM were successfully reduced using
AgNPs-PVP. Figure 1B shows UV-visible spectra
of the plasmon peaks of the parent AgNPs-PVP at
400 nm and Au-Ag NPs at 544 nm. Figure 1C dis-
plays the cuvettes of AgNPs and Au—-Ag NPs. The
formation of Au—Ag NPs was monitored with time as

@ Springer



1312 Biometals (2022) 35:1307-1323
AgNO;
+
@ PVP %
%
>
>
coon
COOH HOOC COOH
RoomTemperature
+ * N > ll()(x"@—o&&@('om{
- &
N,AuCly HOOC b
Gold diazonium AgNPs-PVP p -
Au-Ag NPs
(b) (©)
0.8
0.7 3
—— AgNPs-PVP
0.6
o @ Aug 01AZ0.00
E 03 — Aug 70Ag)
£ 0.4 1
=3
2
<

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 1 A Schematic representation of the synthesis of Au-Ag
NPs from aryldiazonium gold(IlI) salts, B UV-visible spectra
of (a) AgNPs, (b) AuygAgyog and (c) Augs9Ag,,; (y-axis

shown in Fig. 2a, b. Silver plasmon peak at 400 nm
disappeared upon the addition of the diazonium salt
and the Au plasmon peak at 544 nm started to grow
with time, Fig. 2.

The effect of diazonium salt concentration on the
exchange reaction was monitored and we were able to
successfully exchange Au(IIl) to Au(0) using AgNPs
at low concentrations of diazonium such as 1 mM
and 5 mM termed as Aujg;Agy g9 and Aug19Ag),,
respectively according to the elemental composi-
tion obtained from EDS installed in TEM. But when
the concentration of the diazonium salt increased to
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not to scale), and C cuvette images showing the colors of (a)
AgNPs-PVP, (b) AuggiAgg oo, and () Aug70Ag 5,

10 mM (equimolar Au and Ag), the solution became
white cloudy and a precipitate was settled over time,
apparently AgCl. This indicates that the effect of
diazonium concentration is crucial with an optimum
Au:Ag ratio for the successful fabrication of Au-Ag
NPs. Increased diazonium concentration corresponds
to the concentration ratios of 1:10 (Au-Ag) and 1:5
(Au-Ag) for AuyqAgyge and Aug,9Ag,;, respec-
tively. When we increased the diazonium concentra-
tion further to 1:1 (Au:Ag) there may not be sufficient
Ag(0) to completely reduce Au(Ill) to Au(0). Also,
generated Ag(I) ions may easily react with chloride
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Fig. 2 UV-visible spectra for the formation of the peak with the time of a Aujg;Ag, o and b Au ;9Ag,,. Leaching studies in 1 M

NaCl of ¢ AgNPs-PVP, d Augg;Ag g9, and e Aug19Ag 5,

Table 1 Particle size and zeta potential measurements in water

Hydrodynamic Zeta potential (mV)
diameter (nm)
AgNPs-PVP 12.9 —14.98
Aug91AZ0,09 46.4 — 44.56
Ay 79AZ0 ) 74.8 —25.09

ions from excess diazonium tends to produce insol-
uble AgCl. It was also observed that the amount of
Ag in AuggAg)g and Aug,9Ag,,; NPs was dia-
metrically the opposite to the amount of Ag precursor
added in the synthesis solution, Eq. (1).

4Ag (s) + diazonium [AuCl,] (aq) — Au(aryl),(s)

+ 4Ag*(aq) + 4Cl (aq)
6]
The leaching of Ag ions from AgNPs-PVP and
Au-Ag NPs was studied using 1 M NaCl. Both solu-
tions were mixed with 1 mL of 1 M NaCl and incu-
bated at room temperature for 1 h before UV-visible
spectra were recorded. The plasmon peak of AgNPs-
PVP showed a significant decrease after 8 h of mix-
ing indicating complete leaching of AgNPs, however,

