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The antimicrobial action of gold depends on different factors including its oxidation state in the intra- and
extracellular medium, the redox potential, its ability to produce reactive oxygen species (ROS), the med-
ium components, the properties of the targeted bacteria wall, its penetration in the bacterial cytosol, the
cell membrane potential, and its interaction with intracellular components. We demonstrate that differ-
ent gold species are able to induce bacterial wall damage as a result of their electrostatic interaction with
the cell membrane, the promotion of ROS generation, and the consequent DNA damage. In-depth geno-
mic and proteomic studies on Escherichia coli confirmed the superior toxicity of Au (III) vs Au (I) based on
the different molecular mechanisms analyzed including oxidative stress, bacterial energetic metabolism,
biosynthetic processes, and cell transport. At equivalent bactericidal doses of Au (III) and Au (I) eukaryotic
cells were not as affected as bacteria did, maintaining unaffected cell viability, morphology, and focal
adhesions; however, increased ROS generation and disruption in the mitochondrial membrane potential
were also observed. Herein, we shed light on the antimicrobial mechanisms of ionic and biogenic gold
nanoparticles against bacteria. Under selected conditions antibiotic-like ionic gold can exert a strong
antimicrobial activity while being harmless to human cells.
� 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Antibiotic resistant bacteria constitute a global threat for
human, animal and environmental health, development, and sus-
tainability. Considering that there is a direct association between
antibiotic use and antibiotic resistance, and despite all the efforts
and awareness campaigns on antimicrobial resistance (AMR), more
than 2.8 million AMR-associated infections occur in the US per year
according to a 2019 report, causing more than 35,000 fatalities [1].
In the EU, 33,110 deceases were attributed in 2015 to AMR and
healthcare-associated infections account for 75% of the burden of
disease [2]. Basic, translational and clinical research projects are
focused on different areas aiming to tackle the problem including
the development of novel antimicrobials. One of the requirements
for a novel antibacterial compound is its demonstrated lack of
known cross resistance. Metal-based compounds including
organometallic compounds, ionic solutions, complexes and col-
loidal dispersions were formerly used to treat pathogenic bacteria
but they were displaced with the discovery of antibiotics because
of the selectivity towards prokaryotic cells of the latter. However,
most of the antibiotics have a single molecular target on bacteria
and therefore the chances to develop genetic mutations, and there-
fore resistance, are higher than those present in metal-based com-
pounds where multiple mechanism of antimicrobial action take
place simultaneously. Those reported mechanisms include the pro-
duction of ROS, the inactivation of antioxidants; protein dysfunc-
tion and loss of enzymatic activity; damage to cellular
membranes, disruption of electron transport and prevention of
ATPase activity; interference with nutrient acquisition; genotoxic-
ity; irreversible binding to donor ligands (including extra- and
intracellular proteins and enzymes), among others [3].

Compared to other heavy metals, elemental bulk gold shows
reduced cytotoxicity against eukaryotic cells due to its limited sol-
ubility and low reactiveness and due to its high electronegativity
and standard reduction potential which prevent it from oxidation.
In general, the toxicity to microorganisms of common metals
increases following the sequence: Ag > Hg > Cu > Cd > Cr > Pb >
Co > Au [4]. However, as gold particle size decreases, solubility
increases and ionic gold can be released producing cytotoxic and
genotoxic effects derived from the combined effects of both
reduced particle size (e.g., membrane damage) and particle disso-
lution mainly due to the ability of ionic gold to bind DNA and inter-
rupt transcription [5]. It has been demonstrated that after
intravenous administration, gold nanoparticles biodegradation in
preclinical models is slow, e.g., only � 4% of the administered dose
is excreted from the liver and the kidneys within one month when
using pegylated hollow gold nanoparticles [6] and their repeated
administration causes bioaccumulation mainly in organs of the
mononuclear phagocytic system, significantly in the liver [7].

In addition, in eukaryotic cells, the reductive intracellular envi-
ronment can change the oxidation state of gold precursors and
nanoparticles as part of a dynamic process. In this regard, Bal-
fourier et al. [8] demonstrated that gold nanoparticles are rapidly
up-taken via endocytosis inside eukaryotic cells where initially
are biodegraded due to the dual action of the membrane-bound
NADPH oxidase and the acidic environment of the endosomal-
lysosomal system and successively, metal-binding proteins (e.g.,
metallothioneins) biomineralize those dissolved species rendering
again recrystallized metal nanoparticles.

The antimicrobial action of gold depends on its speciation state
(ionic or zerovalent), its coordinating ligands (e.g., phosphine-type,
Au-C bonds in organogolds, etc.) its size, morphology, specific sur-
face area, electrokinetic potential, purification degree and agglom-
eration state when nanoparticulated, and on its pH, solubility and
bioavailability when present as inorganic gold (e.g., aqueous solu-
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tions of AuCl3, HAuCl4, etc.) [9,10]. Also, its antimicrobial action
depends on the presence or absence of light to induce photody-
namic effects [11], the contact between the pathogenic microor-
ganism and the gold-based material [12], and the ligands present
on the surface in case of gold-based nanoparticles. In this regard,
Cui et al. [13] demonstrated that, by selecting the appropriate sur-
face modification on gold nanoparticles, even ROS generation can
be halted and the bactericidal effect just attributed to energy-
metabolism arrest, by inhibiting ATP synthase activity and tran-
scription of bacteria inhibition by impeding a subunit of the ribo-
some from tRNA binding. Therefore, the antimicrobial
mechanism of action can be tuned depending on the appropriated
nanoparticle surface modification.

Gold nanoparticles are not internalized by bacterial cells due to
their lack of endocytic pathways and due to their restricted pass
towards their inner cytosols. In this regard, the porosity of the
outermost peptidoglycan layer in Gram-positive bacteria and the
inner peptidoglycan layer of Gram-negative bacteria show a pore
size cut-off of less than 3 nm [14] and the largest reported porin
in the outer membrane of Escherichia coli (i.e., the SecA subunit
of the protein secretion complex) is reported to have less than
6 nm in diameter [15]. Therefore, metallic gold nanoparticles are
largely excluded from diffusing to the interior of bacteria unless
having cluster sizes or in partially damaged bacteria when mem-
brane disruption occurs. In this regard, Zheng et al. [16] showed
that Au clusters having less than 2 nm in size were internalized
by Staphylococcus aureus whereas Au nanoparticles of larger sizes
(>3 nm) and having the same surface ligand (p-mercaptobenzoic
acid) and concentration were excluded and, consequently intracel-
lular antimicrobial action was only reported for the former. Ionic
gold can easily diffuse to the interior of the bacterial cytosol exert-
ing bacteriostatic (e.g., MBC (minimum bactericidal concentra-
tion)/MIC (minimum inhibitory concentration) > 4), or
bactericidal (e.g., MBC/MIC � 4) effects depending on its dose, or
even acting as a source of metallic zerovalent gold during a reduc-
tive biomineralization process as part of a natural detoxification
course in several bacteria [17]. This biomineralization can take
place not only in the reductive interior environment of bacteria
but also in the extracellular space as attributed to the reductive
character of some of the polysaccharides and proteins secreted
by Gram-positive and Gram-negative bacteria in order to antago-
nize the potential toxicity of ionic gold [18]. Au (I) and Au (III)
antibacterial action has been reported on Gram-positive and
Gram-negative bacteria being mainly dependent on the exposure
time and on the presence of buffers [9,19]. Moreover, compared
to different antibiotics, previous studies have demonstrated higher
or equal antimicrobial ability for gold species in the eradication of
the Gram-negative bacteria Pseudomonas aeruginosa [20]. To coun-
teract the antimicrobial action of ionic gold, natural bacterial
detoxification is based on exporting those ions to reduce their
intracellular accumulation to prevent damage, likely utilizing
ATPase metal efflux proteins commonly utilized for a wide range
of metals and also by reducing the potentially toxic ionic gold in
the extracellular space thanks to the action of their secreted
polysaccharides (e.g., hemiacetal groups in E. coli and Bacillus sub-
tilis). The ionic gold antimicrobial action also depends on the com-
position of the culture medium and the specific bacteria tested.

