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The combination of silver nanoparticles and conventional antibiotics could be a promising alternative

strategy to fight against antimicrobial resistance. The occurrence of synergistic bactericidal activity

between these combinations is supported by a large number of studies, but there is still a great lack of

information about the action mechanisms. In this study, a direct analytical method for the detection and

quantification of silver content in cells based on single cell inductively coupled plasma mass

spectrometry (SC-ICP-MS), in combination with microscopy and microbiological techniques, has been

used. Quantification of silver accumulated in Escherichia coli bacteria exposed to combinations of

silver(1) or silver nanoparticles and apramycin can help elucidate the synergistic mechanisms of silver—

antibiotic combinations. The combination of silver with apramycin resulted in the occurrence of

synergistic effects, allowing the reduction of silver()), silver nanoparticle and apramycin concentrations
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(from 4- to 16-fold) while preserving the individual bactericidal effects of each antimicrobial. Severe

damage in bacteria walls, including double membrane rupture and cytoplasm leakage, was observed
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1. Introduction

Despite the current era of technological advances, infectious
diseases are still among the leading causes of death, mainly
because of the development of resistance to antimicrobial
agents by microorganisms responsible for diseases." Antimi-
crobial resistance (AMR) is one of the greatest public health
challenges worldwide and is considered one of the top ten
health threats by the World Health Organization (WHO). AMR
occurs when bacteria, viruses, fungi and parasites no longer
respond to antimicrobials, which become ineffective. Some
infectious diseases are caused by multidrug-resistant bacteria
and become difficult or impossible to treat, increasing the risk
of disease spread, severe illness, disability, and death. AMR is
a natural process that happens over time through genetic
changes in pathogens. Its emergence and spread are accelerated
by human activity, mainly the misuse and overuse of antimi-
crobials used in humans or animals.” The first case of AMR
dates back to 1967 when penicillin-resistant Streptococcus
pneumoniae was detected in Australia.® In recent decades, it is
estimated that about 700 000 people die from the infection of
multidrug-resistant bacteria worldwide every year and this
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when the combination of apramycin and silver was used. In general, the presence of apramycin has
promoted silver uptake by bacteria.

number could increase to 10 million people by 2050.* To date,
resistance is neither limited to a specific bacterial strain nor
opposed to a specific antibiotic. According to the WHO,
approximately 79% of bacteria have developed resistance to one
or more antibiotics.” The development of new antibiotics often
takes decades, making it impossible to stop the problem of
resistance in the short term. In 2019, the WHO identified 32
antibiotics in the clinical development phase against priority
pathogens, of which only 6 were considered innovative. There-
fore, it is necessary to develop alternative antimicrobials that
are economical and efficient.”

Some metals such as silver, copper, zinc or magnesium have
been traditionally used to treat infectious diseases, long before
the antibiotic revolution.® Specifically, metallic silver has been
used to prevent infections, although prolonged exposure could
produce argyria, gastrointestinal disorders and even death.
Nowadays, silver is used in water treatment systems and
medical applications such as burn treatments, dentistry and
catheters. Likewise, silver ions have been proposed as an
effective antimicrobial alternative to antibiotics due to their low
cytotoxicity.*” On the other hand, nanotechnology offers
a useful platform to modify and control the physicochemical
properties of metallic materials in order to produce antimicro-
bial nanomaterials that are effective and non-toxic for humans.®
In recent years, a new type of nanoparticle-based antimicrobial
is being investigated to fight against AMR, including iron oxide,
zinc oxide, copper oxide, titanium dioxide, silver, gold or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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graphene oxide nanoparticles." Their physicochemical proper-
ties (size, shape, chemical surface, concentration, and coating)
and their high surface area-to-volume ratio play a relevant role
and their effectiveness has been demonstrated in in vivo and in
vitro studies.>*’

Thus, the combination of nanoparticles and conventional
antibiotics emerges as an alternative strategy to fight against
AMR. Several authors have investigated the bactericidal efficacy
of these combinations, those with silver nanoparticles being the
most studied.™ One of the first studies was performed by Li
et al. in 2005, who studied the amoxicillin-silver nanoparticle
combination against Escherichia coli (E. coli). They demon-
strated a significant decrease in cell growth in the presence of
the antibiotic-nanoparticle combination whereas individually,
the bactericidal activity was low."”” Other combinations using
silver nanoparticles and antibiotics with different action
mechanisms (B-lactam, aminoglycosides, quinolones, glyco-
peptides, chloramphenicol, tetracyclines, quinolones, poly-
myxin, rifampicin...) were tested against different bacteria
(E. coli, Klebsiella pneumoniae, Acinetobacter baumannii, Pseu-
domonas aeruginosa, Enterobacter cloacae, Clostridium difficile...)
and showed an increase in inhibitory and bactericidal effects
compared to the individual bactericidal effect of each
antimicrobial.”**™** The combination of silver nanoparticles and
aminoglycoside antibiotics is one of the most studied. These
antibiotics present a structure composed of amino sugars
attached by glycosidic bonds to an aminocyclitol ring, most
commonly 2-deoxystreptamine. This group includes kana-
mycin, tobramycin, gentamycin, neomycin and apramycin,
among others.”” Apramycin is a structurally unique amino-
glycoside, which is able to elude almost all mechanisms of
bacterial resistance.'”*® Although apramycin is a widely used
antibiotic in veterinary medicine, this unique feature makes it
particularly attractive as a candidate for next-generation anti-
biotics for clinical use in humans to combat antimicrobial
resistance.'”*

