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ABSTRACT: Nanotechnology has expanded into a broad range of Al Pd .
clinical applications. In particular, metal nanoparticles (MNPs) display Au Cu / Antibiotics
unique antimicrobial properties, a fundamental function of novel Tij Zn e .

medical devices. The combination of MNPs with commercial Cuo - Antifungals
antimicrobial drugs (e.g., antibiotics, antifungals, and antivirals) may ZnO Pt Fe Ag u

b -
ko) g . {_ Antivirals
offer several opportunities to overcome some disadvantages of their

individual use and enhance effectiveness. MNP conjugates display S~ —

multiple advantages. As drug delivery systems, the conjugates can Synergistic Effect

extend the circulation of the drugs in the body, facilitate intercellular Combination Antimicrobial
targeting, improve drug stabilization, and possess superior delivery. Strategies ‘ n g‘?:lt?;ﬁ 1a ‘ ‘ Cytotoxicity ‘

Concomitantly, they reduce the required drug dose, minimize toxicity,
and broaden the antimicrobial spectrum. In this work, the common
strategies to combine MNPs with clinically used antimicrobial agents are underscored. Furthermore, a comprehensive survey about
synergistic antimicrobial effects, the mechanism of action, and cytotoxicity is depicted.
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1. INTRODUCTION effective antimicrobial agents. Similarly to other viral
infections, severely ill patients are at increased risk of
secondary bacterial or fungal infections that can be fatal.'
The existing therapeutics are target selective with specific
mechanisms of action. Different drugs are combined to provide
additional mechanisms of action and broad-spectrum activity.
This approach commonly increases the dosage and the adverse
side effects.'” Thus, the World Health Organization (WHO)
has launched an action plan to foment the discovery of
effective and safe antimicrobial agents with multiple mecha-
nisms of action.'* Moreover, strategies to decrease the risk of
microorganism colonization are taken into account to develop
new materials that can kill or inhibit microbial growth and
adhesion onto surfaces.'*

Nanotechnology is changing the way healthcare solutions

The emergence of infectious diseases due to new pathogens
and multidrug-resistant (MDR) strains has been a global
health threat over the past decades.' A wide range of microbes
survive and thrive on living and nonliving surfaces contributing
to the development of infectious diseases outbreaks, high levels
of healthcare-associated infections, and an increase of MDR
pathogens. Consequently, significant health and financial costs
occur due to the slower patient treatments, increasing
hospitalization times, the disruption of daily activities,
discomfort, or even death.”” Despite promising studies in
the development of novel antimicrobial drugs, this field has not
been able to keep up with the rapid increase of infections
caused by MDR pathogens.” ™ It is estimated that antibiotic
resistance is causing 700 000 deaths annually worldwide. This
number is expected to rise to more than 10 million deaths per
year by 2050.” In addition, the effectiveness of conventional
antimicrobial drugs is rapidly declining due to mass over-
consumption and imprudent dosage. Governments were forced
to launch propaganda to inform the mass population of

adequate antibiotic consumption.® MDR pathogens pose a —
particularly grievous threat to human health and even more so Received: November 16, 2021 O
with the increasing number of immune-compromised individ- Accepted:  February 23, 2022 '
uals, aging, transplant complications, and stress.”'® In addition, Published: March 4, 2022
the global pandemic of COVID-19 caused by severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) intensified

the problem of MDR pathogens and the demand for more

are developed and provided, offering innovative routes to
address the progress in antimicrobial therapy, drug delivery,
and the development of advanced materials.'”'® Metal
nanoparticles (MNPs) have been widely applied and studied
due to their unique properties: their small size and high
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Chart 1. Number of Publications (a) Per Year, (b) Per Type of MNPs, and (c) Per Conjugated Drugs from 2000 until
December 2021 in Google Scholar, Web of Science, PubMed, Scopus, and Science Direct”
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“The survey was conducted with a combination of keywords using particular terms related to MNPs, the combining agent, and antimicrobial

properties.

surface-volume ratio, ability to act at the cellular level,
improved solubility, surface adaptability, and multifunction-
ality.'”~*° Despite their exceptional properties and wide range
of applications, nanoparticles pose a risk of adverse health
effects in humans. In vitro and in vivo studies have shown that
MNPs can penetrate the cells, leading to oxidative stress,
inflammation, DNA damage, and organ toxicity and limiting
their application.”"

Few MNPs have been approved for clinical use by the U.S.
Food and Drug Administration (FDA) and European
Medicines Agency (EMEA), and very few are under clinical
trials. The complexity of nanotechnology requires regulatory
frameworks related to the inherent risks of nanoparticles
(toxicity), effects of exposure, and administration routes. The
approved drugs are mainly used for anticancer therapy, iron-
replacement therapy, antimicrobial agents, and bone graft
substitutes.”” > It is imperative to study the pharmacokinetics
of MNP drugs using appropriate models to improve the
translatability of MNPs to clinical practice. The MNPs should
reach the target site undamaged with high selectivity and
reduced accumulation in nontargeted cells, tissues, and organs.
Optimal therapeutic benefits can be obtained by functionaliz-
ing the nanoparticles with appropriate ligands or combining
them with other drugs. 2730

Synergistic approaches combine two or more substances
together to result in superior efficacy compared to that of any
of the individual substances. The conjugation of MNPs with
other antimicrobial compounds may enhance their effective-
ness. New approaches in the fight against pathogens may be
explored, including the revival of old antlbIOtICS, to overcome
the current drug resistance emergency.’”” These NP
conjugates may exhibit several advantages, such as (i) having
multiple targets and mechanisms of action; (ii) suppressing the
emergence of resistant pathogens; (iii) improving self-assembly
into nanostructures for delivery systems; (iv) facilitating
intracellular targeting; (v) prolonging the circulation and
stabilization of drugs in the body’s systems; (vi) decreasing the
individual dosages that consequently minimize host toxicity;
(vii) increasing the spectrum of antimicrobial coverage during
therapies.'””” The drug combination is a common strategy in
clinical practice, and its therapeutic success has been attained
for acquired immunodeficiency syndrome (AIDS), cancer,
cardiovascular disease, and microbial infections.>*

The synergistic effects between MNPs and commercial
antimicrobial drugs have been studied for several years.
Nevertheless, a relevant increasing number of publications
have occurred in the last five years. Most of the synergistic
studies focus on silver nanoparticles (AgNPs). However, other
MNPs were also reported, such as gold (Au), copper (Cu),
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copper oxide (CuO), copper sulfide (CuS), iron (Fe), iron
oxide (Fe;0,/Fe,05), zinc, zinc oxide (ZnO), and platinum
(Pt). MNPs have been combined with several antibiotic,
antifungal, and antiviral agents (Chart 1). However, a high
number of compounds and MNPs remain unexplored.

This Review focuses on research works conjugating MNPs
and commercial antimicrobial drugs such as antibiotics,
antifungals, and antivirals to obtain novel antimicrobial
formulations. Therefore, conjugation of MNPs with other
antimicrobial agents (e.g., disinfectants, antimicrobial peptides,
novel organic molecules, essential oils) was not considered.
The experimental methodologies to obtain the conjugates are
described. The conjugates’ antimicrobial efficacy, mechanism
of action, and cytotoxicity are also depicted. Hence, this work
envisages contributing to new advances on this topic and
promoting the transfer of this knowledge and applications to
clinical practice.

2. METAL NANOPARTICLES AS ANTIMICROBIAL
AGENTS

MNPs’ research has increased due to their improved properties
compared to bulk materials. They have allowed the develop-
ment of novel drugs and materials by tailoring their size,
morphology, distribution, and surface charge properties.
However, MNP toxicity to humans and the environment has
been broadly reported. The main properties of MNPs
responsible for their toxicological effects have been attributed
to (i) size (NPs below 10 nm usually display high antimicrobial
activity but also high cytotoxicity due to their rapid diffusion
into human cells and their ability to cross the blood—brain
barrier (<200 nm));**™*” (ii) agglomeration, which contrib-
utes to the sedimentation process and reduces the diffusion of
NPs, resulting in higher effective doses;*® (iii) surface charge
(the charge of NPs presents an essential role in regulating the
protein binding to NPs, cellular uptake, oxidative stress,
autophagy, inflammation, and apoptosis; charged NPs were
shown to be more cytotoxic than neutral forms, and positively
charged NPs were more cytotoxic than negative variants of a
similar size).””*" Currently, MNPs can be designed to reduce
their toxicity to humans.*' The size can be tailored for optimal
efficacy, and capping agents can be used to prevent
agglomeration, avoid undesirable nanoparticle oxidation, and
enhance ion release. Commonly used capping agents are oleic
acid, poly(acrylic acid), polyethylene glycol (PEG), poly(vmyl
alcohol) (PVA), and polyvinylpyrrolidone (PVP).*

Therefore, the most important biomedical MNPs applied in
antimicrobial formulations, which include silver, gold, copper,
iron, zing, titanium dioxide (TiO,), aluminum oxide (AL,O;),
platinum, and palladium (Pd), are described in this section
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(Scheme 1). The most common experimental strategies used
for their synthesis and surface functionalization are also
depicted.

Scheme 1. MNPs Used in Biomedical Applications
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Overall, the application of MNPs in biomedicine presents
several advantages and some limitations, particularly patients’
toxicity. Numerous challenges encompass a broad spectrum of
fields of knowledge, such as biological, chemical, and materials
engineering. A comprehensive approach to convert all the
research generated information into suitable clinical practices is
highly demanding. Nevertheless, the conjugation of tailored
nanoparticles with other materials/molecules is an unlimited
exploration field that could provide exceptional biomedical
applications.

2.1. Silver Nanoparticles (AgNPs). AgNPs are the most
prevalent inorganic nanoparticles applied as antimicrobial
agents. AgNPs have demonstrated high antimicrobial activity
compared to that of the Ag ionic form. However, several
concerns have emerged regarding their cytotoxicity. The
toxicity mechanisms, long-term accumulation effects, and
dose—response relationship are still grievously unknown.”*

2.2. Gold Nanoparticles (AuNPs). AuNPs are extremely
valuable in developing antibacterial agents due to their low
toxicity, high propensity for functionalization, eclectic effects,
easy detection, and photothermal activity. AuNPs per se
possess very low antimicrobial activity, but numerous studies
on the antimicrobial activity of AuNPs conjugated with small
molecules, such as drugs, vaccines, and antibodies, have been
reported.”>”%’

2.3. Copper Nanoparticles (CuNPs). CuNPs have also
been widely researched due to their antimicrobial properties
and higher biocompatibility. Copper, after silver, is one of the
most commonly used nanomaterials due to its low cost and
ready availability, although its synthesis remains challenging
due to the high oxidation proneness of copper. Copper is
susceptible to air oxidation, and its oxidized forms are
thermodynamically more stable.”