In the search for alternatives to antibiotics we have previously
studied the effects of chitosan-gold nanocomposites in prokaryotic
and eukaryotic cells [12] but also in an in vitro coculture model of
human macrophages infected with S. aureus or E. coli [21]. These
studies have revealed the efficient antibiotic-like bactericidal effect
of gold-based nanocomposites without damaging mammalian cells
at equivalent doses. Interestingly, chitosan was not found to exert
antibacterial activity at the deacetylation degrees and molecular
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weights used. In order to elucidate the role of gold in the bacteri-
cidal mechanisms, we have analyzed, in the present work, the
cytotoxic action of ionic gold on eukaryotic and prokaryotic cells
and selected specific Au (I) and Au (III) concentrations for which
the cytotoxicity against eukaryotic cells is largely excluded (ana-
lyzing cell cycle, cell metabolism, ROS induction, and membrane
damage) while being antimicrobial against E. coli S17 strain and
S. aureus ATCC 25923.
2. Material and methods

Materials and methods and associated references are available
in the supplementary Information section.
2.1. Evaluation of Au (III) and Au (I) effects on bacteria

To investigate the mechanisms by which gold precursors erad-
icate bacteria, five analytical methodologies were performed:
Scanning electron microscopy (SEM); Transmission electron micro-
scopy (TEM); Fourier Transform Infrared (FTIR) and UV–VIS spec-
troscopy; and X-ray photoelectron spectroscopy (XPS).

A scanning electron microscope equipped with an energy X-ray
dispersive spectroscopy (EDS) analyzer was carried out to study
the changes in the bacterial morphology after gold precursors
treatment following our previously reported methodology [21].
After 24 h of treatment, bacterial samples were washed twice in
PBS 0.1 M and fixed in 2.5% glutaraldehyde overnight at room tem-
perature. Then, samples were filtered (0.2 lm, pore size cut-off)
and subsequently dehydrated in a series of ethanol solutions
(30–100%; twice for 15 min). The solvent was evaporated at room
temperature to allow a subsequent coating with a thin layer of
metal (Pt, 15 nm) to allow electronic observation. SEM images
were acquired using a SEM Inspect F50 (FEI Co., USA) operating
at an accelerating voltage of 10–15 keV.

To study the gold nanostructures distribution in the microbio-
logical samples, bacteria were treated with Au (III) and Au (I) spe-
cies and washed twice with PBS 0.1 M. Then, the bacterial pellet
was collected, resuspended in ultrapure water and observed by
TEM using a FEI Tecnai T20 microscope operating at 200 kV.

To confirm the specific interaction of gold species with the bac-
terial surface, FTIR spectra of the untreated and Au (III) or Au (I)
treated bacteria were recorded on a Bruker Vertex 70 FTIR spec-
trometer equipped with an ATR Golden Gate accessory and using
a DTGS detector. Initially, E. coli and S. aureus cells (105 CFU/mL)
were treated with different concentrations of Au (III) and Au (I)
for 24 h. After centrifugation, dried pellets were deposited on a
glass cover and spectra were recorded by averaging 40 scans in
the 4000–600 cm�1 wavenumber range at a resolution of 4 cm�1.

Gold stock solutions (10 mM) and the highest gold species con-
centration used (125 lM) were incubated with bacteria-free TSB
medium for 24 h and gold nanoparticle (AuNP) formation was
monitored via UV–VIS spectroscopy recording the characteristic
surface plasmon resonance band attributed to AuNPs. Measure-
ments were carried out in a double beam UV–VIS spectrophotome-
ter (PerkinElmer Lambda 35) over a range between 350 and
800 nm.

For XPS measurements, E. coli and S. aureus cells (105 CFU/mL)
were treated with different concentrations of Au (III) and Au (I)
for 24 h. After centrifugation, bacteria were washed and dried pel-
lets were deposited on a glass coverslip. Bacteria samples were
analyzed using AXIS Supra spectrometer (Kratos Analytical Ltd.,
UK) with a monochromatic Al Ka radiation (hʋ=1486.6 eV) as exci-
tation source. XPS spectra were analyzed using the Casa XPS pro-
gram with the Shirley function background correction and peak
fitting was performed using a Gaussian-Lorentzian function. The
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recorded binding energy (BE) spectra were corrected with refer-
ence to aliphatic carbon set at 285 eV.

Taking into account the differential effects obtained in the
described methodologies regarding Gram-positive and Gram-
negative bacteria and the bactericidal results (see subsequent sec-
tions where the lack of antimicrobial action against Gram-positive
bacteria is shown), all experiments from these assays were only
performed in the Gram-negative bacteria model studied, E. coli.

2.2. Au NPs formation and oxidative stress induction

To further elucidate the mechanism of AuNP formation, E. coli
samples (105 CFU/mL) were treated with 125 lM Au (III) or Au
(I) for 24 h. Then, bacteria were centrifuged (13,000 rpm, 5 min)
and the supernatant was analyzed by UV–VIS to evaluate the
potential presence of Au NPs. Afterwards, the supernatant was also
centrifuged (13,000 rpm, 30 min), and the pellet was resuspended
in ultrapure water and visualized by TEM.

To assess whether bacteria exudates could reduce ionic gold
species, E. coli samples (105 CFU/mL) were centrifuged
(13,000 rpm, 5 min). The bacteria-free supernatant was collected,
mixed with 125 lM Au (III) or Au (I) and observed again by UV–
VIS to identify the presence of the characteristic surface plasmon
resonance peak attributed to the presence of Au NPs. Afterwards,
the supernatant was centrifuged (13,000 rpm, 30 min) and the
resulting pellet was resuspended in ultrapure water and visualized
by TEM.

ROS generation was assessed using the oxidation-sensitive
probe dihydrorodamine 123 (DHR 123) following the manufac-
turer’s instructions. Briefly, E. coli samples were exposed for
15 min to Au (III) (62.5 and 125 lM) or to Au (I) (125 lM). Then,
cultures were centrifuged, washed with PBS 0.1 M and incubated
for 30 min in the dark with the same buffer containing the probe
(40 lM final concentration) at 37 �C. Bacteria were subsequently
washed and pellets suspended in 1 mL of the same buffer. Fluores-
cence intensity (excitation at 488 nm and emission at 530 nm) was
monitored by flow cytometry (FACSARIA BD equipment and soft-
ware, USA).

2.3. Nucleic acid release measurement

To demonstrate whether the bactericidal mechanism of gold is
mediated by cell wall disruption, the amount of released nucleic
acids was determined from the maximum absorbance at 260 nm
using a NanoDrop 2000 spectrophotometer (ThermoFisher Scien-
tific, US). Briefly, E. coli was incubated with Au (III) 62.5 lM or
Au (I) 125 lM for 2 and 4 h in TSB. The bacterial suspensions were
centrifuged (3,500 rpm, 5 min) and the supernatants optical den-
sity (OD) was then measured at 260 nm.

