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Introduction

In the escalating battle against microbial pathogens, nanoparticles (NPs) have emerged
as potent weapons, exhibiting significant antibacterial and antiviral properties. Recent
advancements in nanotechnology have facilitated the manipulation of NPs, such as
metal-based NPs, including copper (Cu), silver (Ag), and zinc (Zn), offering exciting
possibilities for novel antimicrobial applications. These novel applications can be
developed, if we understand the efficacy and safety of nanoparticles and underlying
mechanisms.

The main objective of this PhD thesis was to characterize antimicrobial effects and
safety of differently functionalized metal-based NPs, determine their mechanism of
action and to develop new antimicrobial materials. More specifically, the aims were:

1) To compare the toxicity and mechanisms of differently functionalized Cu and Ag NPs
to bacteria, viruses and mammalian cells in vitro;

2) To understand the antimicrobial mechanism of action (synergy) of Cu and Ag NPs
combinations; and

3) To develop and characterize new nanoparticle-based antibacterial and antiviral
materials.

In the first part of the PhD thesis, we characterized the toxicity and mechanisms of
differently functionalized Cu, Ag, and Zn NPs to bacteria, viruses, and mammalian cells
in vitro. Despite the widespread interest in NPs-mediated antimicrobial strategies, a
comprehensive understanding of their toxicological profile across different cells and
microbes is still lacking. This knowledge gap hinders the development of safer and more
efficient antimicrobial applications. Thus, we strived to dissect the intricate interplay
between NPs functionalization and its impact on toxicity, which could provide pivotal
insights for the design of more effective and safer antimicrobial agents.

The second part of this PhD thesis dissected the antimicrobial mechanism of action
(synergy) of Cu and Ag NPs combinations. Both Cu and Ag have been recognized for their
antibacterial properties since ancient times. However, their combined antimicrobial
effect remained a relatively unexplored. Unraveling this synergistic action allowed to
enhance the antimicrobial potency of NPs-based solutions, leading to more efficient way
for combating persistent bacterial infections, such as those encountered in wound
treatment.

In the final part of this PhD thesis, we developed and characterized new NPs-based
antibacterial and antiviral materials. The rapid spread of pathogens such as SARS-CoV-2
and Influenza A underscores the urgency for innovative antimicrobial materials.
Leveraging the antiviral properties of Cu, Ag, and Zn NPs, we designed novel filter
materials capable of mitigating transmission of bacteria and viruses. This research
significantly contributes to the design of advanced antimicrobial materials, textiles and
surfaces, particularly crucial in healthcare settings.

Taken together, this PhD thesis helps to improve NPs-mediated antimicrobial
strategies, contributing into understanding of toxicological profile of metal-based NPs,
elucidation of their synergistic action and the development of novel antimicrobial
materials. Through this research, we aim not only to advance the current understanding
of NPs-based antimicrobial strategies but also pave the way for revolutionary
applications in the fight against microbial pathogens.



Abbreviations

1-NPN N-Phenylnaphthalen-1-amine

AAS Atomic absorption spectroscopy

AgNO3 Silver nitrate

cAg Coated silver nanoparticles

BL Bioluminescence

CA Cellulose acetate

Cu Copper

CuO Copper oxide

CuO-COOH CuO functionalized with carboxyl groups
CuO-NH2 CuO functionalized with amino groups
CuO-PEG CuO functionalized with polyethylene glycol
CuSO4 Copper sulfate

ECso Half maximal effective concentration
H.DCFA-DA 2',7'-dichlorodihydrofluorescein diacetate
HIV Human immunodeficiency virus

1Cso0 Half maximal inhibitory concentration
K(AbS) Coefficient of antibacterial synergy

LB agar Luria-Bertani agar

LPS Lipopolysaccharides

MBC Minimal bactericidal concentration

NA Not applicable

ND Not determined

NPs Nanoparticles

ODs20 Optical density at 620nm

PBS Phosphate-Buffered Saline

ppm Parts-per-million

ROS Reactive oxygen species

RPMI CCM Roswell Park Memorial Institute cell culture media
SARS-CoV-2 Severe acute respiratory syndrome-related coronavirus 2
TGEV Transmissible gastroenteritis virus

Zn Zinc

Zn0O Zinc oxide
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1 Literature review

Nanoparticles (NPs), particles with at least one dimension below 100 nanometers in size,
have become a focal point of research across various scientific domains due to their
unique properties (O. Bondarenko et al., 2013). In the field of antimicrobial research,
nanoparticles offer novel avenues for combating the increasing issue of antibiotic
resistance, courtesy of their exceptional physicochemical properties and potent
antimicrobial activities.

The size of nanoparticles directly influences their interaction with microbial cells.
Smaller nanoparticles have a greater surface area to volume ratio, which allows
enhanced contact with bacteria and viruses, leading to a more potent antimicrobial
effect (Huang et al., 2017).

The functionalization of nanoparticles is another critical factor that can modulate
their antimicrobial activity. Different ligands used in functionalization can change the
NP’s surface charge, stability, dispersibility, and biocompatibility. For instance,
functionalization can enhance the affinity of nanoparticles for microbial cells, facilitating
their action (Sanita et al., 2020).

Antibiotic resistance is growing public problem because it poses a threat to the
effective treatment of bacterial infections, which can lead to increased morbidity and
mortality rates in populations (Huemer et al., 2020). The overuse of antibiotics can
accelerate the development and spread of antibiotic-resistant bacteria, making it more
difficult to treat common infections and increasing the risk of outbreaks (Abushaheen
et al., 2020). Antibiotic resistance also has significant environmental impact, as antibiotics
and antibiotic-resistant bacteria can enter the environment through wastewater and
agriculture, contributing to the spread of resistance genes and potentially impacting
ecosystems (S. Y. D. Zhou et al., 2022). The economic costs of antibiotic resistance are
also significant, as it can result in longer hospital stays, increased healthcare costs, and
lost productivity due to illness (Murray et al., 2022).

A lot of different metal-based NPs like titan, cobalt, aluminium, iron and others
have been tested for antibacterial properties. But Ag and CuO nanoparticles have
shown to be especially effective in this regard due to their superior properties against
microbes as bacteria, protozoa (Aruoja et al., 2015), fungi (Suppi et al., 2015) or viruses.
That why silver and copper NPs have been chosen as antimicrobial agents in this PhD
thesis.

1.1 NPs as antimicrobial agents

Development of new antimicrobial methods is one of the priorities of World Health
Organization (Theuretzbacher et al., 2020). That is why the investigation of antimicrobials
based on metal NPs is important for population and environment. It represents a
promising way for solving the problem of antibiotic resistance. Metal NPs have
demonstrated potent antimicrobial properties against a wide range of pathogens
including multi-resistant bacteria (Mishra et al., 2022), viruses (Alavi et al., 2022),
and fungi (O. Bondarenko et al., 2013). Also, it is uncommon for bacteria to develop
resistance to metal-based NPs compared to traditional antibiotics as they have a different
mode of action than traditional antibiotics(Wang et al., 2017). This broad-spectrum
activity makes them potentially useful for treating a variety of infections. Overall,
the development of new antimicrobials based on metal NPs has the potential to address
the growing problem of antimicrobial resistance and provide new options for treating
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infections (O. Bondarenko et al., 2013). Also, metal-based NPs have been shown to have
activity against certain viruses by damaging the virus's outer membrane or interfering
with its ability to replicate (Luceri et al., 2023).

1.1.1 Antimicrobial properties of Ag NPs

1.1.1.1 Antibacterial properties of Ag NPs

One of the oldest well-known antibacterial metals is Ag. Ag NPs have demonstrated
potent antibacterial properties, making them a promising alternative to traditional
antibiotics (O. Bondarenko et al., 2013). Antibacterial mechanisms of Ag NPs have been
extensively researched. There are multiple mechanisms of action for Ag NPs against
bacteria described in the literature. One of the main antibacterial mechanisms of Ag NP
is the disruption of the bacterial cell membrane. This can cause leakage of intracellular
components, leading to cellular damage and death. Ag NPs bind to lipopolysaccharides
(LPS) of the Gram-negative outer membrane and distract it (O. M. Bondarenko et al.,
2018). Main mechanism of Ag NP toxicity is the release of Ag ions. Ag ions from Ag NPs
affect bacterial inner membrane, increasing proton leakage; it leads to destabilization of
electron transport chain and decreasing of ATP synthesis (Holt & Bard, 2005). Especially
the positively charged NPs interact with the negatively charged bacterial membrane
more efficiently, leading to changes in the membrane permeability and potential (Kubo
et al., 2018). In addition to disrupting membranes, Ag ions inactivate proteins by binding
to S groups. Another antibacterial mechanism of Ag NPs is their ability to bind to bacterial
DNA, interfering with replication and transcription processes (Adeyemi et al., 2020). Also,
NPs can induce oxidative stress within the bacteria, leading to the production of reactive
oxygen species (ROS) and damage to intracellular structures, proteins and lipids
(Adeyemi et al.,, 2020). Even though bacteria encounter a considerable barrier to
developing resistance against silver, certain bacterial processes can still potentially lead
to the evolution of silver-resistant strains (McNeilly et al., 2021).

1.1.1.2 Antiviral properties of Ag NPs

Ag NPs have been studied for their potential effectiveness against viruses. The potential
antiviral effect of Ag NPs is due to their ability of the physical interaction of Ag NPs with
the viral membrane(Luceri et al., 2023). Several studies have shown that Ag NPs can be
effective against a range of viruses, including influenza (Park et al., 2018), HIV (Elechiguerra
etal., 2005), (Lara et al., 2010), herpes simplex virus (Baram-Pinto et al., 2009), respiratory
syncytial virus (Yang et al., 2016), hepatitis B (Lu et al., 2008) and C (Shady et al., 2020)
viruses and others.

The mechanism by which Ag NPs exert their antiviral effects is not fully understood,
but most of the studies showed that Ag NP interact with viral membrane proteins and
disrupting the viral binding to mammalian cells (Park et al., 2018), (Elechiguerra et al.,
2005), (Baram-Pinto et al., 2009). Also, the inactivation and damaging of viral membrane
proteins (for example, influenza hemagglutinin and neuraminidase (Park et al., 2018))
and inner proteins (as hepatitis C helicase and protease (Shady et al., 2020)) have been
shown. Additionally, Ag NPs have been shown to have immunomodulatory effects
against virus (Ortowski et al., 2018), partially through upregulation of TGF-B (Zhang et al.,
2017) which may enhance the host’s immune response to viral infections.

In case of coronovirus SARS-CoV-2, in vitro studies have shown that Ag NPs with a
diameter of about 10 nm effectively inhibited extracellular SARS-CoV-2 at concentrations
of 1 to 10 ppm. A luciferase-based pseudovirus entry assay showed that they strongly
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inhibited the viral entry step by lowering the integrity of the virus (Jeremiah et al., 2020).
While Ag NPs have shown promise as antiviral agents, it is important to note that their
effectiveness may vary depending on the type of virus and the specific properties of the
Ag NPs used (Luceri et al.,, 2023), (He et al., 2022). Further research is needed to
determine the optimal conditions for using Ag NPs as antiviral agents and to fully
understand their mechanism of action.

It is also important to consider the potential toxicity of Ag NPs, as they may have
adverse effects on human health and the environment (Ivask et al., 2014). Therefore, any
potential use of Ag NPs as antiviral agents should be carefully evaluated for safety and
efficacy.

1.1.1.3 Toxicity of Ag NPs to mammalian cells and environmental organisms

Studies have suggested that the toxicity of NPs is influenced by several factors, including
their size, shape, surface charge, and concentration (Heinlaan et al., 2008). For example,
the number of atoms on a NPs surface rises as NP size decreases, increasing its specific
surface area and, consequently, its reactivity (Delay & Frimmel, 2012). Moreover, the use
of biocompatible coatings, such as polyethylene glycol, can enhance the safety of NPs
(Jenkins et al., 2016).

The toxicity of Ag NPs to mammalian cells has been a topic of concern among
researchers and medical professionals (Ferdous & Nemmar, 2020). While Ag NPs have
been shown to possess potent antimicrobial properties, their potential adverse effects
on human health cannot be ignored.

Multilaboratory evaluation of Ag NP toxicity with different mammalian cells have
shown that Ag NPs are toxic for mammalian cells almost in the same concentration as for
pathogenic bacterial cells (O. M. Bondarenko et al., 2016). In the same report the most
susceptible organisms to Ag NPs were water flea Daphnia magna and microalgae
Raphidocelis subcapitata. 1t showed that Ag NPs can have the significant influence to
environmental organisms. Ag NPs have been detected in wastewater, rivers, and even in
soil, indicating their potential to accumulate in the environment (T. Zhou et al., 2021).

On the other hand, it is also worth mentioning that Ag NPs have been shown to exhibit
anti-inflammatory and wound-healing properties. These properties make them a promising
candidate for wound dressings and medical implants, as they can promote tissue
regeneration and prevent bacterial infections (Paladini, 2019). Nevertheless, the safety
of Ag NPs in these applications remains a concern, and their use in medical devices should
be evaluated. Responsible and sustainable use of Ag NPs can help maximize their benefits
and minimize their negative impacts on the world around us.

1.1.2 Antimicrobial properties of Cu and CuO NPs

1.1.2.1 Antibacterial properties of Cu and CuO NPs
Cu NPs have been also found to possess relatively good antibacterial properties, which
make them a promising material for medical purposes. The use of Cu NPs as an
antibacterial agent has several advantages over traditional antibiotics, including their
broad-spectrum activity, low toxicity to mammalian cells, and reduced risk of bacterial
resistance (Mahmoodi et al., 2018). Cu NPs possess multiple antibacterial mechanisms
that contribute to their efficacy against a range of bacterial species (Ameh et al., 2022).
Several studies have demonstrated the effectiveness of Cu NPs against a range of
bacteria, including Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and
Pseudomonas aeruginosa (P. aeruginosa) (Ermini & Voliani, 2021). One mechanism is the
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production of ROS, which can damage the cellular components of bacteria and ultimately
lead to cell death. Cu NPs can generate ROS through a process called Fenton-like
reaction, in which Cu ions interact with hydrogen peroxide to produce highly reactive
hydroxyl radicals. The hydroxyl radicals can then react with the bacterial cell membrane
and cause damage to the membrane proteins and lipids, leading to membrane disruption
and cell death (Ameh et al., 2022).

Another mechanism by which Cu NPs can kill bacteria is through the release of Cu
ions. When Cu NPs come into contact with water or biological fluids, they release Cu ions
that are highly toxic to bacteria. Cu ions can interact with bacterial cell walls and cause
the membrane to become more permeable, leading to the leakage of cellular contents
and eventual cell death (Ma et al., 2022).

Cu NPs, through release of Cu ions, impact bacterial DNA and interfere with replication
and transcription processes. Cu ions can bind to the DNA strands and cause structural
changes, leading to disruption of the DNA replication machinery and the formation of
abnormal proteins that can be toxic to the bacteria (Linder, 2012).

In summary, Cu NPs possess multiple antibacterial mechanisms that contribute to
their efficacy against bacterial species. These mechanisms include the production of ROS,
release of Cu ions, interaction with bacterial DNA, and induction of oxidative stress.
The synergistic effect of these mechanisms makes Cu NPs a promising antibacterial agent
for various applications. However, further research is needed to fully understand the
mechanisms of action of Cu NPs and their potential impact on the environment and
human health.

1.1.2.2 Antiviral Cu

Cu NPs have also been investigated for their potential antiviral properties. Several studies
have shown that Cu NPs can be effective against a range of viruses, including influenza A
(Ha et al., 2022), herpes simplex virus (Tavakoli & Hashemzadeh, 2020), C-hepatitis virus
(Hang et al., 2015) and others (Tortella et al., 2022).

In case of coronavirus SARS-CoV-2, recent studies have shown that Cu surfaces
inactivate this virus more effectively compared to plastic, glass cardboard, steel or nickel
(Warnes et al., 2015).

The exact mechanism of action of Cu NPs is not fully understood. Cu NPs have been
shown to interfere with the viral replication process, disintegration of viral envelope
(Warnes et al., 2015) and inhibit virus entry into host cells (Hang et al., 2015).

However, as in case with Ag NPs, it is important to consider the potential toxicity of
Cu NPs.

1.1.3 Antimicrobial synergy effect between Ag and Cu components

Within the scope of standard antibiotics, the idea of combinatory synergy is presently
considered as one of the most promising strategies for handling bacterial infections and
mitigating resistance (Theuretzbacher, 2020). By integrating diverse drugs, it becomes
feasible to diminish their dosage, thereby resulting in fewer side effects as opposed to
monotherapy (Ledn-Buitimea et al., 2020). A set of recent studies, including our own
research, suggest that the antibacterial action of NPs can be significantly enhanced when
used in combinations. However, much of the existing literature predominantly focuses
on the combined impact of metal ions rather than NPs (Fisher et al., 2009), (Vaidya et al.,
2017), (Yayha et al., 1999), (Landeen et al., 1989). Considering the numerous combinations
of metals studied (such as Ag with Cu, Zn, Co, Cd, and Ni), the combination of Ag and Cu
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displayed the most substantial synergistic antibacterial impact against both Gram-negative
and Gram-positive bacteria (Garza-Cervantes et al., 2017).

Lately, there has been an escalating interest in the synergy between Cu and Ag,
as indicated by an increasing number of published articles in recent years. Most of these
studies focused on the antibacterial effects of Cu/Ag nanoalloys (F. Zhou et al., 2022),
(Tao et al., 2022) or Cu/Ag combined with additional metals, for instance, tungsten
(Bankier et al., 2019). Additionally, research by Jang et al. displayed remarkable
antibacterial, anti-biofilm, and wound healing capabilities of Cu/Ag/Graphene Oxide
composites in an infected wound model in mice (Jang et al., 2020).

Very few or previous articles proposed potential synergistic mechanisms, suggesting
that Ag mainly affects the bacterial cell membrane, while Cu acts on the nucleic acids and
various internal biomolecules and cellular structures (Fisher et al., 2009), (Vaidya et al.,
2017), (Garza-Cervantes et al., 2017), (Bankier et al., 2019), but the specific mechanisms
driving this synergy remained largely unexplored. Not a single article was found where
antiviral synergistic properties between metal NPs were considered.

1.1.4 Antimicrobial properties of filter materials with NPs

The exceptional virucidal properties of metal-based NPs make them suitable candidates
for application on frequent contact surfaces, aimed at curbing the transmission of
infections. Antimicrobial coatings composed of Cu, Ag, and Zn have demonstrated potent
virucidal effectiveness in managing the spread of various viruses such as influenza A virus,
HIV-1, Dengue virus type 2, and Human Herpesvirus 1 (Rai et al., 2016), (Hodek et al.,
2016). A substantial decline in the infectivity of human coronavirus HuCoV-229E was
observed on surfaces infused with Cu, after 30 minutes of exposure (Warnes et al., 2015).
Cu-treated surfaces are currently employed in hospital settings as a preventive measure
against microbial spread and potential viral transmissions (Michels et al., 2015).

Lately, a multitude of organic polymer compounds, including biopolymers, have
exhibited potential as antibacterial and antiviral agents, geared toward curbing the
spread of infectious diseases (Balasubramaniam et al., 2021). These polymer matrices
serve as effective carriers for metal NPs and metals. Metals can be permanently
integrated into these materials, resulting in metal-polymer composites with efficient
antimicrobial activity. Polymers and their fiber derivatives are used as constituents in
fabrics, textiles, and filter materials. Conventionally, the integration of metal additives
into polymer matrices is achieved by coating metals onto fiber surfaces or impregnating
them into polymer fiber blends (Palza, 2015).

Most of these materials are synthetic in nature. For instance, typical surgical masks
comprise plastic-based polymers such as polypropylene, polyurethane, polyacrylonitrile,
polystyrene, polycarbonate, polyethylene, or polyester. However, the preference is
shifting towards bio-based polymers for the development of future biodegradable
materials.

To develop safe and efficient nano-based materials, it is crucial to understand their
mechanism of action and toxicity. Thus, this focused on closing the knowledge gaps and
utilizing the new knowledge to develop new innovative materials with improved
antimicrobial properties.