Au-Ag NPs showed no leaching within the same
time range, Fig. 2c—e. However, slight leaching was
observed for Au—Ag NPs plasmon peak after 24 h.
Hydrodynamic sizes and surface charges of the
materials in water were probed using dynamic light
scattering and zeta potential ({-potential), Table 1.
The average hydrodynamic size of AgNPs-PVP
increased from 12.9 nm to 46.3 nm and 74.8 nm,
respectively (See Fig. S1). Corresponding polydis-
persity index (PDI) values obtained from DLS for
AgNPs-PVP, AugqAg, o9 and Aug,9Ag,,; NPs are
0.36 (36.2%), 0.35 (35.5%) and 23.2 (23.2%), which
indicate their quality with respect to the size distri-
bution. The measured {-potential of AgNPs-PVP
in water was—14.98 mV, arising generally from
the PVP functionalities. The results showed that
Augg;Agg oo and Auys9Ag,,; NPs have {-potential
values of — 44.56 mV and — 25.09 mV. The increased
particle size with a high concentration of Au in
Au—Ag ratio was also observed in TEM images (vide
infra). The nanoparticles were further analyzed using
powder X-ray diffraction (PXRD) (See Fig. S2).
The observed characteristic peaks for face-centered
cubic (fcc) AuNPs reflections (PDF Card #4-784) are
20=38.1°,44.1°, 64.5°, 77.5°, and 81.5°.
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Raman spectroscopy revealed Au—Ag NPs with
aryl organic shells -4-C4H,~-COOH. For instance,
the bands at 666 and 1053 cm™' are assigned to
ring deformations (Kwon et al. 1994). Characteris-
tic peaks like 8¢op at 850 cm™! and 1610 cm™ are
assigned to C=O0 functional group arising from car-
boxylic indicates the presence of the aryl shell (See
Fig. S3) (Pagannone et al. 1987; Yu et al. 2001).
Moreover, the diazonium peak disappearance at
2270 cm™! supports the complete reduction of the
salt. Also, there is a significant enhancement of the
signal at 2945 cm™! (v, of CH, in the skeletal chain
of PVP) compared with AgNPs-PVP which reveals
that the CH, chain is close to the surface of AuNPs
(Mao et al. 2012).

The Au—Ag NPs with different amounts of Au pre-
cursors are mostly spherical, Fig. 3 (Au, ¢;Ag o9) and
Fig. 4 (Auy9Ag,;). The nanoparticles were com-
pletely crystallized as confirmed by the observation
of sample lattice spacings. As shown in Fig. 3d, the
measured lattice spacings of Augg;Agg g9 0f 0.195 nm
and 0.200 nm corresponding to the (200) plane of Au,
confirmed the formation of metallic Au. Interestingly,
in the sample synthesized with more Ag precur-
sor, three lattice spacings of 0.198 nm, 0.24 nm, and
0.144 nm were measured, respectively correspond-
ing to (200), (111), and (220) planes of Au. Also,
0.240 nm and 0.198 nm of the measured lattice spac-
ings in the Auj,9Ag,,; sample may correspond to
(111) and (200) planes of Ag. Berahim et al. reported
similar results that two different lattice spacings
of 0.20 nm for (200) plane of Ag and 0.24 nm for
(111) plane of Au were observed when the bimetallic
Au—-Ag NPs were synthesized (Berahim et al. 2018).
This result strongly proved the successful formation
of Au—Ag NPs for both samples. Our previous stud-
ies also reported that the lattice spacing of 0.235 nm,
corresponding to the (111) plane of Au or Ag, was
observed in the prepared Au—Ag NPs with a green
synthesis method (Han et al. 2014, 2015).

As shown in Fig. 3e, the atomic weight% of Au and
Ag were 91.2% and 8.8%, respectively, confirming
the presence of both Au and Ag in Au—Ag NPs sam-
ple. The synthesized nanoparticles ranged from 4.6
to 33.3 nm and the average size was 12.8+4.9 nm,
Fig. 3 and Table S1. As shown in Fig. 4e, the atomic
weight% of Au and Ag were 78.7% and 21.3%,
respectively, confirming the presence of both Au
and Ag in Au-Ag NPs sample. The synthesized
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nanoparticles ranged from 7.9 to 56.5 nm and the
average size was 25.6 + 14.4 nm, Fig. 4 and Table S2.
The content of Ag in Au—Ag NPs was the opposite of
the amount of Ag precursor used and particle sizes of
the samples also increased at high concentrations of
Au in Au—-Ag ratio.