2.4. Genetic response to oxidative stress

E. coli samples (107 CFU/mL) were incubated with Au (III)
62.5 lM or Au (I) 125 lM for 2 h to evaluate genetic expression
by quantitative RT-PCR. Cells were washed with PBS and lysed
with RNAeasy mini kit (Qiagen, Germany) following the manufac-
turer’s instructions. RNA was reverse transcribed with High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
US) and quantified by means of NanoDrop� 8000 (ThermoFisher
Scientific, US). The amplification was carried out using Power SYBR
Green PCR Master Mix (Applied Biosystems, US) on a 7900HT Fast
Real-Time PCR System (Applied Biosystems, US). Genes related to
stress responses (oxyR, rpoS, sodA) and two thiol-disulphide oxi-
doreductases (grxA, trxA) were selected for the analysis. Gene
expression was normalized to the level of the gapA gene used as
reference. Sequences of the primer pair sets are listed in
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Table S1. The values obtained from tested genes were normalized
to those obtained in the control groups (non-treated cells). Three
independent experiments were performed in triplicate and the
results were represented as a mean ± SD.

2.5. Global proteome analysis of E. coli: Sample preparation for LC-MS/
MS

E. coli samples (107 CFU/mL) were treated with Au (III) 62.5 lM
or Au (I) 125 lM for 2 h. Samples were centrifuged and pellets
were resuspended in a lysis buffer consisting of NP40 Cell Lysis
Buffer (Sigma-Aldrich, US) plus complete TM Mini Protease Inhibitor
Cocktail (Sigma-Aldrich, US) and then mechanical lysis was per-
formed using sonication (SONOPULS HD 2200 ultrasonic homoge-
nizer) (60 W, 20 kHz, 3 cycles per sample: 45 s at 70% power, 2 min
dwell time). Cell debris was removed by centrifugation (13,300g,
20 min, 4 �C). Total protein was quantified using the PierceTM Deter-
gent Compatible Bradford Assay Kit (ThermoFisher Scientific, US).
Buffer exchange was performed by using Amicon� Ultra 0.5 mL Fil-
ters (Sigma-Aldrich, US) following the manufacturer’s instructions.
Then, samples were resuspended in denaturing buffer (6 M urea,
100 mM Tris buffer pH 7.8). Next, cysteines were reduced with
DTT (200 mM) for 30 min at 37 �C and alkylated with iodoac-
etamide (200 mM) for 30 min in the dark. Unreacted iodoac-
etamide was consumed adding 200 mM DTT for 30 min at room
temperature. Then, samples were diluted with 50 mM ammonium
bicarbonate to a final concentration lower than 1 M of urea. Diges-
tion was carried out overnight with the enzyme trypsin (Gold
Trypsin, Promega) at 37 �C and a 1:20 ratio (enzyme/protein).
Reaction was stopped by adding concentrated formic acid
(Sigma-Aldrich, US).

The digested peptides (1.2 lg) were analyzed by nano-liquid
chromatography and concentrated by reverse phase chromatogra-
phy. Then, samples were separated on an analytical reverse phase
C18 Picofrit column with a flow rate of 250 nL/min. The eluents
consisted of buffer A (0.1% (v/v) formic acid (FA), H2O) and buffer
B (0.1% (v/v) FA, ACN (Acetonitrile)), and the peptides were eluted
using a gradient from 2% to 40% of buffer B over 180 min. The
eluted peptides were electro-sprayed directly into the Q Exactive
HF mass spectrometer. Survey MS scans ranged from 350 to
2000 Da. MS/MS data were acquired running a data-dependent
acquisition (DDA) method. The spectra were acquired in positive
mode.

MS/MS spectra were processed using the Proteome Discoverer
2.4 (ThermoFisher Scientific, US) software with MASCOT search
engine v.2.6.1. Uniprot databases were used with taxonomic
restriction to E. coli (UP00000625.fasta) (4348 sequences). The
identification was performed according to the following parame-
ters: proteolytic enzyme: trypsin; fixed modification: car-
bamidomethylation of cysteine; variable modifications: oxidation
of methionine and acetylation of the amino terminal; precursor
ion mass tolerance of ±10 ppm; fragment ion mass tolerance of
0.02 Da; and two missed cleavages were allowed. For all runs,
the false discovery rate (FDR) was set to <0.01 for peptide identifi-
cation. Proteins with a minimum fold change of 1.5 and p < 0.05
(Au(I)/Control (CT) and Au(III)/CT) were considered to regulate
differently.

2.6. Gold cytotoxicity evaluation

Fibroblasts and macrophages were seeded onto 96-well plates
at 6 � 103 and 7 � 104 cells per well, respectively. The cytotoxicity
of different Au (III) and Au (I) concentrations (31.25–250 lM) was
evaluated using the Blue Cell Viability Assay (Abnova, Taiwan)
after 24 h of incubation. Then, the reagent was added following
the manufacturer’s indications (10%; 4 h at 37 �C and 5% CO2),
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and the fluorescence displayed by the reduction of the dye by
the metabolically active cells was recorded in a microplate reader
(Multimode Synergy HT Microplate Reader; Biotek, US) at 530 nm
excitation and 590 nm emission wavelengths. The viability was
calculated by linear interpolation of the fluorescence data from
the cells exposed to gold compounds versus the non-treated ones
(control sample, 100% viability).

2.7. Cell apoptosis and cell cycle

Fibroblasts and macrophages were seeded at densities of
4 � 104 cells/well in 24-well plates and maintained at 37 �C and
5% CO2 overnight. Fibroblasts and macrophages were then treated
with the subcytotoxic concentrations of Au (III) or Au (I) obtained
in the cytotoxicity assay described above. After 24 h of incubation,
cell apoptosis and cell cycle were studied by flow cytometry (FAC-
SARIA BD equipment and software).

To determine cell apoptosis, after 24 h of exposure to the differ-
ent gold species concentrations, cells were harvested, resuspended
in annexin V-binding buffer (10 mM HEPES/NaOH, 140 mM NaCl,
25 mM CaCl2) and treated with a solution composed of annexin
V-FITC and propidium iodide. Cells were then incubated at room
temperature for 15 min in the dark and then analyzed by flow
cytometry (FACSARIA BD equipment and software, US). Samples
were analyzed in triplicate. Untreated control cells were used as
a negative control to determine the basal status of the cells and
comparatively with the effects of gold on macrophages and
fibroblasts.

Furthermore, the distribution of the cell-cycle phases after gold
exposure was assessed by flow cytometry (FACSARIA BD equip-
ment and software, US). After 24 h of exposure to the different gold
species concentrations, cells were collected and fixed with 70% ice-
cold ethanol (106 cells/mL). DNA staining was performed by adding
RNase A and propidium iodide to the cell solution. Finally, samples
were analyzed by flow cytometry (FACSARIA BD equipment and
software, US). Control samples (untreated cells) were also run to
know the standard distribution of cell cycles in the cell lines
assayed.

2.8. Immunofluorescence assay

Cells (4 � 104 cells) were seeded onto sterile coverslips and
treated or not with the subcytotoxic concentrations of Au (III) or
Au (I) for 24 h. Then, cells were rinsed with PBS and fixed in
paraformaldehyde 4% (Alfa Aesar, Germany) during 30 min at room
temperature. After fixation, cells were first washed with PBS-BSA
1% and then with saponin 0.1% in PBS-BSA solution. Afterwards,
the samples were stained for 1 h at room temperature with pri-
mary antibodies against vinculin (1:200) (SAB, US) and tubulin
(1:50) (Molecular Probes, US). After washing, the cells were incu-
bated with Alexa Fluor 488 goat anti-rabbit IgG antibody (1:250)
(Molecular Probes, US) for vinculin and Alexa Fluor 633 rabbit
anti-mouse IgG antibody (1:250) (Molecular Probes, US) for tubu-
lin. F-actin was labelled with Phalloidin 546 (1:200) (Molecular
Probes, US) in PBS-BSA-saponin prepared solution. Then, cells were
rinsed with PBS�BSA 1% and then with distilled water. Finally, cov-
erslips were mounted on glass slides in DAPI-Mowiol mounting
medium (ThermoFisher Scientific, US). Samples were visualized
by confocal microscopy (Leica TCS SP2 Laser Scanning Confocal
Microscope, Germany).