2.4. Iron Oxide Nanoparticles (Fe,O/NPs). The FDA
approved Fe;O,/Fe,O;NPs in clinical applications mainly due
to their high versatility in surface modification and stability.
Iron oxides are the preferable nanomaterials in medical
sciences since they display marginal toxicity, good biocompat-
ibility, and excellent physicochemical properties such as
superparamagnetism and stability in aqueous solutions.
Nevertheless, the antimicrobial properties can only be
observed at relatively high concentrations. Their activity can

3032

be adjusted by changing the surface potential, surface
functional groups, and the iron oxidation state.”***%*

2.5. Zinc Oxide Nanoparticles (ZnONPs). ZnONPs are
inexpensive, possess bactericidal groperties, and have high
biocompatibility with human skin.” They have been presented
as one of the most interesting and promising MNPs.*>*°

2.6. Titanium Oxide Nanoparticles (TiO,NPs). The
antimicrobial activity of the TiO,NPs has been widely studied.
It was found that the photocatalytic effect on TiO, allows the
inactivation of microorganisms due to its strong generation of
radical oxygen species. One limitation of TiO, is the activation
mechanism. Photons with enough energy are required to
activate the surface of these MNPs to promote the catalytic
processes. Thus, the incorporation of dopants has been a
strategy to improve the antibacterial performance of
Ti0, 97072

2.7. Aluminum Oxide Nanoparticles (Al,O;NPs).
AlL,O;NPs are low-cost, easy to handle, and effective against
pathogenic microorganisms, including MDR bacteria. None-
theless, the neurotoxicity and blood toxicity of the Al,O;NPs
represent a concerning limitation. Thus, novel engineering
strategies are needed to improve ALO;NP biocompatibil-
ity 5773

2.8. Platinum Nanoparticles (PtNPs). PtNPs promote
bacterial growth inhibition by catalyzing the hyperproduction
of adenosine triphosphate (ATP). Although they have
potential, the antimicrobial activity of PtNPs has been poorly
studied. The PtNPs did not show any cytotoxicity, but further
studies are still needed. The conjugation of PtNPs with other
materials can be applied to develop novel applications that
require control of bacterial growth.®”

2.9. Palladium Nanoparticles (PANPs). The potential of
PdNPs as an antimicrobial agent has been shown to be similar
or superior to other MNPs and standard drugs (streptomycin
and ampicillin) already in use.””** New studies involving these
nanostructures need to be carried out to better understand the
antimicrobial effect, the mechanism of action, and also possible
toxic effects.

3. METAL NANOPARTICLE SYNTHESIS

Generally, MNPs can be synthesized using two different
approaches: (i) top-down, where the bulk material is reduced
by sputtering, chemical etching, thermal ablation, and ball
milling processes; (ii) bottom-up, where single atoms are
accumulated via condensation, vapor deposition, sol—gel
processes, spray pyrolysis, chemical or electrochemical
deposition, aerosol methods, or reduction processes (electro-
chemical, chemical, biogenic, or photochemical reduction).”*
To improve MNP stabilization and avoid aggregation, surface-
stabilizing agents are commonly used. The synthesis process
defines the physicochemical properties of nanoparticles, which
governs their size, shape, surface charge, and oxidation
state.”>”’” These properties will considerably influence the
interactions between MNPs and conjugated agents and,
consequently, their antimicrobial performance and cytotoxicity.

Chemical reduction and sol—gel have been the most
employed methods for MNP synthesis due to their simplicity.
However, these protocols present high costs and are prone to
generate toxic byproducts.”® The most common reducing
agents in the chemical synthesis of MNPs may be replaced by
biological materials such as bacteria, fungi, or plant extracts.
Nanoparticles synthesized from biological materials are known
as biogenic nanoparticles. Their main advantages are cost-
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Scheme 2. Common Methods to Conjugate MNPs and Antibiotics, Antifungals, or Antivirals
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effectiveness and negligible environmental impact.”” Never-
theless, the biosynthesis of MNPs currently still possess a high
polydisperse index and low reproducibility.*’

Therefore, methods for MNP synthesis should be carefully
pondered to design the MNP properties according to the
interactions required in the following steps.

4. METHODS TO COMBINE MNPS AND OTHER
ANTIMICROBIAL AGENTS

The preparation of MNP conjugates with antimicrobial drugs
(including antibiotics, antifungals, and antivirals) is generally carried
out via one of the following methods: method A, the MNPs’ synthesis
and their posterior mixture with other agents” solutions; method B,
MNPs’ synthesis in the presence of the combining agents; method C,
MNPs’ synthesis, subsequent functionalization, and posterior
conjugation step; method D, MNPs’ synthesis using the conjugating
agents also as reducing agents (Scheme 2).

In method A, the MNPs are synthesized, and the solutions
containing the conjugating agents are prepared separately. Sub-
sequently, both solutions are mixed and characterized (Scheme 2,
method A).

In the case of method B, the MNPs’ synthesis occurs in the
presence of conjugating agents. The conjugating agent may or not act
as a reducing agent. However, it is always associated with another
reducing agent during the synthesis (Scheme 2, method B).

Method C conjugates MNPs and antimicrobial compounds
through a three-step preparation: (i) MNP synthesis, (ii) MNP
surface functionalization; (iii) MNP mixing with conjugating agents
(Scheme 2, method C). In this case, the MNP synthesis is an
independent step that can be performed using any previously referred
MNP preparation methods. Afterward, the MNPs’ surface is
functionalized. The surface functionalization of metal and metal
oxide nanoparticles has been used as a powerful tool to create bonds
with organic molecules and biological cells, increasing the local
concentration of MNPs in specific targets."> MNPs were mostly
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modified by thiols, disulfides, amines, nitriles, carboxylic acids, and
phosphines. Metal oxide nanoparticles were mainly functionalized by
phosphonates or silanes. In addition, metal alkoxides, epoxides,
metals, or metalloids can cover the NP surface to form an oxide
film.*"** Finally, the MNPs are mixed with the conjugating agents in
the desired proportion.

In the last approach, method D, the conjugation is obtained in one
single step. The synthesis of the MNPs unfolds using antimicrobials as
reducing agents (Scheme 2, method D). In this case, the MNP
synthesis is performed using fewer chemicals, but it requires a long
reaction time. Hur et al. described the functionalization of AuNPs and
AgNPs with ampicillin, where ampicillin simultaneously acted as the
conjugating, stabilizing, and reducing agent.83

5. THERAPEUTIC AGENTS CONJUGATED WITH MNPS
AND ANTIMICROBIAL EFFECT

Numerous works report the combination of MNPs and
commercial antimicrobial drugs. Thus, this section is divided
according to the drugs used: antibiotics, antifungals, and
antivirals.

The antimicrobial methods to evaluate the synergistic effects
between MNPs and other agents alone and in combination are
mainly based on in vitro tests by calculating the inhibition
zones (Zols), minimum inhibitory concentrations (MICs), and
the colony reductions by plate counting techniques or through
optical density (OD) measurements. The checkerboard
method is the most common and is based on the calculation
of the fractional inhibitory concentration (FIC) index obtained
by dividing the MIC value of the combined antimicrobial agent
by the MIC of the antimicrobial agent per se. When the FIC
value is <0.5, the agents are considered synergic. FICs in the
range of >0.5 to <1.0 are not synergistic or additive. FICs
between >1.0 and <4.0 are negligible (indifferent), and FICs >
4.0 are antagonistic.”* This is a simple and effective procedure

https://doi.org/10.1021/acsanm.1c03891
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Table 1. Antibiotics and Corresponding Classes Used in Synergistic Studies with MNPs

P-lactams macrolides quinolones aminoglycosides
amoxicillin ceftriaxone azithromycin ciprofloxacin amikacin
amoxicillin/clavulamic acid cefuroxime clindamycin enoxacin gentamicin
ampicillin cephalexin erythromycin levoflaxacin kanamycin
aztreonam cephalothin nitrofurantoin nalidixic acid neomycin
biapenem cephazolin rifampicin ofloxacin streptomycin
carbenicillin feropenem oleandomycin oxolinic acid
cefaclor imipenem
cefazolin meropenem
cefepime methicillin
cefoperazone oxacillin
cefotaxime penicillin
cefoxitin penicillin G
cefpodoxime piperacillin
ceftazidime

glycopeptides sulfonamides tetracyclines polymixins others
norvancomycin co-trimoxazole doxycycline colistin bacitracin
teicoplanin trimethoprim oxytetracycline polymyxin B chloramphenicol
vancomycin sulfanilamide tetracycline fosfomycin
tigecycline fusidic acid
lincomycin
novobiocin

Chart 2. Number of Studies Organized by Antibiotic Class (Left Graph) and Antibiotic Type (Right Graph) Conjugated with

MNPs
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Lincosamide ' 1 Cefotaxime e 7
Aminocoumarin ' 1 Ceftazidime e 7
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Number of Studies

to assess synergistic effects. However, several literature
references only depict MIC values and disregard FICs.
Furthermore, other researchers estimate the synergism on
the basis of the obtained ZoL

Unfortunately, the calculation of synergism is obtained using
a wide range of different methods making it difficult to
compare various reports adequately.31 It is imperative to reach
a consensus concerning the method used to calculate
synergism between MNPs and antimicrobial drugs. Therefore,
the development of a standard is urgently needed.

5.1. Antibiotics. Antibiotic resistance is recognized as one
of the most critical threats to human health. The generalized
overconsumption of broad-spectrum antibiotics, such as
glycylcyclines, oxazolidinones, carbapenems, and polymyxins,
has increased during the last years. Efforts are needed to
revitalize the antibiotic pipeline and develop novel antibiotics
effective against antibiotic-resistance pathogens.*> Antibiotic

3034

combinations are frequently used in clinical practice to
circumvent antimicrobial resistance though little is known
about their impact on the human body.*® The conjugation of
antibiotics with MNPs could re-establish antibiotic capability
to destroy resistant bacteria. MNP—antibiotic combinations
have shown an increase in the concentration of antibiotics at
their interaction site on bacteria.”’ The combination of MNPs
with antibiotics is the most documented compared to that with
other agents (87 studies in the total of 111 reports), and all
classes of antibiotics may be found (Table 1).