Electrochemistry

Cyclic voltammetry studies were performed in
20 mM KCI and KNO; supporting electrolytes to
investigate the oxidation behavior of Au—Ag NPs,
as the results provide insights into the stability of
the alloys and the rate of Ag oxidative release in
antimicrobial media. First, the CV of pure AgNPs-
PVP was studied on AgNPs drop-casted glassy car-
bon electrodes vs SCE, Fig. 5a, b. Here, an oxida-
tive peak is observed at 0.16 V in KC1 (Fig. 5) and
0.33 V in KNO; (data not shown). The potential
values are in agreement with literature work and
assigned to AgNPs oxidation to ionic Ag, Egs. (2)
and (3) (Plowman et al. 2016).

Ag (s) + Cl (aq) = AgCl (s) + e~ )

Ag (s) + NOZ(aq) = Ag*(ag) + NOJ(ag) + e~ (3)

Second, the CV of Au-Ag NPs was studied as
shown in Fig. 5c¢c—f. For the AugqAggo sample,
oxidative peaks are observed in the forward scans
at 0.16 V and 1.4 V for Ag and Au respectively and
traces of AgCl reduction in the reverse scan. From
Fig. 5d, we can see the magnitude of the Ag oxi-
dation peak increased when compared with AgNPs-
PVP, and the Au oxidation is diminished after the
first cycle. Similarly, oxidative peaks in the for-
ward scans for Auj,9Ag,,; samples are also the
same, however, the magnitude of Ag oxidation is
considerably less than Augg,Ag . The complex-
ing chloride ion enhances the dissolution of Ag to
form AgCl which is thermodynamically favored.
The low oxidation potential in KCI electrolyte could
be explained based on the tendency to form AgCl
away from the electrode and becomes hard to bring
back to reduce on the electrode in the reverse scans.
Our interpretation is supported by the absence or
the small peak presence on the reverse scan due to
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[

Fig. 3 a—c TEM, d HR-TEM images, and e EDS spectrum of Au,.q;Ag, o9 Sample

AgCl reduction at low potential. The reduction peak Continuous dissolution probably occurred from the
is greatly attenuated at the second and third scans. first cycle to the consecutive cycles in the case of
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Fig. 4 a—c TEM, d HR-TEM images, and e EDS spectrum of Au, ;9Ag,; sample
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Fig. 5 Cyclic voltammograms of 5 pL nanoparticles drop-
casted on GC electrodes in 20 mM KCl vs. SCE at 50 mV/s
scan rate for a AgNPs-PVP: — 0.5 to+1.6 V range, b AgNPs-

AgNPs-PVP. On the other hand, the oxidation of Ag
over the next few cycles behaved differently in the
presence of Au. The oxidation of Ag in the alloys is
very slow and far from quantitative.

Following the same procedure of electrochemistry
in 29 mM KCI, we also looked at the electrochemi-
cal behavior of Ag in the alloys in the presence of
the non-complexing supporting electrolyte KNO;,
Eq. (3). The electrochemistry results of AgNPs
behaved slightly differently and the oxidation peak is
prominent and shifted to higher potential, i.e., 0.4 V

PVP: — 0.5 to+0.5 V range, ¢ AuggAgyg — 0.5 to+1.6 V
range, d Augg;Ag)a: — 0.5 to+0.5 V range, e Auy9Ag,,;: —
0.5to+1.6 V range, and f Auj;9Ag,;: — 0.5 t0o+0.5 V range

vs. SCE. In addition, the reduction peak of Ag pos-
sesses more current on the reverse scan. This could
be due to the free Ag cations in the solution available
for the electrochemical reduction on the electrode
surface. The Au—Ag NPs also showed lower oxida-
tion potential values compared with AgNPs, how-
ever, higher than the potential values in KCI. The
comparison studies support the facile removal of Ag
from the alloys in the presence of chloride compared
with KNOj; because of the formation of AgCl. Over-
all results are supported by the literature investigation
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Table 2 Zone of inhibition
in mm for Auy g, Agg g9,
Aug 70Agg 21, and AgNPs-

