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Abstract Despite the potential antimicrobial activity
of metallic nanoparticles, the increasing concerns
about nanosafety have been holding back the use of
these materials in therapeutics and biomedical de-
vices. In the last years, several studies called attention
to metallic nanoparticles toxicity. In the most part of
in vitro studies performed with mammalian cells,
metallic NPs reduced cell viability and induced
genotoxicity and inflammatory responses. Bimetallic
NPs have attracted great attention because they pres-
ent distinct and even more advanced characteristics
when compared to nanoparticles formed by a single
metal. Recently, bimetallic NPs have emerged as an

alternative to improve the antimicrobial activity of
metallic nanoparticles, aiming at the broadening of
the action spectrum and the reduction of the toxicity.
However, the biocompatibility of bimetallic nanopar-
ticles has been demonstrated only by in vitro studies.
In the present work, the toxicity of AuPt nanoparticles
was addressed both in vitro and in vivo. In addition,
the antimicrobial activity of AuPt bimetallic nanopar-
ticles has been evaluated in comparison with Au and
Ag nanoparticles. The nanoparticles were character-
ized by ultraviolet-visible spectroscopy, dynamic
light scattering, transmission electron microscopy,
inductively coupled plasma optical emission spec-
troscopy, and X-ray diffraction. The antimicrobial
activity was studied against Candida albicans, Pseu-
domonas aeruginosa, and Staphylococcus aureus.
The toxicity of nanoparticles was evaluated in vitro
by analyzing their toxicity against human fibroblast
cells (HS68 cell line) and in vivo by embryonic tox-
icity test in zebrafish (Danio rerio). The results con-
firmed the intrinsic antimicrobial activity of the three
types of nanoparticles but different toxicity. Bimetal-
lic nanoparticles showed enhanced antimicrobial ac-
tivity in comparison with Au nanoparticles but lower
antimicrobial activity compared with Ag nanoparti-
cles. However, AuPt nanoparticles showed great ad-
vantage over Ag nanoparticles due to the absence of
cytotoxicity and lower toxicity in vivo.
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Introduction

Metallic nanoparticles (NPs) have been extensively ex-
plored in health sciences as diagnostic and therapeutic
agents (Smith et al. 2012; Yao et al. 2016; Song et al.
2013; Linic et al. 2015; Aioub et al. 2017). Even more
remarkable has been the investigation of the antimicro-
bial activity of metallic NPs which has been motivated
by the emergence and re-emergence of infectious dis-
eases due to multidrug resistance of pathogenic micro-
organisms. In addition to the enhanced antimicrobial
activity, the high stability of metallic NPs is another
advantage over the organic compounds normally used
as antimicrobial drugs (Singh et al. 2018; Siddiqi et al.
2018; Wang et al. 2017). The antimicrobial efficiency of
metallic NPs depends mainly on the chemical nature,
surface chemistry, and charge of the NPs. Although the
mechanism of action of NPs has not been entirely elu-
cidated, the antimicrobial activity has been associated
with the interaction between NPs and the microbial
membrane together with oxidative stress (Siddiqi et al.
2018; Dakal et al. 2016; Feng et al. 2015). Among the
most efficient antimicrobial NPs, Au and Ag NPs have
attracted a special attention as antibacterial agents. It is
believed that antibacterial activity of Au and Ag NPs is
not only a consequence of the interaction between NPs
and bacterial membrane but also due to enzymes inac-
tivation by the binding of thiol groups to gold and silver
atoms (Hinterwith et al. 2012; Park et al. 2018; McShan
et al. 2014; Kumar et al. 2013).

Bimetallic NPs are composed of two different metal
elements forming a single nanometric material. These
NPs have attracted great attention because they present
distinct and improved features when compared with
NPs formed by a single metal including enhanced anti-
microbial and catalytic activity. The uniqueness of bi-
metallic NPs is related mainly to the synergism between
the constituent metals and to their large surface area (Xu
et al. 2015; Srinoi et al. 2018). Among the most com-
monly studied bimetallic, NPs are the ones composed by
noble metals (Au, Ag, Pt, and Pd) or transition metals
(Ni, Cu, Fe, Co). The properties of bimetallic NPs
depend closely on their atomic arrangement and elec-
tronic structure (Xu et al. 2015; Lai et al. 2010). Several
atomic arrangements can be obtained according to the
composition, the reaction conditions, and the synthetic
route (Lapp et al. 2018). Notably, the synthesis of bime-
tallic NPs presents a greater challenge due to inherent
peculiarities of each metal introduced into the system,

such as its different redox potentials and chemical reac-
tivity. Thus, recently many researchers have reported
improvements in the synthesis of bimetallic NPs in
solution (Srinoi et al. 2018; Qingbo et al. 2010).

Despite the potential antimicrobial activity hold by
metallic NPs, the increasing concerns about nanosafety
have hampered the translation of these NPs to the ther-
apeutic and biomedical fields. In the last years, several
studies called attention to the metallic NPs toxicity. The
toxic effects were cell line dependent but in the most
part of in vitro studies performed with mammalian cells
it was observed that metallic NPs reduced cell viability
and induced genotoxicity and inflammatory responses
(Gao et al. 2017; Kaiser et al. 2017; Kim et al. 2011;
Asharani et al. 2011; Ávalos Fúnez et al. 2013; Arvizo
et al. 2010). The extent of toxic effect was dependent on
the metallic nature and on the surface functional groups.
Severe effects were observed with Ag NPs which in-
duced membrane leakage and decrease in mitochondrial
activity in pulmonary, dermal, and hepatoma fibroblasts
(Ávalos Fúnez et al. 2013).