1.1.4.1 Safety of metal-based NPs for mammalian cells

Although metal NPs can have great antimicrobial properties, the toxic effect to human
cells also have reported. Ag NPs have been showed to induce oxidative stress in human
cells, leading to reduced cell viability, DNA damage, and apoptosis. In particular, they
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have demonstrated cytotoxic effects on various human cell types, including fibroblasts,
keratinocytes, and epithelial cells. Ag NPs are known to induct of oxidative stress via the
production of ROS. This process can lead to various cellular impairments such as DNA
disruption, the stimulation of antioxidant enzymes, the reduction of antioxidant
substances like glutathione, protein incapacitation through binding, and damage to the
cellular membrane (McShan et al., 2014). Furthermore, Ag NPs can interfere with protein
function, potentially leading to abnormal cellular activity and the initiation of cell death
pathways (Gupta et al., 2022).

Copper oxide (CuO) NPs similar to Ag NPs, possess broad antimicrobial properties.
However, an increasing body of evidence suggests potential cytotoxic effects, particularly
in relation to human cells. Studies have shown that CuO NPs can reduce cell viability in a
range of human cell lines (Karlsson et al., 2008). They achieve this through various
mechanisms, including the induction of oxidative stress, mitochondrial damage, and
initiation of apoptotic pathways. CuO NPs have been shown to generate ROS, which leads
to oxidative stress, causing damage to DNA, proteins, and lipids (Naz et al., 2020).

The safety profile of metal-based nanoparticles can be altered by surface
functionalization, as documented in previous studies (Nel et al., 2009), (Kubo et al.,
2018). For instance, nanoparticle functionalization with compounds like PEG, chitosan,
or dextran can inhibit nanoparticle opsonization — the process where a biocorona of
proteins and other biomolecules adsorb onto the nanoparticles’ surface — subsequently
reducing macrophage uptake and toxicity (Sheng et al., 2009), (Jenkins et al., 2016),
(Wonder et al., 2018). Conversely, nanoparticles functionalized with positively charged
entities such as polyethylenimine PEI, or amine group, compared to those functionalized
with neutrally charged coatings or negatively charged ones have exhibited greater
toxicity to mammalian cells (Libalova et al., 2018).

While Ag and CuO NPs exhibit unique properties beneficial to various industries, their
potential cytotoxic effects on human cells cannot be ignored. The potential for cytotoxicity
underscores the urgent need for additional research into the functionalization and
combination of nanoparticles. Investigating how different forms of functionalization can
modulate the effects of nanoparticles could provide a pathway to safer, more effective
antibacterial materials. The integration of varying nanoparticles could also offer
unforeseen synergistic effects, underscoring the vast potential for innovation within
sphere of antibacterial materials.
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2 Aims of the study

The main objective of this study was to characterize antimicrobial effects and safety of
differently functionalized metal-based NPs, determine their mechanism of action and to
develop new antimicrobial materials.

The main objective was approached through the following sub-tasks:

1) To compare the toxicity and mechanisms of differently functionalized Cu and Ag
NPs to bacteria, viruses and mammalian cells in vitro.

2) To understand the antimicrobial mechanism of action (synergy) of Cu and Ag NPs
combinations.

3) To develop and characterize new nanoparticle-based antibacterial and antiviral
materials.

17



3 Materials and methods

3.1 Bacterial cells

Bacterial and viral strains used in the study are showed in Table 1. In total, 6 different
bacterial strains, both Gram-positive and Gram-negative, were used and 3 RNA viruses.
Also, 1 luminescent bacterial strain has been used in luminescence assay for understanding
of antimicrobial mechanisms.

Table 1. Bacterial and viral strains used in the study

Microbes Type Reference
(publication)

Streptococcus dysgalactiae (DSM Gram-positive bacteria Il
23147)
Staphylococcus aureus (ATCC 25923) Gram-positive bacteria 11, 1
Enterococcus faecalis ATCC (29212) Gram-positive bacteria Il
Escherichia coli K-12 (MG1655) Gram-negative bacteria 1,0,
Escherichia coli (MC1061, Gram-negative bacteria I, 1
pSLcueR/pDNPcopAlux)
Escherichia coli (clinical isolate, ESBL) Gram-negative bacteria Il
Pseudomonas aeruginosa (PAO1) Gram-negative bacteria 1l
Influenza A (HIN1, A/WSN/1933) enveloped single-stranded | IlI

(+)RNA virus
Transmissible gastroenteritis virus enveloped single-stranded | IlI

(-)RNA virus
Severe acute respiratory syndrome- enveloped single-stranded | IlI
related coronavirus 2 (+)RNA virus

3.2 Mammalian cells

Mammalian cell cultures used in the study are showed in Table 2. THP-1 and HACAT were
used for investigation of toxicity of NPs and understanding their mechanisms. MDCK-2
cells were used for influenza virus propagation and titration; Vero-E6 cells were used for
SARS-CoV-2 propagation and titration, and ST cells were used for Transmissible
gastroenteritis virus (TGEV) propagation and titration.

Table 2. Mammalian cell cultures used in the study.

Human cell line type of cell line Reference
(publication)

THP-1 human monocytes |

HACAT human keratinocytes |

MDCK-2 canine kidney epithelial cells 1l

Vero E-6 monkey kidney epithelial cells 11

ST cells porcine fibroblasts 11
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3.3 Methods

Methods used in the study are showed in Table 3.

Table 3. Methods used in the study

Methods

Test was conducted:

institution (person)

Reference
(publication)

Alamar Blue Assay for human cells
viability evaluation

KBFI (Vasiliev G)

Alamar Blue Assay for bacteria viability
evaluation

KBFI (Kubo AL)

Measurement of Cu and Ag bioavailability
to bacteria using recombinant biosensor
bacteria E. coli MC1061
(pSLcueR/pDNPcopAlux)

KBFI (Vasiliev G)

I,

Hydrodynamic size and zeta potential
measurement using Dynamic Light
Scattering

KBFI (Vasiliev G)

[, 1l

Measurement of reactive oxygen species
using 2',7'-dichlorodihydrofluorescein
diacetate (H.DCFA-DA) Assay.

KBFI (Kubo AL)

I,

Measurement Cu and Ag content (metal
content in NPs, dissolution analysis) in
samples using Atomic Absorption
Spectroscopy (AAS)

KBFI (Vasiliev G)

I, 1, 1l

Measurement of TNF-a using Enzyme-
Linked Immunosorbent Assay

KBFI (Kubo AL,
Vasiliev G)

Confocal Microscopy

TalTech (Krishtal J)

Evaluation of the minimum bactericidal
concentration using Spot Test

KBFI (Vasiliev G)

Evaluation of bacterial outer membrane
integrity
amine (1-NPN) Assay

using N-Phenylnaphthalen-1-

KBFI (Vasiliev G)

iodometric method

Detection of Cu* in suspension using the

TalTech (Bondar D)

Electrospinning of filter materials

TalTech (Krumme A)

Antibacterial Diffusion Assay

KBFI (Vasiliev G)

Assessment of antiviral activity in

Plaque Assay

suspension and in filter material using

TU (Rausalu K)

Short descriptions of tests performed by G. Vasiliev are below:
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3.3.1 Characterization of NPs and materials

3.3.1.1 Hydrodynamic size and zeta potential measurement using Dynamic Light
Scattering

The hydrodynamic size, polydispersity index, and zeta potential of the NPs were assessed
using a Malvern zetasizer (Zetasizer Nano-ZS, Malvern Instruments, UK). These
measurements were taken in suspensions containing 100 mg/I of nanoparticles, either in
MQ water or RPMI CCM (Roswell Park Memorial Institute cell culture media).

3.3.1.2 Measurement Cu and Ag content (metal content in NPs, dissolution analysis) in
samples using AAS

The metal content of the analyzed samples was evaluated using AAS (contrAA 800,
Analytik Jena Ag) according to instrument manual. For the dissolution analysis, a solution
of 100 mg/l of components was incubated in MQ or a RPMI CCM under conditions of
37 °C, 5% CO2, and 95% humidity for periods of either 0 hours, 30 minutes, or 24 hours.
Following this, the solution was centrifuged at 320,000 x g for 30 minutes using a Bekman
Coulter ultracentrifuge. The supernatants were collected and then analyzed using AAS
(contrAA 800, Analytik Jena Ag).

3.3.2 Tests with bacteria

3.3.2.1 Evaluation of the minimum bactericidal concentration using Spot Test

The Minimum Bactericidal Concentration (MBC) was determined as the lowest
concentration that completely abolished bacterial growth, using the spot test method.
After an overnight growth and further 4-hour incubation to reach the exponential phase,
a bacterial suspension was prepared with an optical density at 620 nm (ODs20) of 0.07 in
either MQ, RPMI CCM, or bacterial medium. This bacterial suspension (100 pL) was
combined with 100 uL of components alone or their mixture in the medium. This setup
was carried out in 96-well microplates and incubated at 30 °C for 24 hours in the absence
of light and without shaking, either in MQ, RPMI CCM, or bacterial medium. After the
incubation period, 3 ul of the treated suspension was transferred onto bacterial agar
medium, and bacterial cell viability was visually assessed (presence of bacterial “spot”)
after an additional 24 hours of incubation.

3.3.2.2 Antibacterial Diffusion Assay

Bacteria were cultivated overnight in 3 mL of RPMI CCM at a constant temperature of
37 °C, with agitation at 200 rpm. Subsequently, 400 pL of the overnight cultures were
combined with 20 mL of bacterial medium, and then incubated for 4 hours to attain
the exponential growth phase. Bacterial suspension with an absorbance of 0.1 at ODs2o0
was prepared. Next, 500 pL of the suspension was dispersed over a square Petri dish
(10 cm x 10 cm) that contained Luria-Bertani (LB) agar. The filter materials were then
placed on the freshly inoculated LB agar and incubated at 37 °C for 24 hours.
The antibacterial efficacy of the materials was subsequently assessed through visual
inspection.

3.3.2.3 Evaluation of bacterial outer membrane integrity using 1-NPN Assay

The permeabilization of bacterial cell walls was determined by measuring the uptake of
1-NPN. The fluorescent properties of 1-NPN, which are significantly boosted in
hydrophobic environments like the membrane lipid bilayer, as opposed to hydrophilic
ones, make it a suitable dye to examine the integrity of gram-negative bacteria’s outer
membrane. In brief, a black microplate was prepared by adding 50 pL of 40 uM 1-NPN
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and 50 plL of the tested substance in 50 mM 3-(N-morpholino)propanesulfonic acid
adjusted with tris(hydroxymethyl)aminomethane base to pH 7.2 to each well. Each well
then received 100 pL of bacterial suspension in 50 mM this buffer with ODe20 of 0.5, after
which the fluorescence was measured following a 30-minute incubation period at room
temperature. The uptake factor of 1-NPN by cells was calculated and depicted as a ratio
of the fluorescence intensity values of the bacterial suspension incubated with and
without the tested compounds.

3.3.2.4 Measurement of Cu and Ag bioavailability to bacteria using recombinant
biosensor bacteria E. coli MC1061 (pSLcueR/pDNPcopAlux)

The measurement of intracellular Ag and Cu ions' effect on bioluminescence (BL) in
bacteria was conducted using recombinant biosensor bacteria E. coli MC1061
(pSLcueR/pDNPcopAlux). This strain’s response to intracellular Ag and Cu ions is driven
by the CueR activator protein and its regulated copA promoter, which is coupled to genes
encoding BL. Consequently, when Ag and Cu ions are present in the cells at sub-toxic
levels, they cause an increase in BL in these recombinant bacteria, which is directly
proportional to the ion concentration.

The biosensor assay process and the preparation of the test bacteria were akin to the
bacterial growth inhibition assay, with one distinct difference: The growth medium for
bioluminescent Ag-biosensor E. coli MC1061 (pSLcueR/pDNPcopAlux) included 100 pg/|
of ampicillin and 10 pg/l of tetracycline during overnight cultivation to ensure the
maintenance of the recombinant plasmids. A Berthold Detection Systems Orion Il plate
luminometer was utilized for the bioluminescence readings. E. coli at an ODs20 of 0.1 was
exposed to 100 pl of bacterial suspension containing either the compounds or their
mixture in RPMI CCM (sample), or just RPMI CCM (background), and this was kept at
30 °C for 4 hours. The Ag and Cu biosensor’s dose-response curves were plotted by
setting the applied Cu and Ag concentrations against the biosensor’s BL in the respective
samples. The concentration that yielded the highest bioluminescence value from each
component was identified as the peak of the luminescence curve.

3.3.3 Tests with human cells

3.3.3.1 Alamar Blue Assay for human cells viability evaluation

The cells were were grown at RPMI CCM in medium to confluency 10°/ml. On the day
of the test, the cell culture medium was discarded, and the cells were thoroughly
rinsed with Phosphate-Buffered Saline (PBS). Following this, the cells were treated with
either 100 pl of the cell culture medium alone or the same volume of Cu compounds
suspended in the cell culture medium. This treatment was left in place for 24 hours
under conditions of 37 °C and 5% CO.. After this exposure period, the supernatant was
discarded, the cells were given another rinse with PBS and then subjected to a
2-hour incubation at 37 °C with 5% CO:2 in the presence of 100 pl of Alamar Blue at a
concentration of 150 pg/ml Alamar Blue fluorescence was measured using Fluoroscan
(Fluoroskan Ascent FL, Thermo Labsystems) with excitation at 530 nm and emission
at 590 nm. The ECso values were computed using MS Excel macro Regtox
(https://www.normalesup.org/~vindimian/en download.html).

3.3.3.2 Measurement of TNF-a using Enzyme-Linked Immunosorbent Assay

Differentiated THP-1 cells were set up at a density of 10° cells per well and subjected to
treatment with CuO NPs and CuSOs at varying concentrations ranging from 25 to
400 mg/l in RMPI CCM. Following a 24-hour period of exposure, the supernatants were
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harvested, centrifuged at 10,000 x g for 10 minutes, and preserved in a frozen state at
—80 °C. To quantify the amount of TNF-a, an Enzyme-Linked Immunosorbent Assay
(ELISA) was employed using a kit from Invitrogen (88-7346), with all procedures
carried out in line with the instructions provided by the manufacturer, with readings
taken from 96-well plates. Colorimetric measurement was done by Spectramax Paradigm
spectrophotometer (Molecular Devices, USA).
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4 Results and discussion

4.1 Physico-chemical characteristics of NPs

Table 4 displays the characterization of the NPs utilized in the PhD thesis. The zeta-potential
of CuO NPs (CuO) and CuO functionalized with amino groups (CuO-NHz) was positive,
while CuO functionalized with carboxyl groups (CuO-COOH) and with polyethylene
glycol (CuO-PEG) had a negative zeta-potential. Among the tested Ag NPs, all exhibited
a significantly negative zeta-potential, with coated silver nanoparticles (cAg) having a
value of -56.6 mV and nano-silver (nAg) having a value of —27.7 mV. In the RPMI CCM,
all NPs zeta-potentials were negative, ranging from —8.9 mV (CuO-NH2) to -10.8 mV
(CuQ). This is likely due to the adsorption of serum proteins on the NP surface,
known as the “protein corona”, which is a dynamic camouflage formed by protein
adherence. This phenomenon was previously suggested before (lvask et al., 2015).

The primary size of NPs was comparable, with the exception of nAg with larger size
compared to other used NPs. In medium, hudrodynamic size was different and most
probably reflected agglomeration of some NPs, such as functionalized Cu NPs.

Table 4. Physico-chemical characteristics of nanoparticle (NPs) used in the study

Metal- Primary Hydrodynamic | Zeta- Metal Reference
based NPs | size,nm* | diameter in potential content, % (publication)
or metal standard = MQ water, nm | in MQ + standard
salts deviation (pdi) £ water, mV | deviation
standard * standard
deviation deviation
CuO 159+5.2 23731 27.5+1.8 76.8+5.7 1,10, 101
(0.25)
CuO-NH: 6.912.2 733 +252 25.8+1.3 46.2+4.0 1, 10,100
(0.24)
CuO-COOH | 9.2%25 1124 +£128 -12.0+2.2 | 33.6%+3.2 1,10, 101
(0.35)
CuO-PEG | 12.1+3.2 1244 + 254 -21.9+3.3 | 11.7%+1.0 |
cAg 1254 45.88 £ 0.21 -56.6+1.91  83.0+9.8 I, 1
(0.261)
nAg 85.7+29.3 109.4+1.3 -27.7+1.65 | 71.8+12.0 1,1
(0.447)
Ag.0 23+16.8 | 81.265+9.04 |-50.97+4.15 80.1+11.3 Il
(0.604)
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4.2 Antibacterial properties of CuO ja Ag NP with different
functionalization (Publication Il)

Next, characterized NPs were studied for their antibacterial properties, providing critical
insights towards the development of advanced antimicrobial agents. These NPs comprised
of Ag and CuO, each subjected to different surface functionalizations. The NPs were
dosed based on their metal content MBC for different gram-positive and negative
bacteria was determined as described above.

The table 5 provides data regarding the MBC of various NPs against a range of bacterial
strains. The MBC represents the lowest concentration of an antibacterial agent required
to kill a specific bacterium. The data shows cAg NPs displayed the most promising
antibacterial properties against all bacteria, especially it was very effective against
S. dysgalactiae with an MBC of 10.07 + 3.76 mg/L. nAg, Ag>0 and AgNOs were tested only
with E. coli K-12. AgNOs have shown the most effective antibacterial properties due to
best dissolution of salt. This is probably because released Ag* ions are the main
antibacterial mechanism in Ag NPs (Bondarenko et al., 2013).

Table 5. Minimal bactericidal concentrations with standard deviation for nanoparticles (NPs) in
different bacteria. Adopted and changed from Publication Il.

NPs MBC £ MBC+SD | MBC+SD | MBC = SD MBC * SD MBC £ SD
SD (mg/L) for | (mg/L) (mg/L) forS. | (mg/L)for | (mg/L)
(mg/L) | E. coli for S. dysgalactica | P. for E.
for ESBL aureus aeruginosa | faecalis
E. coli PAO1
K-12
CuO 215.38 133.33 60 133.33 1400 233.33
+114.35 +57.74 +22.36 +57.74 + 400 +152.75
CuO- 157.14 1000 80 133.33 200 266.67
NH2 +51.36 +27.39 +57.74 +122.47 +115.47
CuO- 350 333.33 110 2000 8000 400+ 0
COOH | +£90.45 +115.47 +54.77
CuSO4 | 217.65 2000 90 133.33 720 2000
+72.76 +22.36 +57.74 +178.89
cAg 34.04 45.83 16.25 10.07 28.91 58.33
+13.13 +9.73 +5.88 +3.76 +15.63 1+ 19.46
AgNO3 10.16 ND ND ND ND ND
+8.20
nAg 1333.33 ND ND ND ND ND
+427.62
Ag20 66.67 ND ND ND ND ND
1 24.62
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Among different CuO NPs, positively charged CuO and CuO-NH; were more effective
against bacteria and especially CuO-NH:z in some cases (P. aeruginosa). In general, CuO
NPs were not so efficient against bacteria compared to Ag NPs. However some CuO NPs
had promising results against S. aureus. The most resistant bacteria to Cu components
were P. ageruginosa PAO1 as indicated by its MBC of 1400 + 400 mg/L and most
susceptible was S. aureus, which MBC was lower than 100 mg/L.

Despite to promising antibacterial properties of Ag and CuO NPs, itisimportant to test
toxicity of these components on human cells and compare their toxicity to bacterial and
mammalian cell to have a therapeutic window for usage. While Ag and CuO NPs display
promising antibacterial properties, assessing the toxicity of these components on human
cells and comparing their toxicity to bacterial and mammalian cells is crucial to establish
a therapeutic window for their use.

It's well known that this therapeutic window (antibacterial efficacy versus cytotoxicity),
usually does not exist according to studies (O. Bondarenko et al., 2013), yet there is
limited knowledge regarding the impact of surface functionalization on this overlap. We
therefore tested a hypothesis that the therapeutic window of NPs might be influenced
by different surface functionalizations of NPs. As such, further research in this area could
lead to optimized NP designs with better safety profiles.

4.3 Comparison of antibacterial properties and toxicity for human cells
using different functionalization in CuO NPs (Publication I)

Because some CuO NP were found potent against bacteria and Ag NPs have well-known
toxic effects for human cells (McShan et al., 2014), we decided to compare the toxicity
to human cells with toxicity to bacteria in vitro for CuO NPs which had to have better
safety profile, since it is vital microelement. The cytotoxic effects of these NPs were
tested by Alamar Blue Assay test with THP-1 and HACAT cells, with particular attention
paid to the impact of surface functionalization.