PVP

Erythromycin of 15 pg
was used as a control for
the gram-positive and
gentamicin 50 pg for the
gram-negative bacteria

Bacteria ATCC Zone of inhibition (mm % SD)
Aug ;AL 09 Aug 10Ag 5, AgNPs-PVP Control

S. aureus 29213 19.0+0.6 16.0+0.6 —* 23.0+0.6
S. epidermidis 14990 15.0+0.6 13.0+0.6 - 25.0+0.6
E. faecalis 29212 18.0+0.6 10.0+1.0 - 220+1.0
E. coli 25922 12.0+0.6 10.0+1.0 - 20.0+0.6
S. typhimurium 29629 240+1.0 14.0+1.0 - 21.0+0.6
P. aeruginosa 27553 13.0+0.6 12.0+0.6 - 20.0+1.0

*No activities

on AgNPs and Au-Ag NPs in chloride and nitrate
supporting electrolytes (Nishimura et al. 2012; Toh
et al. 2015; Holt et al. 2016; Plowman et al. 2016;
Saw et al. 2016; Tanner et al. 2017a, b; Russo et al.
2018; Xie et al. 2022). We can extract the fact that
AgCl is thermodynamically favored over AgSCN and
AgNO;. For example, the poorly soluble AgCl has
K, of 1.8% 107'% compared with the highly soluble
AgNO; of K, =51.6 at 25 °C. Nevertheless, to con-
firm the hypothesis of the effect of electrolytes, the
oxidative removal of Ag from drop-casted GC elec-
trodes occurred and is dependent on the electrolyte.

It is worth adding comments on the electro-
chemical results of Au in the alloys. Figure 5c and e
show the oxidation peaks of Au in Augg,Agg and
Aug 59Ag,,; NPs samples, respectively. Gold showed
a small oxidation peak in the two alloys due to the
formation of tetrachloroaurate(Ill), Eq. (4). A consid-
erable enhancement in the Au oxidation occurred in
the low Au ratio alloy, Au9Ag,;. The pronounced
Au oxidation peak in low Au ratio alloy could be due
to the electron depletion of Au by Ag which facili-
tated the loss of electrons (Nishimura et al. 2012).
Hence, the chemical stability of Au—Ag NPs to the
charge transfer from Au to Ag which in turn can mod-
ify the electronic structures. Gold oxidation occurred
in the chloride-rich electrolyte compared with those
almost nonexistent in KNOj;. In chloride electrolyte,
the oxidation potential at 1.1 V vs SCE is clear how-
ever almost disappeared in the next few cycles.

Au (s) + 4Cl™(aq) — [AuCl,] (aq) )

To this end, the literature presented a few exam-
ples of electrochemistry of Ag oxidation controlled
by a few factors such as size, medium, coordinat-
ing anion, and capping agent. Meanwhile, the PVP
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capping agent is critical in controlling the oxidation
of AgNPs. Compton results support our conclusion
that PVP decreased the oxidation potential of Ag in
its alloys compared with several capping agents (Toh
et al. 2015; Tanner et al. 2017a, b). Another trial
we attempted is the electrochemical studies in solu-
tion versus drop-casted on GC electrode. We have
drawn a clear insight that solution studies resulted in
inconsistent and very attenuated oxidation peaks due
to blocking the electrode among other factors. Zam-
borini studied the effect of electrode material graft-
ing methods such as electrostatic attachment, elec-
trophoretic deposition, and drop-casting deposition
on the electrochemical oxidation of AuNPs (Pattadar
et al. 2019). The E , value and aggregation state can
be greatly affected by the solution versus drop-casted
samples as electrodes for electrochemical studies as it
is clear from our investigation. Hence, casting elec-
trodes could be the best method to probe the electro-
chemical oxidation of AgNPs and Au—-Ag NPs.