The interaction of different types of NPs with
humans, animals, plants, and aquatic organisms are
commonly addressed through in vitro assays with the
use of reconstituted cell membranes and animal cells.
Although in vitro assays indicate a promising direction,
in vivo assays are closer to the clinical application, can
be explored systemically, and directly reflect the adap-
tation and damage of the organism. Regarding in vivo
assays, in addition to the commonly used mice, rats or
rabbits, zebrafish (Danio rerio) has been widely used in
nanotoxicological studies. The use of this experimental
model has grown in recent years due to its low cost,
small size (3 to 4 centimeters), high fertilization rate, fast
life cycle, and embryo transparency (Asharani et al.
2011; Howe et al. 2013; Ma et al. 2018; Van Pomeren
et al. 2017; Sieber et al. 2017). By using zebrafish as
animal models, Asharani et al. (2017) showed that
AgNPs were the most toxic NPs in comparison with
PtNPs and AuNPs. Both AgNPs and PtNPs showed a
drop in heart rate, touch response, and axis curvature. In
addition, AgNPs also induced pericardial effusion, ab-
normal cardiac morphology, circulatory defects, and
absence or malformation of the eyes. None of these
toxic effects was observed for AuNPs.

In contrast to many reports addressing metallic NPs,
the number of works on the biological interaction of
bimetallic NPs is still limited. Nevertheless, the com-
parison between the toxicity data is hampered by the
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differences in the physicochemical characterization and
in the units used to represent NPs concentration. In some
works, concentration was reported as a number of par-
ticles/volume, calculated by using the plasmon band. In
others, the concentration was reported as molar concen-
tration of metal, which was calculated based on the
amount of metal ions added in the reaction medium
considering 100% of reduction. Additionally, in most
part of comparative works, NPs concentration is nor-
malized by concentrating or diluting NPs stock suspen-
sion obtained from the synthetic process. However, we
should consider that any change in the concentration of
stock NPs suspension changes the colloidal state and
consequently alters the toxic effect and antimicrobial
activity. The present work aims at the investigation of
the biological interaction of bimetallic NPs of gold and
platinum (AuPtNPs) in aqueous suspension. All the
studies were performed in comparison with AuNPs
and AgNPs. The NPs suspension used in all the assays
were the one obtained directly from the synthesis in
order to maintain the colloidal state of the NPs.

The antimicrobial activity of the NPs was studied
against Candida albicans, Pseudomonas aeruginosa,
and Staphylococcus aureus. The NPs biological activity
was evaluated in vitro by analyzing their toxicity against
human fibroblast cells (Hs68 cell line) and in vivo by
embryonic toxicity test in zebrafish (Danio rerio).

Materials and methods

Synthesis of nanoparticles

Synthesis of AuNPs

Tetrachloroauric (III) acid (HAuCl4.3H20 ≥ 99.9% trace
metal basis) and trisodium citrate dihydrate (≥ 99.9%)
were ordered from Sigma-Aldrich. Chemicals were used
as provided and ultrapure water was used for all
procedures.

AuNPs were prepared according to the traditional
Turkevich method (Enustun and Turkevich 1963),
which is based on the reduction of gold ions by the
trisodium citrate in aqueous solution. In an Erlenmeyer,
1 L of ultrapure water was heated to 95 °C on a hot plate
with constant stirring. Subsequently, 20 mL of a precur-
sor solution (HAuCl4.3H2O) in the water at 5.0 × 10−2

Mwas quickly added followed by the addition of 10 mL
of a sodium citrate aqueous solution at 3.0×10−1 M. The

stoichiometric ratio between the metal salt and the re-
ducing agent was of 1:3 and the pH was 3.0. After the
color of the solution had changed, it was heated for ~
12 min until it turned to the characteristic wine-red,
indicating the formation of AuNPs. The hot plate was
switched off and the solution was cooled at room tem-
perature. The NPs suspensionwas then transferred into a
glass bottle for storage at 4 °C.

Synthesis of AgNPs

Silver nitrate (≥ 99.9% trace metal basis) and trisodium
citrate dihydrate (≥ 99.9%) were ordered from Sigma-
Aldrich. Chemicals were used as provided and ultrapure
water was used for all procedures.

AgNPs were prepared according to the traditional
Turkevich method (Enustun and Turkevich 1963), the
same used to synthesize AuNPs, with some adjustments
suggested by Gorup et al. (Gorup et al. 2011). In an
Erlenmeyer, a volume of 100 mL of 1.0 mM aqueous
silver nitrate solution was heated to 90 °C on a hot plate
with constant stirring. Subsequently, 1.0 mL of 0.3 M
aqueous sodium citrate solution was quickly added. The
stoichiometric ratio between the metal salt and the re-
ducing agent was 1:3 and the pH was about 8.2. After
the color of the solution had changed, it was heated for
13 min until it turned yellowish, indicating the forma-
tion of AgNPs. Lastly, 1.0 mL of 1.4 M aqueous am-
monia solution was added to stabilize and generate
AgNPs suspension with narrow-size distribution. The
hot plate was switched off and the solutionwas cooled at
room temperature. The NPs suspension was then trans-
ferred into a glass bottle for storage at 4 °C.

