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Abstract: Staphylococcus aureus is a causative agent of nosocomial infections and its antibiotic-resistant
strains give cause for concern. Solutions are being explored to improve treatment for these infections,
including repositioning drugs such as statins and using nanoparticles with antimicrobial properties.
This study evaluated the antimicrobial effects of simvastatin (SIM) and biologically synthesized
silver nanoparticles (bio-AgNPs) in isolate form and in combination using assays of minimum
inhibitory concentration (MIC), an in vitro biofilm model, and the association of antimicrobials
against clinical strains of S. aureus. Bio-AgNPs showed a 53.8 + 1.23 nm mean diameter and standard
deviation, a 0.23 polydispersity index, and a —25.66 £ 2.19 mV mean potential and standard deviation.
Transmission electron microscopy confirmed the formation of nanoparticles, and the presence of
Ag0 and AgCl. S. aureus strains were sensitive to bio-AgNPs and SIM, showing 31.88-187.5 and
74.66-149.32 uM concentrations, respectively. The association assay showed 2.0 fractional inhibitory
concentration indices (i.e., indifferent for clinical strains) and 0.32 values for the standard ATCC
29213 strain (synergy). Biofilm inhibition assays with isolated SIM and bio-AgNPs showed decreased
biofilm formation 4 x to 1/8 MICs concentrations, showing no synergism in association. These findings
evince that simvastatin and bio-AgNPs at subinhibitory concentrations can serve as antimicrobial
agents against S. aureus biofilm.
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1. Introduction

Staphylococcus aureus is one of the most important bacteria agents in nosocomial in-
fections, whose antibiotic-resistant or non-susceptible strains (including to vancomycin,
daptomycin, and ceftaroline) cause increasing concern [1,2]. Methicillin-resistant Staphy-
lococcus aureus (MRSA) stands out among the most prevalent resistant strains. WHO
2020 global data showed a 24.9% average of infection cases by MRSA [3]. Staphylococcus
aureus can cause skin and soft tissue infections [1,4] (including those in catheters and pros-
thetic devices), implant-associated infections, bacteremia, endocarditis, osteomyelitis, and
pneumonia, among others [1].

MecA is a crucial gene that provides MRSA with the inherent ability to grow in the
presence of penicillin-like antibiotics. Present in all MRSA strains, this gene codes for
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penicillin-binding protein 2a (PBP2a) [5]. PBPs are enzymes located on the cell membrane
and serve essential functions in microbial growth, cell division, and cell structure [6].
Further compounding the problem is the fact that MRSA has a high capacity to form
biofilms on biotic and abiotic surfaces [7-9], biological communities that are believed to
account for nearly 80% of all human infections. Moreover, one of their most significant
attributes is their high resistance to antibiotics, disinfectants, host immune defenses, and
environmental stress [10,11].

Solving these problems requires searching for and developing new antibacterial com-
pounds. Metallic nanoparticles offer a possible antimicrobial agent. As many studies have
shown, silver nanoparticles (AgNP) have a synergistic effect with other clinically used
antibiotics and even other antimicrobial substances [12,13]. These associations between
AgNP and antimicrobial drugs can direct the latter towards specific targets and boost their
effect by decreasing antimicrobial resistance [12,14].

The great advantage of synthesizing AgNP is the possibility of producing them from
the biogenic-sourcing processes—plant extracts or microorganisms (green synthesis)—which
are usually easy to perform, economically viable, secure, and scalable [15]. The fungus
Fusarium oxysporum is one of the microorganisms that can produce silver nanoparticles.
Its production methodology consists of adding silver nitrate (AgNO3) to a fungal extract,
which, by the action of reducing enzymes such as nitrate reductase, will reduce the silver
and synthesize silver nanoparticles, attested by the color change of the extract to a yellowish-
brown [16,17].