Antibacterial susceptibility

Controlling the release of Ag cation because of its
oxidation in biological media can be beneficial for
the long-term use of Au-Ag NPs in antibacterial
substrates. Physicochemical properties can affect the
release of Ag, hence each group of AgNPs and their
alloys must be evaluated independently. Here, we
study the alloys synthesized in this work for anti-
bacterial efficacy. From CV results, we can conclude
that Au, ¢, Ag o9 Of less Ag ratio is prone to oxidative
leachability. Moreover, this supports the dissolution
of Ag cation as the most acceptable mechanism for
the generation of reactive oxygen species for killing
bacteria. To confirm our correlation, we carried out a
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Fig. 6 Antibacterial susceptibility test, well diffusion method
zone of inhibition for Aug g Agg g9, Alg70Ag),;, and AgNPs-
PVP against a S. aureus, b S. epidermidis, ¢ E. faecalis, d E.

coli, e S. typhimurium, and f P. aeruginosa showing the inhi-
bition with Augg,Ag, o9 and Aug ,9Ag,,; but not with AgNPs-
PVP

Table 3 MIC and MBC concentrations of Aug ¢;Ag g9, Al 79AL),1, and AgNPs-PVP

Bacteria ATCC MIC (%) MBC (%)
Augg1AL0 09 Aug79Ag) 5 AgNPs-PVP Augg;Ag0 09 Aug70Ag) 5 AgNPs-PVP

S. aureus 29213 3.125 25 - 3.125 25 -

S. epidermidis 14990 6.25 12.5 50 12.5 25 50

E. faecalis 29212 12.5 25 - 25 50 -

E. coli 25922 3.125 12.5 - 12.5 12.5 -

S. typhimurium 29629 3.125 25 - 3.124 25 -

P. aeruginosa 27553 12.5 25 - 12.5 25 -

few antibacterial studies. In addition, MIC and MBC
values were also estimated.

Well diffusion method
Antibacterial susceptibility testing by well diffusion

method was performed on ATCC strains, gram-pos-
itive S. aureus ATCC 29213, S. epidermidis ATCC

14990, E. faecalis ATCC 29212, and three gram-
negative E. coli ATCC 25922, S. typhimurium ATCC
29629, and P. aeruginosa ATCC 27553 on Muller
Hinton agar. Results showed an effective inhibition
zone between 10.0 to 24.0 mm, Table 2. This find-
ing suggests that both Au—Ag NPs have antibacterial
activities on all tested strains, while no activity was
demonstrated for AgNPs-PVP, Fig. 6.
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Minimum inhibitory concentrations and minimum
bactericidal concentrations

The micro-broth dilution method was used to
determine the MIC and MBC following the CLSI
guidelines, Table 3 (Wikler 2006). The Au-Ag
NPs synthesized by galvanic replacement reaction
demonstrated antibacterial activities towards all
tested strains while AgNPs-PVP inhibited only S.
epidermidis at 50% dilution, however, gold-aryl
NPs did not show any activities on both strains as
we reported in our previous study (Panicker et al.
2020). Galvanic Au—Ag NPs inhibited all strains.
Our results indicate that the combination of Ag and
Au enhanced the antibacterial activities of Ag more
than the native AgNPs and AuNPs.