P-Lactams and aminoglycosides were the most common
antibiotics used in synergistic tests (Chart 2). Studies with
Gram-negative bacteria were the most prevalent (191 studies),
encompassing Escherichia coli (88 studies), Pseudomonas
aeruginosa (36 reports), Salmonella typhimurium (13 studies),
and Klebsiella pneumoniae (12 documents) (Chart 3). The
Gram-positive studies (107) were mainly focused on Staph-

https://doi.org/10.1021/acsanm.1c03891
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Chart 3. Number of Studies Involving Antibiotics and MNPS against Gram-Negative (Left Graph) and Gram-Positive Bacteria

(Right Graph)
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ylococcus aureus (73 studies), including multiresistant S. aureus
(MRSA).

Regarding the MNPs conjugated to antibiotics, only AgNPs
(61 studies), AuNPs (13 studies), ZnNPs or ZnONPs (11
studies), CuNPs or CuONPs (6 studies), PtNPs (2 studies),
and FeNPs (1 study) were tested for synergistic activity. The
referred research works in the following sections are presented
according to the conjugation method, MNP synthesis method,
and MNP type. Some examples are described for each type of
MNPs, and a particular focus was given to the antimicrobial
results and characterization methods when available.

5.1.1. Method A. Among the different strategies, method A
(Section 4, Scheme 2) using MNPs™ synthesis and their
posterior mixture with antibiotics solutions is the most used
method to conjugate MNPs and antibiotics (Table 2).

In the research works combining AgNPs and antibiotics,
AgNPs were mainly obtained by chemical or biochemical
reduction with particle sizes varying between 2.0 and 81.0 nm.
The AgNPs obtained using bacteria, fungi, or plants presented
a higher polydispersity index (PdI) when compared with the
chemically synthesized nanoparticles. It should underscore the
favorable antimicrobial properties achieved by combining
AgNPs with commercial antibiotics, even against MDR strains.

Wan et al. reported a synergistic effect using AgNPs
combined with the antibiotics polymixin B and rifampicin
and an additive effect using AgNP—tigecycline. In vivo tests
found that AgNP—antibiotic combinations led to superior
survival ratios in A. baumannii-infected mouse peritonitis.”®
Smekalova et al. performed 40 different combination tests,
where 7, 17, and 16 were synergistic, additive, and indifferent,
respectively. None of the tested combinations showed an
antagonistic effect. The majority of the synergistic effects were
observed for the combinations of AgNPs with gentamicin.
However, the highest enhancement of antibacterial activity was
found in the combined therapy with penicillin G against
A. pleuropneumoniae. Moreover, A. pleuropneumoniae and
P. multocida, which are resistant to amoxicillin, gentamicin,
and colistin, were sensitive to these antibiotics when combined
with AgNPs.*

3035

Lopez-Carrizales et al. tested the activity of two classes of
conventional antimicrobial agents (ampicillin and amikacin)
alone and in combination with AgNPs against a set of ten
MDR clinical isolates and two reference strains. The authors
indicate that infections caused by MDR microorganisms could
be treated using a synergistic combination of antimicrobial
drugs and AgNPs. In this case, the combination of AgNPs with
antibiotics promotes a decrease in the size of the nanoparticles,
observed in transmission electron microscopy (TEM), from
8.57 + 1.17 nm to 4.01 + 0.80 nm using ampicillin and 6.03 +
0.87 nm using amikacin. The dynamic light scattering (DLS)
and zeta potential results showed more stable nanoparticles
when combined with ampicillin but less stable nanoparticles
when amikacin was used.”’

Salarian et al. showed the synergistic antibacterial properties
of cephalexin NPs combined with AgNPs against S. aureus.”’
Rogowska et al. assessed the antibacterial activity of bio-
logically and chemically synthesized AgNPs functionalized with
ampicillin against bacterial strains. The biosynthesized
ampicillin—AgNPs showed a synergistic effect against E. coli,
K. pneumoniae, and P. aeruginosa, whereas chemically
synthesized AgNPs only exhibited synergism against K. pneumo-
niae and P. aeruginosa. These results may be related to the
differences in the stability of the nanoparticles when
conjugated with ampicillin, since biologically synthesized
AgNPs were more stable than chemically generated AgNPs
(zeta potentials of —18.50 + 0.99 and —11 + 0.20 mV,
respectively).”” In another work, the authors combined
chemically synthesized AgNPs with vancomycin and amikacin,
demonstrating a synergistic antimicrobial effect against S. aureus
and E. coli. Here, the characterization of the nanoparticles with
and without antibiotics was performed by comparing UV—vis
spectroscopy to the corresponding surface plasmon resonance
(SPR). The AgNPs alone showed a SPR at 431 nm, and a blue
shift was observed by adding vancomycin (2 nm) and amikacin
(15 nm). This effect can be attributed to the charge transfer
between the antibiotics and PVP-coated AgNPs. In addition, in
the case of amikacin, it can also be due to the electronic
transitions between different orbitals with the possibility of a

https://doi.org/10.1021/acsanm.1c03891
ACS Appl. Nano Mater. 2022, 5, 3030—3064
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nucleophilic substitution reaction between a lone pair of
electrons in the oxygen atom of PVP and the hydrogen atom of
the amikacin amine group. Furthermore, electronic transitions
may occur between the bonding or nonbonding orbital and the
antibonding orbital.”® In a similar work, Kaur et al. showed
synergistic antimicrobial results combining citrate-capped
AgNPs with vancomycin against S. aureus and E. coli. In this
case, a red shift in SPR was observed in the UV—vis spectra
after the addition of vancomycin. The PdI and zeta potential
showed an inferior PdI and superior stability of vancomycin-
conjugated AgNPs. X-ray diffraction (XRD) analysis studies
showed that the crystalline nature of the AgNPs after antibiotic
functionalization remains intact.”

McShan et al. suggested that the combination of the
ineffective tetracycline or neomycin with AgNPs against
S. typhimurium inhibits the growth of this bacterium.
Nevertheless, the same was not verified for penicillin.””
Wang et al. showed the enhanced antibacterial activities of
AgNPs against three bacterial strains: S. aureus, E. coli, and
gentamicin-resistant E. coli, indicating that gentamicin
considerably promotes the dissolution of PVP-AgNPs, which
not only increases the concentration of silver ions but also
assists in the attachment of PVP-AgNPs onto the surface of
bacteria by mitigating the negative charge of the NPs.”

Panacek et al. performed a systematic study to quantify the
synergistic effects of antibiotics with different modes of action
and different chemical structures combined with AgNPs
against E. coli, P. aeruginosa, and S. aureus. The researchers
did not notice any trends for synergistic effects of antibiotics
with different modes of action, which indicates a nonspecific
synergistic effect. Notably, a low amount of AgNPs was
required for effective antibacterial action.'”’ Deng et al.
combined citrate stabilized AgNPs with several antibiotics
against nonresistant and MDR S. typhimurium and observed
several synergistic combinations. In this work, a particular
study was performed by Raman spectroscopy to verify the
interaction between AgNPs and antibiotic molecules. The
authors found that ampicillin and penicillin did not replace the
stabilizing molecules used during synthesis. On the contrary,
the antibiotics enoxacin, kanamycin, neomycin, and tetracy-
cline strongly interact with AgNPs, replacing the surface citrate
molecules and forming antibiotic—AgNP complexes. These
antibiotics readily caused the agglomeration of AgNPs.'%’

Just one work was found combining AuNPs and antibiotics
using method A. The work was developed by Tom et al; the
authors used ciprofloxacin to protect the AuNPs, but no
antimicrobial analyses were performed.'®*

Bhande et al. demonstrated the potential of ZnONPs to act
as f-lactam antibiotics.'”” Rath et al. combined ZnONPs and
cefazolin, showing a higher antibacterial activity.'”® Abo-Shama
et al. tested the synergistic effect of antibiotics (azithromycin,
oxacillin, cefotaxime, cefuroxime, fosfomycin, and oxytetracy-
cline) against E. coli. The results showed a significant increase
in the presence of ZnONPs when compared to the antibiotic
alone. They also tested the synergistic effect of antibiotics
(azithromycin, cefotaxime, cefuroxime, fosfomycin, chloram-
phenicol, and oxytetracycline) against S. aureus, which also
showed significantly increased antimicrobial effects in the
presence of ZnONDPs.'”” Eleftheriadou et al. studied the
potential of polyol-coated CuONPs and ZnONPs combined
with meropenem and ciprofloxacin as efflux pump inhibitors
against MDR P. aeruginosa. The results demonstrated that all
tested NPs act synergistically in the presence of the antibiotics,
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depending on the concentration.'” MadhumitaGhosh et al.
showed synergistic results combining ZnO NPs with
erythromycin against P. aeruginosa."*® All these works confirm
the synergistic effect of ZnONPs with different classes of
antibiotics.

Cu and CuONPs have revealed synergistic effects when
combined with gentamicin, doxycycline, and amoxicillin/
clavulamic acid against E. coli, P. aeruginosa, B. cereus,
P. mirabilis, and S. aureus.'°%*31132

Vernaya et al. showed the efficacy of FeNPs as promising
precursors of targeted drug delivery systems. In this work,
gentamycin was combined with chemically synthesized
FeNPs.'%

Only three works were found to display the development of
bimetallic NPs and posterior conjugation with antibiotics, in
particular Ag—Au, Ag—Pt, and Cu—Zn nanoparticles. Fakhri et
al. tested the synergistic antimicrobial activity of doxycycline-
conjugated bimetallic Ag—AuNPs against P. aeruginosa, E. coli,
S. aureus, and M. luteus, showing promising results for burn
healing therapy.''’ In more recent work, Cu—ZnNPs were, for
the first time, tested by Eleftheriadou et al. The Cu—ZnNPs
and meropenem combination resulted in an additive effect at
25 pg/mL and partially in a synergistic or additive effect at the
two highest concentrations tested (50 and 100 yug/mL) against
P. aeruginosa.'®® Lastly, Ranpariya et al. studied the bimetallic
Ag—PtNPs combined with streptomycin, rifampicin, chlor-
amphenicol, novobiocin, and ampicillin against E. coli,
P. aeruginosa, and S. aureus. The inhibitory activity of Ag—
PtNPs was more efficient against all pathogens than that of
individual AgNPs or PtNPs. In the antimicrobial synergy tests,
the activity of rifampicin and novobiocin combined with Ag—
PtNPs showed a significant result against S. aureus.'”” The
bimetallic MNP-conjugated antibiotics showed interesting
antimicrobial properties and may be a promising tool for
developing novel agents.