Some authors have used different microbiological methods
in order to suggest synergistic mechanisms for silver-amino-
glycoside combinations. These methods studied the production
of reactive oxygen species (ROS), antibiotic uptake in the
presence/absence of silver and bacterial survival rate.”*®
Microscopy techniques such as transmission electron micros-
copy (TEM) or field emission scanning electron microscopy
(FESEM) allow the detection of structural alterations, irregu-
larities in membrane content distributions or even, cytosol
leakage in bacteria.*** On the other hand, flow cytometry is
used for evaluating membrane permeability and Fourier
Transform Infrared (FT-IR), UV-visible and Raman spectroscopy
allow one to assess chemical interactions of silver nanoparticles
and antibiotics.”>** However, there are other useful analytical
techniques to corroborate the bactericidal mechanisms. Single
cell inductively coupled plasma mass spectrometry (SC-ICP-MS)
allows the detection and quantification of silver content in cells
and is used to obtain information on the mass distribution of
silver per cell,>® which could help to elucidate the synergistic
mechanisms of silver-antibiotic combinations. To the best of
authors’ knowledge, this work is the first to use SC-ICP-MS to
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directly determine the silver species involved in the synergistic
bactericidal activity of combinations of silver and conventional
antibiotics and to help elucidate the mechanisms of action
related to this bactericidal activity. This work develops a meth-
odology combining analytical and microbiological techniques
to detect and quantify the silver species present in cultures of E.
coli bacteria previously exposed to combinations of silver(i) or
silver nanoparticles and apramycin, a conventional antibiotic
used in veterinary medicine. In addition, the chemical infor-
mation provided by this technology is used to elucidate the
possible synergistic action mechanisms of different antimicro-
bial combinations. The analytical platform is based on the use
of SC-ICP-MS and microscopy techniques, in combination with
microbiological techniques for determining antimicrobial
susceptibility to antimicrobials and this is going to allow: (i) the
evaluation of individual bactericidal activities of antimicrobials
(silver(1), 10 nm silver nanoparticles and apramycin) and silver-
apramycin combinations, (ii) the identification of possible
synergistic effects after the combination of silver and apramy-
cin, (iii) the determination of total silver accumulated in
bacteria and its distribution per bacteria, (iv) the detection of
possible structural alterations in bacteria after exposure to
antimicrobials, and (v) the evaluation of the relationship
between silver detected in bacteria, the possible structural
alterations and the possible mechanisms of bactericidal activity
of silver-apramycin combinations.

2. Materials and methods

2.1. Bacterial cultures with silver and apramycin

Escherichia coli ATCC 25922 strain was used in all experiments.
The strain was cultured in Miiller Hinton (MH) agar and grown
overnight at 37 °C and then inoculated in Miiller Hinton Broth
(MHB) + 2% Tween 80. The culture medium combining MH and
2% Tween 80 was optimized to prevent the aggregation of
nanoparticles, while preserving the viability of E. coli bacteria®
Bacterial suspensions of E. coli ATCC were exposed to silver(i),
10 nm silver nanoparticles, apramycin and two different
combinations of apramycin-Ag(i) and apramycin-silver nano-
particles (Table 1) for 24 h at 37 °C and 100 rpm. Details of
standards and reagents are included in the SI. Bacterial cells

Table 1 Bacterial suspensions of E. coli ATCC 25922 exposed to
silver()), 10 nm silver nanoparticles and/or apramycin

Concentrations (mg L")

10 nm

Sample Ag() AgNPs Apramycin
E. coli + 0.25 mg L' apramycin — — 0.25

E. coli + 2.0 mg L' apramycin — — 2.0

E. coli + Ag(1) 0.5 — —

E. coli + Ag(1) + 0.25 mg L' apramycin 0.5  — 0.25

E. coli + Ag(1) + 2.0 mg L™ " apramycin 0.5 — 2.0

E. coli + AgNPs — 2.0 —

E. coli + AgNPs + 0.25 mg L' apramycin — 2.0 0.25

E. coli + AgNPs + 2.0 mg L' apramycin =~ — 2.0 2.0
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non-incubated with antimicrobials and culture medium
without bacteria or antimicrobials were used as control. After
exposure time, bacterial cultures were centrifuged at 4600g
during 15 min. The supernatants were removed and the bacte-
rial cell pellets were washed three times with phosphate buffer
solution (PBS) under the same conditions. The evaluation of the
effectiveness of the PBS washing process in removing remaining
silver that had not interacted with bacteria was previously
demonstrated.”® Then, the bacterial pellets were resuspended in
PBS and the samples were stored at 4 °C until use. To estimate
the concentration of bacteria in samples, the optical density of
bacterial cultures was measured with a UV-vis spectrophotom-
eter (UV-2004 Lan Optics) at 600 nm.