Synthesis of AuPtNPs

Tetrachloroauric (III) acid (HAuCl4.3H20; ≥ 99.9%
trace metal basis), potassium tetrachloroplatinate (II)
(K2PtCl4; 98% trace metal basis) and polyethylene gly-
col sorbitan monooleate (Tween 80) were ordered from
Sigma-Aldrich.

AuPtNPs were synthesized by following the proce-
dure described by Zhao et al. (Zhao et al. 2014). A
mixture of HAuCl4·3H2O at 0.01 mmol, K2PtCl4 at
0.0025 mmol and 40 mg Tween 80 was stirred in 10
mL of water for 30 min in an ice-water bath. After all
reagents have been dissolved, the solution was heated to
100 °C on a hot plate with constant stirring. After
approximately 15 min, the reducing agent (NaBH4;
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1.54 mg) was slowly added to the mixture under vigor-
ous stirring. After the solution’s color had changed, the
temperature was switched off but the NPs suspension
was kept under gentle stirring for one hour within an ice-
water bath. Finally, the suspension was dialyzed
(25 kDa molecular weight cut off) for 24 h against
deionized water. The suspension was then transferred
into a glass bottle and stored at 4 °C.

Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were
performed in a Beckman Coulter Delsa Nano equip-
ment. In the size analysis, NPs suspensions were diluted
in water and in the analysis of zeta potential, NPs
suspension were used without dilution. Values of hydro-
dynamic diameter were calculated by using Stokes-
Einstein equation and the particle size distributions were
obtained by the autocorrelation function CONTIN,
available in the Delsa Nano UI software 3.73.

UV-Vis

UV-Vis spectra of NPs were obtained in a spectropho-
tometer V-730 (JASCO Inc.) by using water as a refer-
ence sample. The measurements were done in the range
of 200–800 nmwith a step of 1 nm and a rate of 400 nm/
min. All the samples were analyzed without dilution.

Inductively coupled plasma-optical emission
spectroscopy

The composition of NPs was determined by inductively
coupled plasma-optical emission spectroscopy (ICP-
OES) in a spectrometer Arcos with radial-view (Spectro,
Inc.). The samples were previously centrifuged and
ressuspended in water, without dilution or drying. The
analysis was performed by the Central Analítica in the
Institute of Chemistry-University of São Paulo (Brazil).

Transmission eletronic microscopy

The size and morphology of NPs were determined by
transmission electronic microscopy (TEM). The NPs
suspension was dropped on Cu grids coated with carbon
film and dried at room temperature. A microscope
TECNAI (FEI) at 120 kV was used to characterize the
NPs at IEAMAR-University of the State of São Paulo
(UNESP). High-resolution TEM was performed in a

FEI microscope TECNAI G2 TF20 XT available at
Federal University of São Carlos (UFSCAR/ FAPESP
2013/07296-2).

X-ray diffraction

X-ray diffraction analysis was performed at the
Laboratório Associado de Sensores e Materiais
(LABAS) from Instituto Nacional de Pesquisas
Espaciais (INPE-SJC), in a diffratometer Philips, X-
Pert PRO PANalytical ((λ = 1.5406 Å) at 45 kV, 40
mA, step of 0.02°, range of 40°–130° at 2θ). The sam-
ples were previously lyophilized in an equipment
SpeedVac (miVac, GeneVac).

Antimicrobial activity test

The antimicrobial activity was monitored by a liquid
growth inhibition assay against Staphylococcus aure-
us (ATCC 6538), Pseudomonas aeruginosa (ATCC
15442) and Candida albicans (ATCC 10231), as de-
scribed by Conceição et al. (Conceição et al. 2012)
with modifications. Pre inocula of the strains were
prepared in Brain Heart Infusion-BHI (KASVI) and
incubated at 37 °C in a shaker. Different concentra-
tions (Table 1) of NPs were added in a 96-wells
microplate with 100 μL of microorganism suspension
(the final density of bacteria was of 106 CFU/mL) in
each well. In each well, the total volume was com-
pleted to 200 μL with BHI medium and the plate was
incubated at 37 °C. Streptomycin sulfate salt (Sigma-
Aldrich) and ultrapure water were used as positive
and negative control, respectively. It is noteworthy

Table 1. Concentration of NPs incubated with microorganisms

Vol. of
NPs in
the
well
(μL)

[Metal] (mM) [metal] (μg/mL)

AuNPs AgNPs AuPtNPs AuNPs AgNPs AuPtNPs

100.0 0.96 0.20 0.69 189.0 21.4 136.0

50.0 0.48 0.10 0.34 94.4 10.7 68.0

25.0 0.24 0.05 0.17 47.2 5.3 34.0

12.50 0.12 0.02 0.09 23.60 2.67 17.0

6.25 0.06 0.01 0.04 11.80 1.34 8.50

3.12 0.03 0.006 0.02 5.90 0.67 4.20
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that for each set of assay where a certain volume of
NPs suspension was added to each well (Table 1), the
same volume of water was added in the negative
control in order to eliminate any inhibition effect from
the dilution of the culture medium. After incubation
for 24 h, the bacterial growth was quantified by mea-
suring the absorbance at 630 nm (plate reader Syner-
gy, Biotek Instruments). The inhibition of bacterial
growth was calculated by considering the negative
control as 100% of growth, or, 0% of inhibition.