5.1.2. Method B. In the case of method B, the MNP
synthesis was performed mostly using chemical methods and in
the presence of antibiotics (Section 4, Scheme 2). In this
approach, the antibiotics may or not act as a reducing agent,
but a stronger reducing agent is always applied (Table 3).

The antibiotics were conjugated with AgNPs or AuNPs by
reducing the corresponding metal salts with sodium borohy-
dride, trisodium citrate, ammonia, formic acid, or plant
extracts. The first demonstration of method B was performed
by Saha et al. The authors tested the synthesis of AuNPs using
antibiotics (ampicillin, streptomycin, and kanamycin) as
reducing agents. However, the results showed that the used
antibiotics did not exhibit sufficient reducing power to perform
the redox reaction. The reaction time to obtain AuNPs took 4
h when ampicillin was used and 24 h with streptomycin or
kanamycin. In addition to the extended reaction time, the
obtained antibiotic-conjugated AuNPs showed high agglomer-
ation and quickly precipitated, whereas the AuNPs produced
using the combined reducing properties of both sodium
borohydride and the antibiotics displayed superior stability.
The SPR of antibiotic-conjugated AuNPs appeared in a more
bluish region of UV—vis spectra, suggesting larger NPs as
confirmed by TEM. Scanning electron microscopy (SEM)
images showed different shapes of AuNPs using distinct
antibiotics: cubic structure with ampicillin, rectangular rod-
shaped with streptomycin, and star-like structures with
kanamycin. The AuNP-conjugated antibiotics displayed
superior bactericidal activity. The MIC values of the conjugates
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Table 3. Synergic Studies between MNPs and Antibiotics Obtained by the MNP Synthesis in the Presence of Antibiotics: Method B
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were determined against E. coli, M. luteus, and S. aureus. Among
them, streptomycin and kanamycin conjugates showed a
significant reduction in MIC values. In contrast, AuNP—
ampicillin showed a slight decrease in the MIC value when
compared to its free form.'*' Ganesh et al. prepared AgNPs
decorated with chitosan and poly(vinyl alcohol) (PVA) using
formic acid as a reducing agent. The AgNPs were prepared in
one solution containing sulphanilamide. The main objective of
this experiment was to produce nanofibers with incorporated
AgNPs. Thus, PVA was introduced to allow the electro-
spinning of the mixture. The antimicrobial tests and in vivo
wound healing evaluation demonstrated superior and syner-
gistic activity due to the combination of AgNPs and
sulphanilamide.'** Ma et al. developed an efficient nanohybrid
using vancomycin-carrying polydopamine with AgNPs. Zeta
potential, XRD, and X-ray photoelectron spectroscopy (XPS)
analysis proved the successful AgNP modification. In the XPS
analysis, the survey spectra showed the presence of two specific
peaks centered at 368.0 and 374.0 eV assigned to Ag 3d5/2
and Ag 3d3/2 electrons of Ag’, respectively. It proves the
assembly of AgNPs (Ag”) with polydopamine. The synthesized
hybrid showed synergistic antibacterial performance against
both S. aureus and E. coli strains. The development of this
hybrid allowed the drug dosage to be reduced, decreasing the
chance to develop drug resistance.'*” In another work,
Pyrenacantha grandiflora tuber extracts were combined with
ampicillin, penicillin, vancomycin, and AgNPs. The antimicro-
bial activity was assessed against E. coli, S. aureus, and
K. pneumoniae. The overall results demonstrated that the
conjugation of antibiotics with AgNPs are an effective option
to improve the activity of antibiotics that have become less
effective.' "’

5.1.3. Method C. In the literature, few methods were found
using method C (Section 4, Scheme 2). In this method, MNPs
were synthesized, and surfaces were functionalized and
subsequently combined with antibiotics (Table 4).

Chemical and biogenic methods may be used for MNP
synthesis when following method C. The functionalization of
the MNP surface is always a posterior step. AuNPs, AgNPs,
and ZnONPs were the only reported MNPs according to this
method. AuNPs are the most frequent, probably due to their
easy functionalization with thiol groups. Brown et al.
synthesized AgNPs and AuNPs stabilized in citrate, and
then, the NPs were functionalized with ampicillin. The
thioether moiety present in the structure of ampicillin was
used to attach the antibiotic to the AgNPs and AuNPs. Both
nanoparticles functionalized with ampicillin exhibited active
broad-spectrum bactericides against Gram-negative and Gram-
positive bacteria. The conjugates are becoming potent
bactericidal agents with unique properties that disrupt
antibiotic resistance mechanisms of MDR strains.'*’ de
Oliveira et al. functionalized chemical synthesized PVP-
AgNPs with ampicillin using a multistep method. First, a
core—shell of silica in the AgNPs was prepared by a reaction
with tetraethyl orthosilicate hydrolysis, forming the corre-
sponding AgSiO,NPs. Next, AgSiO,NPs were coated with a
thin silica/amine layer. In this step, an ethanol solution
containing ammonia and AgSiO,NPs reacted with tetraethyl
orthosilicate (TEOS). The next step consisted of the reaction
of the NPs with 3-aminopropyltriethoxysilane (APTES).
Finally, the NP dispersion was mixed with an ampicillin
solution in an acidic medium using 2-(N-morpholino)
ethanosulfonic acid.'"*” Gu et al. demonstrated one synthetic

https://doi.org/10.1021/acsanm.1c03891
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Figure 1. (a) TEM images of vancomycin-resistant S. aureus cells treated with vancomycin—AuNPs conjugates. (b) Expanded view of an individual
cell membrane of a vancomycin-resistant S. aureus bacterial cell treated with vancomycin—AuNP conjugates. Reproduced with permission from ref

151. Copyright 2011 Elsevier.

route for formulating vancomycin—AuNPs with enhanced
antibacterial activity. AuNPs reacted with bis(vancomycin)
cystamide to form Au—S bonds that link vancomycin to
AuNPs.'* Mohammed Fayaz et al. prepared vancomycin
bound biogenic AuNPs by stirring the AuNP dispersion and
vancomycin for 24 h. The formulation was stable for at least 90
days. The vancomycin—AuNPs showed significant antibacterial
activity against E. coli and S. aureus susceptible and
vancomycin-resistant strains. The vancomycin—AuNPs are
shown to bind to transpeptidase instead of terminal peptides
of the glycopeptide precursors on the cell surface of resistant
S. aureus, inducing the lysis of the cell wall (Figure 1)."*" The
antibiotic-functionalized NPs were further characterized, and
the antimicrobial activity was evaluated.

Gupta et al. performed a slightly different approach, where
prior to the combination of antibiotics, the AuNPs were
functionalized with thiol ligands. The chemical reduction of
the gold salt was performed in the presence of 1-pentanethiol.
The thiol protected AuNPs were revealed to be highly stable
due to the strong thiol—gold interaction. Next, the ligand
functionalization of the AuNP core with hydrophobic ligands
was done using a place-exchange method. The influence of the
ligands onto the NP surface and their combination with
fluoroquinolone antibiotics were studied. This demonstrated
the synergistic antimicrobial therapy and decreased antibiotic
dosage using hydrophobically functionalized AuNPs and
fluoroquinolone antibiotics to fight against MDR bacterial
strains. This strategy shows the potential of using AuNPs to
“revive” ineffective antibiotics due to the development of
resistance by bacteria.'*” Wei et al. developed norvancomycin-
capped AgNPs with notable antibacterial effects against E. coli.
The antibiotic was grafted to the terminal carboxyl of the
mercaptoacetic acid in the AgNPs in the presence of N-(3-
(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride
(EDAC)."*® A report depicted this conjugation method with
the antibiotic ciprofloxacin and amine-functionalized ZnONPs.
The amine functionalization was obtained by a chemical
process using 3-ethyldimethylaminopropyl carbodiimide
(EDC) and N-hydroxysuccinimide (NHS). In regard to
antibacterial activity, synergistic effects were observed when
ZnONPs were used in conjugation with antibiotics against all
tested bacterial strains.'*°

3045

5.1.4. Method D. In the last approach, the synergistic effect
was achieved by synthesizing MNPs using antibiotics as
reducing agents, converging two steps in one (method D,
Table S).

Hur et al. described the functionalization of AuNPs and
AgNPs with ampicillin, which acted as a reducing agent to
convert gold and silver salts in the respective nanoparticles,
minimizing the use of chemical agents during the synthetic
route. Curiously, the newly prepared NPs showed excellent
antibacterial activity against S. pyogenes.”> Khatoon et al.
published the synthesis of AgNPs using ampicillin as a
reducing agent. The PdI was found to be 0.32 and the zeta
potential, +33.42 mV, which indicate the long-term stability of
ampicillin—AgNP suspension. The ampicillin content on the
conjugates was evaluated by thermogravimetric analysis
(TGA), where 2.1% to 4.3% of weight loss between 30 and
200 °C was attributed to ampicillin on the surface of the
AgNPs. The antibacterial potential of ampicillin—AgNPs was
studied against sensitive and drug-resistant bacteria. MIC
values of ampicillin—AgNPs against six different bacterial
strains were in the range of 3—28 ug mL™', which is much
lower than the MIC of ampicillin alone (12—720 ug mL™")
and chemically synthesized AgNPs (280—640 g mL™"). The
results also indicated that bacterial strains do not show any
resistance to ampicillin—AgNPs even after 15 successive
cycles.">” Rai et al. reported a one-pot synthesis of spherical
AuNPs capped with cefaclor without the use of other
chemicals. The primary amine group in the cefaclor molecule
acted as both the reducing and capping agent for AuNP
synthesis, leaving the f-lactam ring of cefaclor available for its
antimicrobial action. TEM images and DLS analysis showed
the size of the AuNPs ranged from 52 + 1.5 to 23 + 2 nm with
increasing temperature from 20 to 60 °C of the reaction
solution. A red shift of 7 nm was observed in the SPR band
centered at 528 nm when cefaclor was used, suggesting a small
population of aggregated gold nanostructures in solution as
also observed using TEM analysis. The TGA analysis showed
three distinct weight losses at three different temperature
regions indicating that cefaclor interacts with NPs by physical
adsorption (weight loss in the lower temperature region) via
rearrangement of bound cefaclor molecules (276 to 470 °C
region) and by covalent bonds (515 to 660 °C). FTIR also
confirmed the presence of cefaclor with the characteristic -
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Table S. Synergic Studies between MNPs and Antibiotics Obtained by MNP Synthesis Using Antibiotics as Reducing Agents: Method D
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lactam ring vibrations at 1418, 1395, and 1357 cm™'. The
antimicrobial activity tests showed the growth inhibition of
E. coli.">® The covalently bonded method is preferred to simple
physical adsorption due to the uncontrollable release of the
drug from the nanoparticles of the latter. However, few reports
were found using this s.trategy.b2 Thus, novel experiments are
needed to develop metal nanostructures combined with
commercial antimicrobial agents to improve their bonding.