In terms of surface functionalization, it was found that cationic unmodified CuO and
CuO-NH2 NPs displayed higher toxicity to human cells compared to bacteria. In contrast,
the CuO-COOH and CuO-PEG, which were negatively charged, were less toxic to human
cells but had a significantly greater impact on bacteria (Figure 1). Interestingly, the results
showed that the toxicity of these NPs to human cells was not solely dictated by the Cu
content. This is evidenced by the fact that the Cu-adjusted half maximal effective
concentration (ECso) values of CuO-NH2 NPs were significantly lower than that of CuSOas,
despite CuSO4 having a higher Cu concentration. This indicates that toxicity mechanisms
beyond mere Cu content play a role in the cytotoxicity of CuO-NH2 NPs.
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Figure 1. Toxicity of Cu compounds to bacteria Escherichia coli (E. coli), HACAT keratinocytes and
differentiated THP-1 cells (dTHP-1). The average compound-based 24-h half maximal effective
concentration (ECsg) values with 95% confidence intervals mg/lI (a) and the clustering of average
compound-based 24-h ECso (b). and the clustering of average copper adjusted 24-h ECso. Adopted
and changed from Publication .

In an attempt to understand the mechanisms underlying this differential toxicity, we
investigated the NPs’ ability to induce ROS under abiotic conditions and their potential
to provoke inflammation in mammalian cells. We also conducted detailed studies on
their interactions with human cells in vitro, focusing primarily on NPs localization and
uptake mechanisms.
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4.4 Mechanisms of toxicity of CuO NPs with different functionalization
(Publication 1)

Our findings demonstrated that the toxicity of CuO NPs to human cells can be
manipulated by varying the NP surface functionalization and form. Additionally, the data
highlighted that Cu content alone does not define toxicity, pointing towards the
contribution of other toxicity mechanisms to understand them by which Cu compounds
exert their toxicity. Our first consideration was the bioavailability and dissolution of these
compounds. To assess this, we used recombinant bioluminescent E. coli that showed
increased bioluminescence in response to bioavailable Cu ions. This offered insight into
the role of internalized Cu ions in the antibacterial potential of Cu compounds.
Generally, Cu compounds exhibited similar behavior in the sub-toxic region, resulting
in an increase in bioluminescence in E. coli MC1061 (pSLcueR/pDNPcopAlux) in
proportion to the increase in Cu concentration. A distinctive exception was found with
CuO-NH2, which exhibited toxic properties at noticeably low concentrations, indicating
an antibacterial effect independent of dissolved Cu ions. In contrast to other NPs, the
biosensor response to CuO-NH:z was less related to the Cu content and NPs dissolution.
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Figure 2. Bioavailability of Cu compounds. Induction of bioluminescence in E. coli biosensor in
response to Cu compounds in cell culture medium 2 incubation with standard deviations. Adopted
and changed from Publication |.

We further explored the ability of Cu compounds to generate ROS and induce
inflammation. CuO-NH2 were highly potent inducers of ROS. Intriguingly, they also
demonstrated the highest capability to induce TNF-a, a pro-inflammatory cytokine.
Additionally, we noted significant vacuolization in THP-1 cells exposed to CuO-NH, which
could be indicative of inflammation and cell death.

27



To comprehend the toxicity mechanisms of Cu compounds, we evaluated the
“cell-associated Cu”, comprising intracellular Cu, NPs, and possibly cell surface-bound Cu.
Our data suggested that the toxicity of Cu compounds was not purely caused by Cu ions
alone. Specifically, CuO-NH2 NPs had lower cell-associated Cu, hinting at additional
toxicity mechanisms. We also found exceptionally high levels of cell-associated Cu in cells
exposed CuO-COOH, indicating a high tolerance of these cells to Cu in this particular
form. To gain more insights, we investigated the cellular localization of Cu compounds in
mammalian cells through confocal microscopy. We discovered a significantly higher
association of CuO-COOH NPs with cells compared to other NPs, with most of the
CuO-COOH NPs located inside the cells. This suggests that these macrophages have an
extraordinarily high tolerance for internal Cu in CuO-COOH.

Our research has shown that the toxicity of Cu compounds towards bacteria and
human cells is influenced by several factors, including their bioavailability, dissolution,
ability to induce ROS and inflammation, and their interaction with the cells, including
uptake and cellular localization. These findings expand our understanding of the toxicity
mechanisms of CuO-based NPs and will be invaluable for future design and application
of these NPs in biomedical fields.

4.5 Antibacterial synergy between Cu and Ag components (Publication 1)

In our research, we hypothesized that the synergistic antibacterial activity of CuO and Ag
NPs results from their distinct, yet complementary, modes of action, like the classical
synergy between different classes of antibiotics (Kohanski et al., 2010). The suggestion
was that Ag NPs compromise the integrity of bacterial cell walls, which then paves the
way for CuO NPs / Cu ions to pass into bacterial cells. Once inside, CuO NPs and Cu ions
interfere with intracellular structures and functions. We first discerned the synergistic
antibacterial effects of Cu and Ag compounds in a medium similar to a tissue infection
transudate, the RPMI cell culture testing medium, which contains blood serum and
growth factors. Figure 3 illustrates an example of this synergy, with the MBC serving as
the measure of the lowest concentration that prevented visible bacterial growth on an
agarized growth medium. For instance, to inactivate E. coli permanently, we required
40 mg/l of Ag NPs or 400 mg/l of CuSOs independently, but when used together,
we needed only 5 mg/l of cAg and 25 mg/I of CuSOa.
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Figure 3. The antibacterial synergy between CuSO, and coated silver nanoparticles (cAg). E. coli K-12
suspension was incubated with different concentrations of either cAg, CuSQO4 or their combinations
in RPMI cell culture medium for 24 h. After incubation 3 ul of the bacteria-NP mixture was pipetted
onto agarized broth and minimal bactericidal concentration (MBC, the lowest tested concentration
yielding no visible bacterial growth after 24 h incubation at 37C in the dark) was determined. The
concentrations of cAg and CuSO4 are shown on the axes. The minimal bactericidal concentration of
CuS0O4 and cAg were 400 mg/L and 40 mg/L respectively. Published from publication Il with
permission from journal.

We introduced the term “coefficient of antibacterial synergy” (K(AbS)) to quantify and
compare the synergistic effect among various NPs and bacterial strains. This coefficient
represents the combined antibacterial efficiency of NPs, contrasting it with the sum of
the MBC values of the individual NPs (Equation 1). This coefficient has previously been
applied to metal mixtures (Vaidya et al., 2017). If K(AbS) > 1, there is synergy; if K(AbS) = 1,
there is an additive effect; if K(AbS) < 1, there is antagonism.

Equation 1:

MBC of antibacterial A in mix 4 MBC of antibacterial B in mix
MBC of antibacterial A alone = MBC of antibacterial B alone

K(AbS) = 1/(

Figure 3 clearly demonstrates that the MBC of a Cu component and Ag NP mixture is
considerably lower than the MBC of the separate components. Based on our K(AbS)
formula, the antibacterial effect of this mixture is 5.33 times higher than the sum of the
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separate components’ antibacterial effects. Different combinations of CuSOa / cAg ratios
yielded different K(AbS) results, with the highest K(AbS) most frequently observed using
the 1:1 to 12.5:1 Cu/Ag ratio.

The antibacterial synergy depended on the type of Cu component used (Figure 4).
MBC values of different Cu components, both alone and in combination with cAg, varied
among different bacteria, except for P. aeruginosa, which resisted Cu compounds,
despite the similar cAg MBC for P. aeruginosa and other bacteria.

Among CuO NPs, the highest K(AbS) with cAg was observed with unfunctionalized CuO
and especially CuO-NHz, both of which are positively charged. However, the lowest
K(AbS) was observed with negatively charged CuO-COOH. This implies that the inherent
charge of CuO NPs influenced antibacterial synergy. On the other hand, the highest
K(AbS) had well-dissolved CuSOs salt and it means that presence of Cu?* ions the mayor
role in antibacterial synergy between cAg and Cu components (Figure 4).
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Figure 4. Coefficient of antibacterial synergy (K(AbS)) between different Ag and Cu components in
RPMI cell culture media with E. coli K-12 strain. * - P < 0.05; ** - <0.01; *** - < 0.001, ## - P <0.01
antagonism. Note: K(AbS) has been calculated as mean K(AbS) from different experiments, not from
mean MBC of components in the mix or alone. The mean values with standard deviation are shown.
Abbreviations: coated silver nanoparticles (cAg), nanosilver (nAg), silver oxide (Ag.0), silver nitrate
(AgNQOs), copper oxide (CuO), copper oxide coated with amino groups (CuO-NH,), copper oxide
coated with carboxy groups (CuO-COOH) and copper sulphate (CuSQy4). Published from publication
Il with permission from journal.

Interestingly, the antibacterial synergy also relied on the Ag component. Various Ag
NPs and AgNOs were examined to determine which would display stronger antibacterial
synergy with Cu components. The highest antibacterial synergy was showed when mixed
non-oxidized Ag NPs with Cu salt. AgNOs did not show strong antibacterial synergy with
Cu components.
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4.6 Mechanisms of antibacterial synergy (Publication Il)

To understand antibacterial synergistic effect between Cu and Ag, several tests were
conducted. It was hypothesized that their synergy could be linked to their different
cellular targets in/on bacterial cells. A popular example of such synergy is seen between
beta-lactam antibiotics, which impair bacterial cell membranes, and aminoglycosides,
which obstruct bacterial protein synthesis. The heightened effect of aminoglycosides
when used with B-lactams is said to be due to the B-lactam-induced membrane damage
that boosts the uptake of aminoglycosides (Kohanski et al., 2010).

We hypothesized that one component (Cu or Ag component) might be causing more
membrane damage, facilitating the other component’s entry into the cell, thus further
damaging the internal structures. In an attempt to corroborate this hypothesis, we
assessed the outer membrane permeability of two Gram-negative bacteria, E. coli K-12
and P. aeruginosa PAO1. Our findings indicated that AgNOs and cAg were able to damage
the outer membrane of both bacteria. Although cAg took longer to cause damage
compared to AgNOs, and P. aeruginosa’s membrane was more resistant to damage
compared to E. coli's. However, CuO NPs and CuSO4 did not cause significant membrane
damage, especially in P. aeruginosa. This implies that Ag compounds might be
inactivating cells by rupturing the bacteria’s outer membranes, while Cu compounds
seem to target other cell structures. Additionally, mixing Cu and Ag compounds didn’t
significantly alter the damaging action on the membrane. Thus, we discovered that the
synergy between Cu and Ag did not result from damaging the bacterial outer membrane
(Figure 5).
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Figure 5. Production of reactive oxygen species (ROS) in suspensions. Measurement of induction of
ROS in abiotic (a, c) and biotic (b, d) conditions. Measurement of ROS induction was performed after
incubation with components alone (a, b) or in the mix of cAg and Cu components in a ratio 1:4 (c, d).
cAg, Coated silver nanopatrticles; AgNOs, Silver nitrate; CuO, Copper oxide; CuO—NH;, Copper oxide
coated with amino groups; CuSQ,4 Copper sulphate; RFU, Relative fluorescence units. Published
from publication Il with permission from journal.
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We also examined the potential role of ROS in the synergy of Cu and Ag. The Fenton-like
reaction capacity of Cu ions to redox-cycle between Cu*/Cu** which can generate ROS
leading to lipid peroxidation, protein oxidation and DNA damage was investigated.
However, our tests showed that the addition of CuO-NH2 or CuSQOs to cAg did not enhance
ROS production, both in the presence and absence of bacteria, contradicting the idea
that ROS might be the reason for the observed synergy between Cu and Ag components.

We further studied the dissolution of Ag NPs in water and RPMI CCM, with and
without the addition of CuSOas. Interestingly, there was a marked increase in the
dissolution of Ag NPs with CuSO4 addition. This suggests an improved dissolution of Ag
NPs in the presence of Cu®, possibly due to a redox reaction between Cu and Ag
components (Figure 6).
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Figure 6. Dissolution of silver nanoparticles. Dissolution percentage of silver components (100 mg/L)
in water and in RPMI CCM with and without the addition of CuSO,4 (400 mg/L) after 24 h of incubation
in a shaker at 37 °C. *P<0.05; **P<0.01; ***P<0.001. cAg, Coated silver nanoparticles; nAg,
Nanosilver; Ag.0, Silver oxide; AgNOs, Silver nitrate; CuSQOg4, Copper sulphate; RPMI CCM, Roswell Park
Memorial Institute cell culture media. Published from publication Il with permission from journal.

Lastly, in line with the aforementioned redox reaction, Cu* is produced in the mix of
Ag NPs and Cu?" ions. We conducted a qualitative chemical reaction that proved the
presence of Cu* in the mixture, but not in nAg suspension, AgNOs, or CuSO4 solutions
separately. Since Cu* has a higher antibacterial effect compared to Cu?* due to its
capacity to generate OH radicals, the formation of additional Cu* ions in the solution may
be among the main factors driving the antibacterial synergy of the Ag NP/Cu?* system.

Our work demonstrates that a combination of non-oxidized Ag NPs and Cu ions is vital
for achieving antibacterial synergy. We propose at least three reasons for this synergistic
effect. Firstly, Cu ions enhance the oxidation of non-oxidized Ag® in a redox reaction,
resulting in improved dissolution of Ag* from Ag NPs. Secondly, the production of more
antibacterial Cu* ions occurs in the same redox reaction. Lastly, the presence of Cu%
reduces Ag ion binding to proteins in the culture medium, thereby increasing the
concentration of free Ag* in the solution. Therefore, Cu?* ions’ release from CuO NPs is
essential for this synergistic action. These processes can occur both outside and within
cells, with the latter causing more harm to cell homeostasis. Additional factors, like
zeta-potential and NP surface functionalization, might have minor impacts on
antibacterial synergy, warranting further investigation.
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Understanding these mechanisms provides a critical foundation for the development
of more efficient antimicrobial materials. In-depth knowledge of these processes allows
for the creation of synergistic combinations of antimicrobial agents, thereby enhancing
their overall efficacy against pathogenic bacteria.

4.7 Antiviral properties of CuO and Ag NPs (Publication Ill)

Understanding the antiviral properties of NPs is, also, crucial as it opens up new avenues
for developing effective therapies and preventive measures against various viral
infections, especially respiratory viral infections which is very popular topic today. It aids
in the design of advanced materials such as protective clothing, filters, and surfaces with
inherent antiviral properties, enhancing public health safety, particularly during
pandemics. We evaluated the antiviral properties of Ag, Cu, and Zn NPs and their
corresponding salts using plaque assays on suspensions of influenza A virus and
coronaviruses TGEV and SARS-CoV-2. For safety reasons, TGEV served as a Biosafety
Level 2 model for SARS-CoV-2 susceptibility evaluation. We used metallic salts as controls
during these NP tests. To ensure no cytotoxic effects were induced by the tested
compounds, we confirmed their absence in vitro on cell lines, as the infection process in
the plaque assay inherently involved the suspension of cells with these compounds. We
sought to develop and assess materials with high efficacy, hence, we conducted the
antiviral efficacy assessments of metal compounds in suspensions at the 1-hour mark.

Our suspension tests revealed that CuSOs was the most effective component against
all tested viruses, including A/WSN/1933 (H1N1), SARS-CoV-2, and TGEV (half maximal
inhibitory concentration (ICso) values of 1.40, 0.45, and 4.44 mg/L respectively) (Table 6).
This highlights the superior antiviral capabilities of Cu, particularly Cu ions. CuO,
CuO-NH2, and CuO-COOH NPs exhibited lower antiviral effectiveness compared to
CuSO0s, with the exception of CuO-COOH, which demonstrated an ICso value of 0.57 mg/L
against A/WSN/1933 (H1N1). This could be attributed to the enhanced antiviral efficiency
due to carboxylation, as carboxyl groups can bind to viral RNA.

Table 6. Antiviral efficacy (half maximal inhibitory concentration (ICso)) of metal salts and metal
NPs against influenza A virus, SARS-CoV-2, and TGEV in water suspensions. Adopted and changed
from Publication IlI.

Substance ICso (mg/L)

Influenza A Virus SARS-CoV-2 TGEV
CuSOs 1.40 0.45 4.44
CuO 49.25 >100 3834
CuO-NH2 1.88 149.1 8.8
CuO-COOH 0.57 79.68 13.75
ZnS04 3.39 35.65 ND
Zn0O 134.8 ND ND
AgNOs >100 NA >100
nAg >1000 NA NA

NA—not applicable: since nAg NPs and AgNO3 were toxic to VeroE6 cells used for tests with SARS-CoV-2

already at 10 mg/L. ND—not determined, half maximal inhibitory concentration ICso.
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AgNOs was ineffective at even the highest concentration (100 mg/L) tested in our
study and failed to significantly reduce the titers of A/WSN/1933 (H1IN1) and TGEV to
calculate an ICso. The zinc sulfate (ZnSO4) displayed lesser antiviral effectiveness against
the tested influenza and coronavirus strains compared to CuSOs. Antiviral synergy
between Cu and Ag components has not been detected. As we pointed out in the
previous paragraph, the main reason for the antibacterial synergy is the increase in free
Ag ions in the solution in the presence of Cu ions. But since Ag components did not
showed strong antiviral properties, antiviral synergy does not occur in this case.

Due to significant antiviral effect of Cu components, we chose them for incorporation
into filter materials. Unfortunately, the CuO-NH2 and CuO-COOH NPs that underwent
functionalization aggregated in solvents, which is evidenced by high polydispersity index
values ranging from 0.7 to 1 (data not shown). As a result, these NPs were unsuitable for
electrospinning. Consequently, surface-functionalized NPs were not employed in the
production of filter materials. However, the unfunctionalized CuO NPs, and CuSOs salt,
exhibited exceptional compatibility for integration into CA filter materials. Hence, these
were utilized in the fabrication of the filter materials.

4.8 Characterization of produced filter materials (Publication Ill)

We leveraged electrospinning techniques and utilized cellulose acetate (CA) as a polymer
to incorporate CuO NPs and CuSOs, with a view to develop novel filter materials (Table 7).

Table 7. Characteristics of electrospun filter materials. Adopted and changed from Publication III.

Mat . Air Hydrophobic | Cu Released
. Diameter, e - Cu
Samples thickness, Permeability, | /Hydrophilic | Content,
mm nm Pa/cm? Measuring % contes
1h, %
CA 0.051 750 125.0 Hydrophobic 0 ND
CA_7.5% . 4.68
CuSO. 0.062 972 54.1 Hydrophobic +11 46
CA_10% . 8.01
Cuo 0.163 759 47.4 Hydrophobic +0.39 0
CA_thymol 0.036 545 45.4 Hydrophilic 0 ND
CA_thymol 738
_7.5% ND 431 55.9 Hydrophilic . 78
+0.61
CuSO4

Additionally, we employed thymol during the electrospinning process to enhance the
porosity and hydrophilicity of the fibers in the filter materials, as suggested in prior
articles (Chen et al., 2020). We hypothesized that an increased porosity, courtesy of
thymol, will augment metal release and thereby bolster the antimicrobial properties of
the filter materials. Furthermore, heightened hydrophilicity should facilitate superior
metal ion release, leading to more effective virus inactivation.

The fabricated filter materials were categorised as follows: CA (CA without antimicrobial
components); CA_7.5%CuSO4 (CA containing 7.5% CuS0Q4); CA_10%CuO (CA containing 10%
Cu0); CA_thymol (CA containing 10% thymol); and CA_thymol_7.5%CuSO4 (CA combined
with 10% thymol and 7.5% CuSOa). All indicated percentages were determined based on
Cu content.
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The maximum Cu concentration derived from CuSOs and CuO that we successfully
integrated into CA was up to 8% (Table 7). To illustrate, when 7.5% of Cu derived from
CuSO4 was incorporated into CA polymer solutions (sample denoted as CA_7.5%CuSQOa4),
the final filter material displayed a measured Cu concentration of 4.68%. Thymol notably
facilitated the integration of CuSOs into CA. When 7.5% of Cu from CuSOs was
amalgamated with CA containing thymol, the final filter material's Cu concentration was
almost identical to the nominal, at 7.38%.