2.9. Mitochondrial membrane potential and ROS production

To assess whether gold species treatment modifies the mito-
chondrial cell membrane potential, fibroblasts and macrophages
were seeded (6 � 104 cells/well; 24-well plates) for 24 h in DMEM
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with 10% FBS, and then treated with subcytotoxic concentrations of
Au (III) or Au (I) for 24 h. After the exposure to gold species, cells
were collected and resuspended in PBS. To evaluate the mitochon-
drial membrane potential, 5 lL of 1,10,3,3,30-hexamethylindodi
carbo-cyanine iodide (DilC1(5) InmunoStep, Spain) were added,
incubated for 15 min at 37 �C, 5% CO2 and then analyzed by flow
cytometry (FACSARIA BD equipment and software, US).

ROS generation was indirectly evaluated by the cell-permeable
CellROX� reagent (ThermoFisher Scientific, US). This compound is
essentially non-fluorescent in a reduced state, but exhibits a strong
fluorogenic signal upon oxidation, providing a reliable measure-
ment of ROS generation in live cells. Fibroblasts and macrophages
were treated with 62.5 lM Au (III), 125 lM Au (III), and 125 lM Au
(I) for 24 h. Then, cells were collected, mixed with CellROX�

reagent at 500 nM and incubated for 30–60 min at 37 �C, protected
from the light. During the last 15 min of staining, 1 lL of the 5 lM
SYTOX� Red Dead Cell reagent was added. Afterwards, the genera-
tion of ROS was monitored using 488/525 nm excitation/emission
of the CellROX� Green by flow cytometry (FACSARIA BD equipment
and software, US).
Fig. 1. Effects of Au (III) and Au (I) treatment in bacteria cultures. A) Bacteria
growth (CFU/mL) obtained after treatment of E. coli and S. aureus cultures with Au
(III) and Au (I) at different ionic gold concentrations (50–125 lM) for 24 h. Control
samples represent E. coli and S. aureus non-treated with any gold species. Data are
expressed as the mean ± SD of at least four independent experiments performed in
triplicate (n � 12) and showing statistically significant differences between the
control samples and the treated ones (**p � 0.01; ****p < 0.0001). B) Bacteria
morphology observed by SEM before (Control samples) and after treatment with Au
(III) or Au (I) at 125 lM except for Au (III) in E. coli cultures where the gold precursor
was added at 50 lM concentration. EDX spectrum is also depicted to corroborate
the presence of gold. Note: EDX analysis did not reveal the gold presence for Au (I)-
treated bacteria in any of the areas scanned.
3. Results and discussion

3.1. Gold bactericidal activity

In the search for alternatives to antibiotics, we previously
demonstrated promising results for gold-chitosan nanocomposites
regarding their strong bactericidal effects without damaging
eukaryotic cells at equivalent doses, not only in independent cell
cultures, but also in in vitro infection models [12,21]. As we
showed, chitosan by itself did not display antibacterial ability so
this effect was solely attributed to Au NPs and to the gold species
released from them. The present work clarifies the role of Au (III)
and Au (I) species in their bactericidal effects deciphering the
molecular mechanisms exerted in bacteria.

Concerning the bactericidal effects in planktonic cultures, at the
doses tested (50–125 lM) Au (III) and Au (I) species showed bac-
tericidal effect on E. coli whereas no effect was observed on S. aur-
eus (Fig. 1A). Specifically, Au (III) displayed dose-dependent effects
on E. coli cultures depleting bacteria growth (�102 CFU/mL)) at the
lowest concentration assayed (50 lM) whereas the complete erad-
ication of bacteria was achieved at the highest concentration tested
(125 lM). On the other hand, Au (I) significantly inhibited bacteria
growth (106-107 CFU/mL) at the concentrations assayed though a
dose-dependency was less pronounced. It should be noted that
the range of gold concentration was chosen regarding the results
that our group obtained in previous studies [21]. Other authors
have also shown similar results pointing to the higher bactericidal
effects of Au (III) compared to Au (I) as well as lower minimum
inhibitory concentration (MIC) values of Au (III) against E. coli than
against S. aureus [22]. The evaluation of the antimicrobial ability of
Au (III) against the Gram-negative bacteria P. aeruginosa revealed
the efficiency of ionic gold as bactericidal agent displaying MIC val-
ues close to those exerted by different antibiotics. The superior
antimicrobial action on Gram-negative bacteria may be attributed
to the cytoderm thickness (10 nm in Gram-negative bacteria vs
20–80 nm in Gram-positive bacteria [23]), which is related to the
peptidoglycan content, as well as to the hydrophilic/polar charac-
ter of both forms of ionic gold. Small hydrophilic ions and drugs
passively diffuse to the bacterial interior by using the pore-
forming porins in Gram-negative bacteria while macrolides and
other hydrophobic drugs diffuse preferentially across the lipid
bilayer in Gram-positive bacteria [24]. Transporters of the general
bacterial porin (GBP) superfamily control the energy-independent
diffusion of polar solutes including metal ions into Gram-
790
negative bacteria [3]. Compared to Gram-positive bacteria, the
superior antimicrobial action found in Gram-negative bacteria
can also be associated to their superior glutathione and soluble
thiol content which are responsible for their cytoplasm reductive
environment [25]. In addition to the physiological extracellular
content, at cytotoxic doses, bacterial death would release addi-
tional glutathione and soluble thiol upon cell lysis, which could
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contribute to reduce larger amounts of available gold species into
metallic gold. Therefore, detoxification red-ox reactions would be
promoted in Gram-negative bacteria. In agreement with the previ-
ous literature, higher concentrations of Au (III) and Au (I) are
needed to eliminate Gram-positive bacteria compared to Gram-
negative ones and a superior antimicrobial action of Au (III) vs
Au (I) was also observed [26]. The largest inhibition of bacterial
growth was observed after treatment with Au (III) concentrations
above 125 lM on E. coli under aerobic conditions which was attrib-
uted to the unbalance of the bacterium’s oxidative status [10]. The
superior antimicrobial action of Au (III) vs Au (I) found can be
attributed to the higher reduction potential of Au (I) (1.83 v) com-
pared to that of [AuCl4]� (0.93 v) and therefore a superior tendency
to participate in oxidative reactions for the latter. We hypothesized
that Au (III) could be easily reduced in culture to Au (I) whereas Au
(I) is reduced to zerovalent inert Au (0) which would be in agree-
ment with the superior toxicity observed for Au (III). This hypoth-
esis was validated later on thanks to our XPS results (see
subsequent section). Also, compared to Au (I), Au (III) has a higher
positive charge and therefore is a harder acid that can easily form
complexes with different harder bases being more reactive. Con-
sidering these previous works and the differences found in our
assays, different methodologies were performed to elucidate cellu-
lar and molecular mechanisms involved in the toxicity of those
gold species against prokaryotic cells and whether these effects
were also found in eukaryotic cells.

3.2. First mechanism of antimicrobial action: Cell wall damage

Fig. 1B depicts characteristic morphological changes on bacteria
observed by SEM after treatment with ionic gold. Untreated con-
trols showed the characteristic elongated morphology of coliform
bacteria (E. coli) prepared for cell division and the characteristic
clustered growth of S. aureus cocci. After Au (III) treatment, severe
cell damage was observed for E. coli on its cell wall showing a
crumpled structure probably attributed to cell lysis while the sur-
face and morphology of S. aureus remained unaltered. On the other
hand, when bacteria were treated with Au (I), E. coli surface
showed increased roughness and some pinholes were present
whereas no changes were observed for S. aureus. It should be noted
that E. coli was treated with a lower Au (III) concentration as at the
highest concentration assayed (125 lM), bacteria were totally
eradicated and it was not possible to study their morphology.
The shrunk structure observed in Au (III)-treated E. coli samples
agrees with previous morphological studies where a size reduction
is clearly observed when E. coli was treated with HAuCl4 for
biomineralization induction [27]. Furthermore, EDX analysis
revealed the presence of gold on Au (III) treated bacteria
(Fig. 1B). Those morphological changes are in accordance with
the bactericidal results explained above (Fig. 1A) and can be attrib-
uted to the cell wall destabilization caused by Au (III).