Repositioning drugs that show antimicrobial activity as a side effect is an alternative
against antibiotic-resistant strains [18]. Drug associations can also produce synergism, as
some drugs tested under a monotherapy regimen fail to show significant antibacterial
activity but are effective when associated with antibiotics, considerably reducing their
dose [19-21].

Considered one of the most prescribed drugs in the world, with up to 200 million
people worldwide using them daily [22], statins are important lipid-lowering agents
(exerting their effect by inhibiting the enzyme 3-hydroxy-3methyl-glutaryl-Coenzyme-
A reductase—HMG-CoA), leading to a decreased synthesis of cholesterol and low-density
lipoproteins circulating in the body. When administered orally, these drugs are well tol-
erated; however, some patients might experience severe adverse effects like instances of
muscle toxicity, leading to rare conditions such as rhabdomyolysis and myopathy [23-25].

Studies have evaluated the effects of statins (called pleiotropic effects) besides lowering
cholesterol, highlighting their antioxidant [26], anticarcinogenic [27], anticoagulant [28],
anti-inflammatory [29], and immunomodulating effects [30].

An effect that has gained increasing prominence is their antimicrobial effect, especially
that of simvastatin (SIM), shown to have antimicrobial activity against S. aureus in both
planktonic growth and biofilm [31,32]. Simvastatin can also reduce the formation of
multispecies biofilms and possibly treat oral infections [33,34].

AgNP associated with SIM has already been shown to be synergistic against standard
and resistant strains of S. aureus [17]. In isolation, studies show that both compounds
act against S. aureus biofilm [32,35-37], but no study has evaluated a possible synergistic
interaction between these drugs against MRSA biofilm. S. aureus biofilm formation in
the clinical environment mainly affects the surfaces of implanted catheters and medical
devices, requiring their replacement with new ones and the use of oral antibiotics as
treatment, drastically increasing cure costs and time (which may span up to six months
or more) [38,39]. Thus, this study evaluated the pharmacological interaction between
simvastatin and AgNP in an in vitro biofilm model, suggesting a future alternative as an
adjuvant treatment to S. aureus bacterial biofilm.
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2. Materials and Methods
2.1. Substances and Experimental Groups

Bio-AgNP (3 mM) and SIM (EMS, Pharmaceutical Industry, Sao Paulo, Brazil) sus-
pensions were used for the antimicrobial activity assays. The bio-AgNP suspension was
diluted in sterile water and the SIM in DMSO (Dimethylsulfoxide). The highest tested SIM
concentration (597.2 uM) with 2.5% DMSO was found to be non-toxic to bacterial cultures.

2.1.1. Bio-AgNP Synthesis

Bio-AgNPs were synthesized according to Duran et al. [16] (Patent, 2006, PI 0605681-
4A2 [40]; http:/ /www.inpi.gov.br, accessed on 10 October 2023). Bio-AgNPs were prepared
using a silver nitrate reduction catalyzed with a cell-free enzyme preparation of F. oxysporum
(strain 551) from a culture collected at the Molecular Genetics Laboratory (Universidade de
Sao Paulo, ESALQ, Piracicaba, Brazil) [16,41]. The fungus was cultured in an agar medium
containing 0.5% yeast extract (BD, Franklin Lakes, NJ, USA), 2% malt extract (BD), and
2% agar (BD) and incubated at 28 °C for seven days. After fungus growth, the produced
biomass was added to sterile distilled water (0.1 g/mL) under agitation at 150 rpm (Agitator
Tecnal, Piracicaba, SP, Brazil) for 72 h. After vacuum filtration, 0.01 mol/L of silver nitrate
(AgNOs3, Nuclear, Sao Paulo, SP, Brazil) was added to the supernatant (Filtrate fungal—FF)
and protected from light.

2.1.2. Bio-AgNP Characterization

Hydrodynamic radius, zeta potential, and polydispersion index (PDI) of the bio-
AgNPs were determined with dynamic light scattering using ZetaSizer NanoZS (Malvern
Panalytical®, Malvern, UK). AgNP morphology and size were confirmed using transmis-
sion electron microscopy (TEM) performed using JEM-1400Plus (Jeol®, Akishima, Japan).
Particle size was determined using dynamic light scattering (DLS).