Intracellular ROS generation

The ROS generation was monitored by 2',7'-
dichlorofluorescin diacetate (DCFDA) oxidation meth-
od by using S. aureus (ATCC 6538), P. aeruginosa
(ATCC 15442), and C. albicans (ATCC 10231. Pre
inocula of the strains were prepared in Brain Heart
Infusion - BHI (KASVI) and incubated at 37 °C in a
shaker. Following, 100 μL of each type of NPs suspen-
sion (Table 1) were added in a 96-well microplate with
100 μL of microorganism suspension (the final density
of bacteria was of 106 CFU/mL) in each well and
incubated at 37 °C. Streptomycin sulfate salt (Sigma-
Aldrich) and ultrapure water were used as a positive and
negative control, respectively. After incubation for 24 h,
the microorganisms were incubated with 5 μM of
DCFDA for 1 h. Then, a solution of 1% of SDS was
added in order to lyse the cells and DCF fluorescence
was measured in a plate reader (λexc = 485 nm; λem =
528 nm).

Cell viability assays

The Hs68 cell line was cultured in DMEM medium
supplemented with 10% FBS. A density of 5 × 103 cells
per well was placed in 96-wells microplates and incu-
bated for 12 h. Then, the medium was replaced with the
medium containing different concentrations of AuNPs,
AgNPs, and AuPtNPs. The cells were incubated with
NPs at different concentrations (Table 2) for 24 h, 48 h,
and 72 h. The NPs were used at the concentration of
stock suspension and dilutions of 2×, 5×, 10×, and 100×
in order to assess the toxicity of each type of NP at the
colloidal state resultant from the commonly used syn-
thetic routes. Cells incubated with the culture medium
without NPs were used as a negative control. After
treatment, the samples were replaced by 100 μL of
MTT aqueous solution (2mg/mL) and incubated for 4

h. The MTT solution was removed, and 100 μL of
DMSO was added to solubilize the formazan. The
formazan was quantified by measuring the absorbance
at 540 nm. The cell viability was calculated by consid-
ering the negative control as 100% of cell viability. All
experiments were performed in septuplicate. All results
are presented as mean values and standard deviation.
Statistical analyses were done by one-way analysis of
variance.

Zebrafish embryos assay

This study was performed in strict accordance with
the recommendations provided by the Brazilian As-
sociation of Technical Standards (ABNT) NBR
15088/2016 (ABNT_2016). The protocols used in
this assay were described in Busquet et al.
(Busquet et al. 2014). NPs suspensions at different
concentrations (Table 2) were freshly prepared by
diluting stock suspension in E2 medium for
zebrafish. For each concentration of NPs, three rep-
licates were prepared. The assay was carried out in
24-well polystyrene microplates, placing five em-
bryos per well in 2 mL of E2 medium containing
the NPs. Five embryos in ultrapure water were used
as positive control and five embryos in E2 medium
were used as a negative control. Exposures to NPs
were conducted at 28 °C in an incubator. The devel-
opment of the zebrafish embryos was evaluated after
24 h, 48 h, 72 h, and 96 h of incubation by using a
stereo microscope Luma V12–Zeiss. Three main
aspects of toxicity were evaluated and scored, name-
ly, mortality, morphological developmental defects,
and teratogenic effects.

Table 2. Concentration of the samples used in the in vitro and
in vivo assays

NP Sample Dilution [Metal]/mM

AuNP Stock suspension – 1.91

Dilution 1 10× 0.19

Dilution 2 100× 0.01

AgNP Stock suspension – 0.39

Dilution 1 2× 0.19

Dilution 2 5× 0.07

AuPtNP Stock suspension – 1.38

Dilution 1 2× 0.69

Dilution 2 5× 0.27
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Results and discussion

Characterization of the NPs

The morphology and size distribution of NPs were
evaluated by TEM. The images (Fig. 1) showed that
AuNPs and AuPtNPs were predominantly spherical and
homogenous in size. AgNPs were predominantly spher-
ical, the presence of NPs with cylindrical and triangular
shapes was notable. The mean diameter calculated from
the TEM images are shown in Table 3.

Due to the small size of AuPtNPs, these NPs were
further characterized by HRTEM. The image presented
in Fig. 1d showed the crystalline atomic structure of
AuPtNPs. These NPs were spherical but aggregated into
cylindrical structures. The red circles in the TEM images
highlight the union of two spheres. The crystalline
structure of the aggregates suggests that the aggregation
of AuPtNPs is a process of coarsening via orient attach-
ment. Oriented attachment of NPs has been primarily
observed in the merge process of TiO2 NPs (Penn and
Banfield 1998) and the mechanism of coarsening was
unveiled both by HRTEM and Molecular dynamics
(Raju et al. 2014). Following, orient attachment was

extended to explain the aggregation of NPs with differ-
ent compositions and today it is known to take place
when two neighbors NPs have identical crystallographic
configurations (Murphy et al. 2015; Qian et al. 2015).