5.2. Antifungals. Invasive fungal infections have steadily
increased over the past decades, and the mortality rates
remains very high, especially in immunocompromised patients.
It is estimated that more than 2 million people die annually of
invasive fungal infections. This imperatively urges the
identification of new classes of treatment options. For
immunocompromised patients, the mortality is still very high
for infections caused by Candida albicans (20—40%), Candida
neoformans (20—70%), and Aspergillus fumigatus (50—90%),
reaching a death rate of about 50%.'*”'*° Recently, severe
COVID-19 disease was correlated to an increase in pro-
inflammatory markers, consequently increasing susceptibility
to bacterial and fungal infections such as mucormycosis,
candidiasis (Candida auris), SARS-CoV-2-associated pulmo-
nary aspergillosis, Pneumocystis pneumonia, and Cryptococcal
disease.”” The antifungal agents available in current clinical
treatments are very limited compared to antibacterial agents.
They are not effective or safe due to the development of
resistance and host toxicity.”>® Only five classes of antifungal
drugs exist and include the azoles, polyenes, echinocandins,
allylamines, and antimetabolites. The available antifungal
agents still exhibit several limitations in managing fungal
infections. The emergence of drug-resistant fungi and the
severe nephrotoxicity of some antifungals make the problem
more and more serious."””'®” The development of new
antifungal agents is not matching the frequency of antifungal-
resistance appearance. The development of conjugate
commercial antifungals has been attempted, but the trials
have shown weak and sometimes contradictory results. Thus,
more experiments and more specific recommendations for
clinicians are needed.'®" In the last years, few works have been
published considering antifungal agents and MNPs (13
studies). Most of them used AgNPs and azole or polyene
drugs. Fluconazole and amphotericin B were the most
prevalent antifungal agents. The efficacy of antifungal drugs
and MNP combinations against Candida albicans (14 studies)
was the most studied (Chart 4).

5.2.1. Method A. Method A was the most used strategy to
obtain the dispersions with the conjugates. The MNPs were
obtained by chemical, electrochemical, or biological methods,
and the sizes varied from 1 to 68.7 nm in isolated MNPs or
were 80 nm when stabilized onto zeolites (Table 6).

Kumar and Poornachandra tested the efficacy of AgNPs
combined with miconazole against Candida strains, obtaining
significant increased fungicidal activity. TEM and FTIR
confirmed the NP conjugation with miconazole. TEM images
showed monodispersed nanoparticles with an average size of
9.8 and 239 nm for AgNPs and miconazole—AgNPs,
respectively. The FTIR spectra demonstrated similar functional
groups of miconazole in the conjugates, indicating the
successful conjugation of the miconazole drug to the
AgNPs.'® Sun et al. studied the potential synergy between
AgNPs and azole antifungals against drug-resistant C. albicans.
Any inhibition of the drug-resistant C. albicans was observed
using fluconazole or voriconazole alone. AgNPs alone had only
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Chart 4. Number of Studies Combining MNPs and Antifungal Agents by Drugs and Fungal Strains
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moderate killing ability. However, the combined treatment was
effective against the drug-resistant C. albicans.'®> Li et al.
referred to the combination of sublethal AgNPs and
echinocandin drugs with potent synergistic effects against
C. albicans."®® Weitz et al. tested the combination of CuONPs
and fluconazole as a potential treatment against the pathogenic
C. albicans. However, the results just showed additive
effects.'”” Sharma et al. studied the antimicrobial activity of
doped ZnONPs with manganese (Mn), copper (Cu), cobalt
(Co), or iron (Fe), where additive and synergistic effects were
found depending on the dopant. ZnO doped with Mn (1% and
10%), Co (1% and 10%), or Cu (10%) showed antifungal
synergistic results, and the other combinations just displayed
additive effects.'’’” MNP conjugates also presented a
synergistic effect against biofilms.'”' SEM images from
miconazole—Fe;O,NPs against dual-species biofilms of
C. albicans and C. glabrata revealed ruptures in the biofilms,
generating less dense structures (Figure 2e,f) than the
untreated biofilm and also than the biofilms only treated
with Fe;O,NPs, chitosan, or miconazole (Figure 2).'”

5.2.2. Method B. No works using method B for the
conjugation of MNPs with antifungal agents were found in the
literature.

5.2.3. Method C. Just two publications were found using
method C. After MNP synthesis, the MNPs were function-
alized and combined with antifungals. In these works, the
AgNPs were functionalized using N-[3-(trimethoxysilyl)
propyl] diethylenetriamine (ATS) or 1-(3-(dimethylamino)-
propyl) 3-ethylcarbodiimidehydrochloride (EDC) and hydrox-
ysuccinimide (NHS). Posteriorly, the functionalized NPs were
mixed with ketoconazole and amphoteric B, respectively
(Table 7).

AgNPs functionalized with ATS were mixed with
ketoconazole; the conjugates were shown to be spherical in
shape, and a stable dispersion was obtained (without any
agglomeration). However, the interactions between the AgNPs
and ketoconazole were not studied. The synergistic effect was
observed in 17.08% of the isolates.'”” Amphoteric B—AgNPs
also showed a spherical shape and were provided by an ester
linkage promoted by the EDC molecules and hydroxyl groups
from biomolecules in the AgNP surface. The conjugation of
amphotericin B and AgNPs was assessed by UV-—visible
spectroscopy. The SPR peak of AgNPs alone (424 nm) red-
shifted toward a longer wavelength by 24 nm (448 nm),
indicating the conjugation of amphotericin B to AgNPs, which
was well supported by FTIR and TEM results. AgNPs alone
revealed low to moderate antifungal activity (Zol 4—8 + 0.2
mm). However, the amphotericin B-conjugated AgNPs
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exhibited significant activity against C. albicans (Zol 16 +
1.4 mm) and C. tropicalis (Zol 18 + 1.5 mm)."”*

5.2.4. Method D. Lastly, a particular case using method D,
MNP synthesis using antifungals as reducing agents, was found
(Table 8). Here, amphotericin B acted as a reducing and
stabilizing/capping agent in the AgNP synthesis. The reaction
occurred in an alkaline environment to prevent aggregation
and promote AgNP formation. This approach produced
monodisperse AgNPs with a size of 7 nm. Amphotericin B—
AgNPs were shown to be particularly effective against the most
pathogenic fungi responsible for severe mycotic infections.'”

In summary, the combination of MNPs with antifungals can
have additive and synergistic effects depending on the type of
MNPs applied. A doping agent can further enhance the
antifungal effect under certain conditions. Thus, when one
considers the presented results, additional studies need to be
performed to improve the knowledge and applicability in a
broader range of pathogenic fungi.

5.3. Antivirals. Viral infections remain a major threat to
global public health and have been responsible for alarming
deaths. Viral infections can affect several tissues and organs,
namely, the upper respiratory tract and lungs (e.g.,
coronaviruses, rhinoviruses, and influenza), the colon (e.g,
rotavirus), the liver (e.g, hepatitis B virus (HBV)), the spinal
cord (e.g., poliovirus), vascular endothelial cells (e.g, ebola),
leukocytes (e.g., human immunodeficiency virus (HIV) and
ebola), skin (e.g,, herpes viruses and papillomaviruses), and
neural cells (e.g,, enteroviruses).'”¢ "% During human history,
several virus outbreaks have occurred, causing millions of
deaths worldwide.'®" Also, the current COVID-19 pandemic
emerged at the end of 2019, and its health and economic
impact continue to represent an exponential hurdle for the
entire world.'® The strategies for antiviral drugs are focused
on two different approaches: targeting the viruses themselves
or the host cells. Antiviral drugs that directly target the viruses
include the inhibitors of virus attachment, virus entry
inhibitors, uncoating inhibitors, polymerase inhibitors, pro-
tease inhibitors, inhibitors of nucleoside and nucleotide reverse
transcriptase, and the inhibitors of integrase. The inhibitors of
protease (ritonavir, atazanavir, and darunavir), viral DNA
polymerase (acyclovir, tenofovir, valganciclovir, and valacyclo-
vir), and integrase (raltegravir) are listed among the Top 200
Drugs by sales during the 2010s."*> Another antiviral agent
class is the neuraminidase inhibitors (oseltamivir, zanamivir,
and peramivir) broadly used against influenza. The adaman-
tanes (amantadine) act by blocking the ion channel of the
influenza virus, but it is rarely used due to the high resistance
of the circulating strains.'**'® Thus, the approved drugs that
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Table 6. Synergic Studies between MNPs and Antifungals Obtained by the MNPs’ Synthesis and Their Posterior Combination with Antifungals: Method A
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present an inhibitory spectrum against nine human infectious
diseases can be recapitulated as follows: human immunodefi-
ciency virus (HIV), human cytomegalovirus (HCMV), HBV,
hepatitis C virus (HCV), herpes simplex virus (HSV),
influenza virus, respiratory syncytial virus (RSV), varicella
zoster virus (VZV), and human papillomavirus (HPV). The
drugs may be administrated as mono- or combined
therapies.'*