2.1.3. Bio-AgNP and Simvastatin Antimicrobial Activity

Bio-AgNPs and SIM antimicrobial activity was investigated using microdilution and
antimicrobial combination assay against S. aureus strains. Biofilm inhibition was evaluated
through assays, both individually and in combination.

2.1.4. Bacteria and Growing Conditions

The following microorganism strains were used: methicillin-resistant S. aureus (MRSA)
strains isolated from sputum samples (HC 3817719, 10106876, and 9120358); methicillin-
susceptible S. aureus (MSSA) strains from blood cultures (HC 12092392, 985444, 909, 1734,
1744, and 1641); and standard S. aureus strains (ATCC 43300, 33591, 29213, and ATCC 6538).
The strains were kindly provided by Professor Carlos Emilio Levy of the School of Medical
Sciences, Department of Clinical Pathology, University of Campinas, Brazil. The cultures
were stored in a tryptic soy broth medium (TSB-Difco Co., Detroit, MI, USA) with 20%
glycerol (Sigma-Aldrich, St. Louis, MO, USA) at —80 °C. The bacteria were cultured in a
tryptic soy agar medium (TSA, Difco Co., Detroit, MI, USA) and incubated in aerobiosis.

2.1.5. Minimum Inhibitory Concentration (MIC) Assay

MIC was conducted following the Clinical and Laboratory Standards Institute rec-
ommendations [42]. The assays were performed using 96-well plates and Mueller Hinton
broth (MHB, Difco Co., Detroit, MI, USA). Concentrations ranging from 597.2 to 0.28 uM
for SIM and from 750 to 0.36 uM for AgNP were serially diluted in 100 uL of MHB per well
plate. Bacteria were reactivated and cultured in TSA for 24 h at 35 °C. From the grown
cultures, a microbial suspension was prepared until it reached a 0.1 absorbance under a
660 nm wavelength, resulting in a concentration of 1 x 108 CFU/mL. A diluted suspension
was then prepared using a reservoir with 9.9 mL of MHB medium and 100 puL of bacterial
inoculum (1 x 10® CFU/mL final concentration). Finally, 100 pL of the dilution was added
to each plate well, reaching a final concentration of 5 x 10> CFU/well. The plates were
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incubated for 24 h at 35 °C and visually analyzed for turbidity, whereas absorbance was
assessed in a spectrophotometer (X = 660 nm). Moreover, 30 uL of resazurin dye 0.01%
(Inlab, Diadema, SP, Brazil) was added to each well. Plates were then incubated for two
hours and visually inspected to confirm the results obtained.

2.1.6. Antimicrobial Combination Assay

A microdilution association method was used to evaluate the possible interaction
between bio-AgNPs and SIM [32,43]. In it, dilutions with different concentrations of
each substance, using the MIC assay concentration as reference, were associated in two
directions (vertical and/or horizontal) and prepared in 100 uL. of MHB broth across the
96 wells. Strains were cultured and a suspension was prepared according to previous
description (MIC assay). A 100 pL aliquot of the bacterial suspension in each well was
used with a final 5 x 10° CFU/well concentration. The plates were then incubated for
24 h at 35 °C in aerobiosis and visually analyzed for turbidity, whereas absorbance was
assessed using a spectrophotometer (x = 660 nm). Finally, 30 uL of resazurin dye (0.01%
solution in water) was added to each well, which was incubated for two hours and visually
verified. Results were analyzed using their fractional inhibitory concentration index (FICI)
values, calculated as follows: ¥ = FICIA + FICIB = MICAB/MICA + MICBA /MICB, in
which MIC A and B denote the concentrations for individual substances, whereas MIC AB
and BA represent the concentrations of A and B combined. FICI values < 0.5 synergism;
those between 0.5 and 1.0, an additive effect; those between 1.0 and 4.0, indifference; and
those >4, antagonism [44].