Further, silver ion concentrations in solutions can
confirm the role of leached Ag in the antibacterial
activity of both Au—-Ag NPs. Inductively coupled
plasma-optical emission spectroscopy was used to
determine the concentration of dissolved Ag using
Ag standard solutions of 2.94, 1.47, 0.73, 0.36, and
0.18 mM freshly prepared by dissolving AgNO; in
deionized (DI) water to construct a calibration curve.
A 500 uL volume of Augg;Agg g9, AUg79ALy,;, and
AgNPs-PVP was mixed with Muller Hinton broth
medium and was incubated overnight in a shaking
incubator at 37 °C to create similar conditions to the
antibacterial study. Further, the mixture was centri-
fuged at 5000 rpm for 20 min, and the supernatant
and residues were separated. Supernatants were ana-
lyzed using ICP-OES. Silver ion concentrations of
1.1x 1072 mM for Augg;Agyge and 4x 107> mM for
Aug 19Ag,,; and AgNPs-PVP were determined. This
supports that the dissolution of Ag is more prominent
in Augg,Ag, o relative to Auy,9Ag,,, and thereby
possesses higher antibacterial activity.

In vitro biofilm formation assay

The inhibition of biofilm formation by Augg;Ag o
Aug19Agq,;, and AgNPs-PVP was studied with a
static microtiter plate assay on S. epidermidis, Fig. 7
and Table S3. The samples Au g;Ag g9. AUg79AL0 215
and AgNPs-PVP were significantly able to hinder S.
epidermidis biofilm formation. Notably, Au—Ag NPs
and in particular Au¢;Agj o9 NPs showed more inhi-
bition when compared with the control. Therefore,
these results point out that AgNPs demonstrate strong
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Fig.7 a Histogram representing biofilm inhibition at OD
590 nm after treatment with Augq,Agg g9, AlUg79Ag,,;, and
AgNPs-PVP for 48 h at 2 MIC, MIC, and 2 MIC compared
with the positive and negative controls, which showed inhibi-
tion of S. epidermidis biofilm formation. Values are expressed
mean+ SD (n=3). Statistical analysis was performed using the
paired Student t test. P values <0.05 were considered signifi-
cant. Double stars 0.001 <P <0.01 and triple stars P <0.001

bactericidal activity as well as antibiofilm activity by
low absorbance values (Murzyn et al. 2010).

In conclusion, the toxicity caused by metal NPs
towards bacterial cells depends on their physical
and chemical properties (Liu et al. 2014; Jena et al.
2020). Dong et al. reported different particle sizes
and concentrations that can affect the bacterial cells
and concluded that the smaller the size of AgNPs the
higher their antibacterial activity (Dong et al. 2019).
In another study by Ramasamy et al., it was shown
that very small and spherical Au—Ag NPs infiltrated
through the biofilms and repressed the entire bacterial
populations even at low concentrations (Ramasamy
et al. 2016). Recently, Liu et al. discoursed the release
of Ag ions and their routes for antibacterial action
(Xu et al. 2021). In our study, we can see the size
dependence of the antibacterial effects. Both DLS
and TEM sizes are smaller for Augg;Aggg than
Aug,9Agy,;. The smaller size alloy NPs presented
higher antibacterial. In addition, less ratio of Ag is
more potent antibacterial in solution. Taken together,
the sizes of nanoparticles after dispersion in water are
below the critical size of 100 nm. Table 2 presents
the negative zeta potential of all samples. Sample
Aug g Agg oo of higher antibacterial effect has a lower
Ag ratio, smaller size, and higher negative zeta poten-
tial than Augy 79Ag) 4.
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Conclusions

Bimetallic Augg;Agg 09 and Auy,9Ag,,; NPs were
synthesized using the galvanic replacement method.
The exchange is feasible given the facile reduction
of aryldiazonium gold(III) salts at a potential com-
parable with the oxidation of AgNPs. The isolated
Au-Ag NPs are highly stable in high NaCl con-
centration compared with pure AgNPs. Dissolution
tests were monitored, and Ag showed low dissolu-
tion from the alloys. Hence, a size-dependent effect
on the antimicrobial function was observed in this
study. Smaller-size alloy NPs produce more Ag ions
in water due to larger surface area and are more
antibacterial. Our data suggest that the average size
of Au—Ag NPs is a key factor in the determination
of their antibacterial efficiency. Moreover, less Ag
ratio presented higher potent antibacterial effects.
Overall, oxidative leaching of Ag and hence their
bioavailability in the media are indicators of the
antibacterial effects.
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