2.2. Antibacterial assays: determination of MIC and MBC

Determination of the Minimum Inhibitory Concentration (MIC)
and the Minimum Bactericidal Concentration (MBC) of silver
and apramycin was performed according to the Clinical and
Laboratory Standards Institute (CLSI) guidelines.* Escherichia
coli suspensions were prepared in tubes containing physiolog-
ical solution (0.9% NacCl) at a concentration corresponding to
a 0.5 McFarland standard (1.5 x 10® CFU mL'). Bacteria were
exposed to two-fold serial concentrations of silver(i) (0.06-
64 mg L"), 10 nm silver nanoparticles (0.06-16 mg L") or
apramycin (4-1024 mg L") in MHB + 2% Tween 80, in a 96-well
microdilution plate. The microplates were incubated at 37 °C
for 24 h. Bacteria without exposure to antimicrobials were used
as positive controls, whereas incubation medium MHB + 2%
Tween 80 and suspensions of silver or antibiotic (without
exposure to bacteria) were used as negative controls. The
experiments were performed in triplicate. MIC was defined as
the minimum concentration that inhibited bacterial growth
and corresponded to the absence of turbidity in the wells after
incubation. To determine MBCs, aliquots from wells in which
bacterial growth was inhibited were collected, seeded on a MH
plate and incubated at 37 °C for 24 h. After incubation, MBC
results were interpreted by observing qualitative bacterial
growth on the plates. MBC is the lowest concentration of an
antimicrobial agent that results in killing 99.9% of the bacteria,
corresponding to the absence of bacterial growth on the plates.

2.3. Checkerboard: determination of combined bactericidal
activity

The checkerboard procedure was performed according to the
Clinical and Laboratory Standards Institute (CLSI) guide-
lines**" to evaluate the bactericidal activity of apramycin and
silver antimicrobial combinations and the possible occurrence
of synergistic effects. Inoculum of E. coli bacteria was prepared
as previously described. Using a 96-well plate, two-fold serial
dilutions of silver() (0.25-32 mg L™") or silver nanoparticles
(0.125-16 mg L") were prepared in horizontal rows, and two-
fold serial dilutions of apramycin (0.25-64 mg L ') were
prepared in vertical rows. All antimicrobials were diluted in
MHB + 2% Tween 80 medium. The plates were prepared well-by-
well to obtain a single plate in which both antimicrobial agents
were cross-diluted. Afterwards, bacterial inoculum was added to

6122 | Nanoscale Adv., 2025, 7, 6120-6131

View Article Online

Paper

each well. A positive control (bacteria without exposure to
antimicrobials) and negative controls (MHB + 2% Tween 80,
silver or antibiotic) were evaluated. The microplates were
incubated at 37 °C for 24 h. After incubation, results were
interpreted by visually observing the well turbidity and the
Fractional Inhibitory Concentration Index (FICI) was deter-
mined. Details of determination and interpretation of FICI are
included in the SI. The Fractional Bactericidal Concentration
Index (FBCI) was determined from the FICI results. Aliquots
from wells in which bacterial growth was inhibited were
collected, seeded on an MH plate and incubated at 37 °C for
24 h. After incubation, results were interpreted by observing
qualitative bacterial growth on the plates and the FBCI was
determined (details in the SI).

2.4. Acid digestion of bacterial samples

Aliquots of 100 pL of bacterial suspensions were subjected to
centrifugation (Thermo Heraeus Multifuge X1R, equipped with
a swigging bucket rotor, Walthman, USA) for 20 min at 10 000 g
to remove the PBS medium. 500 pL of HNO; (69-70% w/v) and
100 uL of H,0, (30% v/v) were added to the resulting pellet and
samples were digested for 24 h at room temperature and shaken
at 124 rpm. After digestion, the volume was made up to 10 mL
with 1% HNO; (v/v) and the content of total silver was quanti-
fied by ICP-MS. Five replicates of each sample were analysed.

2.5. SC-ICP-MS measurements and data processing

Bacterial cell suspensions obtained from the exposure experi-
ments with silver and/or antibiotic were analysed by SC-ICP-MS
(instrument and data acquisition details included in Table S1)
to detect and quantify silver in bacteria. Aliquots of 100 pL of
bacterial suspensions were subjected to centrifugation for 20 min
at 10 000 g to remove the PBS medium. The obtained pellet was
resuspended in ultrapure water to obtain a cell number concen-
tration of approximately 10® cells L™'. Suspensions were
measured in the single cell mode using the Syngistix Single Cell-
Application module version 2.5 (PerkinElmer Inc.). The recorded
signals were processed by applying a 5-sigma threshold calcu-
lated as five times the square root of the mean baseline intensity
of the time scan.*** Nebulization efficiency was calculated
according to the methods developed by Pace et al.** by using the
ultra-uniform gold nanoparticle standard described in the SI.
Similar results were obtained for the frequency and the size
methods (60.5 £ 0.3% and 57.1 + 0.3%, respectively, n = 6). The
sample flow rate was measured gravimetrically.