The developed filter materials were evaluated for fiber morphologies, material
thickness, hydrophilicity/hydrophobicity, and air-filtration parameters. Thymol resulted
in improved material hydrophilicity and enhanced Cu release by 1.7 times compared to
CA fibers without thymol (Table 7).

4.8.1 Antibacterial properties of filter materials (Publication Ill)

Subsequently, we assessed the antibacterial potential of the developed filter materials
against E. coli and S. aureus. Antibacterial activity against these bacterial strains was
evaluated using the agar diffusion assay and visualized in Figure 7. As predicted, CA alone
(control) did not inhibit bacterial growth. All other filter materials demonstrated
exceptional antibacterial activity against both E. coli and S. aureus. Intriguingly, even CA
incorporating thymol exhibited antibacterial effects without any Cu compound
incorporation. The most potent antibacterial effect (largest bacteria-free zone) was
observed for CA integrated with CuSO4 and CA combined with thymol and CuSOsa.

Escherichia coli K12

CA_10%Cu0 CA_thymol

CA_
7.5%CuS04

CA_thymaol
_7.5%Cus04

P

Staphyococcus aureus (ATCC 25923)

CA_ CA_10%Cu0 CA_thymol
7.5%Cus04

CA_thymol
_7.5%Cus04

Figure 7. Antibacterial activity of filter materials against bacteria E. coli and S. aureus. The filter
materials were removed for the images to demonstrate the bacteria-free area under the materials.
Published from publication Il with permission from journal.
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4.8.2 Antiviral properties of filter materials (Publication Ill)

In the previous stages of our research, we assessed the antiviral efficacy of NPs in
suspension (Table 6). We then analyzed the antiviral activity of our fabricated filter
materials against A/WSN/1933 (H1N1), SARS-CoV-2, and TGEV viruses. This was done by
incubating the virus stock with the material and subsequently evaluating its effect on the
virus titer using the plaque assay.

The most substantial virucidal effect (expressed as the reduction of viral titers post
5-minute and 1-hour exposure) was recorded for filter materials CA with CuSOs and CA
combined with thymol and CuSOa (Figure 8). These CuSOs-infused materials decreased
influenza A virus titers by 1.1-1.8 log after 5 minutes of exposure and by 1.6—-1.8 log after
1 hour of exposure (Figure 8A).
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Figure 8. Antiviral properties of CA without additives (control), 7.5% CuSO4 and 10% CuO in CA
against influenza A/WSN/1933 (H1N1) virus (A), SARS-CoV-2 (B), and transmissible gastroenteritis

coronavirus TGEV (C).

Statistical significance is represented as follows: * p < 0.05; ** p < 0.01.

Published from publication Il with permission from journal.
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Out of the three tested viruses, TGEV was the least affected by the virucidal effect of
all filter materials: a modest 0.2 log reduction was observed after 1-hour exposure for CA
material with CuSOa4. No significant effect was noted when thymol was added to the same
material (Figure 8C).

The most potent virucidal effect of filter materials were observed against SARS-CoV-2:
CA fibers with 7.5% Cu from CuSOs entirely neutralized the infectivity of SARS-CoV-2 after
1 hour of contact exposure, while the CA_thymol_7.5%CuSO4 material reduced the titer
by 1.14 logs (Figure 8B).

Interestingly, contrary to the filter materials containing CuSQOs, those with 10% CuO
didn’t show effectiveness against any of the tested viruses. However, the addition of
thymol alone to the CA material led to a reduction of A/WSN/1933 (H1N1) titer by
approximately 0.7 logs compared to the CA control material without additives. Still,
the difference was not statistically significant (Figure 8A).

Thymol’s antiviral effect was found to be specific to the influenza virus in our
experiments, as the CA_thymol material didn't decrease the titers of coronaviruses.
This outcome highlights the significance of hydrophobicity in antiviral efficacy.

We suggested that the influenza virus is more susceptible to Cu ions, while SARS-CoV-2
is more vulnerable to the material’s hydrophobic interactions. In conclusion, filter
materials containing CuSO4 demonstrated superior antiviral properties. Additionally,
material hydrophilicity and hydrophobicity seemed to play a crucial role.
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5 Conclusions

In this comprehensive investigation, we aimed to characterize the antimicrobial effects
and safety of differently functionalized Cu and Ag NPs, dissect their mechanism of action,
alone and in combination and developed new antimicrobial materials based on
investigated NPs.

Firstly, we systematically compared the toxicity and mechanisms of Cu and Ag NPs
with varying surface functionalizations to bacteria, viruses, and mammalian cells in vitro.
We discovered that the toxicity of NPs to human cells can be significantly attenuated by
functionalization of NPs with negatively charged groups, effectively broadening the
therapeutic window. This finding presents a promising avenue for the creation of
efficient and safe antimicrobials, thus opening up potential novel therapeutic strategies
in combating bacterial infections.

Secondly, our research discovered an intriguing antibacterial synergy between Ag and
Cu components, an interaction which underlying mechanisms we further elucidated. Our
results showed that the combination of non-oxidized Ag NPs and Cu?* ions was crucial
for antibacterial synergy. This was attributed to three core processes: the enhancement
of oxidation of Ag® NPs through a redox reaction, instigated by Cu ions, leading to a
greater dissolution of Ag* from the NPs; the increased production of antibacterial Cu*
ions in the same redox reaction, which are more toxic to bacteria; and the diminished
binding of Ag ions to proteins in the culture medium when in the presence of Cu ions.
It leads to increased concentration of free Ag* in the solution. We found that this
synergistic effect could be highly instrumental in antibacterial applications, such as in
wound dressings for treating infected wounds or filter materials preventing bacterial and
viral infections.

Thirdly, we ventured into the realm of material development, focusing on creating
new NPs-based antibacterial and antiviral materials. Our endeavours have resulted in
innovative filter materials that incorporate CuSO4 or CuO NPs, exhibiting potent antiviral
and antibacterial properties. These materials have demonstrated remarkable efficacy
against a spectrum of pathogens, including SARS-CoV-2, Influenza A and bacteria such as
E. coli and S. aureus. We envisage their applications in medical settings to mitigate the
spread of infectious agents.

In conclusion, the research undertaken in this study has greatly contributed to our
understanding of the mechanisms and potential applications of metal-based NPs in
antimicrobial treatments. We have offered novel insights into the differential toxic
effects of these NPs on human and bacterial cells, discovered mechanisms of the
synergistic antibacterial action of Ag and Cu components, and advanced the
development of NPs-based antimicrobial materials. Our findings set a robust foundation
for further exploration and optimization of these promising materials, bringing us a step
closer to more effective antimicrobial solutions.
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Abstract

Synergistic Mechanisms and Toxicity Profiles of Silver and
Copper Nanoparticles for the Development of Novel
Antimicrobial Materials

This research provides a comprehensive data on antimicrobial properties and safety
profiles of differently functionalized copper (Cu) and silver (Ag) nanoparticles (NPs) and
mechanisms of their synergy. In addition, on the basis of characterized NPs, we
developed innovative NP-based antibacterial and antiviral materials that showed
excellent antibacterial and antiviral properties and thus, promising prospects in the
medical field.

At the core of this research, we conducted an extensive comparison of the toxicity and
mechanism of action of Cu and Ag NPs, specifically those with differing
functionalizations, against bacteria, viruses, and mammalian cells in vitro. The findings
highlighted a notable reduction in toxicity of NPs to human cells when NPs were
functionalized with negatively charged groups. This observation found the crucial role of
NP surface charge in influencing cytotoxicity and uncovered a new dimension in
nanosafety. By widening the therapeutic window for the treatment of bacterial
infections, this discovery set a precedent for the future design of antimicrobial agents
that balance antibacterial efficacy with reduced cytotoxicity to human cells, thereby
resulting more efficient and safe antimicrobials.

After understanding the mechanisms of NPs, we focused on antibacterial synergistic
effects of Ag and Cu NP combinations. We discovered that the combined antibacterial
action of Ag and Cu in NPs goes beyond the additive effect of their individual antibacterial
properties. Three key processes were identified as responsible for this synergistic action.
First, Cu?* ions were found to enhance the oxidation of non-oxidized Ag in a redox
reaction, leading to an augmented dissolution of Ag*. Simultaneously, the same redox
reaction led to the generation of a higher quantity of antibacterial Cu* ions, which are
more antibacterial. Lastly, the presence of Cu?* was observed to reduce the binding of
Ag ions to proteins in the culture medium, thereby increasing the concentration of free
Ag* in the solution. With these findings, we propose that the interplay of Cu and Ag in
NPs can be optimized to create a synergistic antibacterial action, which can be exploited
for more efficient antimicrobial applications.

The third significant achievement of this research was the development of new
NP-based antibacterial and antiviral filter materials, especially those incorporating CuSOas
or CuO NPs. We tested these materials against a range of pathogens, including
SARS-CoV-2, Influenza A, E. coli, and S. aureus. Impressively, they exhibited potent
virucidal and bactericidal effects, with CuSOs-based filter materials being especially
effective against SARS-CoV-2. The development of these advanced filter materials
represents an important step towards creating practical inventions to mitigate the
spread of bacterial and viral pathogens.

In summary, this doctoral research advances the current understanding of the
antimicrobial potential of metal-based NPs, particularly those based on Cu and Ag. By
offering new insights into NP cytotoxicity, antibacterial synergy, and material
development, it builds a solid foundation for the future design and optimization of
NP-based antimicrobials and materials. It helps to bring the medical field closer to
efficacious, safer, and practical antimicrobial solutions.
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Lihikokkuvote

Vase ja hobeda nanoosakeste siinergilise koosmoju
mehhanismid ja rakendamine uute antimikroobsete
materjalide arendamiseks

Antud doktorito6 keskendub vase (Cu) ja hobeda (Ag) nanoosakeste (NPs)
antimikroobsetele omadustele, nende ohutusele, koosmdgjule ja toimemehhanismidele.
T606 viimases osas kirjeldatakse antud nanoosakeste p&hjal arendatud uudsete bakteri-
ja viirusvastaste filtermaterjalide loomist ja omadusi.

Uuringu kaigus leidsime, et erinevalt funktsionaliseeritud negatiivse pinnalaenguga Ag
ja Cu nanoosakesed olid inimrakkudele in vitro tingimustes ohutumad kui erinevalt
funktsionaliseeritud positiivse pinnalaenguga nanoosakesed, olles siiski piisavalt
efektiivsed bakteritega voitlemiseks. See, et negatiivselt laetud Ag ja Cu nanoosakesed
olid inimrakkudele vahem toksilised kui bakterirakkudele vdimaldab laiendada nende
osakeste terapeutilise kasutamise ’akent’, mis omakorda on oluline t6husamate ja
ohutumate antimikroobsete nanoosakeste ja nendel pohinevate materjalide loomisel.

On markimisvaarne tulemus, et Ag ja Cu nanoosakeste koos-kasutamisel ilmnes
slinergiline bakterivastane toime, mille selgituseks pakkusime valja kolm pdohilist
mehhanismi: (i) Cu®* ioonid suurendasid redoks-reaktsioonis mitte-okiideerunud Ag
okslidatsiooni, mis viis Ag* lahustumise suurenemiseni; (ii) redoks-reaktsioon viis
suurema hulga antibakteriaalsete Cu* ioonide vabanemiseni, millel on tugevam
bakterivastane toime vdrreldes Cu?* ioonidega; (iii) Cu?* juuresolu vihendas Ag* ioonide
sidumist katsekeskkonnas olevate valkudega, suurendades seeldbi vaba Ag*
kontsentratsiooni lahuses. K&iki neid teadmisi kasutades on vdimalik luua tdhusamaid
antimikroobseid rakendusi

Uurimist66 kolmas oluline saavutus oli uute nanoosakeste baasil antibakteriaalsete ja
viirusevastaste filtrimaterjalide arendamine. CuSO4 vdi CuO sisaldavad materjalid olid
eriti t6husad bakterite ja viiruste vastu, sealhulgas SARS-CoV-2, gripp A, Escherichia coli
ja Staphylococcus aureus vastu. Selliste uudsete filtrimaterjalide arendamine on oluline
samm mikroobsete patogeenide leviku tokestamisel.

Kokkuvotteks laiendab antud doktorit6d praegust arusaama vase- ja hGbedapdhiste
nanoosakeste antimikroobsest potentsiaalist, mehhanismidest ja koostoimest.
Doktorito6  kdigus saadud tulemused nanoosakeste tsitotoksilisusest ja
antibakteriaalsest slinergiast véimaldavad luua uusi antimikroobseid materjale, mis
omakorda t6hustab voitlust infektsioonide ja bakterite antibiootikumiresistentsusega.
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Abstract

Clinical use of CuO nanoparticles (NPs) as antibacterials can be hampered by their toxicity to human cells. We hypothesized
that certain surface functionalizations of CuO NPs may render NPs toxic to bacteria, but still be relatively harmless to human
cells. To control this hypothesis, the toxicity of differently functionalized CuO NPs to bacteria Escherichia coli vs human
cells (THP-1 macrophages and HACAT keratinocytes) was compared using similar conditions and end points. CuO NPs
functionalized with polyethylene glycol (CuO-PEG), carboxyl (CuO-COOH, anionic), ammonium (CuO-NH,*, cationic)
and unfunctionalized CuO NPs and CuSO, (controls) were tested. In general, the toxicity of Cu compounds decreased in
the following order: CuO-NH,* > unfunctionalized CuO > CuSO, > CuO-COOH > CuO-PEG. Positively charged unfunc-
tionalized CuO and especially CuO-NH,* proved most toxic (24-h ECs, = 21.7-47 mg/l) and had comparable toxicity to
bacterial and mammalian cells. The multivariate analysis revealed that toxicity of these NPs was mostly attributed to their
positive zeta potential, small hydrodynamic size, high Cu dissolution, and induction of reactive oxygen species (ROS)
and TNF-a. In contrast, CuO-COOH and CuO-PEG NPs had lower toxicity to human cells compared to bacteria despite
efficient uptake of these NPs by human cells. In addition, these NPs did not induce TNF-a and ROS. Thus, by varying the
NP functionalization and Cu form (soluble salt vs NPs), it was possible to “target” the toxicity of Cu compounds, whereas
carboxylation and PEGylation rendered CuO NPs that were more toxic to bacteria than to human cells envisaging their use
in medical antibacterial products.

Keywords Surface coating - Nanosafety - Nanomedicine - Antibacterial - Immunotoxicity - Particle internalization

Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00204-020-02720-7) contains
supplementary material, which is available to authorized users.

Increasing resistance of bacteria to conventional antibiotics
necessitates the development of alternatives such as silver
and copper-based antimicrobials, including in nanoformula-
tions. Copper is known since long time as a metal with anti-
bacterial effect that can be used to inhibit bacterial spreads
by employing Cu on surfaces (Rosenberg et al. 2018), in

< Anne Kahru
anne.kahru@kbfi.ee

P4 Olesja M. Bondarenko

olesja.bondarenko @kbfi.ee

Laboratory of Environmental Toxicology, National Institute
of Chemical Physics and Biophysics, Akadeemia tee 23,
Tallinn, Estonia

Department of Chemistry and Biotechnology, School
of Science, TalTech, Akadeemia tee 15, Tallinn, Estonia

Institute of Physics, University of Tartu, W. Ostwaldi 1,
Tartu, Estonia

Estonian Academy of Sciences, Kohtu 6, Tallinn, Estonia

aqueous suspension (Bastos et al. 2018) and in textiles (Teli
and Sheikh 2013; Mantecca et al. 2017). For living organ-
isms, including humans, Cu is an essential microelement.
Cu is vital for, e.g., functioning of the innate and adaptive
immune system (Percival 1995, 1998) and is the necessary
component of the key enzymes (O’Dell 1976). Previous
studies have shown that CuO NPs support wound healing
(Borkow et al. 2010) and bone regeneration (Shi et al. 2016).
For instance, mesoporous silica NPs containing 2.5-5% Cu
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were suggested for the use in bone regeneration, since they
up-regulated the genes contributing to osteogenic and angio-
genic factors and were not toxic in the range of 10-500 mg/1
(i.e., 0.5-25 mg Cu/l) to murine macrophages RAW 264.7,
whereas Cu significantly contributed to the beneficial prop-
erties of these NPs (Shi et al. 2016).

Given the above-mentioned properties, CuO NPs are
ideal candidates for the use in medicine as wound dress-
ings and/or internal implants by combining two functions:
antimicrobial activity and increased wound healing or osteo-
genesis. However, the excessive copper is toxic and plays a
role in the pathogenesis of several diseases (Klaassen and
Curtis 2008; Brewer 2010; Montes et al. 2014). In case of
topical use (e.g., in wound dressings), CuO NPs will be in
close contact with keratinocytes and in case of internal use
(e.g., implants), with the macrophages residing in the blood
and tissues. Thus, it is important to avoid toxicity of CuO
NPs to these cell types. Previous studies have shown that
pristine (unfunctionalized) CuO NPs were toxic to murine
macrophage cell line RAW264.7 (Libalova et al. 2018) and
other human cell models in vitro such as epidermal keratino-
cytes NHEK (Murugan et al. 2017), lung adenocarcinoma
cells A549 (Karlsson et al. 2008), hepatoma cell line HepG2
(Piret et al. 2017), epithelial colon carcinoma cells Caco-2
(Ké#kinen et al. 2016) and differentiated Caco-2 (in vitro
model for the cells of small intestine) (Ude et al. 2017) with
the range of ECs, values of 13—100 mg/l (Bondarenko et al.
2013). However, the antibacterial concentrations of CuO
NPs were in the range of 20-280 mg/l, implying that the
therapeutic use of the existing (mostly unfunctionalized)
CuO NPs as antibacterials is rather limited, since the CuO
NPs effective in killing bacteria were also toxic to human
cells in vitro (Bondarenko et al. 2013, 2016). Thus, suc-
cessful commercialization of antibacterial CuO NPs neces-
sitates a compromise of reasonable antibacterial properties
with reasonable safety to human cells. As the prerequisite of
the toxic action of chemicals/NPs is adversely influencing
or crossing the main biological barrier (the cell wall/mem-
brane that is different in bacterial and mammalian cells), we
hypothesized that certain type of surface functionalization
of CuO NPs may render NPs toxic to bacteria, but still be
relatively benign to human cells. Indeed, surface function-
alization of metal-based NPs may change the safety profile
of NPs (Nel et al. 2009; Kubo et al. 2018). For example,
functionalization of NPs with PEG, chitosan or dextran
prevented the opsonization of NPs (i.e., adsorption of bio-
corona of proteins and other biomolecules onto their sur-
face) and, thus, reduced the uptake of NPs by macrophages
and, hence, toxicity (Sheng et al. 2009; Jenkins et al. 2016;
Wonder et al. 2018). In contrast, compared with NPs func-
tionalized with neutrally (e.g., with PVP) or negatively
charged coatings (e.g., citrate), functionalization of NPs with
positively charged groups such as polyethylenimine (PEI),
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branched PEI or amine group rendered NPs that were more
toxic to mammalian cells including murine macrophage
cell line RAW264.7 (Libalova et al. 2018), epithelial cells
BEAS-2B and human monocytes THP-1 (Li et al. 2014).

While there are many articles on the biological effects
of unfunctionalized CuO, the information on differently
functionalized CuO NPs is rare (Bondarenko et al. 2013;
Juganson et al. 2015). Although there are various proto-
cols available for the synthesis of CuO NPs functionalized
with, e.g., peptides, antibodies and oligonucleotides (Tauran
et al. 2013), these NPs were mostly intended for bioanalyti-
cal applications and thus not tested for their potential toxic
effects. Our search in PubMed (performed in December
2019) using the keywords “copper nano* tox*” identified
in total 215 research articles, and only 8 of these addressed
the biological effects of differently functionalized CuO NPs
with the focus on the “green” functionalization such as chi-
tosan (Worthington et al. 2013; Vanti et al. 2019), plant latex
(Valodkar et al. 2011), albumin (Azizi et al. 2017) and a
set of coatings including citrate, sodium ascorbate, poly-
vinylpyrrolidone, polyethylenimine (Libalova et al. 2018)
and, similarly to this study, carboxyl, PEG and ammonium
(Meissner et al. 2019; Ilves et al. 2019). None of the stud-
ies compared the antibacterial properties of NPs with their
safety to human cells in vitro or in vivo.