2.1.7. Biofilm Formation Inhibition Assay

Prior to this assay, the biofilm-forming capacity of all bacterial strains was assessed.
Among them, the HC 3817719 (MRSA), 10106876 (MRSA), 9120358 (MRSA), 1734 (MSSA),
909 (MSSA), and 12092392 (MSSA) strains showed the highest biofilm formation capacity.
For the assay, 96-well U-bottom plates were used and concentrations of 4 x to 1/8 MIC were
chosen as the study SIM and Bio-AgNP range. The assay was performed as previously
described [32]. Bacteria were reactivated and cultured in TSA for 24 h at 35 °C. Serial
dilutions (2 x) of SIM and Bio-AgNP were prepared in 100 uL TSB supplemented with 1%
glucose (Labsynth, Diadema, Sao Paulo, Brazil) in each well. A bacterial suspension was
prepared and diluted until it reached a 0.1 absorbance (wavelength of 660 nm). Then, 100 uL
of the previously diluted suspension was added to each well (50 pL of suspension in 10 mL
of TSB medium supplemented with 1% glucose and 100 uL of the culture medium). After
24 h of incubation at 35 °C, the plates were removed and the biofilm was gently washed
with deionized distilled water to remove non-adherent cells. The wells were allowed to
dry at room temperature and optical density measurements (540 nm) were performed to
quantify the biofilm formed after incubation with 0.4% crystal violet solution and 100%
ethanol for 30 min [45].

2.2. Statistical Analyses

Data distribution was verified using the Shapiro-Wilk test and homoscedasticity, by
Levene’s test. Data were compared with the control group using analysis of variance
(ANOVA) and Tukey’s post-test. All analyses were performed using Bioestat 5.0 (Mami-
raud, Belém, Brazil) and GraphPad Prism 8.0 (GraphPad, San Diego, CA, USA). A 0.05%
significance level was established.

3. Results
3.1. Bio-AgNP Characterization

We evaluated nanoparticle diameter using DLS. Bio-AgNPs showed a 53.8 & 1.23 nm
mean diameter and standard deviation, a 0.23 polydispersity index, and a —25.66 £ —2.19 mV
mean potential and standard deviation. Thus, the nanoparticles showed dispersion and
homogeneous distribution.



Future Pharmacol. 2024, 4 7

Figure 1 represents the nanoparticles evaluated using transmission electron microscopy
(TEM). We found spherical and homogeneous nanoparticles dispersed in the suspension.
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Figure 1. Characterization using transmission electron microscopy (TEM) of bio-AgNP suspensions
synthesized with F. oxysporum and deposited in a copper sample port coated with parlodium film at
200 nm.

3.2. Minimum Inhibitory Concentration (MIC) and Antimicrobial Combination (FICI) Assays

SIM showed inhibitory activity at low concentrations in all nine clinical strains. For
most strains, MICs’ values ranged from 74.66 to 149.32 uM (Table 1). Bio-AgNPs showed
inhibitory activity at concentrations above SIM, from 31.88 to 187.5 uM (Table 1). Use of
DMSO as a solvent at low concentrations (2.5% at the highest concentration) showed no
difference compared with the positive control (water), indicating that the vehicle used
failed to interfere with the simvastatin activity.

Table 1. Minimum inhibitory concentration (MIC), antimicrobial association, and fractionated
inhibitory concentration (FICI) for S. aureus strains. Concentrations expressed in pM.