2.6. Detection of possible structural alterations in bacteria
by SEM and TEM

Bacterial cell suspensions from the exposure experiments with
silver and/or antibiotic were observed by SEM and TEM
(instrument details included in the SI). Bacterial samples were
subjected to centrifugation for 20 min at 10 000 g to remove the
PBS medium. The obtained pellet was washed under the same
conditions with 0.1 M phosphate buffer (PB), which was
prepared from 0.2 M NaH,PO, and 0.2 M Na,PO,. Afterwards,
the cells were collected, fixed with 2.5% glutaraldehyde in 0.1 M

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Minimum Inhibitory Concentration (MIC) and the Minimum
Bactericidal Concentration (MBC) for different antimicrobials against
E. coli ATCC 25922

MIC MBC
Antimicrobial pg mL " pg mL~*
Ag() 8 8
10 nm AgNPs 16 16
Apramycin 16 16

PB (pH = 7.4) for 24 h, washed with 0.1 M PB and post-fixed with
2% osmium tetroxide in 0.1 M PB for 1 h. Finally, the samples
were dehydrated with ethanol. For SEM observation, samples
were carbon-coated. For TEM observation, uranyl acetate
staining was performed, followed by embedding in epoxy resin,
cutting to ultra-thin sections and a final lead citrate staining.

3. Results

3.1. Evaluation of individual bactericidal activity of silver
antimicrobials and apramycin

The bacteriostatic and bactericidal activity (MIC and MBC,
respectively) of silver(i), silver nanoparticles and apramycin was
determined by the dilution method. Table 2 shows the MIC and
MBC results obtained against E. coli ATCC 25922. In general, the
MBC is the same or at most one or two dilutions higher than the
MIC. The obtained results showed this behaviour. It was
observed that the MIC and MBC of silver(i) were lower than
those obtained for silver nanoparticles and apramycin.

3.2. Evaluation of bactericidal activity of silver antimicrobial
and apramycin combinations and identification of synergistic
effects

After evaluating the individual bacteriostatic and bactericidal
activity of each antimicrobial agent, apramycin was combined

a) 1‘2‘3‘4‘5|6‘7|8‘9

[Apramycin], pg mL!

[Ag(D)], pg mL-!
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with silver(r) or silver nanoparticles to evaluate the bactericidal
activity of each combination and the possible occurrence of
synergistic effects. Checkerboard is a method based on the
method for MIC and MBC determination, but in this case, two-
fold serial concentrations of each antimicrobial were combined.
First, bacteriostatic effects for the combinations of apramycin-
silver(1) and apramycin-silver nanoparticles against E. coli
bacteria were determined (Fig. 1). Wells with no turbidity and
therefore, no visible bacterial growth, are shown in grey,
whereas white cells indicate the presence of visual bacterial
growth and so, these combinations have no bacteriostatic
effects. Calculations of FICs and FICI are detailed in the SI. For
the apramycin-silver() combination (Fig. 1a), the results
showed that indifferent bacteriostatic effects were obtained in
many of the cases studied, which means that the activity of two
antimicrobials does not differ from the activity of the most
effective individual antimicrobial. On the other hand, the
combination of certain concentrations of apramycin with sil-
ver(1) resulted in the occurrence of synergistic bacteriostatic
effects, meaning that the activity of two antimicrobials is
significantly higher than the most effective individual antimi-
crobial. As a result, a decrease in apramycin concentration up to
8-fold and up to 16-fold for silver(r) concentration was observed.
Likewise, the combination of certain concentrations of apra-
mycin with silver nanoparticles (Fig. 1b) produced synergism
and up to 4- and 128-fold reduction in the concentration of
apramycin and silver nanoparticles, respectively.

In addition, bactericidal effects for the same antimicrobial
combinations against E. coli were determined (Fig. 2) by
observing the presence of bacterial growth on the plates. The
bacterial growth is indicated with an asterisk. Calculations of
FBCs and FBCI are detailed in the SI. In this study, the occur-
rence of synergistic bactericidal effects was also demonstrated
for both antimicrobial combinations. For the apramycin-sil-
ver(1) combination (Fig. 2a), it allowed to reduce up to 8 and 16
times the concentration of apramycin and silver(i), respectively.

b) l|2‘3|4|5|6|7‘8|9

[Apramycin], pg mL-!

[AgNPs], pgmL™!

2laf=|=]o[af=]>

Fig. 1 Bacteriostatic effects of antimicrobial combinations against E. coli ATCC 25922: (a) apramycin-silver() and (b) apramycin-silver
nanoparticles. Absence of turbidity: grey. Presence of turbidity: white. Synergism: S. Indifference: I.
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Fig. 2 Bactericidal effects of antimicrobial combinations against E. coli ATCC 25922: (a) apramycin-silver(i) and (b) apramycin—silver nano-
particles. Absence of turbidity: grey. Presence of turbidity: white. Synergism: S. Indifference: |. *: bacterial growth.

For the apramycin-silver nanoparticle combination (Fig. 2b),
the reduction was up to 4 and 8 times for apramycin and silver
nanoparticle concentration, respectively.