Despite the advances reached during the last years, new
strategies are needed to tackle several critical unsolved issues in
antivirals: resistance mechanisms, poor permeability through
cell membranes, low selectivity, low stability during storage
and application, and being unable to withstand the conditions
of the gastrointestinal tract (hindering the oral administration).
Moreover, antivirals are renowned for their high cost and
toxicity. One of the most common and critical toxicities is
related to their proneness to crystallize, which may cause acute
i(iloir.llegg’lsga_l%ggre, seriously limiting therapy concentra

Some of these limitations can be overcome using nano-
technology once it is possible to design the nanoparticles (e.g.,
composition, morphology, dimensions, and surface character-
istics) to improve the handling, stability, absorption, and
potency of antivirals.'"” Most of the research studies
comprising nanoparticles and antiviral agents aim to use
nanoparticles as delivery systems, and very few analyze the
synergistic antiviral effects that may occur. Different nanoma-
terials have been studied as delivery vehicles for antiviral drugs,
including lipids, polymers, lipid—polymer hybrids, carbon, and
metals.'”" Inorganic nanoparticles present some advantages
when compared to organic ones. They are easier to
functionalize and possess fewer storage requirements since
they are not sensitive to microbial or hydrolytic degradation.'”*
MNPs have been widely explored for their antiviral activity per
se, namely: Ag, Au, CuO, SiO,, TiO,, and CeO,. These
nanoparticles have exhibited pronounced efficacy against
several viruses such as influenza (H3N2 and HIN1), HBV,
HSV, HIV-1, dengue virus type-2, foot and mouth disease
virus, and vesicular stomatitis virus. The MNP functionaliza-
tion with silane or thiol groups has been displayed to improve
the interaction of MNPs with biomolecules. They simulta-
neously enhanced the impedance of viral internalization in cells
and allowed the release of the antiviral drugs."”" The research
works combining MNPs and antiviral agents are very limited,
and only 4 studies against influenza HIN1 virus were found in
the literature using AgNPs (3 studies) and AuNPs (1 study)
(Table 9).

Here, just chemical methods were found to prepare the
MNPs, and all the studies used method B to prepare the MNP
conjugate dispersions. These conjugates displayed interesting
synergistic effects. The MNPs were combined with antiviral
drugs approved to treat HINI infections (zanamivir,
amantadine, and oseltamivir). The AgNP—antiviral conjugates
depicted monodisperse, highly uniform 2 mm spherical
particles. Curiously, the AgNPs before functionalization were
3 nm. The superior stability was due to an increase in the zeta
potential.'"*~'”> Li and co-workers prepared zanamivir,
amantadine, and oseltamivir modified AgNPs and investigated
the suppression mechanisms of HINI viral infections. The
conjugates exhibited notable thermodynamics and kinetics
stability. More importantly, they and others displayed evident
syner%iit_i?ggzill;l;s inactivation properties against the influenza
virus. o Stanley et al. studied, for the first time,
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Figure 2. SEM images of dual-species biofilms of C. albicans and C. glabrata species (a) untreated and treated with (b) 110 yg-mL ™" Fe;O,NPs, (c)
110 pg-mL™" chitosan, (d) 78 pg-mL™' miconazole, and miconazole—Fe;O,NPs conjugates at (e) 31.2 pug:mL™" and (f) 78 ugmL™" at a
magnification of 2500X. Reproduced with permission from ref 172. Copyright 2020 Elsevier.

influenza therapeutics and diagnostics targeting neuraminidase
(instead of hemagglutinin) by combining AuNPs and
oseltamivir. It was observed that the conjugates interacted
with the virus neuraminidase rather than the hemagglutinin.
This highlighted the potential of the conjugates to work as
novel influenza virus sensors.'”® Although the results were
promising, the application of these concepts in a clinical
environment still requires enormous researcher effort.

6. MECHANISM OF ACTION AND RESISTANCE

The conjugation of MNPs and commercial antimicrobial drugs
provides conditions to improve antimicrobial activity. The
conjugation of MNPs and antimicrobial drugs allow the
simultaneous activation of several modus operandi. However,
their mechanism of action is still poorly understood. This
section analyses the studies performed to understand the
mechanism of action and resistance of the MNPs alone or in
combination with antibiotics, antifungals, and antivirals. The
MNPs and common antimicrobial agents display different
mechanisms of action and, consequently, distinct resistance
strategies.

6.1. MNPs. The antimicrobial mechanism of MNPs is not
entirely understood, but it is possible to follow the sequence of
events that influence their action as reported in Scheme 3.
First, the electrostatic interactions of MNPs with the
phospholipid layer of the cell membrane or cell wall
components may induce their disruption. Adsorption of
MNPs leads to cell wall depolarization, changing the typically
negative charge of the wall that becomes more permeable. Due
to the disruption, water from the cytosol is released, and the
cells try to compensate for the loss through proton efflux
pumps and electron transport. Therefore, the microorganism
homeostasis is severely compromised due to the imbalance of
ions, which impair respiration, interrupt energy transduction
and, ultimately, lead to cell death. Moreover, the interactions
of MNPs with sulfur-containing molecules within the cell
membrane and the metal ions hinder cell wall synthesis.

3049

Another antibiotic mechanism of action is the production of
ROS and the release of metal ions. These species can denature
proteins and damage RNA, DNA, and lipids. Thus, if the cell
antioxidant defenses are overwhelmed, ROS can influence the
cell wall and membrane permeability, impair enzymatic activity
and protein translation, and inhibit ATP production and
genetic material replication. The capping agents of MNPs have
an important influence in these steps: they can improve or
reduce the release of ROS or ions. The MNPs and ions can
also bind to cytosolic proteins such as enzymes and nucleic
acids, 195199

The antiviral function of MNPs can be due to the inhibition
of the virus penetration into the cell by the MNP linkage with
the virus and stimulation of the nucleus to increase the
immune response of the host cell.”"’

Some of the newly reported MNP resistance mechanisms
comprise electrostatic repulsion, ion efflux pumps under
nonbactericidal concentrations, expression of extracellular
matrices, and adaptation through mutations.””’ However,
more studies are needed to unravel the mechanisms behind
each of these processes.

6.2. Antibiotics. Antibiotics modus operandi are well-
known and may be divided by their specific targets:
biosynthesis (cell wall and proteins), genome replication, and
folic acid metabolism (Scheme 4).°°> However, several
resistance mechanisms have emerged with the appearance of
enzymes able to destroy the antibiotic structures, namely, -
lactamase enzyme and chloramphenicol acetyltransferase.
Furthermore, mutations in the antibiotic targets, for example,
in the enzyme dihydropteroate synthase (DHPS) (the target of
sulphonamides), and overexpression of efflux pumps reduced
the drug accumulation.””>™**® Resistance may also occur by
replacing the negatively charged groups in the bacterial
membrane by neutral groups, thus diminishing the potential
electrostatic interaction with MNPs and antibiotics. In
addition, %enetic mutations may unfold in encoded transport
systems.”” 1
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The synergistic mechanism of action of combined MNPs
and antibiotics is described in Scheme 5. Several works studied
the bonding between antibiotics and MNPs by chelation. This
chelation increases the concentration of antimicrobial agents at
specific points on the cell membrane, where MNPs, acting as a
drug carrier, facilitate the transport of antibiotics to the cell
surface. In particular, the affinity of AgNPs and AuNPs to
sulfur-containing proteins of the bacterial cell membrane
enhances the interactions with cells, increasing the perme-
ability of the membranes. This facilitates the infiltration of the
antibiotics into the cell. The MNP—chelates can also react with
the DNA, increasing the unwound DNA, which due to its
higher susceptibly to damage, may result in lethal muta-
tions 52 117,119,153

The enzymes responsible for the antibiotic hydrolysis, such
as lactamase and carbapenemase, may be inhibited by MNPs,
maximizing antibiotic activity.'”" Gupta et al."** used ethidium
bromide (EtBr), which is widely used as a substrate for efflux
pumps in cells, to determine the ability of MNPs to act as
efflux pump inhibitors. E. coli was incubated with hydrophobic
AuNPs, and downregulation of the expression of the efflux
pumps was observed. The efflux pumps are renowned for their
contribution to antibiotic resistance for their role in
detoxification. Furthermore, some of the proteins responsible
for the assembly of the bacterial outer membrane proteins were
strongly deregulated, compromising the integrity of the cell
wall. Therefore, synergism between MNPs and antibiotics may
be potentiated by the deregulation of major efflux pump
proteins.

The hydrophobic nanoparticles can also interact with
multiple proteins to disrupt crucial cell survival processes,
enhancing the efficacy of the antibiotic.'*” Wei et al
conjugated AgNPs with norvancomycin. They observed that
the permeability of the outer membrane was affected by the
AgNP attachment to the lipopolysaccharide membranes,
leading to its destabilization and allowing the norvancomycin
action.'** Fayaz et al. explained the ampicillin—AgNP
mechanism against bacteria. First, the ampicillin molecules
surround AgNPs by electrostatic attraction. Then, the
ampicillin promotes the cell wall lysis creating channels that
allow the penetration of AgNPs into the bacteria. The
ampicillin—AgNP complex reacts with DNA and prevents
DNA from unwinding, which seriously compromises cell
viability.''® Bhande et al. provided a possible explanation for
the enhancement of the synergistic antibacterial mechanism of
p-lactam antibiotics and ZnONPs. The contact of ZnONPs
with the cell wall and the consequent penetration are more
accessible when surrounded by f-lactam antibiotics. Inside the
cell, the ZnONP—antibiotic complex reacts with DNA
resulting in critical genome damage.'”’ Another research
work showed a higher release of metal ions in antibiotic—MNP
complexes than AgNPs alone under the same conditions. A
localized transient high metal ion concentration near the
bacterium’s surface was observed. The metal ions bind to
proteins and nucleic acids, causing bacterial death.'”