This study is the first report on the comparison of the anti-
microbial efficiency and safety toward human cells of CuO
NPs with different surface functionalizations: CuO-NH,*,
CuO-COOH, CuO-PEG and unfunctionalized CuO NPs
as well as CuSO, as an ionic control. THP-1-derived mac-
rophages were used as a model for immunotoxicity, HACAT
keratinocytes in vitro as the model for human skin cells and
Escherichia coli as model bacteria. We chose Gram-negative
bacterium E. coli as there is a warning rise of multidrug
resistance in Gram-negative bacteria becoming a challenge
in health care (Exner et al. 2017). To minimize the effects
of speciation of copper on test results, the toxicity of Cu
compounds to THP-1 cells and bacteria was tested in com-
parable conditions using RPMI medium supplemented with
10% fetal bovine serum and 24-h Alamar Blue to determine
cell viability. In addition, we compared the potential mecha-
nisms of toxicity of studied Cu compounds to different cell
types with the focus on reactive oxygen species (ROS), dis-
solution, cellular internalization of CuO and their ability
to induce inflammation in mammalian cells, and revealed
the main parameters contributing to toxicity using statistical
multivariate analysis.

Materials and methods

The manuscript does not contain clinical studies or patient
data.
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Chemicals

All the purchased chemicals were at least of analytical
grade. Dulbecco’s phosphate-buffered saline (DPBS, Biog-
nost), Alamar Blue (AppliChem), CuSO, (Alfa Aesar),
2',7'-dichlorodihydrofluorescein diacetate (H,DCF-DA, Life
Technologies), phosphate buffered saline (PBS pH=7.2,
Biognost), tryptone (LabM), yeast extract (LabM), agar
(LabM) and NaCl (Sigma-Aldrich) were used.

Nanoparticles

Four types of differently functionalized and unfunctional-
ized CuO NPs were obtained via the consortium of EU FP7
project NANOSOLUTIONS (https://nanosolutionsfp7.com/)
as a kind gift from Prof. Bengt Fadeel (Karolinska Institutet,
Sweden). CuO NPs were synthesized by PlasmaChem (Ger-
many) by decomposition of Cu,CO;(OH),, followed by the
introduction of the surface groups via treatment with mer-
captopropionic acid. CuO NPs were provided as dry pow-
ders, and the suspensions were prepared each time freshly
before the tests at concentrations 1000-2000 mg compound/I
in endotoxin free bi-distilled water (DI water). Ten milliliters
of CuO NP suspensions were vortexed and sonicated using
probe sonication (Branson 450 Sonifier, USA) for 5 min with
acoustic power of 13 W corresponding to the specific energy
of 3.9-10° kJ/m* (Kikinen et al. 2016).

The morphology and primary size of NPs were studied
using transmission electron microscope (TEM) Tecnai G2
Spirit BioTwin (FEI) at 120 kV. A drop of a 200 mg/l NP
suspension in methanol was deposited onto 200 mesh form-
var/carbon coated copper grid (Agar Scientific, UK). Sixty
particles were measured from TEM images using ImageJ
software to obtain nanoparticle primary size. TEM figure for
CuO-PEG was provided by NANOSOLUTIONS consortium
(Fig. S1d).

Fourier transform infrared spectroscopy (FTIR) spectra
were measured in the 1000—4000 cm™! range with 2 cm™!
resolution using Bruker VERTEX 70 spectrometer with an
attenuated total reflection (ATR) accessory.

Hydrodynamic size (Dh), polydispersity index (pdi)
and zeta potential (Z-potential) of NPs were measured in
100 mg/1 suspensions in DI water or cell culture medium
using Malvern zetasizer (Zetasizer Nano-ZS, Malvern
Instruments, UK).

The endotoxin content in CuO dispersions was assessed
using the chromogenic Limulus amebocyte lysate (LAL)
assay (Charles River Endosafe, Charleston, SC) according
to the manufacturer’s instructions and was below the detec-
tion limit of the assay.

The Cu content of the tested Cu compounds was deter-
mined using total reflection X-ray fluorescence (TXRF,
Picofox S2, Bruker Corporation) from 100 mg/1 suspensions.

Briefly, 40 pl of the sample was mixed with 40 pl of the
reference element (2 mg/l Ga) and 3 pl of the mixture was
pipetted onto quarts sample holder (Analyslide Petri Dish,
Pall Corporation). The measurements were done in triplicate
in at least two independent experiments.

For the dissolution analysis, 100 mg/l CuO NPs or CuSO,
(arecovery control) was incubated in cell culture medium (at
37 °C, 5% CO, and 95% humidity) for 0 h, 30 min or 24 h
and centrifuged at 320,000xg for 30 min (Bekman Coulter
ultracentrifuge). After centrifugation, the supernatants were
collected and analyzed by TXRF as described above.

Human cell lines

The cell lines were obtained from American Type Culture
Collection (ATCC) and cultured according to ATCC guide-
lines. The cells were subcultured up to 20 passages, and the
toxicity tests were performed after at least two passages.

The human monocytic leukemia cell line THP-1 (ATCC
TIB-202) was grown in Roswell Park Memorial Institute
medium with L-glutamine (RPMI-1640, Corning) sup-
plemented with 10% fetal bovine serum (FBS, Corning),
100 mM sodium pyruvate solution (Na-Pyr, Gibco) and
10,000 U/ml penicillin and 10,000 pg/ml streptomycin
(PEST, Gibco) that is further referred to as the complete
cell culture medium (CCM). THP-1 cells (growing in sus-
pension) were subcultured by adding fresh CCM. Before the
assays, THP-1 cells were differentiated into macrophage like
cells by culturing them with 100 ng/ml phorbol myristate
acetate (PMA, InvivoGen) in CCM. For that, THP-1 cells
were seeded into 96-well plates (Corning Falcon) at a den-
sity of 10° cells per well and incubated with 100 ng/ml phor-
bol myristate acetate (PMA) for 3 days at 37 °C and 5% CO,.

The human HACAT cell line, immortalized keratinocytes
(ATCC PCS-200-011), were grown in Dulbecco's modi-
fied Eagle’s medium with 4.5 g/ glycose, L-glutamine and
sodium pyruvate (DMEM, Corning) supplemented with 10%
FBS and 1% PEST. Before the tests, cells were seeded into
96-well plates at a density of 10* cells per well and incubated
for 1 day at 37 °C, 5% CO, and 95% humidity. The composi-
tion of the test media used is shown in Table S1.

Bacterial cells

Escherichia coli MG1655 (obtained from the E. coli genetic
stock center, Yale University) and recombinant biolumines-
cent E. coli MC1061 (pSLcueR/pDNPcopAlux) [constructed
in our laboratory previously (Ivask et al. 2009)] were stored
on agarized Luria—Bertani medium (LB, 1% tryptone, 0.5%
yeast extract, 0.5% NaCl, 1.5% agar) and before the toxicity
tests cultivated in 3 ml of LB medium at 37 °C with shak-
ing at 200 rpm overnight. In case of recombinant bacteria,
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LB was supplemented with 100 pg/l ampicillin and 10 pg/l
tetracycline to retain the bioluminescence-encoding plasmid.

Toxicity assays

The toxicity of Cu compounds to E. coli and THP-1 cells
was assessed in similar conditions (24-h incubation in CCM
medium at 37 °C and using Alamar Blue assay for viability
evaluation) with minor differences: (1) PEST was removed
from E. coli exposure medium; (2) human cells were incu-
bated in humidified conditions (5% CO,). Details on the test
conditions are summarized in Table S1. All reported concen-
trations were nominal and ECs, values were calculated either
based on the compound (compound-based concentrations,
Figs. la and S3, left panel) or on copper (copper-adjusted
concentrations, Figs. Ic and S3, right panel) to estimate the
contribution of Cu to the toxicity. The concentration of cop-
per in Cu compounds was determined by TXRF as described
above.

E. coli cells were grown in LB medium overnight, fol-
lowed by removal of the medium by centrifugation and
resuspension of bacterial pellet in CCM without PEST
to~5x 103 colony forming units (CFU/ml). For the toxicity
assay, 100 pl of bacterial suspension was exposed to 100 pl
of either cell culture medium (control) or 6.25-400 mg/1
CuO suspensions/CuSO, in CCM in transparent 96-well
plates for 24 h at 37 °C. The bacterial viability was estimated
using Alamar Blue assay. For that, the exposed cells were
washed and Alamar Blue (AppliChem, final concentration
of 150 pg/ml) in CCM without PEST was added to the cells
for 2 h at 37 °C. After incubation, fluorescence was read by
Fluoroscan (Fluoroskan Ascent FL, Thermo Labsystems)
with excitation at 530 nm and emission at 590 nm. The met-
abolic activity (viability) of the exposed cells was expressed
in % by comparing their fluorescence with that of untreated
cells. The ECj, values were calculated as described in ”’Sta-
tistical analysis”. Tests were performed in five biological
experiments in duplicate. To assess possible interference of
NPs with assay reagents, NPs with Alamar Blue were also
incubated in abiotic conditions (no unspecific reactions were
observed).

For the toxicity assay with human cells, the cell culture
medium was removed, cells were washed with PBS and
exposed to 100 pl of either cell culture medium or Cu com-
pounds in cell culture medium for 24 h at 37 °C and 5% CO,.
After the exposure, the supernatant was removed, cells were
washed once with PBS and incubated with 100 ul of 150 ug/
ml Alamar Blue for 2 h at 37 °C and with 5% CO,.

Bioavailability of Cu to bacteria

Quantification of intracellular Cu ions was performed using
recombinant biosensor bacteria E. coli MC1061 (pSLcueR/
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pDNPcopAlux) in which Cu ion-inducible promoter copA is
genetically coupled to the bioluminescence-encoding genes
luxCDABE (Ivask et al. 2009). Thus, bioluminescence of
this recombinant E. coli increases in response to sub-toxic
concentrations of intracellular Cu ions in a dose-dependent
manner. In the toxic concentration range, the biolumines-
cence of bacteria gradually decreases.

The overnight bacterial culture was diluted 1:20 into
fresh LB medium supplemented with 100 ug/l ampicillin
and 10 pg/l tetracycline, grown till OD =0.5-0.8 and diluted
in CCM without PEST to OD =0.1 corresponding to a final
concentration of 10° CFU/ml. 100 pl of the appropriate dilu-
tion of Cu compounds in CCM without PEST was pipetted
into the wells of white 96-well microplates and 100 pl of
bacterial culture in CCM without PEST was added. The test
plates were incubated at 37 °C for 2 h, and bioluminescence
was measured using Orion II plate luminometer (Berthold
Detection Systems). Fold increase in bioluminescence in
response to Cu compounds was calculated as a function of
increased bioluminescence of biosensor in the sample (CuO
and CuSO, dilutions in CCM without PEST) compared to
the background (CCM without PEST).

Measurement of reactive oxygen species

The ability of CuO NPs and CuSO, to generate ROS
was measured in abiotic conditions in DI water with
H,DCFA-DA as described by Aruoja et al. (2015). 100 pl of
6.25-200 mg/l CuO NPs and CuSO, and 100 pl of H,DCF
were incubated at room temperature (RT) for 60 min. Flu-
orescence (excitation at 485 nm and emission at 527 nm)
was quantified using a microplate fluorometer (Fluoroskan
Ascent FL, Thermo Labsystems, Finland). The ability of Cu
compounds to induce ROS was expressed in % in relation
to the control.

Chemical analysis of cell-associated Cu

THP-1 monocytes were seeded into 96-well plates (Corning
Falcon) at a density of 10° cells/well and differentiated with
100 ng/ml PMA for 72 h. Cells were exposed to Cu com-
pounds in CCM at EC,, concentrations for 24 h (27.3 mg/I
for CuO NPs, 22.2 mg/1 for CuO-NH,*, 90.6 mg/1 for CuO-
COOH, 211.4 mg/I for CuO-PEG and 85.4 mg/I for CuSO,).

HACAT cells were seeded into 96-well plates at density
10* cells/well and allowed to attach for 24 h. The cells were
exposed to Cu compounds at EC,,, concentrations (11.6 mg/l
for CuO NPs, 14.9 mg/l for CuO-NH,*, 73.7 mg/l for
CuO-COOH, 142.0 mg/1 for CuO-PEG and 57.6 mg/1 for
CuSO,) for 24 h.

After 24 h exposure, the cells were washed, detached and
washed again twice with PBS by centrifugation at 150xg for
5 min. 10 pl cell suspension was mixed with 10 pl trypan
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blue and the cell number and cell viability were determined.
The supernatant was aspirated and the pellet was lyophi-
lized. The Cu content was quantified with TXRF, normalized
on total cell number basis and designated as “cell-associated
Cu”, referring to the sum of the following fractions: intra-
cellular Cu and extracellular Cu bound to the cell surface.

Measurement of TNF-a

Differentiated THP-1 cells at density 10° cells/well were
exposed to CuO NPs and CuSO, at concentrations from 25
to 400 mg/l in CCM. After 24-h exposure, the supernatants
were collected, centrifuged for 10 min at 10,000xg and
stored frozen at — 80 °C. TNF-a was measured on 96-well
plates using Enzyme-Linked Immunosorbent Assay (ELISA)
kit (Invitrogen 88-7346) according to the manufacturer’s
instructions.

Microscopy

For the automatic photographing, THP-1 cells were dif-
ferentiated in 24-well plates, exposed to NPs (24-h EC,,
concentrations), washed, stained with Giemsa Stain (Sigma-
Aldrich) according to manufacturer’s instructions and
visualized using Automated Digital Morphology System
CellaVision®. Before the analysis, differentiated THP-1 cells
were mixed with human red blood cells to improve the cell
recognition by the software.

For the confocal microscopy, THP-1 cells were differenti-
ated on glass coverslips in 12-well plates, stained with 5 ng/
ml Cell Mask Orange (CMO) cell membrane dye (Invitro-
gen), fixed with 4% paraformaldehyde (Sigma) and stained
with 1:300 diluted DAPI (Sigma). Finally, the coverslips
were rinsed and mounted with ProLong® Gold antifade rea-
gent (Life Technologies) for 12-24 h at room temperature
in the dark. Cells and NPs were visualized using a confocal
microscope Zeiss Duo 510 META with 63X oil immersion
objective 1.4 NA. To set up the reflectance optical configu-
ration, the main beam splitter was set to NT80/20 and the
channel was set up for reflectance using the 488 nm laser.
CMO was excited with 561 nm laser and DAPI was visual-
ized with 405 nm laser. Z-stacks from the coverslip to the
top of the cell were acquired at a step size of 320 nm. For
three-dimensional (3D) reconstruction Imaris 6.4.2 software
was used.

Statistical analysis

All tests were performed in at least three individual experi-
ments in duplicate. The ECs, values were calculated
using MS Excel macro Regtox (https://www.normalesup
.org/~vindimian/en_download.html) and the results were

presented with 95% confidence intervals. The statistical sig-
nificance between the ECs, values was estimated assuming
equal variances at p <0.05 with one-way ANOVA followed
by Tukey's HSD post hoc test. Heatmap and dendrogram
were done with R Language and Environment for Statisti-
cal Computing (https://www.R-project.org). Heatmaps and
dendrograms were generated using heatmap function (incor-
porating Euclidean distance and complete method).

Principal component analysis (PCA) was used to obtain a
multiparametric estimation of the variables that contributed
to the toxicity (average compound-based ECs, values) of
CuO NPs. Scores of the first two PCs which accounted for
87-95% of the variance were used to generate the biplots.
For visualization, data were scaled by dividing the (cen-
tered) columns of x by their standard deviations.

Results
Physico-chemical characterization of CuO NPs

The primary sizes of CuO NPs were measured by transmis-
sion electron microscopy (TEM, Fig. S1) and the presence of
the different organic functional groups on the functionalized
NPs was verified with Fourier transform infrared spectros-
copy (FTIR) (Fig. S2). CuO NPs mostly formed agglomer-
ates of a few hundred nanometers with the primary particle
sizesof 15.9+5.2,6.9+2.2,9.2+2.5and 12.1+3.2 nm for
the CuO, CuO-COOH, CuO-NH,* and CuO-PEG NPs,
respectively (Fig. S1; Table 1).

FTIR spectra proved the presence of organic functional
groups as absorption peaks characteristic to O-H, C-H,
C=0, N-H and C-O vibrational bands were identified in
the measured spectra (Fig. S2).

Hydrodynamic size (Dh) of NPs was in the range of
204 nm (CuO NPs) to 1268 nm (CuO-PEG) (Table 1).
The polydispersity index (pdi) values did not exceed
0.35 in the DI and increased to 0.45-0.88 in the cell cul-
ture medium, confirming the tendency of NPs, especially
CuO-PEG (pdi =0.88), to agglomerate in the test medium.
The Z-potential reflecting the particle surface charge in DI
water was positive for CuO and CuO-NH," and negative
for CuO-COOH and CuO-PEG. In the cell culture medium,
the Z-potential of NPs was negative for all the particles
ranging from — 8.9 mV (CuO-NH,*) to — 10.8 mV (CuO),
most likely due to the adsorption of the serum proteins (the
Z-potential of the test medium alone was — 10.4 mV) as
suggested previously by Ivask et al. (2015) or the inter-
ference of the serum proteins [such as negatively charged
bovine serum albumin tending to adsorb to the particles
(Jachimska and Pajor 2012)] with the measurement. Meas-
ured total Cu content was the highest for CuO (76.8%),
followed by CuO-NH,* (46.2%), CuO-COOH (33.6%)
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and CuO-PEG (11.7%). The measured total Cu content in
CuSO, was 37.1 +4.5%, in agreement with the calculated
amount of Cu in CuSO, (39.8%), and Cu content in CuO
was 76.8 +5.7% close to the calculated amount of Cu in CuO
(79.9%) (Table 1).

Toxicity of Cu compounds

The loss of viability of the cells after 24-h exposure to differ-
ent copper compounds is shown in Fig. S3. Figure 1 depicts
the average 24-h ECy values calculated on the basis of the
dose-response curves from Fig. S3 (left panel) and dendro-
gram showing the clustering of these ECs, values (Fig. 1b).
While the 24-h ECy, values of CuSO, were very similar for
all cell types, the toxicity of NPs to different cells signifi-
cantly varied (Fig. 1a). Namely, unfunctionalized CuO and
CuO-NH,* were more toxic to human cells in vitro than
to bacteria, whereas negatively charged NPs—CuO-COOH
and CuO-PEG—were significantly more toxic to bacteria
compared to human cells. Thus, clearly, by varying the NP

surface functionalization and also Cu form (soluble salt vs
NPs), it was possible to tune the toxicity of Cu compounds
to bacteria vs to human cells.