3.3. Detection and quantification of silver in bacteria by SC-
ICP-MS

In order to help elucidate the bactericidal role played by apra-
mycin and silver in the bactericidal mechanism, it is necessary
to quantify silver accumulated by bacteria during the incuba-
tion process. The uptake of silver(i) and silver nanoparticles by
E. coli bacteria was quantified after their exposure to different
apramycin-silver combinations, as well as to individual anti-
microbials alone, following the conditions described previ-
ously. To avoid bacterial death, bacteria were exposed to lower
concentrations than those that produced synergistic bacterio-
static and bactericidal effects. In order to study if apramycin
concentration contributes to a higher accumulation of silver in
bacteria, two different combinations of apramycin-silver(1) and
apramycin-silver nanoparticles were studied. In these combi-
nations, Ag(i) and silver nanoparticle concentrations remained

0.5 mg L™ Ag(I) +
0.25 mg L'* apramycin

0.5 mg L™ Ag(I)

constant (0.5 and 2.0 mg L™, respectively), while apramycin
concentration was varied (0.25 and 2.0 mg L™ ).

Bacterial samples previously diluted with ultrapure water
were analysed by SC-ICP-MS to detect the accumulated silver in
individual bacteria. In addition, bacterial and incubation
medium control samples were measured. Fig. 3 shows the silver
mass per bacteria distributions from E. coli bacteria exposed to
silver(1) and apramycin-silver() combinations. Under the cor-
responding measurement conditions, the element mass per
particle limit of detection was 13 ag of silver. For bacteria
exposed to silver(1) (Fig. 3a), a first large distribution of bacteria
accumulating small amounts of silver and a second small
distribution of bacteria that accumulated higher amounts of
silver were observed. In the presence of apramycin, the first
distribution corresponding to bacteria accumulating small
amounts of silver disappeared (Fig. 3b and c). On the other
hand, the magnitude of the second distribution corresponding
to bacteria accumulating higher amounts of silver increased
when the apramycin concentration was lower (Fig. 3b) whereas
the magnitude decreased for the highest apramycin concen-
tration (Fig. 3c). These results demonstrated the influence of
apramycin concentration in relation to accumulated silver.

0.5 mg L™ Ag(I) +
2 mg L't apramycin

a100- a) | 1001
S 80 801
=
o 60 60
&
£ 40, 40
-
204 20
&
0- 0/
0 200 400 600 800 O 200

15
b) 100+
10
80+
60- °
40+ 00 200 400 600 800
20+
O,JAMMMMQAM*
400 600 800 0 200 400 600 800

Silver mass/bacteria, ag Ag/bacteria

Fig.3 Silver mass per bacteria distributions analysed by SC-ICP-MS for samples of E. coli ATCC 25922 bacteria exposed to: (a) 0.50 mg L™ Ag(),
(b) 0.50 mg L=t Ag(l) + 0.25 mg L~* apramycin and (c) 0.50 mg L™* Ag() + 2 mg L™ apramycin.
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2 mg L' AgNPs +
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Fig. 4 Silver mass per bacteria distributions analysed by SC-ICP-MS for samples of E. coli ATCC 25922 bacteria exposed to: (a) 2 mg L=t AgNPs,
(b) 2 mg L™t AgNPs + 0.25 mg L=t apramycin and (c) 2 mg L™ AgNPs + 2 mg L™t apramycin.

Likewise, Fig. 4 shows the silver mass per bacteria distribu-
tions from E. coli bacteria exposed to silver nanoparticles and
their combinations with apramycin. Distribution with a greater
magnitude was observed in both apramycin-containing samples
(Fig. 4b and c) compared to bacteria exposed only to silver
nanoparticles (Fig. 4a). In these cases, the influence of apra-
mycin on silver accumulation was also demonstrated.

In addition, the percentage of bacteria that accumulated
silver at detectable levels in comparison to total bacteria present
in the suspension was determined. Fig. 5 shows the fraction of
bacteria containing silver above 13 ag (mass per particle limit of
detection). When apramycin is added at the lowest concentra-
tion (0.25 mg L") to silver(i) and silver nanoparticles, it was
observed that the fraction of silver-containing bacteria was
similar to those obtained in the absence of apramycin
(approximately 3-5%). On the contrary, when apramycin
concentration was increased to 2 mg L™, the fraction of silver-
containing bacteria increased significantly up to approximately

40
Ag()
AgNPs
K L
S 30
-
S
©
Q
o0
£
£ 204
<
)
=
o
©Q o
o0
<< 10
X
0
Ag Ag+025mgL?t Ag+2 mg.L'1
apramycin apramycin

Fig. 5 Percentage of silver-containing bacteria E. coli ATCC 25922 in
relation to total bacteria. Exposed silver concentration: 0.50 mg L™*
Ag() and 2 mg L™ 10 nm AgNPs.
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15 and 30% in the case of the combination with silver nano-
particles and silver(1), respectively.