MIC Association MIC
Strains FICI Index

SIM (uM) Bio-AgNP (uM) SIM + Bio-AgNP
S. aureus ATCC 29213 74.66 31.88 74.66 + 31.88 0.32
S. aureus ATCC 43300 149.32 63.75 149.32 + 63.75 2.0
S. aureus ATCC 33591 149.32 31.88 149.32 + 31.88 2.0
S. aureus ATCC 6538 74.66 31.88 74.66 + 31.88 2.0
S. aureus HC 3817719 (MRSA) 74.66 187.5 74.66 + 187.5 2.0
S. aureus HC 10106876 (MRSA) 74.66 187.5 74.66 + 187.5 2.0
S. aureus HC 9120358 (MRSA) 74.66 187.5 74.66 + 187.5 2.0
S. aureus HC 12092392 (MSSA) 74.66 93.75 74.66 + 93.7 2.0
S. aureus HC 985444 (MSSA) 74.66 93.75 74.66 + 93.75 2.0
S. aureus 909 (MSSA) 149.32 187.5 149.32 + 187.5 2.0
S. aureus 1734 (MSSA) 74.66 93.75 74.66 + 93.75 2.0
S. aureus 1744 (MSSA) 74.66 187.5 74.66 + 187.5 2.0
S. aureus 1641 (MSSA) 74.66 187.5 74.66 + 187.5 2.0

In association, bio-AgNPs and simvastatin showed equal MIC values to the isolated
compounds, resulting in a 2.0 FICI indifferent association (Table 1).
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3.3. Biofilm-Formation-Inhibition Assay

This assay tested the ability of SIM and bio-AgNPs (alone and in association) to inhibit
biofilm formation at concentrations ranging from 4 x to 1/sMIC, i.e., from 9.31 to 597.2 uM
and from 11.7 to 750 uM for simvastatin and AgND, respectively. Figures 2—4 show the
optical density readings of biofilm formation in 96-well plates stained with violet crystal
after 24 h of formation for the ATCC 29213, MSSA, and MRSA strains, respectively. Overall,
SIM and bio-AgNPs inhibited biofilm formation 4x to 1/8 MIC concentrations for almost
all strains (p < 0.05, ANOVA, Tukey) when compared with the control group. Results
for isolated AgNP evince that the MRSA HC 3817719 strain showed a slight increase
in bacterial growth in relation to control, with statistical differences in 1/4 and 1/s MIC
concentrations. We observed the same profile for the HC 9120358 strain at the 1/8 MIC
concentration, although statistically indifferent.

Bio-AgNP and SIM association also inhibited biofilm with a profile similar to those
for isolated substances, showing inhibition at concentrations from 4 x to 1/8 MIC. When in
association, the 2x MIC concentration for the MSSA HC 909 strain showed a higher growth
profile than the control, but without statistical differences. For the MRSA HC 3817719
strain, the 1/8 MIC concentration showed a statistical difference (p > 0.05, ANOVA, Tukey).
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Figure 2. Graph (a) represents biofilm inhibition for SIM and bio-AgNP and graph (b) represents
biofilm inhibition by association at concentrations from 4x to 1/s MIC for the standard S. aureus
ATCC 29213 strain after 24 h. The expressed values refer to the mean and standard deviation of
the absorbance readings (OD 540 nm). * indicates statistical differences from the control. (ANOVA,
2 criteria, Tukey). Column “0” indicates the growth of the untreated standard ATCC 29213 strain.
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Figure 3. Graphs (a—c) represent biofilm inhibition for SIM and bio-AgNP at concentrations from
4x to 1/8 MIC for methicillin-sensitive S. aureus 909, 1734 and 12092392 strains (MSSA) after 24 h.
Graphs (d—f) represent biofilm inhibition by association for the same MSSA strains after 24 h. Values
expressed are the mean and standard deviation of the absorbance readings (OD 540 nm). * indicates
statistical differences from the control. (ANOVA, 2 criteria, Tukey). Column “0” indicates bacterial

growth without treatment.
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Figure 4. Graphs (a—c) represent biofilm inhibition for SIM and bio-AgNP at concentrations from
4 to 1/8 MIC for methicillin-resistant S. aureus 3817719, 10106876 and 9120358 (MRSA) strains after
24 h. Graphs (d—f) represent biofilm inhibition by association for the same MRSA strains after 24 h.
Values expressed are the mean and standard deviation of the absorbance readings (OD 540 nm).
* indicates statistical differences from the control. (ANOVA, 2 criteria, Tukey). Column “0” indicates

bacterial growth without treatment.