Dendrogram analysis of the average 24-h ECs, values
pointed out several clusters: most toxic NPs—unfunction-
alized CuO and CuO—NH,"—clustered together, whereas
CuO and CuSO, formed another cluster and the least toxic
CuO-PEG NPs a separate cluster (Fig. 1b). Since the most
toxic NPs (unfunctionalized CuO and CuO—NH,* NPs) con-
tained the highest % of Cu (Table 1), the 24-h ECs, values
of Cu compounds were re-calculated based on Cu content
(from Table 1) and presented in Fig. lc. Cu-adjusted ECs,
of CuSO, proved to be around 33 mg Cu/l for all cell types.
Cu-adjusted ECs, values of CuO NPs were mostly lower or
the same as for CuSO, depending on the surface function-
alization and cell type showing that not only Cu contributed
to the toxicity. Interestingly, Cu-adjusted ECs, values clus-
tered differently, highlighting that CuO—NH,*, CutO—PEG
and CuO—COOH NPs are the most potent antibacterials
(Fig. 1d). While CuO—PEG and especially CuO—COOH
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Fig.1 Toxicity of Cu compounds to bacteria Escherichia coli (E.
coli), HACAT keratinocytes and differentiated THP-1 cells (d{THP-1).
The average compound-based 24-h ECs, values with 95% confidence
intervals mg/l (a) and the clustering of average compound-based 24-h
ECy, (b). The average copper-adjusted 24-h ECy, values with 95%
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confidence intervals mg/l (¢) and the clustering of average copper-
adjusted 24-h ECs (d). Data presented as bars with the same letters
are not statistically significant, whereas data presented as bars with
different letters are statistically significant



Archives of Toxicology (2020) 94:1561-1573

1567

Table 1 Physico-chemical characteristics of Cu compounds

Cu compounds Primary size, nm* Hydrodynamic diameter

(Dh) in DI water® nm

Dh in cell culture
medium®, nm (pdi)

Z-potential in Cu content®, %

DI water®, mV

Z-potential in cell
culture medium®,

(pdi®) mv
CuO NPs 159452 237431 (0.25) 204+13(045)  27.5+1.8 —108+14 76.8+5.7
CuO-NH,*NPs  6.9+22 7334252 (0.24) 9364229 (0.67)  25.8+1.3 —~89+08 46.2+4.0
CuO—COOH NPs 9.2+2.5 11244128 (0.35) 303484 (0.70)  —12.0+22  —102+08 33.6+32
CuO—PEGNPs 121432 1244+ 254 (0.35) 1268+315 (0.88) —21.9+33  —10.0+1.8 11.7+1.0
Cuso, NA NA NA NA NA 37.1+45

NA not applicable

“Measured by transmission electron microscopy (TEM)
"Measured by Malvern Zetasizer from 100 mg/l suspensions
“Polydispersity index

4Analyzed by TXRF from 100 mg/l suspensions

NPs were less toxic to human cells compared to bacteria,
CuO—-NH," NPs were more toxic to mammalian cells. In
addition, the Cu-based ECs, values of CuO—NH,* NPs were
about twice lower than that of CuSO, (Fig. lc), suggest-
ing that the toxicity of CuO—NH,* NPs cannot be solely
explained by Cu content and additional toxicity mechanisms
played a role in its toxicity. Thus, we determined the ability
of Cu compounds to induce ROS in abiotic conditions and
inflammation in mammalian cells and studied in detail their
interactions with bacterial and human cells in vitro with the
focus on NP localization and uptake mechanisms.

Mechanisms of toxicity of Cu compounds
Bioavailability and dissolution of Cu compounds

Recombinant bioluminescent E. coli increasing the biolumi-
nescence in response to bioavailable Cu ions was applied to
determine the role of internalized Cu ions in the antibacterial
potency of Cu compounds (Fig. 2a). In parallel, chemical
analysis was done to reveal dissolution of CuO (Fig. 2b). In
the sub-toxic region, Cu compounds acted quite similar on
sensor bacteria by increasing the bioluminescence of E. coli
biosensor in parallel to the increase of the concentration of
copper. There was, however, one exception: CuO—NH,* NPs
showed toxic properties (decline of luminescence) already
at remarkably low concentrations (starting from 5 mg Cu/l),
thus demonstrating the antibacterial effect independent
of dissolved Cu ions (Fig. 2a). For other NPs, biosensor
response was a function of Cu content and NP dissolution,
being lowest for CuO (that had the lowest 0.5-h dissolution,
40%, Fig. 2b).

Thus, Cu biosensor suggested that Cu compounds exhib-
ited antibacterial effects through bioavailable ionic Cu with
the exception of CuO—NH,* NPs. In contrast, CuO—NH,*
NPs were different from all the other Cu compounds by

killing bacteria at remarkably low concentrations, even
before the bioluminescence of biosensor was induced by
Cu. Thus, we hypothesized that CuO—NH,* exhibits spe-
cific partly Cu-independent antibacterial mechanism and
studied the toxicity mechanisms of CuO—NH,* and other
NPs in more detail.

Ability of Cu compounds to induce ROS and inflammation

The results of the assay measuring abiotic ROS indicated
that CuO—NH, " NPs were very potent inducers of ROS (46-
fold induction at concentration 200 mg/1), whereas other NPs
were relatively poor ROS inducers (6- to 11-fold). CuSO,
did not induce ROS at any tested concentration (Fig. 3a).
In addition, ELISA test revealed that CuO—NH4Jr and also
CuO NPs were the most potent inducers of TNF-« in dif-
ferentiated THP-1 cells inducing TNF-« already at 50 mg/1,
whereas CuO-COOH and CuSO, induced TNF-a production
starting from 100 mg/l (Fig. 3b) and CuO—PEG starting
from 400 mg/1 (data not shown). In general, TNF-a produc-
tion correlated well with the EC5y numbers (Fig. 1a) and can
be therefore considered as a marker of the cell death (Fink
and Cookson 2005).

Using light microscopy, we also noticed extensive vac-
uolization in the cells exposed to CuO and especially to
CuO—-NH,* NPs (Fig. 3¢). Vacuolization has previously
been suggested as a sign of inflammation and cell death
(Shubin et al. 2016) and may indicate a distinct mechanism
of toxicity of CuO—NH,* NPs also in mammalian cells
(macrophages) in vitro.

Measurement of cell-associated Cu from Cu compounds

To reveal the mechanisms of toxicity of Cu compounds, dif-
ferentiated THP-1 cells and HACAT cells were exposed to
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equitoxic (24-h EC,) concentrations of Cu compounds for
24 h, washed and analyzed for Cu content. We assumed that
Cu content mostly referred to intracellular Cu, but it cannot
be excluded that some fraction of CuO NPs or dissolved
Cu was tightly bound to cell surface and also detected by
our analysis. Thus, the measured fraction was designated as
“cell-associated Cu” combining intracellular Cu and CuO
NPs and possible cell surface-bound Cu. We hypothezised
that (i) if the toxicity of Cu compounds was caused solely
by Cu ions, the amount of cell-associated Cu in the cells
exposed to equitoxic concentrations of Cu compounds would
be equal; (ii) if the toxicity was caused by additional factors
(as suggested for CuO—NH,™), the amount of cell-associ-
ated Cu would be lower compared to the other CuO NPs
and CuSO,. The experiment proved the latter option: there
was significantly less Cu in both differentiated THP-1 and
HACAT cells exposed to CuO—NH,*, than in case of other
exposures (Fig. 4a and Fig. S4). Surprisingly, we observed
about five- and eightfold higher amounts of cell-associated
Cu in case of CuO—COOH compared to other NPs in both
HACAT and differentiated THP-1 cells, respectively, sug-
gesting that both cell lines had exceptional capacity to
tolerate cell-associated Cu in the form of CuO—-COOH.
Therefore, we conducted the confocal microscopy study to
confirm this result and visualize the cellular localization of
CuO NPs.

Cellular localization of Cu compounds in mammalian cells

Differentiated THP-1 cells were exposed to equitoxic (24-h
EC,) concentrations of Cu compounds for 24 h as in previ-
ous experiments and visualized with confocal microscopy
(Figs. 4b, S5). The reflective mode of the microscope was
optimized to visualize CuO NPs. However, some reflectance

D

50

~<-Cu0 - CuO-NH," #CuO-COOH

-0-CuO-PEG -+ CuSO,

2-h induction, fold

Concentration of Cu compounds, mg Cu/|

Fig. 2 Bioavailability and dissolution of Cu compounds. Induction of
bioluminescence in E. coli biosensor in response to Cu compounds
(a) and abiotic dissolution of Cu compounds in cell culture medium
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was seen also in a control group (shown in Fig. S5) that
might be the dense inclusions of early lysosomes typical
for macrophages (Douglas and Tuluc 2010). By combining
Z-stacks into three-dimensional image, we observed that sig-
nificantly more of CuO—COOH NPs were associated with
cells compared to other NPs (Fig. 4b). Furthermore, confocal
microscopy images indicated that most of the CuO—COOH
NPs localized inside the cells (Supplementary video 1).
Thus, the tolerance of THP-1 macrophages to internal Cu
was exceptionally high for CuO—COOH NPs and low for
CuO—NH,* NPs. Interestingly, a similar phenomenon was
previously shown for differently functionalized polystyrene
NPs: the uptake of COOH-functionalized NPs by human
monocyte-derived macrophages as well THP-1 monocytes
was significantly higher than the uptake of polystyrene-NH,
NPs (Lunov et al. 201 1a), but despite that polystyrene-NH,
NPs were toxic to the macrophages after 72-h exposure,
while polystyrene—~COOH NPs were not toxic (Lunov et al.
2011b).

Multivariate analysis for CuO

Finally, multivariate analysis was performed to evaluate the
variability of different properties of CuO NPs and, thus, to
estimate their contribution to the net toxicity. For this, toxic-
ity data (Fig. 1a) and physico-chemical characterization data
(Table 1, Figs. 1, 3) were fitted into scores plot that com-
prises the eigenvectors. The principal component analysis
(PCA) was applied resulting in NP positions according to
their variability (Fig. 5).

Since arrows indicated the direction of the increase of the
values, 24-h ECy, vector denoted the direction of lower tox-
icity (increasing ECs, value) that was the most characteristic
for CuO—COOH and CuO-PEG (Fig. 5a—c). To estimate

00.5h m2h W24h

100 - R
80 -
60 -

40 -

20 A

CuO CuO-NH;* CuO-COOH CuO-PEG CuSO,

(100 mg/1, 37 °C) after 0.5, 2 and 24-h incubation with standard devi-
ations (b). Asterisks designate the statistically significant difference
(p <0.05) compared to the highest value in the group
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the contribution of different physico-chemical parameters
to NPs® toxicity, we focused on the properties localizing in
the area as opposed to the ECy, value vector. Figure 5 shows
that the properties contributing to increased toxic effects
of unfunctionalized CuO and CuO—NH,* NPs were more
positive zeta-potential, higher Cu content, higher 24-h dis-
solution, ability to produce more abiotic ROS and in case
of THP-1 cells also higher production of TNF-a. Impor-
tantly, the localization and the direction of the eigenvectors
on the plot were strictly similar in case of mammalian cells
(Fig. 5a, b) and bacteria (Fig. 5c), suggesting that the toxic-
ity of CuO NPs to different cell types is influenced by the
same variables.

Discussion

Antibacterial metal-based NPs such as Ag, ZnO and CuO
are usually purposely designed to inhibit the undesired
growth of bacteria and are widely applied in medical and
commercial products. However, it was shown that the toxic-
ity range of CuO and Ag NPs to bacterial and mammalian
cells in vitro may overlap, indicating the potential hazard of
these NPs to human cells (Greulich et al. 2012; Bondarenko
et al. 2013). In our comprehensive review on the toxicity of

a
100
3 -<-Cu0 -4 CuO-NH,*
£ CuO-COOH  -0-CuO-PEG la
8 -+ CuSO,
c
8
@ b
Qo
§ 10 b
= b
£
3
] b
1 —/—T—T—T
0 50 100 150 200
Concentration of Cu compounds, mg /I
Cc

control

Fig.3 Oxidative and inflammatory potential of Cu compounds. Fluo-
rescence of H,DCFA reflecting the ability of Cu compounds to pro-
duce reactive oxygen species in abiotic conditions in DI water (a).
Concentrations of TNF-a in the supernatants of differentiated THP-1
cells exposed to Cu compounds in cell culture medium for 24 h (b)
and representative light microscopy pictures of differentiated THP-1

Concentration of TNFa, ng/l o

Ag, ZnO and CuO NPs to different organisms, we showed
that among all studied NPs, CuO NPs had clear “particle-
specific” toxic effect, i.e., NPs were more toxic than the
Cu ions (on basis of Cu concentration) (Bondarenko et al.
2013). Among all organisms, this effect was only evident for
mammalian cells in vitro and yeast cells.

That brought us to the current study: to test new surface
functionalizations that would possibly render CuO NPs less
toxic to mammalian cells than to bacterial cells. Despite
wide commercial use and toxicity of CuO NPs, there were
no attempts to identify the surface functionalizations of NPs
that would decrease the cytotoxicity of NPs to human cells
without compromising antibacterial functions.

In the current study, we compared the toxicity and
revealed the mechanisms of toxicity of unfunctionalized
CuO NPs, CuO-COOH, CuO-NH,*, CuO-PEG and
CuSO, to bacteria Escherichia coli and to human cells:
HACAT keratinocytes and macrophages differentiated from
THP-1 monocytes in vitro. Our main aim was to identify
the NP surface functionalizations that would improve the
safety profile of CuO NPs to mammalian cells in vitro, while
retaining sufficient antibacterial activity. We showed that the
effect of the surface functionalizations of CuO NPs on toxic-
ity is different for bacteria and human cells. Namely, while
the toxicity of ionic CuSO, was nearly identical to bacterial

400
350 - a
300 -
250 - a
200 - b
150 -
100 - b
50
0 4

050 mg/l
100 mg/l

CuO  CuO-NH;* CuO-COOH CuO-PEG CuSO,

CuO-COOH CuO-PEG

cells exposed to equitoxic compound-based concentrations (24-h
EC,;) of Cu compounds for 24 h (¢). Data presented as bars with the
same letters are not statistically significant (p>0.05) according to
ANOVA analysis, whereas data presented as bars with different let-
ters are statistically significant (p <0.05). Arrows indicate localisation
of the vacuoles
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Fig.4 Interaction of Cu compounds with THP-1 cells. Concentration
of copper associated with differentiated THP-1 cells after 24-h expo-
sure to the equitoxic (EC,) concentrations of CuO NPs and CuSO,
(a). Asterisks show the statistically different values (p < 0.001). Rep-
resentative confocal microscopy images of differentiated THP-1 mac-
rophages exposed to equitoxic concentrations (24-h EC,,) of Cu com-

and human cells, CuO—COOH and CuO—PEG were signifi-
cantly more toxic to bacteria than to human cells in vitro. In
contrast, CuO—NH4+ was more toxic to human cells than to
bacterial cells.

The effects of positively vs negatively charged nano-
materials to mammalian cells in vitro was previously
addressed using, e.g., polystyrene NPs and carbon nano-
tubes. For example, it was shown that polystyrene-NH,
induced toxicity, lysosomal leakage and inflammasome
activation and IL-1f production in primary human mono-
cyte-derived macrophages (Loos et al. 2014), while poly-
styrene—~COOH NPs were not toxic to the macrophages
(Lunov et al. 2011b). In another study, carbon nano-
tubes functionalized with negatively charged COOH and
PEG groups decreased the production of pro-fibrogenic
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pounds for 24 h (b). Cell membranes were stained with Cell Mask
Orange (yellow) and cell nucleus with DAPI (blue). Nanoparticles
were visualized in red using reflective mode of the microscope. The
arrows indicate the cellular localisation of the CuO NPs (color figure
online)

cytokines and growth factors in human cell lines BEAS-
2B and THP-1 compared to carbon nanotubes functional-
ized with NH, or PEI (Li et al. 2014). In a recent study,
it was shown that pristine, carboxylated and methylami-
nated, but not PEGylated, NPs worsened the pulmonary
effects of CuO NPs in allergic airway inflammation mice
model (Ilves et al. 2019). All these results are in line with
our findings, showing that NH,* functionalization renders
CuO NPs that are especially toxic to human cells. Interest-
ingly, from the studied NPs, CuO—NH4+—functiona1ized
NPs were also the most toxic to bacteria, indicating addi-
tional universal mechanisms of toxicity unrelated to the
active NP uptake, lysosomal damage and inflammation
(that are not existing in bacteria). Most probably, unspe-
cific toxicity component of CuO—NH," was mediated via
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ROS (Fig. 3a) and binding to the cell surface (Fig. 4). Sur-
prisingly, the most common unfunctionalized CuO NPs
were almost as toxic as CuO—NH,* NPs to human cells
in vitro (Figs. 1, 5a,b), especially for HACAT cells (24-h
EC5,=21.7 mg/l, the lowest toxicity value obtained in this
study). It was previously demonstrated that 24-h EC, of
unfunctionalized CuO NPs to HACAT was around 30 mg/I
(MTT reduction assay), and that CuO induced ROS, oxi-
dative stress, DNA damage and apoptosis in HACAT
cells (Alarifi et al. 2013). In our study, CuO induced ROS
tenfold in abiotic conditions, but at irrelevantly high con-
centration (200 mg/l, Fig. 3a). Furthermore, CuO—NH,*
induced significantly more ROS, but was less toxic to
HACAT than unfunctionalized CuO, suggesting that ROS-
related mechanism was most likely not the primary mecha-
nism of toxicity of unfunctionalized CuO to HACAT.

Our multivariate analysis of the properties contributing
to the toxicity of Cu compounds revealed very similar pat-
terns for mammalian cells in vitro and bacteria (Fig. 5). Zeta-
potential, Cu content, dissolution and ability to induce ROS
were the most significant parameters defining toxicity to all
cell types, suggesting that the toxicity mechanisms of CuO
NPs to bacterial and mammalian cells are largely similar.
Thus, in addition to the surface functionalization (that can
modulate the specificity of CuO NPs to some extent as shown
in this study), attention should be paid to the specific target-
ing of bacterial cells using bacterial cell wall components-
binding peptides, antibiotics or their combinations with NPs
to achieve more specificity and enlarged therapeutic window.

Summarizing, CuO—COOH and CuO—PEG NPs can be
considered as promising antibacterials to be used in biomed-
ical applications, since they were significantly more toxic to
bacteria than to human cells in vitro. It is well known that
functionalization of NPs with PEG prevents the adsorption
of proteins and, thus, the uptake of NPs by macrophages
(Nguyen and Lee 2017) that most likely explains the reduced
toxicity of CuO—PEG NPs to mammalian cells in our study.
The reason why mammalian cells were able to tolerate high
intracellular concentration of CuO—COOH NPs remains to
be addressed. We speculate that COOH functionalization
guides the NPs to the specific receptors and non-inflammo-
genic pathway, since it is known that NP interactions with
the cell receptors impact their cellular localization, inflam-
matory properties and toxicity (Dobrovolskaia and McNeil
2007; Xia et al. 2008).

Conclusions

Here, we report the benefits of the surface functionaliza-
tion of CuO with carboxyl- or polyethylene glycol compared
to unfunctionalized and ammonium-functionalized CuO
NPs. Specifically, we showed that CuO—NH,* NPs were
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Fig.5 Properties contributing to toxicity of CuO compounds. Mul-
tivariate analysis of properties contributing to the variability of the
toxicity of CuO, CuO-NH,*, CuO-COOH and CuO-PEG NPs to dif-
ferentiated THP-1 macrophages (a), E. coli (b) and HACAT keratino-
cytes (¢). Z_water surface charge in distilled (DI) water, Z CCM
surface charge in cell culture medium, Cell_Cu cell-associated Cu,
Dh_water hydrodynamic size in DI water, Dh_CCM hydrodynamic
size in cell culture medium, pdi_CCM pdi in cell culture medium,
pdi_water pdi in water, ROS abiotic reactive oxygen species, Con-
tent_Cu copper content. More toxic compounds are highlighted in the
red area (color figure online)

significantly more toxic to human cells in vitro than to E.
coli cells, probably because of their ability to induce inflam-
mation (TNF-a) in human cells and ROS. The best therapeu-
tic window was observed for CuO—COOH and CuO—-PEG
that can be recommended as antimicrobials.

Summarizing, we showed that the antibacterial potency
vs safety profile of CuO NPs can be tuned with the surface
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functionalizations, and the effect of the surface functionali-
zations is different for bacteria and human cells. This knowl-
edge can be used for the synthesis of more efficient and safer
antimicrobials.
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Bacterial infections are one of the leading causes of death worldwide. In the case of topical bacterial
infections such as wound infections, silver (Ag) has historically been one of the most widely used
antibacterials. However, scientific publications have demonstrated the adverse effects of silver on
human cells, ecotoxicity and insufficient antibacterial effect for the complete elimination of bacterial
infections. The use of Ag in the form of nanoparticles (NPs, 1-100 nm) allows to control the release

of antibacterial Ag ions but is still not sufficient to eliminate infection and avoid cytotoxicity. In this
study, we tested the potency of differently functionalized copper oxide (CuO) NPs to enhance the
antibacterial properties of Ag NPs. The antibacterial effect of the mixture of CuO NPs (CuO, CuO-NH,
and CuO-COOH NPs) with Ag NPs (uncoated and coated) was studied. CuO and Ag NP combinations
were more efficient than Cu or Ag (NPs) alone against a wide range of bacteria, including antibiotic-
resistant strains such as gram-negative Escherichia coli and Pseudomonas aeruginosa as well as gram-
positive Staphylococcus aureus, Enterococcus faecalis and Streptococcus dysgalactiae. We showed
that positively charged CuO NPs enhanced the antibacterial effect of Ag NPs up to 6 times. Notably,
compared to the synergy of CuO and Ag NPs, the synergy of respective metal ions was low, suggesting
that NP surface is required for the enhanced antibacterial effect. We also studied the mechanisms of
synergy and showed that the production of Cu* ions, faster dissolution of Ag* from Ag NPs and lower
binding of Ag* by proteins of the incubation media in the presence of Cu?* were the main mechanisms
of the synergy. In summary, CuO and Ag NP combinations allowed increasing the antibacterial effect
up to 6 times. Thus, using CuO and Ag NP combinations enables to retain excellent antibacterial
effects due to Ag and synergy and enhances beneficial effects, since Cu is a vital microelement for
human cells. Thus, we suggest using combinations of Ag and CuO NPs in antibacterial materials, such
as wound care products, to increase the antibacterial effect of Ag, improve safety and prevent and
cure topical bacterial infections.