These studies suggested that simultaneous action of
antibiotics and AgNPs will make it difficult for pathogenic
bacteria to develop resistance. If bacteria develops resistance to
one agent, the other bactericidal mechanism will kill the
bacteria.”*'** Another interesting and important fact was the
similar synergistic effects against both Gram-negative and
Gram-positive bacteria, indicating that the difference in cell
wall composition did not influence synergistic efficiency.'”' In
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Table 8. Synergic Studies between MNPs and Antifungals Obtained by MNP Synthesis Using Antifungals as Reducing Agents:
Method D

MNPs, size (nm) MP synthesis reducing agent/antifungal fungi strains antimicrobial results ref
Ag, 7.0 chemical amphotericin B A. niger, C. albicans, and F. culmorum  Zol: A. niger and C. albicans, amphotericin B 175

Table 9. Studies between MNPs and Antiviral Agents Obtained by the MNP Synthesis in the Presence of Antivirals: Method B

MNPs, size (nm) MP synthesis reducing agent stabilizing agent ~ combined antiviral agent virus antimicrobial results ref
Ag, 2.0 chemical vitamin C na. zanamivir HIN1 synergism 193
Ag, 2.0 chemical vitamin C n.a. amantadine HINI1 synergism 194
Ag, 2.0 chemical vitamin C na. oseltamivir HIN1 synergism 195
Ay, 2.0 chemical sodium borohydride oseltamivir oseltamivir HIN1 n.a. 196

Scheme 3. Mechanism of Action of MNPs as Antimicrobial Agents
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Scheme 4. Mechanism of Action of Antibiotics
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addition, the size and surface properties of MNPs can directly antibiotics. In synergistic studies, smaller MNPs were shown to
influence the synergistic effects of MNPs when combined with improve the antimicrobial properties. The effect of the capping
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Scheme 5. Advantages of MNP—Antibiotic Conjugates and Their Mechanism of Action
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Some antibiotics increase the zeta potential of MNPs that tends to move forward

Review

positively, promoting the interaction between MNPs and bacteria.

agent was also described, and the results showed a more
prominent effect with PVP-capped AgNPs as compared to
citrate- and SDS-capped ones. As expected, the more positive
the charge of the MNPs, the better is the antibacterial action.
When the antibiotic gentamicin was added to a MNP
dispersion, the zeta potential of the MNPs displayed a more
positive charge, promoting the interaction between MNPs and
bacteria.”® Experimental data related to synergistic effects of
different shaped AgNPs with various antibiotics have not been
reported yet in the scientific literature.'”" A long-lasting, single-
particle treatment capable of overcoming antibiotic resistance
would be highly beneficial in the clinical environment.

6.3. Antifungals. Antifungal drugs mainly have two
targets: cell membrane or nucleic acid synthesis. The azoles,
alkylamines, polyenes, and echinocandins destabilize the cell
membrane, and antimetabolites interfere with nucleic acid
synthesis (Scheme 6).

Most of the resistance mechanisms related to antifungal
drugs involve target modifications or overexpression of efflux
pumps that expel the drug out of the cell, decreasing its
intracellular concentration. The target mutation and/or target
expression deregulation is another resistance mechanism. For
example, the ERG11 gene encodes the enzyme lanosterol 14a-
demethylase in yeasts, the target enzyme for azoles. Thus, a
mutation or overexpression in this gene alters the azole-
binding site, requiring a higher drug concentration. The last
mechanism in antifungals’ resistance is attributed to alterations
in the ergosterol biosynthesis pathway, where the mutation in
the gene encoding the lanosterol 14a-demethylase enzyme also
modifies 6other enzymes from the same biosynthetic path-
way 21521
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Scheme 6. Mechanism of Action of Antifungal Agents
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Few studies about the mechanism of action of MNPs
combined with antifungals can be found in the literature.
Kumar and Poornachandra mentioned that the conjugation of
AgNPs with miconazole increased the drug’s efficacy and
played a dual mechanism of action by ROS accumulation and
inhibition of the ergosterol biosynthesis.'®> Sun et al. showed
that the binding of PVP-coated AgNPs with fluconazole
enhanced the antifungal properties. The author theorizes that
the antifungal action may be due to the remodeling of the cell
membrane in the azole-resistant strains or to an azole
transport-specific mechanism. The researchers also noted an
increased inhibition of the normal budding process. The
mechanism of synergy between PVP-AgNPs and nystatin or
chlorhexidine digluconate was attributed to the actions of both
MNPs and antifungal drugs. On the other hand, the synergy
mechanism between PVP-AgNPs and fluconazole or vorico-
nazole was attributed to the MNP tendency to adhere to the
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Scheme 7. Mechanism of Viral Infection
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cell membrane and inhibit the budding replication. In addition,
the dysregulations of the ergosterol pathway and efflux pumps
may serve as a crucial contributor to the synergy between PVP-
coated Ag and fluconazole or voriconazole.'®

6.4. Antivirals. The development of antiviral agents is
challenging, even though similarities in infection processes
exist. Viral infection progression may be considerably different
among distinctive strains. The most frequent stages in viral
infections are (i) attachment, (ii) penetration, (iii) uncoating,
(iv) gene expression and replication, and (v) assembly and
release (Scheme 7). Antiviral drugs are designed to block one
or more of these steps.'***"”

The available antivirals are frequently restricted by their
short spectrum, the rapid emergence of drug resistance, and
toxicity.”'® The approved antiviral drugs include: S-substituted
2’-deoxyuridine analogues, nucleoside analogues, (nonnucleo-
side) pyrophosphate analogues, nucleoside reverse tran-
scriptase inhibitors, nonnucleoside reverse transcriptase
inhibitors, protease inhibitors, integrase inhibitors, entry
inhibitors, acyclic guanosine analogues, acyclic nucleoside
phosphonate analogues, hepatitis C virus NSS5A and NS5B
inhibitors, influenza virus inhibitors and immunostimulators,
interferons, oligonucleotides, and antimitotic inhibitors."*

A major challenge facing antiviral drug development is
resistance. Indeed, drug resistance is a commonly reported
issue affecting approved antiviral drugs that directly act against
a viral target or virus—host interaction. Drug resistance is
particularly problematic concerning RNA viruses due to their
rapid rate of viral replication and frequent recombination
events. The availability of novel drugs with different
mechanisms of action or combination therapy can improve
the treatment outcome.”'” It was previously assumed that
viruses could not develop drug resistance against agents that
target host factors needed for virus replication once viruses
cannot easily replace the missing cellular functions by
mutagenesis. However, emerging evidence suggests that viral
resistance against host-directed antiviral agents can occur by
mutations, such as in fusion protein, mutations near the active
site, RNA-dependent RNA polymerase, viral proteins, viral
polymerase, and envelope proteins. While not yet fully
understood, one possible mechanism underlying the acquis-
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ition of drug resistance against host-directed agents is that the
virus may use an alternate host factor. Other examples include
viruses that have evolved diverse strategies to modulate a host
translational apparatus. The most understood mechanism of
antiviral drug resistance against virus-directed therapies is that
mutations occur in the viral genome at druggable sites. These
alter viral susceptibility to the direct action of drugs. Moreover,
the precise nature of host factors that may regulate the
phenomenon of drug tolerance remains elusive. Model systems
are urgently required to evaluate drug resistance/synchroniza-
tion under complex and dynamic settings, such as drug
combinations, multiple viral infections, and seasonality.”*’

The antiviral mechanism of action of conjugates is an
unexplored field. Just one group of researchers studied the
mechanism of action of an antiviral drug against the influenza
virus. Li et al. revealed that AgNP—amantadine/oseltamivir
could block the HINI virus from infecting host cells and
prevent DNA fragmentation, chromatin condensation, and the
activity of caspase-3. The conjugates inhibited the accumu-
lation of reactive oxygen species (ROS) and reversed virus-
induced apoptosis by the HIN1 virus."”*"”> The same group
in 2017 used flow cytometric analysis and the TUNEL—DAPI
assay to evaluate the antiviral mechanisms of AgNP-—
zanamivir. The potential molecular mechanisms revealed that
AgNP—zanamivir inhibited caspase-3 mediated apoptosis via
ROS generation.'” Overall, the synergistic actions and the
mechanism behind them showed several advantages, but most
studies are highly speculative and need further investigation.
However, the topic requires more exploration. It is crucial to
investigate the effects of MNPs with other drugs to fully
understand the bioeffects of these complex systems in the
virus.

7. CYTOTOXICITY

Cytotoxicity of human exposure to MNPs has rightfully gained
attention in the last years. Since these nanomaterials have been
intentionally engineered to interact with cells in biomedical
applications, it is important to ensure that these activities do
not create adverse effects on the human body.”*' The negative
effects of MNPs are related to their physical and chemical
properties, including the size, shape, surface charge, chemical
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Figure 3. Cell images during the cytotoxicity tests: (A) the first column corresponds to the control test in the absence of nanoparticles for 24 and
48 h of treatment (just ampicillin), the second column corresponds to the cells in the presence of the Ag—SiO,, and the third column corresponds
to the cells in the presence of the Ag—SiO,—ampicillin. The “EdU-Alexa 488” row represents proliferating cells; the “MitoTracker Deep Red” row
indicates mitochondria in the cytoplasm; the “Hoechst 33342” row represents the cell nuclei; the last row represents the overlay of the three images
for each condition. (B) Mitoses phases were observed in confocal images. The white arrows in the confocal image and Schemes 1, 2, and 3
represent prophase, metaphase, and anaphase, respectively, after 48 h of Ag—SiO,—ampicillin treatment. Reproduced with permission from ref 147.