The NPs were further characterized by dynamic light
scattering (DLS). The hydrodynamic diameter, polydis-
persity, and zeta-potential are depicted in Table 3. As
expected, the hydrodynamic diameter is higher than the
diameter calculated from TEM images since this analy-
sis is performed with dried samples and the DLS mea-
surements require NPs in suspension. Besides, hydro-
dynamic diameter is a measurement of NPs diameter
together with the electric dipole layer adhered to their
surface. The measurement of hydrodynamic diameter of
AuPtNPs byDLSwas not possible since these NPswere
too small to be detected by the equipment. Nevertheless,
the DLS was useful to measure AuPtNPs zeta potential.
All the NPs presented negative zeta potential with high
values in module, which suggested NPs suspension of
high stability. The satisfactory stability was also evi-
denced by the low value of polydispersity index of
AuNPs and AgNPs.

The homogeneity of size distribution of AuNPs and
AgNPs was also evidenced by the narrow plasmon band

(a)

(c) (d)

(b)Fig. 1 TEM images of AuNPs,
AuPtNPs, AgNPs
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identified by UV-Vis characterization (Fig. 2). The plas-
mon band of AuNPs was observed at 520 nm and that of
AgNPs was observed at 420 nm. According to Haiss
et al. (Haiss et al. 2007) and Paramelle et al. (Paramelle
et al. 2014), these values and the value of absorbance at
the plasmon band can be correlated to the concentration
and size of these NPs. The concentration of AuNPs was
calculated as being 0.46 × 10−8 M. According to
Paramelle et al., the maximum absorbance at 420.9 nm
corresponds to AgNPs of 50 nm, which disagrees with
the diameter measured herein by TEM (d = 4 nm). Even
so, the value of the molar extinction coefficient calcu-
lated by Paramelle et al. was used in order to calculate
the molar concentration. By using the value of 537 M−1

cm−1 10(Enustun & Turkevich, 1963), the concentration
of AgNPs was calculated as being of 4.3.10−11 M. The
plasmon band was absent in the UV-Vis spectra of AuPt
NPs, which is in line with the results obtained by Zhao
et al. (Zhao et al. 2014). Although the absence of the
characteristic plasmon band of Au in the UV-Vis spec-
trum of AuPt NPs has been considered an indicative of
the core-shell structure where the core is composed by
gold and the shell by platinum (Westsson and Koper
2014), it is noteworthy that the UV-Vis is a limited
technique for the characterization of NPs structure since
it identifies only the metals present at the NPs surface
besides being variable with NPs size and shape.

Since there is no correlation between UV-Vis spectra of
AuPtNPs and NPs concentration, in order to report NPs
suspension at the same unit, the concentration of the three

types of NPs suspension was quantified by ICP-OES.
Thus, the concentration was reported as molar concentra-
tion of metals. Table 4 depicts the values of concentration
of each type of NP suspension in molar of total metal.
Besides, for comparative purposes, the concentrations in
molar of NPs of AuNPs and AgNPs were also shown in
Table 4.

The AuPtNPs were further characterized by X-ray dif-
fraction (XRD) in order to gain insights on the NPs atomic
structure. The XRD pattern of AuPtNPs was compared
with the XRD pattern of Au (Fig. 3) and with the XRD
pattern of Pt (2θ = 39.7°, 46.2°, 67.4°, and 81.2°) from the
Powder Diffraction File databank. The main diffraction
peaks of AuNPs (2θ = 38.3°, 44.6°, 64.7°, and 77.5°)
could be assigned to the fcc atomic structure. None of
the peaks identified in the AuPtNPs diffractogram (2θ =
38.4°, 45.4°, 56.5, 65.7°, and 78.9°) was coincident with
the peaks of puremetals. Even if the resolution of theXRD
is not enough to provide accurate information regarding
the distribution of the elements into the NP, it is a very
useful technique to discriminate the presence of alloys or
pure metals into the NP. The presence of pure metals, both
in a simple mixture of pure metallic NPs or in a core-shell
structure, would result in a diffractogram containing at
least the peaks of one of the metals. Since the peaks of
AuPtNPs had intermediary values between pure AuNPs
and PtNPs, the XRD supports our claim that the synthesis
of AuPtNPs resulted in an alloy structure of Au and Pt
atoms. Indeed, Au and Pt alloying at nanoscale has been
proved by recent works through experimental and com-
puter simulations (Uson et al. 2015; Zhao et al. 2013;
Zhong et al. 2008; Petkov et al. 2012; Mott et al. 2007).
Their results showed the fcc crystalline atomic structure of

Table 3. Values of diameter, hydrodynamic diameter, polydispersity index (PDI), and zeta-potential of metallic NPs