The development of new antibacterials is one of the top priorities flagged by the World Health Organization and
the scientific community’. A recent meta-analysis showed that there were 4.95 million deaths associated with
antibiotic resistance in 2019 and highlighted the need for urgent action to address antibiotic-resistant bacterial
infections”. Wound infection is one type of chronic infection that may lead to severe consequences such as limb
amputation and, when unmanaged, to death. In 15-27% of cases, bacterial wound infection leads to gangrene
that requires amputation of the limb? demonstrating that current wound infection management strategies are
inefficient and improved approaches are needed.

In the field of traditional antibiotics, the combinatory synergistic concept is currently considered as one of
the most promising approaches to treat bacterial infections and avoid resistance’. The combination of diverse
drugs allows to reduce the dose of the drugs and thus, causes fewer side effects compared to monotherapy”.

However, antibiotics are administered systemically and their combinations pose unpredictable pharmacoki-
netics profiles. Topically applied NP combinations would bypass these drawbacks of systemic antibiotics. Thus,
we consider the application of synergistic NPs very promising. We hypothesize that due to the different modes
of action on bacteria, Cu and Ag NPs have higher antibacterial efficacy when applied together, whereas Cu
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enhances the antibacterial efficacy of Ag NPs—the best metal-based antibacterials known so far. In addition,
Cu is a microelement and is beneficial for wound healing, stimulating the migration of fibroblasts, promoting
collagen synthesis, being essential for angiogenesis, supporting wound healing® and bone regeneration’. Thus,
Cu and Ag NP combinations could have a superior antibacterial effect, improve wound healing and therefore,
be a highly beneficial treatment for infected wounds.

Separately, the antibacterial effects of both CuO and Ag NPs are well-studied. Using the keywords “silver
nanoparticle* bacteria*” or “copper nanoparticle* bacteria*”, the search in PubMed® performed on 23th March
2023 retrieved 6,558 and 1,113 responses, respectively.

Antibacterial mechanisms of Ag NPs per se are relatively well understood. When in contact with bacteria, Ag
NPs localize on bacterial cell wall and oxidize, leading to the concentrated Ag release at the NP-cell interface®.
We previously showed that damage to the cell wall of gram-negative bacteria by Ag NPs occurs mainly at the
plasma membrane, whereas the outer membrane of the bacterial cell was not a target of NPs’.

The molecular mechanisms of CuO NPs are less studied. In 2008, Heinlaan et al. showed that the toxicity of
CuO NPs (EC5,="79 mg/l) to bacteria Vibrio fischeri but also to crustaceans was due to solubilized Cu ions'’.
Notably, despite its excellent antibacterial effects, toxicity of CuO to human cells is lower compared to toxicity
of Ag and Ag NPs. Since Cu is a vital microelement, in some cases CuO NPs facilitate positive effects such as
improved angiogenesis and wound healing®. Detailed antibacterial mechanisms of CuO NPs were further studied
using recombinant E. coli''. In contrast to Ag NPs that did not cause reactive oxygen species (ROS) under abiotic
conditions, CuO NPs, especially positively charged ones, induced significant levels of ROS. The surface charge
of NPs can be easily modified through surface functionalization and plays a role in the inactivation of bacteria.
Since the cell wall of bacteria is negatively charged, positively charged NPs may adhere better to the bacterial
cell walls and inactivate bacteria more efficiently.

We have studied antibacterial NPs since 2008 aiming to understand the toxicity mechanisms of NPs and to
increase their efficacy and safety’*~'*!>"14, Recent articles and our research demonstrated that the antibacterial
effect of NPs can be significantly enhanced if metal-based NPs or respective metals are used in combination.
However, almost all previously published work focuses on the combined effects of metal ions and not NPs'>~*%,
Among various studied combinations of metals (Ag with Cu, Zn, Co, Cd and Ni), the combination of Ag and Cu
had the highest synergistic antibacterial effect against both Gram-negative and Gram-positive bacteria'®. There is
a growing interest in the synergy between Cu and Ag manifested in more published articles in the last years. Most
of them described the antibacterial properties of nanoalloys of Cu/Ag***' or Cu/Ag with the addition of some
other metals for example tungsten®”. Furthermore, Jang and al. showed perfect antibacterial anti-biofilm and
wound healing properties of Cu/Ag/Graphene Oxide composites in infected wound mouse-model*’. Remarkably,
despite these articles describing antibacterial synergy between Cu and Ag, we did not identify any publications
systematically studying the studying the synergistic effect of NP combinations or its mechanisms.

In this study we hypothesized that the synergistic antibacterial mechanism of CuO and Ag NPs is driven
by their complementary mechanisms of action: Ag NPs damage bacterial cell walls, facilitating the entrance of
CuO NPs into bacteria, where CuO NPs disrupt intracellular molecules. More specifically, we first described
the synergistic antibacterial effect between Ag and CuO NPs with different functional groups against various
bacteria including multiresistant bacteria. Secondly, we conducted a set of tests to understand the mechanisms
of the antibacterial synergy of NPs: measured the outer membrane damage, induction of ROS, bioavailability of
Cu and Ag ions and charge transformation of Cu ion.

Results and discussion

Characterization of nanoparticles. The characterization of NPs used in this study is shown in Table 1.
CuO NPs (CuO) and CuO functionalized with amino groups (CuO-NH,) had positive zeta-potential, CuO
functionalized with carboxyl groups (CuO-COOH) had negative zeta-potential. All tested Ag NPs had strong

CuO 15.9+£5.2* 237431 (0.25)* 204+13 (0.45)* 27.5£1.8*% —10.8£1.4* 76.8+5.7% 103 £0.5*
CuO-NH, 6.9+2.2% 733+252 (0.24)* 936+229 (0.67)* 25.8+1.3% -8.9+0.8* 46.2+4.0* 99.3£0.8*
CuO-COOH 9.2+2.5% 11244128 (0.35)% 303+84 (0.70)* -12.0+£2.2* -10.2+0.8* 33.6+3.2* 98.9+0.5*
CuSO, NA NA NA NA NA 37.1+£4.5* 102.9£0.3%
cAg 12,54 45.88+0.21 (0.261) | 61.2+0.47 (0.24) —56.6+£1.91 —9.76 £0.84 83.0+£9.8 5.24+0.41
nAg 85.7+29.3* 109.4+1.3 (0.447) 156 +3.15 (0.403) —27.7£1.65 —10.49+0.93 71.8+12.0 1.1+£0.32
Ag,0 23£16.8 81.265+9.04 (0.604) | 81.8+24.21 (0.533) | —50.97+4.15 -10.2£0.2 80.1+11.3 39.7+12.9
AgNO; NA NA NA NA NA 70.2+£7.95 96.7+6.3

Table 1. Characterization of nanoparticles (NPs) used in the current study. cAg, Coated silver nanoparticles;
nAg, Nanosilver; Ag,0, Silver oxide; CuO-NH,, CuO coated with amino groups; CuO-COOH, CuO coated
with carboxyl groups, RPMI, Roswell Park Memorial Institute medium. *Characterization of NPs has been
done previously'®. **Characterization of NPs has been done previously'*. ***Characterization of NPs has been
done previously®.
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negative zeta-potential ranging from —56.6 mV in the case of coated silver nanoparticles (cAg) to—27.7 mV in
the case of nanosilver (nAg). In the RPMI cell culture medium (RPMI CCM) the zeta-potential of NPs was nega-
tive for all the NPs ranging from — 8.9 mV (CuO-NH,) to - 10.8 mV (CuO), most likely due to the adsorption of
the serum proteins (so called “protein corona’, a dynamic camouflage resulting from the adherence of proteins
on the surface of NPs) as suggested previously by Ivask et al.**. Thus, we assume that protein adsorption at least
partly masked the effect of NP charges in all subsequent experiments. The dissolution among Ag NPs was the
highest in the case of Ag,O and the lowest in the case of nAg.

Antibacterial synergy between Cu and Ag compounds.  The synergistic effect was first characterized
using RPMI cell culture testing medium because it contains blood serum with growth factors, which makes
it similar to transudate that appears during tissue infection. An example of the synergistic antibacterial effect
of NPs is shown in Fig. 1. To demonstrate the synergistic effect, we used minimum bactericidal concentration
(MBC, the lowest tested concentration yielding no visible bacterial growth on agarised growth medium) as a
proxy. While 40 mg/l Ag NPs or 400 mg/l CuO NPs were required to irreversibly inactivate E. coli, only 5 mg/l
Ag NPs+25 mg/l CuO NPs were needed when used in combination (Fig. 1).

To quantify and compare the synergistic effect between different NPs and among various bacterial strains, we
introduced the term “coefficient of antibacterial synergy”, K(AbS), showing the antibacterial efficiency of NPs
combinations (mix) compared to the sum of the MBC values of individual NPs and calculated as follows (Eq. 1):

(1)

MBC of antibacteria A in mix ~ MBC of antibacteria B in mix
K(AbS) =1/

MBC of antibacteria A alone MBC of antibacteria B alone

Equation (1) shows the calculation of coefficient of antibacterial synergy (K(AbS) from minimal bactericidal
concentrations (MBC).

Similar synergy calculation has been reported previously for metal mixtures by Vaidya et al.'®. K(AbS) > 1
marks synergy, K(AbS) = 1 marks additive effect or K(AbS) < 1 marks antagonism.

Figure 1 demonstrates that the MBC of the mixture of cAg and CuO NPs is several times lower than the MBC

of the components separately. According to formula of K(AbS) = 1/ ( 4?0?‘“2/ /LL + ig r':gg//LL ): 1/(1/8+1/16) =5.33.

Thus, in this example, the antibacterial effect of the mixture was 5.33 times higher than the sum of the antibacte-
rial effects of the components separately.

Calculations for the mixture of 25 mg/L of CuSO,+5 mg/L of cAg result in the same K(AbS). However,
K(AbS) is lower in other variations of CuSO,/cAg ratios (for example 200 mg/L of CuSO,+ 1.5 mg/L of cAg

CuS0O,4, mg/l

cAg NPs, mg/I

MBC
(CuSO4+cAg NPs)

\14

MBC
(cAg NPs)

Figure 1. The antibacterial synergy between CuSO, and cAg. Escherichia coli K-12 suspension was incubated
with different concentrations of either Ag NPs, CuSO, or their combinations in RPMI cell culture medium

for 24 h. After incubation 3 pl of the bacteria-NP mixture was pipetted onto agarized broth and minimal
bactericidal concentration (MBC, the lowest tested concentration yielding no visible bacterial growth after 24 h
incubation at 37 C in the dark) was determined. The concentrations of cAg and CuSO, are shown on the axes.
The minimal bactericidal concentration of CuSO, and cAg were 400 mg/L and 40 mg/L respectively.
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mixture). The difference between K(AbS) depending on Cu/Ag ratio is shown in Supplementary Fig. 1. The
highest K(AbS) was mostly observed using the ratio from 1:1 to 12.5:1 Cu/Ag.

Antibacterial synergy depended on the Cu component. MBC values of different Cu components
alone and in the mixture with cAg in different bacteria are shown in Supplementary Table 1. MBC for different
bacteria were similar, excluding P. aeruginosa, which was resistant to Cu compounds, despite cAg MBC for P
aeruginosa being similar to that of other bacteria.

Calculated K(AbS) for different bacteria is shown in Fig. 2. The evident antibacterial synergistic effect between
most of the Cu compounds and Ag NPs was found (Fig. 2, Supplementary Table 1).

Among CuO NPs, the highest K(AbS) with cAg was observed with unfunctionalized CuO and especially
CuO-NH,, both positively charged. The lowest K(AbS) was observed with negatively charged CuO-COOH,
being mostly lower than 2. This suggests that the pristine charge of CuO NPs (reflected in zeta-potential in MQ
water) affected antibacterial synergy. Interestingly, the charge of NPs was uniform in cell culture medium due to
protein corona (Table 1). This suggests that some pristine surfaces of NPs remained available even after formation
of the protein corona in cell culture medium.

The highest K(AbS) was observed for E. faecalis and E. coli (both K-12 and ESBL). It is interesting to note
that E. coli ESBL is more resistant to antibiotics compared to E. coli K12 and was also more resistant to cAg in
this study. However, K(AbS) values were similar in the case of these bacteria. For E. faecalis, high K(AbS) was
observed for all combinations that may be the result of faster rate of DNA destruction by Cu components com-
pared to Enterobacteria (such as E. coli)*.

P. aeruginosa had the lowest K(AbS) from all the bacteria tested. The reason for that could be the powerful

antidrug efflux system and decreased outer membrane permeability*.

Antibacterial synergy depended on the Ag component. We conducted additional studies with vari-
ous Ag NPs and AgNO; to determine which of them would have stronger antibacterial synergy with the Cu
components.

Supplementary Table 2 shows the findings of MBC in E. coli K-12 with various Ag and Cu components in the
mixture and alone. The calculated K(AbS) are shown in Fig. 3.

When mixed with Cu components, most of Ag NPs showed high K(AbS). In contrast, AGNO; did not dem-
onstrate strong antibacterial synergy with Cu components (Fig. 3, Supplementary Table 2). The highest K(AbS)
were observed for three mixtures: cAg with CuSO, and nAg with CuSO,/CuO-NH,. The fact that CuSO, and
CuO-NH, were well dissolved (Table 1) and thus, were a source of Cu ions, suggests that Cu ions are required
for synergy. The atypical K(AbS) result was in the mix of Ag,0 and CuSO, (no synergy). In contrast to cAg and
nAg, Ag,0 NPs were more oxidized (dissolved). These data strongly indicate that non-oxidized Ag NPs and Cu
ions are both required to achieve the strong antibacterial synergistic effect.

Antibacterial synergy depended on the bacterial medium. Next, we studied whether the cultiva-
tion medium had an effect on antibacterial synergy. MBC of cAg, CuSO, and their mixtures in different media

7 .
0 CuO B CuO-NH, [J CuO-COOH W CuSO,
*
> 61
g *%¥ X% N %
a 54 KEX O xxx *x *% *%
s
3
E 4 * *¥ *%
Fe] *¥% **
€ * % *%
c 3+
‘S *x% *%
=
(7} *
2 9
= *%*
£
1]
]
O o1
0 - : —
E.coliK-12 E.coli ESBL  P.aeruginosa S.aureus E. faecalis S.dysgalactiae
Figure 2. Coefficient of antibacterial synergy between cAg and copper components in different bacteria in
the RPMI cell culture medium. The mean values with standard deviation are shown. *P<0.05; **P<0.01;
***P<0.001. cAg, Coated silver nanoparticles; CuO Copper oxide; CuO-NH,, Copper oxide coated with amino
groups; CuO-COOH, Copper oxide coated with carboxy groups; CuSO,, Copper sulphate.
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O CuO B CuO-NH, [ CuO-COCH B CuSO,

Coefficient of antibacterial synergy

cAg nAg Ag,0 AgNO,

Figure 3. Coefficient of antibacterial synergy (K(AbS)) between different Ag and Cu components in RPMI cell
culture media with Escherichia coli K-12 strain. *P<0.05; **P<0.01; **P<0.001, ##P<0.01 antagonism. Note
K(AbS) has been calculated as mean K(AbS) from different experiments, not from mean MBC of components
in the mix or alone. The mean values with standard deviation are shown. cAg, Coated silver nanoparticles; nAg,
Nanosilver; Ag,O, Silver oxide; AgNOs, Silver nitrate; CuO, Copper oxide; CuO-NH,, Copper oxide coated with
amino groups; CuO-COOH, Copper oxide coated with carboxy groups; CuSO,, Copper sulphate.

is shown in Supplementary Table 3, and K(ADbS) in Fig. 4. In bacterial growth medium with high content of
proteins and nutrients, K(AbS) was higher. The highest K(AbS) was in LB medium and the lowest was in MQ
(Fig. 4). Importantly, the growth of bacteria was the fastest in LB too (Supplementary Fig. 2). This suggests that
synergy is more prominent for cells in the active and dividing phase. Most probably, in the condition of active
bacterial growth, the NPs and metal ions released from the NPs have better access to intracellular space for
destroying the DNA?” and damaging proteins. Interestingly, also traditional antibiotics inactivate bacteria less
effectively in the non-growing phase, especially S. aureus™.

The mechanisms of synergy between CuO and Ag NPs

Several additional tests were performed to understand the mechanisms of antibacterial synergy between Cu and
Ag. It was hypothesized that antibacterial synergy is a function of the different modes of action of Cu and Ag.
The interaction of beta-lactam antibiotics, which damage the bacterium cell membrane, and aminoglycosides,
which inhibit protein synthesis in bacteria, is a well-known example of the classic synergy of antibiotics. The
synergy between aminoglycosides and B-lactams has been attributed to p-lactam-mediated membrane damage

leading to increased uptake of aminoglycosides®.
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Figure 4. Coeflicient of antibacterial synergy in different media. Coefficient of antibacterial synergy in the
mixture of coated silver nanoparticles and copper sulphate in different growth media against Escherichia coli
K-12 strain. The mean values with standard deviations are shown. MQ MilliQ water, RPMI.
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The synergy of Cu and Ag components did not depend on bacterial outer membrane dam-
age. One hypothesis was that one of the components (Cu or Ag NPs) damages the membrane to a larger
extent, allowing another component to penetrate into the cell more easily and harm the internal structures. Poly-
myxin B, which disrupts the outer bacterial membranes of Gram-negative cells™, was used as a positive control
in this experiment. To verify the hypothesis, the permeability of the outer membrane of two Gram-negative bac-
teria, E. coli K-12 and Pseudomonas aeruginosa PAO1, was measured. The results showed that AgNO; and cAg
damaged the outer membrane of both bacteria (Figs. 5a,b). cAg required more time to damage the membrane
compared to AgNO;, and Paeruginosa’s membrane required more time to be damaged compared to E. coli. CuO
NPs and CuSO, did not cause remarkable membrane damage, especially in P. aeruginosa. This data suggests
that one of the ways to inactivate cells in the case of Ag compounds is by destroying the outer membranes of the
bacteria, whereas Cu compounds act on other cell structures (even high concentrations of Cu that lead to cell
death in 24 h do not lead to rapid outer membrane destruction). Membrane destruction by Ag could help Cu to
reach these internal cell structures in the case of Ag and Cu mixture. Relying on this data we decided to test this
hypothesis by mixing Cu and Ag compounds. A test with a mixture of Cu compounds and cAg was also con-
ducted. cAg damaging action on the membrane was unaffected by the addition of CuSO, or Cu-NH, (Fig. 5¢,d).
Tests with the addition of CuO-COOH or CuO to cAg were conducted too, and the additional destructive effect
on the membrane was not detected (not shown) as well as with addition of CuSO, or Cu-NH,. Also, adding
of Cu components to Polymyxin B, which rapidly damages the outer membrane, did not enhance the effect of
Polymyxin B on the membrane (data not shown). Moreover, the antibacterial synergistic effect between CuSO,
and Polymyxin B in E. coli K-12 in MBC test has not been detected (K(AbS) =1.054+0.243, data not shown).
Thus, we concluded that Ag and Cu act differently on the bacterial outer membrane but their action on the outer
membrane is not the main cause of antibacterial synergy.
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Figure 5. Damage of outer bacterial membrane by Ag and Cu compounds or their combination. Increase in
fluorescence is indicating the outer membrane damage of Escherichia coli (a, ¢) and Pseudomonas aeruginosa (b,
d) after 30 min of incubation with the components alone (a, b) and in the mixtures with cAg (c, d). The mean
values with standard deviation are shown. cAg, Coated silver nanoparticles; AgNO;, Silver nitrate; CuO, Copper
oxide; CuO-NH,, Copper oxide coated with amino groups; CuO-COOH, Copper oxide coated with carboxy
groups; CuSO,, Copper sulphate; PB, Polymyxin B.
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The synergy of Cu and Ag components did not depend on reactive oxygen species. The possi-
bility of Cu ions to redox-cycle between Cu*/Cu** is known as a Fenton-like reaction, and it can generate reactive
oxygen species (ROS) leading to lipid peroxidation, protein oxidation and DNA damage®'. We next hypothesized
that enhanced production of ROS might be the reason of the synergy between Cu and Ag components. Indeed,
CuO NPs'? and Ag NPs*? were previously shown to induce ROS. We also previously demonstrated that CuO-
NH, induces more ROS compared to unfunctionalized CuO and CuO-COOH".