Copyright 2017 Springer Nature.

compositions (core and shell), and stability. Many types of
MNPs are not recognized by the cells protective systems of the
human body, which decreases the rate of their degradation and
may lead to considerable accumulation of nanoparticles in
organs and tissues, resulting in highly toxic and lethal
concentrations. Several approaches to design new nano-
particles with lower toxicity than traditional nanoparticles are
already available. Advanced methods for the study of the
toxicity of the nanoparticles make it possible to analyze
different pathways and mechanisms of toxicity at the molecular
level and predict possible negative effects on the body. The
data relating to the adverse and toxic effects of AgNPs differs
strongly in the literature, and several conclusions are
controversial.*>> Moreover, commercial antimicrobial drugs
(antibiotics, antiviral, and antifungal) show several issues
related to their tolerance. Antibiotic resistance and toxicity are
the major limiting factors in the use of antibiotics. Antibiotic
toxicity can cause hypersensitivity reactions, blood dyscrasias,
nephrotoxicity, neurotoxicity, ototoxicity, and hepatic and
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renal toxicity.”> In antifungal therapies, hepatotoxicity
incidence rates are induced by antifungal therapy with
azoles.”** Despite polyenes’ highly favorable antifungal activity,
the treatment remains difficult due to toxicity in critical
mammalian organ systems, mainly nephrotoxicity, caused by
its lack of selectivity between fungal and animal sterols. The
antimetabolites have expressed hepatotoxicity and bone
marrow depression in combination therapies.”>***° The
antiviral drugs have been related to nephrotoxicity (even in
low doses) (adefovir), renal and bone toxicity (patients with
HIV), and high levels of renal toxicity (acyclovir).mé’227 In
synergistic studies involving MNPs and commercial antimicro-
bial drugs, testing the cytotoxicity is a factor of extreme
importance. However, only the more recent reports (since
2015) include cytotoxicity tests for conjugates. A careful
analysis of the literature found only 17 works discussing the
toxicity of the conjugates. These studies were carried out using
colorimetric tests, namely, the 3-[4,5-dimethylthiazole-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) assay or 3-(4,S-
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Control

Virus

Virus + OTV-AgNPs

Figure 4. TEM images of thin sections of MDCK cells: (A) control, (B) cells treated with virus, and (C) cells treated with virus and oseltamivir—
AgNPs (N: nucleus; N1: nucleolus; M: mitochondria; L: lysosome; Mv: microvillus; Ag: silver; OTV: oseltamivir). Reproduced from ref 195.

Copyright 2016 American Chemical Society.

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) assay. The tests were
performed with mortal cells such as NIH 3T3 fibroblasts,
keratinocyte HaCaT cells, human embryonic kidney cells
(HEK293T), human colon epithelial cells (CCD-841CoTr),
human retinal pigment epithelial-1 cells (RPE-1), human
gingival fibroblasts (MD-HGF), and mouse peritoneal macro-
phages. In addition to immortal cells, human acute monocytic
leukemia cells (THP-1), human breast cancer cells (MCF7),
and rat glioma cells C6 (Table 10) were used.

Khatoon et al. tested the cytotoxicity of ampicillin—AgNPs
against keratinocyte cell line HaCaT. The conjugates were
found to be nontoxic to mammalian cells with significant
antibacterial activity against ampicillin-resistant and multidrug-
resistant bacteria.'>” McShan et al. evaluated the cytotoxicity of
tetracycline, neomycin, penicillin G, and AgNPs on HaCaT
cells to understand whether AgNPs and antibiotics alone or
their combination are toxic to human cells in three exposure
periods (0.5, 2, and 24 h). They also tested the silver nitrate
cytotoxicity as a control. AgNO, was toxic, and its toxicity
increased throughout the experiment. At the same concen-
tration, AgNPs showed no toxicity. Also, the three antibiotics
were nontoxic up to 16 uM. The tetracycline—AgNP
conjugates were not toxic for all three exposure times;
penicillin—AgNPs were slightly toxic to the cells, while
neomycin—AgNPs sli%htly stimulated HaCaT cell growth
after 24 h of exposure.”” Panacek et al. assessed the cytotoxicity
of AgNPs, antibiotics with a different mode of action, and their
combinations at concentrations equal to and under the MIC
values. In the case of cytotoxicity evaluation at concentrations
similar to MIC values, AgNPs and antibiotics only slightly
inhibited the viability of the cells. When antibiotics were
combined with AgNPs, the viability of the cells decreased from
85% to 71% compared to the control. The cytotoxic effect was
higher due to the additive cytotoxicity of the antibiotics and
AgNPs. A combination of antibiotics and AgNPs shows the
highest inhibition of the cell’s viability at concentrations equal
to their MIC. In the studies at lower concentrations, below the
MIC but still showing antibacterial activity, the agents did not
hinder cell viability. When antibiotics were combined with
AgNPs, the viability of the cells only decreased to 90—95%
compared to the control. It may be assumed that the
prevention or treatment of infections would be more effective
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when the antibiotic combination with the AgNPs occurred at
very low concentrations of both antimicrobial substances,
minimizing the risk of toxic side effects, since no cytotoxicity
was observed in NIH/3T3 cells. However, the adequate dose
to be used is still unclear, thus requiring further research to
determine if AgNPs combined with antibiotics can be effective
for the local and systematic therapy of infectious diseases
without showing any side or adverse effects.'”" de Oliveira et
al. studied the possible cytotoxic effect of the Ag—SiO, or Ag—
SiO,—ampicillin at the highest concentration used during the
bactericidal tests using HEK293T cells. The Ag—SiO, system
showed a strong cytotoxic effect for both treatment periods,
reducing the cell viability to approximately 20% after 48 h of
incubation. On the other hand, Ag—SiO,—ampicillin showed
promising results since no significant viability reduction was
observed. The researchers also studied the mitosis phases of
Ag—SiO,—ampicillin-treated HEK293T cells. The observation
during the three mitosis phases, prophase, metaphase, and
anaphase, suggest that, for at least 48 h, almost no toxicity or
cell growth inhibition was observed in the presence of Ag—
SiO,—ampicillin and that the antibiotic probably acts as a
toxic-protective organic molecule. MNPs coated with
ampicillin were not able to interfere during the cellular
metabolism since different mitosis cell phases were seen in the
presence of Ag—SiO,—ampicillin (Figure 3).'*

Li et al. evaluated the drug combination of AgNPs at
sublethal concentrations with echinocandin drugs. The authors
tested the toxicity of the combination with mammalian
HUVECs. The combination of echinocandin drugs and a
sublethal dose of 80 nm AgNPs showed relatively low
cytotoxicity to the mammalian cells. Thus, the combination
of echinocandin drugs and AgNPs at sublethal levels could
become a new strategy for the clinical treatment of infections
with antifun$al—resistant strains or even for new drug
development.'®® Tutaj et al. tested the cytotoxicity of
amphotericin B—AgNPs in CCD-841CoTr and THP-1 cell
lines since colon epithelial cells serve as a model to evaluate
amphotericin B transport across the intestinal barrier and
monocytes can accumulate the drug. The results of the
cytotoxic studies revealed the statistically lower toxicity of
amphoteric B—AgNPs (1:11 molar ratio) in comparison with
amphotericin B alone (>80%). The differences might be due to
the different molecular organization of amphotericin B in each
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formulation. Amphotericin B alone is in the aggregated form,
while in the nanoformulations, amphotericin B is in the
monomeric state due to immobilization of the molecule on the
MNP surface.'” Li et al. studied the cytotoxic effects of the
HIN1 influenza virus on MDCK cells and the protective
effects of amantadine—AgNPs and oseltamivir—AgNPs by the
MTT assay. MDCK cells treated with the HIN1 influenza
virus showed cell viability of 39%. Amantadine, oseltamivir,
and AgNPs increased the cell viability to 56%, 59%, and 65%,
respectively. However, the cell viability was increased to 90%
with amantadine—AgNP or oseltamivir—AgNP combina-
tions.'”"'*> A change of the morphology of MDCK cells
treated with oseltamivir—AgNPs was observed by TEM. The
microvilli and mitochondria showed no morphological
alterations in the untreated cells. When incubated with the
HINI influenza virus, TEM images indicated cells with the
disappearance of microvilli, a shrinking cytoplasm, distorted
organelles, and condensed chromatin, indicating apoptosis of
the MDCK cells. The percentage of cells that lost adhesion and
shrunk was decreased after treatment with oseltamivir—AgNPs
(Figure 4).'%

Generally, the cytotoxicity studies are not directed by a
specific route in which the MNP conjugates enter the body.
Although some works show very interesting results in terms of
cytotoxicity, more studies are needed before their therapeutic
use.

8. CONCLUSION, CHALLENGES, AND PERSPECTIVES

This literature review aimed to survey the developed methods
and respective results of the conjugation of MNPs with
commercial antimicrobial drugs, including antibiotics, anti-
fungals, and antivirals. It was verified that many metals and
metal oxides had shown properties of high interest, namely, as
drug delivery systems, anticancer therapies, and antimicrobial
drugs. However, very few MNPs have been approved for
clinical use by the FDA and EMEA. Standards should be
urgently developed to decrease the risk of toxicity of
nanoparticles and the negative effects of exposure. The
pharmacokinetics of the MNPs and the conjugates should be
studied to induce high selectivity and reduce the accumulation
in nontargeted cells.

A limited number of materials were considered in the
preparation of conjugated agents. Thus, several possible
combinations emerge and may be studied in future works.
Also, several challenges arise in the methods for MNP
synthesis and surface functionalization. The environmental
and safety component should be improved during the MNP
preparation.

Regarding the methods for MNP conjugation, method A
was the most used. In this method, the MNPs and
antimicrobial agents are only stabilized by ionic interactions
and/or the formation of chelates. The MNP surface
functionalization can be further explored since covalently
bonded synergism is preferred over simple physical adsorption
to prevent leaching of the drug from the nanoparticles. In most
studies, the conjugation of MNPs and antimicrobial drugs are
performed mainly by surface adsorption, where covalent
bonding rarely appears. Here, a limited number of reports
exist, and these reports mostly focus on AuNPs. Furthermore,
in most of the research works, the complete physicochemical
characterization of conjugates is not available, making it
difficult to associate the MNP design with their antimicrobial
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effect. This is particularly grievous for works describing simple
conjugation (method A).

MNPs per se possess interesting antimicrobial properties,
but their conjugation with available agents tends to exhibit
relevant advantages, especially by diminishing cytotoxicity.

The antimicrobial performance of the conjugates was
challenging to compare due to the use of different evaluation
methodologies. Thus, the calculation of the FIC in future
works is recommended to allow a comparison and decision-
making for the most improved conditions for synergy.

MNPs have been successfully combined with several
antibiotic and antifungal molecules. Nevertheless, the combi-
nation of MNPs with antivirals remains extremely limited.
Mechanistic studies of MNP conjugates are very limited.
However, the simultaneous action of MNPs and antimicrobial
agents seems to represent an important strategy to circumvent
pathogenic resistance and impede its establishment.

In most cases, the conjugation presented lower cytotoxicity
than the individual agents, and it is possible to obtain practical
antimicrobial effects with lower drug concentrations. Only
more recent research works present cytotoxicity studies, and
further investigation is needed to determine the optimal
balance between effect and toxicity.

Finally, MNP conjugates presented several advantages:
decreased individual dosages of drugs, minimized cytotoxicity,
and an increased spectrum of antimicrobial coverage.
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