NP TEM diameter/nm Hydrodynamic diameter/nm PDI Zeta potential/mV

Au 19 ± 8 23 ± 8 0.21 − 45 ± 4

Ag 4 ± 2 30 ± 8 0.24 − 36 ± 1

AuPt 2 ± 1 – – − 21 ± 2

Fig. 2 UV-Vis spectra of AuNPs, AuPtNPs, AgNPs

Table 4. Concentration of metals in the NPs suspension

NP [Metal]/mM [NPs]/M

Ag 0.39 4.3 × 10−11

Au 1.91 4.6 × 10−9

AuPt 1.38 ([Au] = 1.10 mM) ([Pt] = 0.28 mM) –
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AuPtNPs at the range of 2–10 nm.According to Zhao et al.
(Zhao et al. 2013), a 0.11° shift of the (111) peak to higher
2θ angle from pure Au and a 1.58° shift to lower 2θ angle
from pure Pt are characteristics of a AuPt single-phase
alloy. In addition, AuPt nanoalloys have been character-
ized to have smaller inter-atomic distances compared to the
bulk materials (Zhong et al. 2008). Furthermore, the mean
square displacements of atoms are reduced from the inner
part of the NP to the surface (Petkov et al. 2012). Most
likely, these features endow bimetallic NPs enhanced cat-
alytic and antimicrobial activities.

Owing the complexity of atomic structure of AuPtNPs,
the phase type of these NPs cannot be directly identified by
DR-X analysis. Thus, a combination of several techniques
has been applied by researchers aiming at the phase iden-
tification of AuPt nanoalloy. By coupling atomic pair
distribution functions (PDFs) to high-energy X-ray diffrac-
tion, Petkov et al. (Petkov et al. 2012) calculated a lattice
parameter of 4.023 to AuPt NPs composed by 20% Pt and
80% of Au. Since this composition was obtained by ICP-
OES as also performed to theAuPtNPs synthesized herein,
the lattice parameter of our AuPtNPs was also considered
as 4.023. According to Mott et al. (Mott et al. 2007), this
lattice parameter corresponds to 37% of Pt in AuPt alloy.
Nevertheless, the authors suggested that EDX analysis
would be the most accurate technique to identify the AuPt
alloy phase. So, herein, EDX analysis done by using
HRTEM images indicated 19% of Pt and 81% of Au,
which is very similar to the composition measured by
ICP-OES. Therefore, it was concluded that AuPtNPs syn-
thesized herein had a single Au81Pt19 phase alloy structure.

Minimal inhibitory concentration

Antimicrobial activity of AuNPs, AgNPs, and AuPtNPs
was evaluated against three types of bacteria (S. aureus,
P. aeruginosa, E. coli) and one type of fungus

(C. albicans). The inhibitory effect of these NPs on the
growth of the microorganisms was monitored bymeasure-
ment of optical density (OD) at 630 nm. Themonitoring of
microbial growth is commonly performed by OD mea-
surement at 595–600 nm; however, at this range, the value
of OD is influenced by the plasmon band of AuNPs. By
choosing 630 nm, we ensured that the value of OD was
proportional to the microbial concentration.

The values of concentration of each type of NP
required to inhibit 40% of microbial growth are depicted
in Table 5. As expected, the AgNPs were the most
efficient since at a concentration lower than 0.02 mM,
these NPs inhibited the growth of all the tested micro-
organisms. This concentration was about 3 to 6 times
lower than the concentration of AuNPs or 2 to 4.5 times
lower than the concentration of AuPtNPs required to
inhibit the microbial growth. For example, in order to
inhibit the growth of P. aeruginosa it was required
0.02 mM of AgNPs whereas AuPtNPs only showed
the inhibition at 0.09 mM. The efficiency was even
lower for AuNPs which inhibited P. aeruginosa growth
at 0.12 mM. Notably, for S. aureus inhibition, AuPtNPs
showed the same activity than AgNPs since both NPs
inhibited the bacterial growth at the concentration of
0.02 mM. The remarkable antimicrobial activity of
AgNPs is associated with multiple mechanisms of ac-

Fig. 3 DRX diffraction of AuNPs and AuPtNPs

Table 5. Values of concentration of NPs required to inhibit at
least 40% of microbial growth

Microorganism [Metal]/ mM

AuNPs AgNPs AuPtNPs

S. aureus 0.06 0.02 0.02

P. aeruginosa 0.12 0.02 0.09

E. coli 0.06 0.01 0.04

C. albicans 0.06 0.01 0.04
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tion including damaging of cellular membrane, release
of ions Ag+, unbalance of cell metabolism, ROS gener-
ation, and direct interaction with proteins via thiol
groups (Siddiqi et al. 2018; Zhou et al. 2012; Jung
et al. 2008; Tian et al. 2018; Villiers et al. 2010). The
antimicrobial efficiency of AuPt NPs was higher than
the activity of AuNPs, which is in line with Zhao et al.
who showed antimicrobial activity of AuPtNPs and
AuNPs against E. coli, multidrug-resistant E. coli,
P. aeruginosa, K. pneumoniae, and S. choleraesius. As
observed herein, they also reported enhanced antimicro-
bial activity of AuPt NPs in comparison with AuNPs.

Although the antimicrobial activity of metallic NPs has
been already reported in several works, the comparison of
our value of MIC with the values reported before is
hampered by the different units used to represent NPs
concentration. In some works, concentration was reported
as number of particles/volume, in others as concentration
of metal/volume, which was commonly calculated based
on the amount of metal ions added in the reaction medium
and not by quantitative measurement by ICP-OES.