The optical resolution of SEM was insufficient to elucidate
whether reduced metallic Au NPs were formed and responsible
for the gold signal retrieved from the EDX analysis. Therefore,
ultramicrotomed slices of bacteria were observed under TEM to
identify their presence (Fig. 2). It should be noted that, in order
to properly visualize bacteria, E. coli samples were treated at lower
concentrations (62.5 lM) than S. aureus cultures (125 lM) due to
the higher cytotoxicity exerted by gold species (Fig. 1A). Bacteria
produce extracellular substances (ECS) which are able to modify
the size and zeta potential of NPs by causing their agglomeration,
thus preventing them from having contact with the bacteria and
decreasing their bactericidal activity [28,29]. Fig. 2A1 and 2A2
show that Au NPs were formed in the close proximity of E. coli
and S. aureus, respectively. Under the conditions tested, no isolated
Au NPs were observed in the extracellular medium of E. coli
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(Fig. 2A1) which might indicate that at the concentrations used
the polysaccharides, metal chelating compounds (i.e., sidero-
phores), and proteins secreted by these bacteria were insufficient
to reduce bioavailable soluble gold species. Probably most of the
reduction takes place only on the external surface of E. coli due
to the reductive character of the hemiacetal groups present on
the cell surface saccharides as previously reported [18]. Also,
because the exposure doses were below the corresponding MBCs,
the release to the extracellular milieu of large amounts of the bac-
terial intracellular content was not expected, which could have
been responsible for strong metal-reductive conditions outside
the cells. TEM images (Fig. 2A2) of S. aureus treated with Au species
also showed the uneven presence of 9.5 ± 4.5 nm Au NPs on the
surface of bacteria. Again, no NPs were observed in the extracellu-
lar space (Fig. 2A2). Large nanoparticle aggregates (size ranging
from 500 nm to 2 lm) were observed for both Au (III) and Au (I)
treated samples, probably as part of a bacteria-driven detoxifica-
tion process.

The interaction between Au (III) and Au (I) cations with the cell
membrane was also corroborated by FTIR analysis. Fig. 3A shows
that no changes in the spectra could be observed when comparing
the spectra of S. aureus bacteria treated with Au (III) or Au (I) and
the untreated ones. On the other hand, observed changes in the
corresponding spectra suggest that different supramolecular inter-
actions appear when treating E. coli with those ionic gold species.
Spectrum of bacteria treated with Au (III) (Fig. 3A) shows modifica-
tions in the bands related to amide I (1600–1800 cm�1) and amide
II (1470–1570 cm�1) vibrations, the main bands of proteins in the
IR spectrum. Amide I absorption band at 1637 cm�1 has been pre-
viously assigned to the stretching vibrations of the C@O groups at
b-pleated sheet structures in proteins [30] which could be associ-
ated to the lipoprotein (Lpp) which crosslinks the outer membrane
and the inner peptidoglycan layer of E. coli regulating the mechan-
ical properties of its envelope [31]. After contacting with Au (III), a
slight shift in the amide I band to lower wavenumbers was
observed, which could indicate a structural interaction with the
b-sheets of cell membrane proteins, whereas no shift was observed
for bacteria in contact with Au (I) at the concentration tested. A
shift was also observed for the amide II band (1540 cm�1). This sig-
nal has been previously assigned to the high a-helical content of
membrane proteins in E. coli [32]. As a result of the Au (III) and
Au (I) treatment, the amide I and II bands were shifted to lower
wavenumbers thus demonstrating alteration in the protein struc-
tures possibly due to the lysis of the cell membrane [33]. A new
peak appeared at 1587 cm�1 in the treated E. coli which could be
associated to a metal-nitrogen bond formation [34]. This may be
also supportive of the lysis of the cell membrane. The IR band at
1396 cm�1 has been previously attributed to the symmetric CH3

bending of the methyl groups in proteins [35,36] and again a shift
was observed in the spectra when interacting with both gold spe-
cies. A new peak appeared at 1300 cm�1 in the treated E. coliwhich
may indicate again a possible Au-N interaction [37]. A slight shift
in the 1240 cm�1 peak was observed after treatment with Au
(III) and Au (I). According to the literature, the region between
1500 and 1200 cm�1 is governed by the vibrational signals of pro-
teins, fatty acids, and phosphate bearing compounds [33]. After
contacting with Au (III) and Au (I), a slight shift in the 1070 cm�1

peak to lower wavenumbers was also noted in the treated cells,
this band corresponds to (C A O � C) stretching vibrations of the
bacterial membrane glycosidic linkages [33]. Hence, FTIR spectra
suggested that for E. coli, the treatment with Au (III) and Au (I)
causes the destruction of the cell membrane by the alteration in
its protein structure revealed by the shifting in the amide I and II
bands, by the appearance of new absorption bands depicting pos-
sible destruction of membrane phospholipids, and by the break-
down of glycoside linkages of the polysaccharides present in the



Fig. 2. TEMmicrographs of bacteria treated with ionic gold species and consequent Au NPs formation. A) Bacteria treated with gold species. A1) E. coli and A2) S. aureus before
(control sample) and after treatment with Au (III) or Au (I) for 24 h. E. coliwas treated with 62.5 lM of both gold species whereas S. aureuswith 125 lM concentration of both
gold precursors. Right images correspond with a zoomed area of the middle images. B) In vitro synthesized Au NPs by E. coli (left) and S. aureus (right) crude extracts (i.e.,
exudates) after treatment with 125 lM Au (I).
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cell membrane. In summary, gold species cause E. coli membrane
damage which would interfere in its membrane potential and
would contribute to intracellular components leakage.

3.3. Second mechanism of antimicrobial action: Oxidative stress
induction

XPS results on Au (III) and Au (I) treated bacteria corroborated
the presence of intracellular gold after surface etching (Fig. 3B).
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Interestingly, when Au (III) was added to bacteria, it was reduced
to Au (I) in both the external surface (etching time 0 s) and inter-
nally (etching 200 s). No Au (III) was detected after contacting with
both bacteria. Supporting the antimicrobial results (Fig. 1), it was
observed that against E. coli, Au (III) remained in ionic form (as
Au (I)). However, against S. aureus, all the Au (III) added was
reduced to zerovalent Au on the surface of the cell, obtaining Au
NPs as it was observed in the TEM micrographs (Fig. 2A2), which
could explain its reduced cytotoxicity against these Gram-



Fig. 3. Effects of gold species in the bacteria wall, ROS generation and DNA integrity. A) FTIR spectra of E. coli and S. aureus cell mass after 24 h treatment with Au (III) or Au (I)
at a concentration of 125 lM. B) Concentration of gold species (atomic wt.%) determined by XPS after bacteria treatment. C) Quantitative levels of ROS in E. coli exposed to the
different gold species concentrations. Data are expressed as fluorescence intensity levels relative to those obtained for the untreated controls (control value assigned as 1). D)
Concentration of nucleic acids released from bacteria after 2 and 4 h of incubation with Au (III) 62.5 lM, Au (III) 125 lM and Au (I) 125 lM. Data are expressed as mean ± SD
of at least 3 independent experiments performed in triplicate. Statistically significant differences between the control samples and the treated ones (* p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001) are also depicted.