Furthermore, from direct SC-ICP-MS analysis, total silver
accumulated by bacteria was determined. The results are
expressed as silver concentration in the original bacterial
suspension. The results obtained by SC-ICP-MS were compared
with those obtained by ICP-MS after acid digestion (Table 3).
The percentage of silver uptake by bacteria in relation to the
initial silver concentration exposed during incubation was also
obtained. The results showed once again the influence of
apramycin presence on silver uptake by bacteria, except for the
combination of silver nanoparticles with the lowest apramycin
concentration (0.25 mg L"), where silver uptake was similar to
that obtained in the absence of apramycin. Application of a t-
test (95% confidence level) showed that the direct analysis by
SC-ICP-MS provided similar results to those obtained by ICP-MS
after acid digestion of the samples. No significant differences
were found between both methods (p > 0.05).

3.4. Detection of possible structural alterations in bacteria
by SEM and TEM

In order to detect the possible bacterial wall alterations as
a consequence of apramycin or silver presence, samples were
observed by SEM and TEM. Fig. 6 shows the SEM images of
bacterial control and bacteria exposed to apramycin and silver
nanoparticles, individually and combined. Control bacteria
presented a normal bacillus shape, smooth wall surface and
cellular integrity (Fig. 6a). On the contrary, in the presence of
apramycin (Fig. 6b), although bacteria preserved their bacillus
shape, their walls were damaged in most of them because of the
antibiotic bactericidal effect. The wall surface became rough
and presented holes and gaps (marked with red circles). Like-
wise, in the presence of silver nanoparticles (Fig. 6¢), bacterial
walls were damaged and become rough. Finally, after exposure
to the combination of apramycin-silver nanoparticles (Fig. 6d),
bacteria were severely damaged and rough and fragmented
walls and the occurrence of holes and gaps were observed.
Fig. 7 shows the TEM images for samples discussed above.
Moreover, TEM images for bacteria exposed to ionic silver
individually can be found in the SI (Fig. S1). Control bacteria
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Table 3 Silver mass concentration of E. coli bacteria samples analysed by SC-ICP-MS and ICP-MS after acid digestion of samples and
percentage of silver uptake (from silver mass concentration obtained by SC-ICP-MS and initial silver concentration added during the incubation

process). Mean =+ standard deviation (n = 5)

Silver mass concentration pg L™

Sample SC-ICP-MS Acid digestion-ICP-MS Silver uptake by bacteria %
Incubation medium control 2.2+0.2 <0.5 —
Bacterial control <0.1 0.3+0.1 —

0.25 mg L' apramycin <0.1 0.5+ 0.1 —

2 mg L' apramycin <0.1 0.2+ 0.1 —

Ag(1) 72.0 £ 3.0 73.3 £ 6.5 21.3 £ 0.9
Ag(1) + 0.25 mg L™ apramycin 88.9 £ 0.9 85.6 & 2.0 32.0 £ 0.3
Ag()) + 2 mg L~ " apramycin 44.8 + 3.1 40.6 + 0.6 10.1 £ 0.7
AgNPs 26.5+ 1.4 25.3+£0.9 1.6 £0.1
AgNPs + 0.25 mg L™ apramycin 219 +2.1 21.1+1.3 1.2 +0.1
AgNPs + 2 mg L™ apramycin 393.6 + 22.9 424.3 £ 50.2 211+ 1.3

Bacterial control

2 mg L' apramycin

Fig.6 SEMimages (10000x) of E. coli ATCC 25922: (a) control and exposed to (b) 2 mg L~ apramycin, (c) 2 mgL™t 10 nm AgNPs and (d) 2 mg L™*

apramycin + 2 mg L=t 10 nm AgNPs.

had an intact double membrane and a homogeneous cytoplasm
inside bacteria, as well as their bacillus shape, as was observed
by SEM. On the contrary, in the presence of apramycin (Fig. 7b),
a significant structural damage was observed. The double
membrane was completely broken and the cytoplasm had been
released. Alterations of the bacterial shape or irregularities in
the membrane structure were observed. Likewise, in the pres-
ence of ionic silver and silver nanoparticles (Fig. S1, 7c and d),
double membrane rupture and membrane irregularities were
also observed, as well as cytoplasm shrinkage and heterogeneity
(indicated by arrows). Finally, after exposure to the combination
of apramycin-silver nanoparticles (Fig. 7e and f), same damage

6126 | Nanoscale Adv., 2025, 7, 6120-6131

and alterations described for individual antimicrobial exposure
were observed, as well as double membrane rupture and cyto-
plasm leakage through membrane ruptured areas (marked with
red circles).

4. Discussion

In this study, it was showed that silver(), 10 nm silver nano-
particles and apramycin have individual antibacterial activity
against E. coli ATCC 25922 with MIC and MBC values of 8 pg mL ™"
for silver(l) and 16 pg mL™' for silver nanoparticles and
apramycin. These results indicate that silver(r) has a higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 mg L' 10 nm AgNPs
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Fig.7 TEM images (250 00x—-100 000x) of bacteria E. coli ATCC 25922: (a) control and exposed to (b) 2 mg L~* apramycin, (c and d) 2 mg L™*
10 nm AgNPs, and (e and f) 2 mg L™ 10 nm AgNPs + 2 mg L™* apramycin. Red arrows: shrinkage and heterogeneity of the cytoplasm. Red circles:

membrane rupture and cytoplasm leakage.