In vitro ROS generation by NPs

The remarkable antimicrobial activity displayed by
AgNPs has been associated to multiple mechanism of
action, including NPs insertion into the cell membrane,
causing membrane disruption, release of Ag+ ions from
AgNPs, unbalance of cell metabolism due to AgNPs
interaction with biomolecules and oxidative stress
caused by AgNPs ROS generation (Singh et al. 2018;
Siddiqi et al. 2018; Wang et al. 2017; Dakal et al. 2016).

On the other hand, there is no information regarding the
mechanism of action of AuPtNPs, and only one work
was found to report the antimicrobial activity against a
limited number of bacteria(Raju et al. 2014). In order to
gain some insight regarding the mechanism of action of
AuNPs, AgNPs, and AuPtNPs, the ROS generation was
measured in vitro with different types of microorgan-
isms. Figure 4 shows the values of fluorescence inten-
sity measured in each type of microorganism after incu-
bation of 3 h with the different NPs suspension. After
diffusion of DCFDA into the cell, this probe is
deacetylated by intracellular ROS, forming 2', 7'-
dichlorofluorescein (DCF). Since DCF is fluorescent,
the fluorescence intensity of the samples is proportional
to the ROS generation byNPs. This assay suggested that
the ROS generation is not part of the main process of the
mechanism of action of the NPs since ROS generation
decreased from AuNPs to AuPtNPs and AgNPs which
follows a trend contrary to the observed antimicrobial
activity. The ROS generation by AgNPs was about 1.4
times lower in P. aeruginosa than AuNPs whereas the
antimicrobial activity of AgNPs against this strain was
about 10 times higher than AuNPs. Also, with the
exception of the higher ROS generation by AuPtNPs
in S. aureus, the results of ROS generation do not
explain the enhanced antimicrobial activity of AuPtNPs
in comparison with AuNPs.

Cell viability

Considering the unique performance of metallic NPs as
antimicrobial agents and their increasing presence in our

Fig. 4 Fluorescence intensity
measured after 3 h of incubation
of each microorganism with the
different types of NPs. Each type
of NP was evaluated at the
maximum concentration used in
the antimicrobial assay: 0.96 mM,
0.20 mM, and 0.69 mM of
AuNPs, AgNPs, and AuPtNPs,
respectively. Cells incubated with
the probe without the NPs were
used as a negative control. λExc
485 nm; λEm 528 nm
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daily life, it is urgent to elicit their possible adverse
effects on human health and environment. Although
the toxicity of AgNPs has already been demonstrated
in several animal models, AuNPs and AuPt NPs have
been reported as biocompatible nanomaterials (Asharani
et al. 2011; Arvizo et al. 2010; Zhao et al. 2014; Villiers
et al. 2010). As already discussed above, the comparison
between the published results about toxicity is hampered
by several divergences among the physico-chemical
characterization and units used to report colloidal con-
centration. Therefore, in this work, cell viability assays
with Hs68 cells (Fig. 5) were performed in order to
compare the cytotoxicity of AuNPs, AgNPs, and
AuPtNPs at the concentration close to colloidal suspen-
sion resultant from the most commonly used synthetic
routes. The cytotoxicity was evaluated at the concentra-
tion of the colloidal suspension (stock solution) and at
two dilutions (Table 2). Considering that a material is
cytotoxic only if the cell viability in its presence is lower
than 60%, AuNPs and AuPt NPs were not toxic to Hs68
cells. As already expected, AgNPs was the most cyto-
toxic NPs, showing values of cell viability lower than
60% after all periods of incubation. The toxic effect was

dose-dependent since the cell viability increased with
the dilution of the NPs suspension. The AgNPs were not
toxic only at the lower concentration that was tested, that
was the stock suspension diluted 5× (0.07mM) since the
cell viability after all periods of incubation was about
80%.

In vivo assays with Danio rerio

Toxicity of AuNPs, AgNPs, and AuPtNPs was further
investigated by in vivo assays with Danio rerio
(zebrafish). The embryos were exposed to the NPs
suspensions during 96 h and during this period the
development of these embryos was evaluated regarding
the hatching rate and coagulation of the eggs, malfor-
mation of larvae, mobility, and mortality. Figure 6
shows the overall analysis of the toxic effects observed
for all the NPs. Representative pictures of embryos at
different stage of development are shown in Figs. 7, 8,
and 9 wherein it is also available detailed information
about the effects observed after each period of
incubation.