M. Paesa, C. Remirez de Ganuza, T. Alejo et al. Journal of Colloid and Interface Science 633 (2023) 786–799

793



M. Paesa, C. Remirez de Ganuza, T. Alejo et al. Journal of Colloid and Interface Science 633 (2023) 786–799
positive bacteria. After etching, partially oxidized Au (I) (57 at. %)
was detected intracellularly and 63 at. % as Au (0) on the surface.
When Au (I) was added to E. coli, only Au (0) was detected on
the surface of the bacteria and after etching, both Au (0) and Au
(I) were detected intracellularly. This fact may explain the reduced
toxicity observed for Au (I), which in presence of bacteria can be
reduced to Au (0) decreasing its potential cytotoxicity, whereas
Au (III) remains reduced as Au (I) maintaining its cytotoxic effect.

As it is shown in the SEM images (Fig. 1B), the interaction of
E. coli with gold species resulted in the disruption of the bacterial
cell wall through the formation of perforations which eventually
resulted into a complete cell lysis (Fig. 2A) in agreement with the
previous literature [38].

Both bacteria were able to biomineralize gold species but
despite of the fact that some metallic NPs were found on Au (III)-
treated E. coli (Fig. 2A), probably most of the Au remains in its ionic
soluble form (as reduced Au (I)) as XPS results corroborated
(Fig. 3B). This is based on the fact that while TEM is a local
morpho-analytical technique, XPS analysis gives macroscopic
information as it was carried out in 1 mm2 sections of treated
bacteria.

Moreover, exudates released by bacteria were used to analyze
the potential reductive induction caused by the extracellular com-
ponents and the culture medium and to evaluate the potential
extracellular Au (0) formation before contacting bacteria. No
nanoparticles were found when Au (III) precursor was mixed with
those exudates under the same experimental conditions than the
ones used when culturing bacteria. However, when the Au (I) pre-
cursor was added to the culture medium containing all bacterial
exudates, 23 ± 6 nm Au NPs were detected in the medium used
for E. coli growth after 24 h of incubation (Fig. 2B). Potentially in
the culture medium containing bacterial exudates, Au (III) species
were reduced to monovalent ionic form whereas Au (I) was
reduced to its metallic zerovalent form. It has been reported that
Au (III) species are not stable in aqueous conditions and undergo
spontaneous hydrolysis [39]. Depending on the presence of differ-
ent nucleophiles and reductors in the media, Au (III) can be
reduced to Au (I) according to the electrochemical half reaction
(Equation (1)):
Au3þ+2e�!Auþ, E0=1.29V ð1Þ
Those results were corroborated by UV–VIS spectroscopy ana-

lyzing the extinction spectra of both precursors dissolved in the
culture medium (TSB). Figure S1 shows that, at the concentrations
used in this work, no extinction peaks at 520 nm characteristic of
the surface plasmon resonance of solid spherical Au (0) NPs were
formed, but by increasing the precursor concentration to 10 mM,
the characteristic localized surface plasmon resonance peak was
observed when Au (I) was used but no peak was detected under
the same conditions when Au (III) was used. Probably at the low
concentrations used in this work the extinction spectra cannot
reveal Au NPs formation due to their reduced size and concentra-
tion, but NPs are formed when using Au (I) as precursor as we cor-
roborated by TEM. It has been theoretically and experimentally
demonstrated that the reduced mean free path of the conduction
electrons in small particles is responsible for their lack of surface
plasmon resonance (SPR) bands [40]. For Au NPs with sizes less
than 10 nm, SPR bands are largely hindered due to the phase
changes resulting from the increased rate of electron-surface colli-
sions compared to those of larger particles [41].

Concerning the different effects observed in the above-
described experiments regarding Gram-positive and Gram-
negative bacteria, all assays from this point were only performed
in the Gram-negative bacteria model, E. coli, due to the lack of
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antimicrobial effect against Gram-positive bacteria observed at
the doses tested.

To validate the different reductive character of Au (III) and Au
(I), in vitro ROS generation using the DHR123 probe, which is an
uncharged and non-fluorescent ROS probe that becomes fluores-
cent under the presence of peroxynitrite and other ROS [42], was
analyzed. Under the presence of E. coli, both Au (III) and Au (I) spe-
cies generated ROS in significant amounts compared to the basal
status of the cells (Fig. 3C) resulting in oxidative damage. No statis-
tically significant differences were found in the amount of ROS
generated in both species at the same concentration. Therefore,
the superior bacterial damage observed for Au (III) on E. coli cannot
be solely attributed to ROS generation. In summary, both Au (III)
and Au (I) are able to induce oxidative stress on E. coli bacteria. This
oxidative effect was later corroborated by means of genomic and
proteomic analyses (see subsequent sections).

3.4. Third mechanism of antimicrobial action: Nucleic acid release and
DNA damage

Previous studies showed that gold clusters and Au (III) com-
plexes bind to DNA and cause its damage [43]. Also, the high levels
of ROS production results in the degradation of the genetic mate-
rial [44]. As shown in Fig. 3D, the exposure of E. coli to Au (III)
and Au (I) for 2 h produced a large amount of nucleic acids release
which is proportional to the measured bactericidal effect shown
above (Fig. 1A). After 4 h of contact, the amount of nucleic acids
released significantly increased and Au (III) 125 lM produced the
highest nucleic acid release at both time points. These results con-
firm the dose- and time-dependent bactericidal effect as well as
the damage exerted to the bacterial cell wall in the presence of
gold species facilitating the release of nucleic acids to the extracel-
lular space.

3.5. Fourth mechanism of antimicrobial action: Genetic response to
oxidative stress

Owing to the bactericidal effect of Au (III) and Au (I) species, the
antioxidant response at molecular level to those stressors was
evaluated in E. coli in a late exponential phase (107 CFU/mL) by
RT-PCR (Fig. 4A). As explained above, genes corresponding to stress
responses (oxyR, rpoS, sodA) and two thiol-disulfide oxidoreduc-
tases (grxA, trxA) were analyzed whereas gene expression was nor-
malized to the level of gapA (Table S1). It should be noted that the
assays were performed by treating E. coli with Au (III) at 62.5 lM
and Au (I) at 125 lM. Au (I) 125 lMwas selected for further exper-
iments being the MIC for the compound and Au (III) 62.5 lM (half
MBC) was selected for further experiments because at 125 lM Au
(III) the MBC was reached (Fig. 1A) and no remaining bacteria was
left. The gene expression analysis (Fig. 4A) showed a significant
induction of rpoS (3.07-fold), grxA (2.96-fold) and sodA (2.91-fold)
genes after treatment with Au (III) at a concentration of 62.5 lM,
whereas only rpoS (2.95-fold) and grxA (2.55-fold) gene expres-
sions were significantly increased after exposure to Au (I)
125 lM. RpoS, a sigma subunit of RNA polymerase, has been
reported as the main regulator of the general stress response in
E. coli [45]. Its expression was increased after treatment with both
gold species, thus indicating that the activation of rpoS regulon
may help E. coli to protect itself from any unbalance in the bac-
terium’s oxidative status. In addition to the glutathione system,
E. coli contains thiol-disulfide oxidoreductases that maintain the
thiol-disulfide balance in the cytoplasm [46]. Though trxA and grxA
encode cytoplasmic disulfide reducing proteins (thioredoxins and
glutaredoxins), only Au (III) 62.5 lM and Au (I) 125 lM triggered
a grxA-dependent response, which seems to indicate that the
glutaredoxin system is more sensitive to this redox unbalance than