bacteriostatic and bactericidal activity against E. coli bacteria.
Because the antimicrobial bactericidal effect depends on factors
such as culture medium, bacterial strain, inoculum initial
concentration, as well as nanoparticle concentration, size or
coating, different MIC and MBC values for silver(i), silver
nanoparticles and apramycin are reported in the literature.
Silver(i) values against E. coli ATCC 25922 in MH medium range
from 1 to 31 ug mL~",*3° which are consistent with those ob-
tained in this study. Likewise, MIC values for silver nano-
particles with different size and coating against E. coli vary
between 0.25 and 100 pg mL~*,373 which are in agreement with
our results. Finally, in relation to apramycin, there are no
clinical MIC and MBC criteria established by the Clinical and
Laboratory Standards Institute (CLSI) or the European
Committee on Antimicrobial Susceptibility Testing (EURO-
CAST). Some authors have evaluated apramycin bactericidal
activity against a large number of E. coli strains, generally non-
reference strains, and compared it with other aminoglycosides.
They obtained MIC values between 1 and 256 pg mL ™ '3
suggesting an epidemiological cut-off value of 16-32 pg mL ™,
which agrees with our results. Comparing apramycin with other
aminoglycosides (amikacin, gentamicin and tobramycin), Juhas
et al. found that apramycin had higher bactericidal effects
against the same strains than other aminoglycosides.*® These

© 2025 The Author(s). Published by the Royal Society of Chemistry

results could make the combination of apramycin with silver
based materials an attractive alternative to fight against AMR.
Subsequently, two different combinations of apramycin and
silver(1) or silver nanoparticles were evaluated to determine the
bactericidal activity of each combination. The occurrence of
synergistic bacteriostatic and bactericidal effects was observed
for all antimicrobial combinations. This fact allowed us to
decrease the antimicrobial individual concentrations, while
keeping the individual bactericidal effects of each antimicro-
bial. In this sense, the presence of silver(1) produced a greater
reduction in apramycin and silver(i) concentrations (8- and 16-
fold, respectively). On the other hand, the presence of silver
nanoparticles allowed for a slightly lower reduction of concen-
trations (4- and 8- fold reduction for apramycin and silver
nanoparticles, respectively). This fact is in agreement with the
behaviour observed in a previous study, where higher bacteri-
cidal effects were obtained for silver(1).”® To the best of authors’
knowledge, this is the first study to evaluate the combination of
apramycin with silver(i) and silver nanoparticles against E. coli
ATCC 25922. Other studies with aminoglycosides, such as
gentamicin, ampicillin, kanamycin or tobramycin, evaluated
their combination with silver nanoparticles against E. coli and
Pseudomonas aeruginosa and demonstrated synergistic bacte-
riostatic effects,?****>*3 but none of them was based on the use
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of apramycin. Habash et al. showed the influence of nano-
particle size on bactericidal activity because nanoparticle sizes
lower than 20 nm produced synergism, whereas higher nano-
particle sizes resulted in only additive effects. In addition, they
suggested that the synergy produced by small silver nano-
particles differs for each antibiotic and could be influenced by
the antibiotic mechanism.****

To improve the knowledge about the mechanism of action
associated with the bactericidal activity of antimicrobial
combinations and the individual role played by each antimi-
crobial, an analytical methodology based on SC-ICP-MS was
applied in this work. Silver accumulated by bacteria during the
incubation process was quantified, and silver mass per bacteria
distributions and percentage of bacteria containing silver were
obtained. In addition, bacterial structural alterations as
a consequence of apramycin or silver presence were observed by
SEM and TEM. Taking into account the results obtained
through this study, the following conclusions were reached.

After combining silver(r) with a lower apramycin concentra-
tion, bacteria accumulated 32% of the silver, whereas in its
absence, silver uptake was 21% (Table 3). Regarding the fraction
of bacteria accumulating silver (Fig. 5), no differences were
observed in the presence or absence of apramycin (4-5%).
These facts would indicate that the presence of apramycin
promotes the uptake of higher amounts of silver per bacteria.
This deduction would be in agreement with silver mass per
bacteria distributions, where a decrease in the first distribution
consisting of bacteria accumulating small amounts of silver was
observed. Likewise, an increase in the second one, corre-
sponding to bacteria accumulating higher amounts of silver
(Fig. 3b), was observed in comparison with apramycin absence
(Fig. 3a).

On the other hand, for the combination of silver(i) with
a higher apramycin concentration, silver uptake decreased
significantly from 21% to 10% (Table 3), whereas the fraction of
bacteria accumulating silver increased from 5% to, approxi-
mately, 30% (Fig. 5). In both combinations of silver(i) and
apramycin, as seen in TEM and SEM images, apramycin and
silver(1) produce wall alterations and holes which would facili-
tate the internalization of silver and other molecules of apra-
mycin, justifying the increase in the fraction of bacteria
accumulating silver and silver accumulation. This mechanism
of wall disruption has been previously observed by other
authors after the evaluation of aminoglycosides (gentamicin
and tobramycin) against Pseudomonas aeruginosa.”>>**** On the
other hand, when bacterial wall damage is too large, cytoplasm
leakage could occur, and therefore, a loss of the previously
accumulated silver could take place. This fact would justify the
decrease in silver uptake obtained by SC-ICP-MS, because
released silver would be lost during centrifugation in the
sample preparation step, and consequently, the silver quanti-
fication would be underestimated.