Fig. 5 Results of MTTcell viability assay after treatment of Hs68
cells with AuNPs, AgNPs, and AuPtNPs. Error bars represent the
standard deviation. Significant difference was observed between
different concentrations of AgNP and between AgNP data and the

AuNP, AuPtNP data (p < 0.05). The different columns represent
the different concentration according to Table 2. The cells were
incubated with the samples for 24 h (a), 48 h (b), and 72 h (c)
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In the presence of AuNPs at the higher concentration
(stock solution), only 20% of the eggs coagulated after
48 h and 80% of the eggs generated normal larvae.
When the AuNPs suspension was diluted, no toxic
effects were observed during the total period of 96 h.
The bimetallic AuPtNPs showed increased toxicity
compared to AuNPs since embryo mortality was ob-
served at all tested concentration. However, the toxicity
was lower at the intermediary concentration (0.69 mM)
which induced only 7% of mortality whereas the expo-
sition to the lower concentration and stock solution
resulted in 20% and 37% of embryos death, respective-
ly. Surprisingly, the lower concentration (0.27 mM)
showed higher toxicity by causing malformation of
33% of larvae. The higher toxicity of the less concen-
trated solution may be a result of the colloidal state of
the NPs since in diluted suspension, the NPs are less
prone to aggregated and as already discussed by other
authors, the biological interaction, mainly with cell
membrane, of NPs as individual particles differ from
the interaction of NPs as aggregates. Once NPs are
dispersed, they can penetrate cell membrane resulting
in intracellular toxic effects. As already observed in the
in vitro assays, AgNPs were the most toxic NPs. At all
concentrations, AgNPs induced toxic effects after each
period, from 24 h to 96 h of exposition. Coagulation of
eggs and hatching delay were observed after 24 h and
after 96 h the effects of the exposition to the stock
solution were more severe. At this condition, 80% of
the eggs were coagulated and the 20% of eggs generated
larvae with slower motility.

These results are in line with the reported toxic ef-
fects on zebrafish published before. The low toxicity of
AuNPs has already been reported regarding the insig-
nificant number of observed dead embryos and larvae
with malformation. Additionally, AuNPs were reported

to induce embryos death only at 300mg/mL. In contrast,
the high toxicity of AgNPs was suggested by 100% of
embryos death at 3 ug/mL. Toxicity assays with
zebrafish had never been performed by using AuPtNPs
but in a comparative study with AgNPs, AuNPs, and
PtNPs, Asharani et al. (Asharani et al. 2011) reported an
intermediary toxicity of PtNPs, which is in line with our
results since AuPtNPs were more toxic than AuNPs but
not as toxic as AgNPs.

Conclusions

The remarkable performance of metallic NPs as contrast
and antimicrobial agents has motivated their application
in industry and health fields. On the other hand, their
wide application has increased the concerns regarding
NPs toxicity to health and environment. Recent studies
have reported bimetallic NPs as a biocompatible
nanomaterial with satisfactory antimicrobial activity that
could be used as antimicrobial agents as an alternative to
metallic NPs. Nevertheless, the biocompatibility of bi-
metallic NPs has been suggested by a limited number of
in vitro studies. Herein, the antimicrobial activity and
toxicity of bimetallic NPs of gold and platinum have
been evaluated in vitro and in vivo in comparative
studies with AuNPs and AgNPs. In vivo studies with
zebrafish have emerged as a valuable tool to assess
nanotoxicity not only for being informative regarding
the biochemical, physiological, and environmental as-
pects but also due to their genomic similarity to humans.
However, toxicological studies performed until now
used NPs suspension at colloidal states different from
the stock suspension obtained from the synthetic route.
Although this is a methodology commonly used in
pharmacology when the focus is comparing doses, from

Fig. 6 Percentage of dead,
normal, and abnormal embryos of
zebrafish observed after 96 h of
exposition to NPs at different
concentrations. Each type of NP
was evaluated at the
concentration of stock suspension
and at two different dilutions. The
concentrations are depicted in
Table 2
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the physicochemical point of view, when comparing
NPs suspension, concentration/dilution procedure
starting from a stock suspension, induces the destabili-
zation of NPs suspension. Therefore, despite the differ-
ences regarding the size and concentration of the NPs
used in this work, the comparison between them is
valuable in order to assess the advantages and the risks
of their application at the colloidal state resultant from
the usual synthetic routes.

The antimicrobial activity of AgNPs was superior to
the activity of AuNPs and AuPtNPs. Notoriously, the
activity of AuPtNPs very similar to the activity of AgNPs
regarding the inhibition growth of S. aureus. However,
AgNPs were shown to be very cytotoxic to HS68 cells.
The toxicity of AgNPs was also observed in vivo,
resulting in high mortality and malformation of zebrafish
larvae. On the other hand, AuNPs were not cytotoxic and
presented the lowest toxicity against zebrafish. The death

Fig. 7 Representative pictures of zebrafish eggs and embryos exposed to AuNPs at different concentrations (Table 2) during 96 h
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Fig. 8 Representative pictures of zebrafish eggs and embryos exposed to AgNPs at different concentrations (Table 2) during 96 h. In each
assay, N = 15
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rate was of only 20% after 24 h at the highest AuNPs
concentration which corresponds to the stock suspension.
Although the presence of Pt in the NP had enhanced
antimicrobial activity in comparison to AuNPs, this ad-
vantage was accompanied by the counterpoint of higher
cytotoxicity and toxic effects. Although bimetallic NPs
have been reported as materials of enhanced

biocompatibility in comparison with metallic NPs, herein
AuPtNPs showed significant toxicity. The exposition of
zebrafish embryos to stock suspension induced death of
37% of the embryos and 33% of malformation of larvae.
A comprehensive study regarding the toxicity of these
NPs requires further assays, especially to elicits the mech-
anism of action in microbial and mammalian cells.

Fig. 9 Representative pictures of zebrafish eggs and embryos exposed to AuPtNPs at different concentrations (Table 2) during 96 h
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