Fig. 4. Effects of gold species at the molecular level in E. coli. A) Genetic response
after treatment with Au (III) 62.5 lM or Au (I) 125 lM. The fluorescence signal of
each PCR product was compared to that of gapA. The values obtained from tested
genes were normalized to those obtained from control groups (non-treated cells). B)
Proteomic analysis after treatment with Au (III) 62.5 lM: KEGG pathway enrich-
ment analysis of differentially abundant proteins of E. coli. C) Proteomic analysis
after treatment with Au (I) 125 lM: KEGG pathway enrichment analysis of
differentially abundant proteins of E. coli. Data are expressed as mean ± SD of at
least 3 independent experiments performed in triplicate and showed statistically
significant differences between the control samples and the treated ones
(**p < 0.01;***p < 0.001; ****p < 0.0001).
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the thioredoxin system. Since sodA activates a group of enzymes
that attenuate the effects of superoxide, only Au (III) at 62.5 lM
triggered a sodA-dependent response. These results support the
higher capacity of Au (III) species to trigger the unbalance of the
bacterium’s oxidative status [10]. The expression of the transcrip-
tional factor oxyR, that is oxidized by hydrogen peroxide through
the formation of an intramolecular disulfide bond [47], was not
increased after the 125 lM treatment with any of the gold species.
These results may indicate that gold species do not trigger a H2O2

increase high enough to reach stressing levels. In accordance with
previous studies, when E. coli was stimulated by hydrogen perox-
ide, transcription of sodA and rpoS was activated in stationary
phase whereas oxyR expression was activated during exponential
growth. Additionally, the expression of trxA was not increased
either by oxidative stress or by a shift to high-osmolarity condi-
tions as previously reported [47].

3.6. Fifth mechanism of antimicrobial action: Gold species affect the
expressed levels of target proteins

In order to decipher the effects of ionic gold treatment in pro-
tein expression, E. coli bacteria suspensions were treated with Au
(III) 62.5 lM or Au (I) 125 lM for 2 h and analyzed by LC-MS/
MS. Again, Au (I) 125 lM was selected as MIC whereas Au (III)
62.5 lM (half MBC) was also selected for those proteomic assays
because, as we mentioned before, Au (III) at 125 lM elicited total
bacterial elimination.

The analysis of the global proteome of E. coli after treatment
with Au (III) and Au (I) species yielded a large amount of relevant
results (Fig. 4B, 4C and S2). The different proteins showing
increased abundance related to control samples are depicted in
Fig. S2A. The details of differentially abundant proteins among
Au (III) and Au (I) vs control sample are also detailed in the Sup-
porting Information section (Figure S2). Gene Ontology analysis
regarding biological processes, cellular locations and molecular
functions that are affected after Au (III) and Au (I) treatments are
depicted in Fig. S2B and S2C.

KEGG pathway analysis was performed to determine the bio-
logical pathways involved in the differentially abundant proteins
detected in E. coli after ionic gold treatment. Pathways including
only one or two proteins were omitted in the analysis. As shown
in Fig. 4B and 4C, the pathways affected were directly involved
with the bacterial metabolism, transport and biosynthesis. Au
(III) and Au (I) action modified the biosynthesis of the cofactor
pathways, thus impairing the redox homeostasis and energy meta-
bolism in E. coli [48]. The molybdopterin biosynthesis, reported to
be essential for E. coli virulence [49], and the biosynthesis of the
NAD + cofactor, were only decreased by Au (III) treatment. More-
over, Au (III) showed a higher ability to trigger the quorum sensing
and siderophore enterobactin biosynthesis pathways. The stress
response was also modified after both treatments. Interestingly,
5-oxoprolinase subunit A, implicated in the first step of glutathione
biosynthesis, was only increased after Au (III) treatment, thus mod-
ifying the glutathione levels upon Au (III)-induced oxidative stress
and cell damage [50]. These results are in agreement with those
obtained at mRNA levels. The NADH oxidoreductases were strongly
down-regulated after both treatments, thus impairing the aerobic
respiration in E. coli. Interestingly, only the c subunit of the FO
ATP synthase was down-regulated after Au (I) treatment, thus sug-
gesting that ATP synthase is mainly a target for Au (I) treatment
and leading to a general decline in the cellular metabolism
[51,52]. Other authors also determined that gold NPs exert their
antibacterial action by changing the membrane potential and
inhibiting ATP synthase [13]. Proteins involved in the two-
component system EnvZ/OmpR and CusS/CusR were only affected
after Au (I) treatment. The EnvZ/OmpR system is the main regula-
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tor of porins [53]; a lower expression of outer membrane porin
OmpC could lead to a lower intracellular accumulation of Au (I)
thus conferring E.coli resistance to Au (I). On the other hand,
CusS/CusR proteins and the zinc resistance-associated protein,
known to regulate copper, silver and zinc ions homeostasis
[54,55], were up-regulated. All of these findings could indicate that
E. coli is trying to countereffect the unbalance in its homeostasis
caused by Au (I) thought several mechanisms: (1) efflux system
through the transmembrane transport; (2) reducing its transport
into the periplasmic space via changes in its porins; (3) secretion
of extracellular substances. These results could explain the lower
toxicity found after Au (I) treatment.

Most proteins involved in pyrimidine and purine catabolism
were increased after both treatments, thus indicating that E. coli
is trying to overcome the gold-induced DNA damage, corroborating
our previous findings in which DNA release and damage were
quantified. ABC transporters pathway was also modified by the
action of ionic gold, which could lead to a disorder in the transport
system, homeostasis, and composition of the cell membrane. These
results agree with those obtained by FTIR analysis in which, gold
species caused the destruction of the cell membrane by the alter-
ation of its protein structure. As a result of gold species action,
all differentially expressed proteins involved in fructose and man-
nose biosynthesis, O-Antigen nucleotide sugar biosynthesis, amino
sugar and nucleotide sugar biosynthesis and lipopolysaccharide
biosynthesis were up-regulated. These changes could indicate that
E. coli is trying to overcome the gold-induced lysis in the cellular
membrane.

To sum up, our studies point to five different molecular mech-
anisms (Fig. 5) involved in E. coli damage mediated by gold species
at the concentrations tested: cell wall damage, oxidative stress
induction, nucleic acid release and DNA damage, genetic response
to oxidative stress, and changes in the proteomic profile. These
mechanisms resulted in bacterial death and highlight the potential
of gold species as efficient bactericidal materials.

3.7. Cytotoxicity against eukaryotic cells

Two human cell lines were selected to evaluate the cytotoxic
dose-response of Au (III) and Au (I) species: fibroblasts and macro-
Fig. 5. Identified antibacterial mechanisms of gold species in E. coli. A) Positively charg
inducing bacteria wall damage. B) Passive diffusion of gold ions through the membrane.
and extracellular spaces. D) The accumulation of Au NPs and gold ions disrupt the intrace
to gold-induced oxidative stress. F) DNA damage mediated by ROS. G) Gold species dam
biosynthetic processes, cell transport, and bacterial energetic metabolism.
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phages. THP1 human monocytes (differentiated to macrophages)
and human fibroblasts were chosen as cell lines based on the anal-
ysis of two main cell lineages of varied origins: somatic cells (fi-
broblasts) and immune system cells or professional phagocytes
(macrophages). The results are depicted in Figure 6, S3, S4 and
S5. As shown in Fig. 6A and according to ISO 10993–5 (Biological
evaluation of medical devices: Tests for in vitro cytotoxicity [56]),
Au (III) was not cytotoxic on fibroblasts up to 62.5 lM whereas
at a concentration of 250 lM exerted a clear dose-cytotoxic
response reducing the cellular viability to less than 20%. On the
other hand, Au (I) displayed on fibroblasts superior viability
(�80%) at the doses tested. The higher cytotoxicity of Au (III) com-
pared to that exerted by Au (I) has also been reported for several
gold complexes bearing benzimidazole- and pyrazole-derived N-
heterocyclic carbenes [57]. On macrophages, both gold species
exerted similar viability percentages (around 70%) which could
be explained by the superior plasticity of macrophages which are
able to adapt to environmental stressors easily. Compared to
E. coli viability assays (Fig. 1A), gold species were safer to eukary-
otic cells at the concentrations tested, highlighting the potential of
these species to treat infections without damaging human tissues.
In accordance with the literature, gold nanospheres (10–40 lg/mL)
[58] and Au NPs (0.1–100 lg/mL) [59] were found nontoxic to
macrophages. On fibroblasts, Au (III) species triggered a reduction
of 70–80% viability of cells at the highest concentrations tested
(125 and 250 lM, respectively), whereas Au (I) concentrations
were safer, yielding at the doses tested >80% viability. These results
are in accordance with a previous study in murine fibroblasts
(L929) in which Au (III) reduced viability in 80% of cells at the high-
est concentration evaluated (50 lg/L = 130 lM), affecting ROS pro-
duction and DNA integrity [60]. Au (III) toxicity was attributed to
its redox reactions with peptides and proteins, especially with
sulfur-containing amino acids, and due to its ability to bind and
deprotonate peptide amide bonds and cross-link histidine imida-
zole rings [61]. Drescher et al. [62] showed, by using laser ablation
inductively coupled plasma mass spectrometry and radioactively
labelled HAuCl4, that 197Au+ accumulates inside the whole cell (us-
ing mouse 3 T3 fibroblasts) and preferentially in their nuclei even
generating NPs in their interior when PBS was used as culture
medium but when DMEM was employed, Au NPs were formed
ed gold ions electrostatically interact with the negatively-charged membrane, thus
C) Formation of Au NPs during the reductive biomineralization process in both intra
llular balance, resulting in ROS production and oxidative stress. E) Genetic response
age DNA. H) Gold species affect target proteins mainly involved in oxidative stress,