After analysing these results, an action mechanism associ-
ated with the synergistic bactericidal effects of silver(r) and
apramycin combination can be proposed. Initially, silver ions
could interact with bacterial walls and produce the alteration of
the outer membrane, promoting the uptake of apramycin
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molecules and silver ions into bacteria. The biodistribution of
silver(r) in E. coli was determined in a previous study, where
silver was mainly internalized,”® which would support the
hypothesis of silver internalization through the membrane.
Once inside, both apramycin and silver ions would bind to
ribosomes, leading to the production of misfolded proteins that
could be incorporated and alter membrane organization.*® This
fact, in turn, could promote the massive introduction of more
apramycin molecules and silver ions.*® These ions would also
act by their mechanisms and bind to biomolecules such as
proteins or DNA and inhibit some processes such as respiratory
chain or ATP synthesis.'®” The combination of these bacteri-
cidal effects of apramycin and silver ions would result in severe
damage in biological processes and bacterial wall disruption,
leading to bacterial death.®

In the case of the combination of 10 nm silver nanoparticles
and a lower apramycin concentration, silver uptake by bacteria
was similar (1.2-1.6%) (Table 3) to that in the absence of
apramycin. Likewise, the fraction of bacteria accumulating
silver was also similar in both cases (3-4%) (Fig. 5). This would
indicate that the studied apramycin concentration would not
significantly affect silver uptake by bacteria. On the contrary,
after combining silver nanoparticles with a higher apramycin
concentration, silver uptake increased to 21% (Table 3),
whereas the fraction of bacteria accumulating silver increased
to 13% (Fig. 5). As in the case of silver(1), TEM and SEM images
show that both antimicrobials produce extensive bacterial wall
alteration and hole formation, which would allow a higher silver
uptake. These alterations produced by silver nanoparticles in E.
coli bacteria have been previously observed by other
authors.”%4

After analysing these results, an action mechanism associ-
ated with the synergistic bactericidal effects of silver nano-
particles and apramycin combination can be proposed.
Initially, silver nanoparticles could interact with bacterial wall
and were adsorbed on it, resulting in membrane alteration and
greater permeability. During nanoparticle-wall interaction,
nanoparticles could release silver ions, which would, in turn,
lead to further wall disruption. In a previous study, silver
accumulated by bacteria was found to be dissolved and partic-
ulate silver when using 10 nm AgNPs as the ones used here,
which would support the hypothesis of silver released from
nanoparticles.”® In addition, in the mechanism proposed above,
the wall alteration would allow the introduction of apramycin
and silver, which would bind to ribosomes, inhibit protein
synthesis and produce misfolded proteins.*****° This, in turn,
would promote further apramycin and silver introduction, and
the individual action mechanisms would be activated, leading
to severe damage and bacterial death. Davis B. D** demon-
strated how the action of aminoglycoside antibiotics is
concentration-dependent, supporting the mechanism of action
described here. This indicates that at low concentrations,
apramycin could only cause mistranslation of mRNA, resulting
in a small amount of defective proteins that would not be
sufficient to contribute any effect to the antibiotic silver
combination. In a previous study, it was shown that a silver
fraction was internalized by bacteria after their exposure to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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silver nanoparticles, supporting the hypothesis of silver inter-
nalization through membranes.”® However, kinetic studies
should be considered to establish the sequence of events.
Likewise, Vazquez-Mufioz et al. suggested that the antimicro-
bial activity of silver nanoparticle-antibiotic combination is
based, mainly, on cell structure alteration instead of direct
nanoparticle-antibiotic interaction,* which is also in concor-
dance with that suggested in the present study.

5. Conclusions

In conclusion, in this study, a combination of SC-ICP-MS with
microscopy and microbiological techniques is applied for the
first time to quantify the silver accumulated in bacteria exposed
to different combinations of silver(i), silver nanoparticles and
apramycin, as well as to determine the damage caused to
bacteria. This methodology has allowed the evaluation and
determination of the synergistic bactericidal effect of silver—
apramycin combinations, as well as the action mechanisms
related to these bactericidal effects. The combination of silver
with apramycin has resulted in the occurrence of synergistic
effects, allowing the reduction of silver(r), silver nanoparticle
and apramycin concentrations while preserving the individual
bactericidal effects of each antimicrobial. The silver(1)-apra-
mycin combination has allowed a greater reduction in both
antimicrobials when compared to the combination with silver
nanoparticles. On the other hand, generally the presence of
apramycin has promoted the silver uptake by bacteria.

These results confirm that the combination of silver-based
materials and conventional antibiotics could be a promising
alternative strategy to fight against AMR. Specifically, the
combination of apramycin and silver based materials could be
applied to reduce the high amounts of antibiotics used nowa-
days. Likewise, this study model could also be applied to the
determination of bactericidal action mechanisms of combina-
tions of nanoparticles with other agents, as conventional anti-
biotics or disinfectants.
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