4. Discussion

Staphylococcus aureus is a Gram-positive bacterium often found in nosocomial infections
that may resist antibiotics and complicate treatment [1,2]. Drug repositioning may configure
a promising approach to treating infections, especially in the face of growing microbial
resistance [18]. Statins (especially simvastatin) have been studied for their antimicrobial
potential, especially against S. aureus [30]. Moreover, the use of silver nanoparticles as a
topical agent in wounds or medical materials has been investigated to control S. aureus
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biofilm [31,32]. This study produced and characterized bio-AgNPs, testing them in isolation
and in association with simvastatin against clinical strains of S. aureus. Both substances
showed antimicrobial activity at subinhibitory concentrations, reducing S. aureus biofilm
formation. When associated, they showed synergism only for the standard S. aureus
strain, with no change in activity against clinical MRSA and MSSA strains. We prepared
our silver nanoparticles by biologically obtaining metallic nanoparticles from fungi [16],
which have greater advantages over chemical and physical methods. Fungi are easy to
grow, can occupy large surface areas, and facilitate nanoparticle synthesis due to their
easy biomass manipulation [46,47]. Fungal mycelia exhibit a superior ability to withstand
high-flow pressure, agitation, and other challenging conditions encountered in bioreactions
in comparison to other microbes and plants [48] and enable cost-effective large-scale
synthesis, requiring only a minimal quantity of biomass [49]. Moreover, they neither harm
the environment nor require toxic chemicals or radiation [15]. The obtained bio-AgNPs
had adequate size (below 100 nm) and good polydispersity and zeta potential indices, as
observed in previous studies using biogenic production [16]. The diameter observed in
TEM images showed smaller particles according to our distribution histogram (5-30 nm).
This stems from the fact that the DLS measures hydrodynamic radii, i.e., it considers
particles and the stabilization layers around them—the protein layer from the synthesis of
the fungal filtrate [16]. Bio-AgNPs showed a —25.66 £ 2.19 mV zeta potential, corroborating
Raj et al. [50]. A negative zeta potential indicates the predominance of particles with surface
electric charges, contributing to the repulsion between nanoparticles, reducing aggregation,
and increasing their stability [51].

Both bio-AgNPs and simvastatin have shown antimicrobial activity against opportunis-
tic pathogens and oral-cavity bacteria [22,32,52]. SIM and bio-AgNP minimum-inhibitory-
concentration assays showed good antimicrobial activity, inhibiting the bacterial growth
of all S. aureus strains in concentrations from 74.66 to 37.27 uM (SIM) and from 187.5
to 93.75 uM (bio-AgNP). Our research group previously found similar MIC values for
SIM [32]. For the bio-AgNPs tested against S. aureus, we found MIC values in the same
range as in this study [17,32,53]. When tested against clinical strains of Pseudomonas aerugi-
nosa, bio-AgNPs showed an inhibitory concentration comparable to the one in this study
(62.5 uM) [54].

According to FICI, association assays showed no synergistic effect against the clinical
strains of S. aureus, unlike that for the ATCC 29213 strain, which resulted in a synergistic
effect. Figueiredo et al. found the same synergistic result against a standard (ATCC 25923)
and an MRSA strain (MRSA N315) [17]. Thus, for standard S. aureus strains, the association
of bio-AgNP and SIM can promote a synergistic effect, which is rare for clinical strains
isolated from patients. Therefore, the use of these substances for clinical use may fail to
offer additional benefits when compared to isolated products.

Such difference in results may be attributed to variations in the lipid profile of the
standard and clinical strain. Using gas chromatography coupled with mass spectrometry
analysis, one study highlighted qualitative and quantitative differences in the bacterial lipid
profiles of ATCC and clinical strains of S. aureus, which impacted both antibiotic resistance
and surface hydrophobicity. Resistance may also be related to the source of infection from
which the strains were isolated, reflecting their potential capacity to create biofilm [55]. In
the case of ATCC strains, natural genetic variation may be a crucial factor in its response to
antimicrobial agents.