Fig. 6. Effects of gold species treatment in human cell cultures. A) Cell viability after
treatment with different Au (III) and Au (I) concentrations for 24 h. Data are
expressed as mean ± SD of at least 3 independent experiments performed in
triplicate and showed statistically significant differences between the control
samples and the treated ones (*p � 0.05; **p � 0.01; ***p � 0.001; ****p � 0.0001).
B) Representative confocal images of cells before (control samples) and after
treatment with Au (III) at 62.5 lM and Au (I) at 125 lM on fibroblasts and at
125 lM of Au (III) and Au (I) on macrophages for 24 h. Merged images of actin
staining (red), tubulin (blue) and vinculin (green) are depicted. Scale bars: 10 lm.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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already in the extracellular space and then internalized to their
interior.

In the flow cytometry and immunofluorescence assays, macro-
phages and fibroblasts were treated with the subcytotoxic concen-
trations for Au (III) and Au (I) species and also according to the
antibacterial studies, as depicted in Fig. 6B, S3, S4 and S5. Apopto-
sis (Fig. S3A) was determined by using Annexin V-FITC/Propidium
Iodide (PI) through flow cytometry. Au (III) at a concentration of
62.5 lM and Au (I) at 125 lM were chosen due to their high bac-
tericidal efficiency in E. coli while maintaining high viability per-
centages in fibroblasts (>94%), not observing significant changes
in apoptosis nor necrosis. The macrophages treated with 125 lM
of Au (III) and Au (I) maintained high viability percentages
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(>82%). At these bactericidal and inhibitory concentrations, no sig-
nificant increase was observed in the total apoptotic response
(<6%) neither necrotic effects as other authors have previously
shown [59]. In this previous study, AuNPs did not reveal cytotoxic
nor inflammatory responses in murine macrophages after treat-
ment with Au NPs (0.1–100 lg/mL). On the other hand, cell cycle
status (Fig. S3B) was also analyzed after treating fibroblasts and
macrophages with the ionic gold species for 24 h at the same con-
ditions described in the apoptosis assays. In this regard, no signif-
icant changes (<10%) in cell cycle phases distribution were
obtained in both cells compared to control (untreated) cells. To
sum up, flow cytometry studies confirmed cell viability results
depicted in Fig. 6A and highlighted the low toxicity of the gold spe-
cies tested on human cells at the doses of study.

To analyze whether the bactericidal ionic gold concentrations
affected cell morphology in fibroblasts and macrophages cultures,
changes in cytoskeleton and cell spreading were studied by
immunofluorescence. Confocal microscopy images (Fig. 6B and
S4) showed that cell membrane of both cell types was not dis-
rupted after being incubated with subcytotoxic concentrations of
Au (III) and Au (I). The intact structure of the cell membrane is vital
for maintaining the functional integrity of mammalian cells. On the
basis of these images, no effects on cytoskeleton distribution were
observed for both cell types exposed to subcytotoxic concentra-
tions of Au (III) and Au (I), with a clear maintenance of actin and
tubulin architectures, as indicated by the fluorescently-labeled
phalloidin (red) and tubulin network staining (blue). In addition
to these findings, no effects were observable on focal adhesions
compared to the control samples, as can be observed by the highly
intense vinculin staining (green) localized preferably where several
actin fibers merged.

Therefore, cytotoxicity appears to be dependent on the specia-
tion state of gold (e.g., Au (III) or Au (I)) and its concentration,
the cell line tested and the culture medium composition, and also
in the natural biogenesis of gold NPs in the cells, as other authors
have previously shown when using RPMI 1640 or DMEM culture
media containing FBS with the additional aggregation induction
of the formed Au NPs [62].

Finally, the mitochondrial membrane potential was analyzed in
order to test the possible interactions of ionic gold with the mito-
chondrial function in both cell lines (Fig. S5A). The mitochondrial
membrane potential was found to be altered in both fibroblasts
and macrophages after contacting with gold species and, at
125 lM, affecting more to fibroblasts treated with Au (III) than
those treated with Au (I), which correlates with the viability results
(Fig. 6A). However, the mitochondrial membrane potential exerted
by fibroblasts remained unaltered when treated with Au (I) at
125 lM, though it was strongly affected when macrophages were
treated at the same concentrations. Moreover, ROS production
(Fig. S5B) was also evaluated in vitro for both cell lines revealing
oxidative stress mediated by both species. Even though no direct
correlation among cell viability and apoptosis, cell morphology
and focal adhesions, mitochondrial membrane potential and ROS
generation, regarding the treatment with Au (III) and Au (I) was
found, it may be assumed that slightly higher cytotoxicity on
fibroblasts was displayed than on macrophages when Au (III)
was compared to Au (I). As conclusion, Au (III) and Au (I) bacteri-
cidal concentrations were not as devastating in mammalian cells
as they were in E. coli cultures corroborating our previous studies
[12,21].
4. Conclusions

The antimicrobial action of gold species, specifically Au (III) and
Au (I), has been successfully elucidated in our work. We have
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observed differential effects after treatment of Gram-positive and
Gram-negative bacteria with Au (III) and Au (I) species, being sig-
nificantly more efficient in decreasing E. coli viability at the con-
centrations tested (31.25–250 lM). The novelty of our work is
the combined molecular mechanistic study on the toxicity of Au
species by the analysis of five different mechanisms of antimicro-
bial action. Further studies regarding electronic microscopy and
FTIR highlighted the superior antimicrobial action of Au (III) vs
Au (I) in terms of cell wall damage, ROS production, and intracellu-
lar components leakage. In-depth E. coli genomic and proteomic
studies displayed different mechanisms of action for Au (III) and
Au (I) species regarding oxidative stress, bacterial energetic meta-
bolism, biosynthetic processes, and cell transport, thus further con-
firming the superior toxicity of Au (III) vs Au (I) species. Moreover,
on eukaryotic cells the ionic gold species analyzed did not show
significant harmful effects at the doses tested, although ROS gener-
ation and mitochondrial membrane potential perturbations were
identified after gold treatment. However, these effects did not
exert critical consequences on cell viability nor morphology. The
results of our research emphasize the relevance of the search for
novel efficient bactericidal compounds and the important role of
gold in bacterial cytotoxicity without damaging mammalian cells.
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