Other studies have found synergism between antibiotics and silver nanoparticles.
Habash et al. found that AgNP coated with 10 and 20 nm of citrate boosted the effect
of tobramycin in both planktonic cultures and P. aeruginosa-strain biofilm [56]. AgNP
averaging 45 nm in size (from the aqueous extract of Zea mays leaf residues) showed
synergistic activity against Bacillus cereus, Escherichia coli, Listeria monocytogenes, S. aureus,
and Salmonella typhimurium when associated with antibiotics such as kanamycin and
rifampicin B [13]. Based on these findings, our research group conducted studies associating
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simvastatin with silver nanoparticles. We then found synergism in standard strains but not
in clinically isolated strains, as described here.

When testing the capacity of isolated substances to inhibit biofilm formation, in general,
concentrations of 1/8 and 1/4 MIC for SIM and bio-AgNP showed no inhibition. In most
strains, subinhibitory concentrations (1/, and 1/4 MIC) were sufficient to inhibit biofilm
formation for SIM and AgNP in comparison to the control group (no treatment). For
HC 3817719 (a resistant strain), we obtained a biofilm growth increase greater than the
control in 1/8 and 1/4 MIC concentrations (isolated bio-AgNPs) and in the 1/8 concentration
(association). Other studies have shown increased biofilm in subinhibitory bio-AgNP
concentrations, when compared to other bacterial genera [54,57]. Such increases can be
attributed to AgNPs inducing the generation of reactive oxygen species (ROS), resulting
in oxidative stress [58]. ROS can cause detrimental alterations to cellular components and
harm proteins, DNA, and lipids [59]. Increased oxidative stress likely exerted selective
pressure at the early stages of biofilm development, increasing its formation capacity [57].

Using subinhibitory concentrations of antimicrobial agents offers many advantages,
including a potential reduction in antimicrobial-resistance development due to reduced
selective pressure [60]. It also aids in inhibiting biofilm formation by disrupting the extra-
cellular matrix, as well as reducing surface adhesion and aggregation of surviving cells [32].
Combining treatments enhances antimicrobial effects and provides a more comprehensive
approach to biofilm inhibition [58,61], while concurrently reducing toxicity to host cells and
minimizing the adverse effects on surrounding tissues [62]. Moreover, it helps to prevent
recurrent infections, thereby improving long-term treatment effectiveness [63]. Notably,
use of subinhibitory concentrations potentially leads to resource savings by reducing the
total antimicrobial requirement, optimizing resource utilization and mitigating the risk of
side effects associated with higher doses.

Importantly, reports on antimicrobial resistance to AgNPs or even to simvastatin
are scarce [22,64], increasing interest in possibly using these substances as they exhibit
antibiofilm effects even at subinhibitory concentrations.

Combined substances showed no greater effect on biofilm inhibition than isolated
substances. In standard S. aureus strains, despite the synergistic nature observed in asso-
ciation tests, the combined use of SIM and bio-AgNP did not amplify their antibiofilm
effect in comparison to their isolated use. In Arpergillus biofilm, inhibition by associating
bio-AgNP and simvastatin at concentrations from 2x to 8 x MIC also resembled isolated
substances [65]. This study found a synergistic effect between bio-AgNP and SIM when
tested in fungi in its association assay. So, despite the synergism between substances in
association assays, when tested on biofilm, the inhibition profile of the association remained
similar to that of isolated substances [65].

AgNPs-based medical devices have been greatly explored, such as different-type
catheters (glass, plastic, polyurethane), for their effectiveness in antibacterial and antibiofilm
applications [66]. Plastic and polyurethane catheters implanted with AgNPs significantly
reduced infection rates and prevented multispecies biofilm formation [67-69]. A study on
hemodialysis catheters found that using polyurethane catheters for vascular access and
blood filtration causes infections that often lead to patients” death, but photochemically
depositing AgNPs at the infection site inhibited bacterial growth. The developed surface
coating can produce safe, cost-effective catheters with low infection rates [70].

Toxicity of silver ions is questionable, but some studies have shown that incorporating
them into nanoparticles decreases their cytotoxicity. Using cell culture assays, bio-AgNP
showed no cytotoxicity against immune cells (T, B, and NK cells) from 3 to 72 h of ex-
posure [71,72]. In contact with mouse (Balb/c)-skin fibroblasts, exposure to bio-AgNP
preserved cellular structures, a result seen on TEM images of IC20 nontoxic concentrations
(91.77 ug/mL) [73,74].

Statins, especially in combination with AgNPs, present an interesting use for topical
application or even in coating medical devices such as implants, probes, and catheters [75].
Some studies have proposed coating medical devices with AgNPs to reduce microbial
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adhesion, thus preventing nosocomial infections. As for topical use, application would
be beneficial in treating topical skin infections, especially those caused by S. aureus. Local
application of SIM and AgNPs could ensure concentrations above the MIC at the affected
site, while also reducing potential systemic adverse events, such as rhabdomyolysis [24,25].
Further studies are needed to verify the safety and toxicity of this association, as statins
can generate adverse reactions such as cheilitis [76], autoimmune inflammatory syndromes
similar to dermatomyositis and lupus [77,78], phototoxicity [79], and occupational contact
dermatitis [80,81], among others [82-84]. However, the risk of adverse cutaneous reactions
seems to be relatively low [78].

Thus, based on our data, we conclude that the association of SIM and bio-AgNP
performs no better than isolated substances in clinical strains of S. aureus. Clinically, the
association may be interesting to treat or prevent biofilm formation/infections from more
than one bacterial species since their sensitivity to each substance may differ, thus increasing
their spectrum of action. For this, further studies with other bacterial species should be
conducted to evaluate the possible interaction between these substances and the relevance
of their associated clinical use.

5. Conclusions

Our findings evince that SIM and bio-AgNP have antimicrobial activity at subin-
hibitory concentrations and may be used in hospitals (impregnated in materials and to
treat wound and burn infections). Although not synergistic, these compounds maintained
antimicrobial activity when associated in suspension and biofilm. Further studies are
needed to evaluate the clinical relevance and mechanisms of the antimicrobial action of
these substances in association.

Author Contributions: Conceptualization, K.C.-M. and N.D.; methodology, K.C.-M., N.D., A.C.Ed.S.
and S.M.R.; software, K.C.-M., A.C.E.d.S., S.M.R. and M.C.T.D.; validation, A.C.F.d.S. and S.M.R;
investigation, K.C.-M., A.C.E.d.S. and S.M.R,; resources, K.C.-M., N.D. and M.C.T.D.; data curation,
K.C.-M.,, A.CEd.S. and S.M.R,; writing—original draft preparation, K.C.-M., A.C.E.d.S. and SM.R;
writing—review and editing, K.C.-M., N.D., M.C.T.D., A.C.Fd.S.,, SM.R. and G.N.; visualization,
K.C-M,, N.D,M.C.TD., A.CEdS., SMR. and G.N.; supervision, K.C.-M.; project administration,
K.C.-M. and A.C.Ed.S. All authors have read and agreed to the published version of the manuscript.

Funding: This study received a grant and a Research Grant from the Sao Paulo Research Foundation
(Process no.: 2018/21769-4 and 2018 /20593-0).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: We would like to thank Carlos Emilio Levy for providing us with bacterial
samples and FAPESP (2018/21769-4 and 2018/20593-0) for their financial support and Espago da
Escrita—Pré-Reitoria de Pesquisa—UNICAMP—for the language services provided.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

MRSA Methicillin-resistant Staphylococcus aureus
Bio-AgNP Biologically synthesized silver nanoparticles
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