ROS generation in this study was determined in both biotic (in presence of bacteria) and abiotic (without
bacteria) conditions (Fig. 6). The highest levels of ROS were detected in individual cAg and CuO-NH, suspen-
sions (Fig. 6a,b). cAg induced the highest ROS levels in abiotic conditions (Fig. 6a), while CuO-NH, in biotic
conditions (Fig. 6b). No ROS was detected in the case of CuSO, and AgNO;.

ROS in the mixture of cAg and Cu components (in a 1:4 ratio) were tested to control the hypothesis that the
cAg will produce more ROS after the addition of the CuSO, or CuO-NH,. Results showed that the addition of
CuO-NH, or CuSO, to cAg did not enhance ROS production in both biotic and abiotic conditions (Fig. 6¢,d).
Moreover, antagonism has been detected (e.g., lower ROS in cAg+ Cu components mixture compared to cAg
alone), indicating that ROS was not the cause of antibacterial synergy.

Silver and copper in a mixture synergically induced metal efflux genes. Since the toxicity of
metal-based NPs is mostly caused by their ions'**, we decided to measure intracellular Cu and Ag ions. For
that, we used bioluminescent biosensor E. coli MC1061 pSLcueR/PDNPcopAlux, which produces luciferase in
response to intracellular Cu and Ag*. In this bacterium, intracellular Ag and Cu ions induce the luminescence
of bacteria in a dose-dependent manner.

Since the biosensor bacteria are not selective and detect both Ag and Cu ions, it was not possible to deter-
mine intracellular Ag and Cu individually. Therefore, we used the relative values and the coefficient of inductive
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Figure 6. Production of reactive oxygen species (ROS) in suspensions. Measurement of induction of ROS

in abiotic (a, ¢) and biotic (b, d) conditions. Measurement of ROS induction was performed after incubation
with components alone (a, b) or in the mix of cAg and Cu components in a ratio 1:4 (c, d). cAg, Coated silver
nanoparticles; AgNO,, Silver nitrate; CuO, Copper oxide; CuO-NH,, Copper oxide coated with amino groups;
CuSO,, Copper sulphate; REU, Relative fluorescence units.
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synergy K(InS). K(InS) was calculated in the same way as the antibacterial synergy coefficient. K(InS) is the
reciprocal of the sum of the ratios of bioluminescence (LC) peak concentrations of components in the mixture
to LC peak concentrations alone (Eq. 2).

LC peak conc of antibacterial A in mix  LC peak conc of antibacterial B in mix
K(InS) =1/ )

LC peak conc of antibacterial A alone LC peak conc of antibacterial B alone

Equation (2) shows the calculation of coefficient of inductive synergy (K(InS)) from bioluminescence (LC)
peak concentrations (conc).

At first, the bioluminescence of bacteria with individual Ag and Cu components was measured (Fig. 7a).
Afterwards, we mixed Cu components with cAg, and we found a significant shift in the peak of LC to the left
(Fig. 7b), but no shift when mixing with AgNO; (Fig. 7c). Peak LC concentrations of components separately and
in the mixture are shown in Supplementary Table 4.

The high induction of bioluminescence in response to the intracellular concentration of Cu and Ag ions was
observed in the mixtures of Cu components with cAg (Fig. 7b). Lower concentrations of cAg and Cu components
in the mixtures were required for response induction. In combination of Cu components with cAg, all mixtures
tested showed a high K(InS), but not in the mixtures of Cu components and AgNO; (Fig. 8). The fact that K(InS)
was remarkably over 1 in the case of the mixtures of cAg and Cu components revealed that biosensor bacteria
sensed higher intracellular concentrations of metal ions in the mixture of cAg and Cu components compared
to the sum of the components separately. This was not attributed to the membrane damage caused by cAg and
better access of Cu to the inner components of the cells (Fig. 5¢,d). It can be assumed that the intracellular con-
centration of Ag, when combined with CuSO,, was higher due to better dissolution of cAg in the presence of
Cu?*". Also, the dissolution of AgNO; is very high and cannot be enhanced by Cu ions, which is why we did not
observe the synergistic effect between Cu components and AgNO;.

Better dissolution of Ag NPs in the presence of Cu?*. Next, we investigated Ag NPs dissolution in
water and RPMI CCM under two different conditions: with and without the addition of CuSO,. We found a
significant difference between the dissolution of Ag NPs with and without CuSO, addition (Fig. 9). In MQ water
the difference of nAg and Ag,O dissolution was more than 4 times and 2 times respectively after CuSO, addition.
While in RPMI CCM the difference of nAg dissolution was more than 16 times after CuSO, addition (Fig. 9).
We assume that in the mix of nAg and CuSO, in the water there is the effect of improving the dissolution of Ag
NPs by the following Eq. 3:

2+ Aot +
Cu(aq> + Ag(s) = Ag(aq) + Cu(aq) 3)

Equation (3) shows the redox reaction between copper and silver components.

In RPMLI, the reaction is most probably influenced by organic compounds. For example, the dissolution of
AgNO; in serum-containing RPMI CCM might be 100%, but most of the free Ag* ions are complexed by serum
proteins®. Because Cu ions prevent Ag ions from binding to serum proteins, there was a significant difference
in the concentration of free Ag ions in a solution of AgNO; in RPMI CCM with and without CuSO,. Both of
these effects are present in a suspension of nAg and CuSO, in RPMI CCM, resulting in a 16-fold increase in
the amount of free Ag ions in a CuSO,-containing sample compared to a CuSO,-free sample (Fig. 9). Also, as
described previously, already oxidized Ag,O did not have antibacterial synergy in RPMI CCM with CuSO, and
we did not observe better dissolution of Ag,0 in this solvent after the addition of CuSO, (Fig. 9).

The production of antibacterial Cu* ions in the mixture of Ag NPs and Cu?** ions.  As mentioned
in the previous section (Eq. 3), Cu" is produced in the mix of Ag NPs and Cu?* ions. To prove the presence of
Cu* in the mixture, a qualitative chemical reaction was performed as described in the Methods section. In a
mixture of components, the qualitative reaction proved the presence of Cu*, but not in nAg suspension, AgNOs,
or CuSOy solutions separately. This investigation demonstrated that the equilibrium was established as expected.
Also, it has been shown previously that Cu® has a higher antibacterial effect compared to Cu*****, because of the
ability of Cu* to generate OH radicals in the presence of superoxide in a reaction analogous to the Fenton-like
reaction®. Therefore, the formation of additional Cu* ions in the solution may be among the main factors effect-
ing the antibacterial synergy of the Ag NP/Cu?* system.

Mechanisms of antibacterial synergy of Cu and Ag nanoparticles. Commonly, synergy occurs
when components have a different mechanisms of action. Although the antibacterial synergy between Ag and
Cu components (mostly metals and not NPs) has been described before, the mechanisms of synergy have not
been studied. Previous publications suggested some mechanisms of antibacterial synergy, whereas authors
mainly hypothesized that Ag targets bacterial plasma membrane, while Cu denatures nucleic acids and other
internal biomolecules and cell structures'>'®!*?? In contrast, in our study, we did not observe a remarkable syn-
ergy between Cu components and AgNO; (Fig. 2) or Polymyxin B, which both caused remarkable membrane
damage (Fig. 5).

Also, it has been proposed that Cu ions released from CuO alloys inactivate bacteria by boosting ROS pro-
duction causing DNA damage and lipid peroxidation'®'*?2. Moreover, Ag NPs anchored on CuO and Cu(OH),
produced ROS in larger amounts compared to CuO*, but in this case, ROS production could be enhanced due
to Cu(OH),. We, however, did not observe significant ROS production in CuSO, solution in biotic or abiotic
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Figure 7. Luminescence of biosensor bacteria as reaction to components. Luminescence (LC) of Escherichia coli MC1061
pSLcueR/PDNPcopAlux as a reaction to 4 h incubation with components alone (a). The significant shift of peak LC to the
left in the mix of copper components with cAg compared to cAg alone (b). No shift of peak LC in the mixture of copper
components with AgNO, compared to AgNO; alone (c). Representative Figures are from 3 independent experiments. cAg,
Coated silver nanoparticles; AgNO;, Silver nitrate; CuO, Copper oxide; CuO-NH,, Copper oxide coated with amino groups;
CuO-COOH, Copper oxide coated with carboxy groups; CuSO,, Copper sulphate.

Scientific Reports | (2023) 13:9202 | https://doi.org/10.1038/s41598-023-36460-2 nature portfolio



www.nature.com/scientificreports/

10 mcAg o AgNO, N

*x
*x *x
*
##

CuO CuO-NH, CuO-COOH CuSO,

Coefficient of inductive synergy, fold
c N WwWaEUON®O

Figure 8. Coefficient of inductive synergy in a mixture of Cu and Ag components. Induction of
bioluminescence in bacteria was higher in response to the mixture of cAg and Cu components compared to
components alone. This enhanced reaction has not been detected in the mixture of AgNO; and CuO NPs.
*P<0.05; **P<0.01; **P<0.001, ##Antagonism P<0.01. cAg, Coated silver nanoparticles; AgNO;, Silver
nitrate; CuO, Copper oxide; CuO-NH,, Copper oxide coated with amino groups; CuO-COOH, Copper oxide
coated with carboxy groups; CuSO,, Copper sulphate.

MQ W MQ -+ CuSO, (400mg/L) [JRPMI CCM M RPMI CCM + CuSO, (400mg/L)

140% 1
*%
120%
100% {_
R
S 80%
]
2 60%
2
a
40% -
*X¥ %
2 06 - *%* *X*
0% —
0% 7J=-—V—D—-E—- . .
nAg cAg Ag,O AgNO;

Figure 9. Dissolution of silver nanoparticles. Dissolution percentage of silver components (100 mg/L) in water
and in RPMI CCM with and without the addition of CuSO, (400 mg/L) after 24 h of incubation in a shaker at
37 °C. *P<0.05; **P<0.01; **P<0.001. cAg, Coated silver nanoparticles; nAg, Nanosilver; Ag,0, Silver oxide;
AgNO;, Silver nitrate; CuSO,, Copper sulphate; RPMI CCM, Roswell Park Memorial Institute cell culture
media.

conditions, whereas ROS production by cAg was remarkably higher. On the contrary, the addition of CuSO,
reduced the amount of ROS production in cAg suspension in biotic and abiotic conditions (Fig. 6).

Jang and al. (2020) showed that the release of Ag* ions from NP was significantly higher in the solution with
the higher concentration of Cu?* ions*. Also, the higher release of Ag* was related to the higher temperature and
longer time of NP incubation?'. This mechanism of synergy is in line with the results of our study.

Our research has shown that a combination of non-oxidized Ag NPs and Cu ions is essential for the synergistic
antibacterial effect. The antibacterial synergy between Ag NPs and Cu components, according to our study, has at
least three reasons. First, Cu ions facilitate the oxidation of non-oxidized Ag’ (Eq. 3) in a redox reaction and, as
aresult, better dissolution of Ag* from Ag NPs in solvents in the presence of Cu®* (Fig. 9). Indeed, non-oxidized
Ag’ in NPs is needed for redox reaction with Cu®* to produce Ag* and Cu*. Better dissolution of Ag NPs leads to
a higher concentration of Ag* in the solvent and intracellularly in bacteria (Fig. 7), causing a stronger antibacte-
rial effect. The second reason is the production of Cu* ions in the same redox reaction (Eq. 3). Cu* ions are more
antibacterial compared to Cu?***. The third reason is that free Ag ions bind to proteins in the culture medium less
effectively in the presence of Cu?", resulting in a larger concentration of free Ag* in the solution (Fig. 9). Thus,
the release of Cu?* ions from CuO NPs is required for the synergistic action. All of the described processes can
occur both extracellularly and intracellularly, whereas the latter is more harmful to cell homeostasis. Moreover,
other factors, such as zeta-potential and NP surface functionalization might have some minor effects on the
antibacterial synergy but in order to prove that, further studies are required.
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Conclusion

Ag and Cu have been used separately as antibacterial agents since ancient times. Our study showed that the
antibacterial effect of the NPs mixture containing Ag and Cu components was up to six times higher than the
sum of the antibacterial effects of the individual components. The mechanisms of the synergy are: better dissolu-
tion of Ag in the presence of Cu ions due to oxidation in the redox reaction, the production of more antibacte-
rial Cu" ions during the same redox reaction and less favorable binding of Ag ions to medium proteins in the
presence of Cu ions. The antibacterial synergy between Ag and Cu could be an ideal solution for some medical
problems where the elimination of infection is needed and where the antibacterial effect of Ag or Cu alone is
not sufficient. For example, the results of the study can be used to develop combinatory nanotechnology to be
used in antibacterial wound dressings to treat infected wounds. Since the treatment of some bacterial wound
infections is an unsolved problem, combinatory treatment of wounds based on Cu and Ag NPs could reduce
wound infection complications (such as infection-related gangrenes and amputations) and increase the quality-
adjusted life years (QALY) of patients.

Methods and materials

Chemicals.  All the chemicals were at least of analytical grade. Polymyxin B and NaCl were purchased from
Sigma-Aldrich Co. (USA); AgNO; from J.T. Baker (USA), CuSO, from Alfa Aesar Gmbh & Co. (Germany);
2',7'-dichlorodihydrofluorescein diacetate from Life Technologies (USA); phosphate buffered saline from Biog-
nost (Croatia); tryptone, yeast extract and agar from LabM (UK); RPMI 1640 with glutamine and Sodium Pyru-
vate from Corning (USA); Fetal Bovine Serum from Gibco (USA).

Nanoparticles (NPs). Three types of functionalized and unfunctionalized CuO NPs were obtained
from PlasmaChem GmbH (Germany). CuO NPs were synthesized by PlasmaChem by decomposition of
Cu,CO;(OH),, followed by the introduction of the surface groups via treatment with mercaptopropionic acid.
Coated Ag NPs (cAg) were obtained from Laboratorios Argenol S. L. (Spain), uncoated Ag NPs (nAg) from
Sigma-Aldrich (USA). Ag,O NPs (Ag,0) were synthesized by us as described below.

Commercial NPs were provided as dry powders, and the suspensions were freshly prepared each time before
the tests at concentrations of 2000 mg compound/l in endotoxin-free Milli-Q°® water (MQ). Ten milliliters of CuO
NPs suspensions were vortexed and sonicated using probe sonication (Branson 450 Sonifier, USA) for 5 min
with an acoustic power of 13 W corresponding to the specific energy of 3.9-105 kJ/m3*.

The morphology and primary size of all NPs except Ag,O were characterized in our previous studies

Ag,0 NPs characterization by X-ray crystallography and Transmission electron microscopy was performed
at the University of Tartu. Scanning transmission electron microscopy (STEM) measurements were made with
Cs corrected FEI Titan Themis 200 instrument. Samples were prepared in isopropyl alcohol, sonicated and
deposited onto carbon film-covered TEM grids. After evaporation of solvent, the samples were measured with
bright field (BF) and high-angle annular dark-field (HAADF) detectors simultaneously.

Hydrodynamic size (Dh), polydispersity index (PDI) and zeta potential (Zeta-potential) of NPs were meas-
ured in 100 mg/1 suspensions in MQ water or in Roswell Park Memorial Institute (RPMI) cell culture medium
with 10% FBS and 1% sodium pyruvate (RPMI CCM) using Malvern Zetasizer (Zetasizer Nano-ZS, Malvern
Instruments, UK).

The metal content of the tested compounds was determined using atomic absorption spectroscopy (AAS)
(contrAA 800, Analytik Jena Ag). Materials and nanoparticles were incubated in 1 mL of concentrated HNO,
(Nitric Acid TraceMetal Grade 67-69%, Seastar Chemicals) for 24 h at 65 C. After incubation, the suspension
was vortexed and diluted 1:1000 in 1% HNOj;. The tissue and blood serum were incubated in H,O, (Perdrogen
30%, Sigma-Aldrich) and concentrated HNO; at the following ratio 1:1:8 (tissue: H,0,: HNO;) and incubated
for 24 h at 65 C. After incubation, the suspension was diluted 10 times in 1% HNOj; and analyzed by AAS. The
measurements were done in triplicate in at least two independent experiments.

8,13,41

Preparation of silver oxide nanoparticles (Ag,0). Analytical reagent grade (anhydrous, with purity
over 99.9%) silver nitrate (5 mmol, 0.85 g) was dissolved in 50 mL of DI water and ultrasonicated for 1 min to
achieve a homogeneous solution at room temperature.

After the silver nitrate was totally dissolved, sodium hydroxide (10 mmol, 0.39 g) was swiftly added to the
reaction mixture at ambient conditions and ultrasonicated for 2 h.

The final solution was cooled down. Then the obtained blackish precipitate was filtered on the Whatman
filter paper (Grade 5) and quenched twice with 50 mL of MQ water. The black residue was then dried at 70C for
12 h providing yields over 60%.

Cells

Bacterial cells.  Escherichia coli MG1655 K-12 (E.coli K-12) (obtained from the E. coli genetic stock center,
Yale University), Escherichia coli ESBL (isolated from the urine of 72 y.o. male patient with chronic prostatitis
in West-Tallinn Central Hospital), Pseudomonas aeruginosa PAO1 (obtained from Prof. Patrick Plesiat, Besanc,
France), Streptococcus dysgalactiae DSM 23,147 (obtained from German Collection of Microorganisms and Cell
Cultures of Leibniz Institute, Braunschweig, Germany), recombinant bioluminescent E. coli MC1061 (pSLcueR/
pDNPcopAlux, constructed in our laboratory previously by Ivask et al.**), Enterococcus faecalis ATCC 29,212
(obtained from the West-Tallinn Central Hospital) and Staphylococcus aureus ATCC 25,923 (obtained from the
West-Tallinn Central Hospital) were stored on agarized Luria-Bertani medium (LB, 1% tryptone, 0.5% yeast
extract, 0.5% NaCl, 1.5% agar) and before the tests cultivated in 3 mL of RPMI at 37 °C with shaking at 200 rpm
overnight. After overnight cultivation, 400 pl of inoculum was mixed with 20 mL of RPMI CCM and incubated
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for 4 h and grown to the exponential phase. After the incubation, the optical density of the bacterial suspension
at 620 nm (ODy,,) was measured and the suspension at desired ODg,, was prepared. In the case of recombinant
bacteria, RPMI CCM was supplemented with 100 pg/l ampicillin and 10 pg/l tetracycline to retain the biolumi-
nescence-encoding plasmid.

Assays

Evaluation of minimum bactericidal concentration (MBC). MBC was determined by the lowest con-
centration that kills 99.9% of the initial bacterial population using the spot test described by Suppi et al.*>. After
overnight cultivation and 4 h incubation to exponential phase, as described before, the bacterial suspension with
ODg;,, 0.07 (corresponds to 2 x 10% cells/mL*) in MQ, RPMI CCM or LB was obtained. 100 pL of bacterial sus-
pension was added to 100 uL components alone or their mix in medium. Bacteria were exposed in RPMI CCM,
LB or MQ on 96-well microplates (BD Falcon) at 30 °C for 24 h without shaking in the dark. 3 pl of incubated
suspension was pipetted onto agarized LB medium and the viability of bacterial cells (formation of colonies) was
visually evaluated after 24 h of incubation. Each experiment was repeated at least three times.

Measurement of bacterial growth in different media. Bacteria were prepared for the test as described
in the paragraph “Evaluation of the minimum bactericidal concentration (MBC)”. Bacterial suspension with
0Dy, 0.03 in MQ, RPMI CCM or LB was incubated for 3 h at 37 °C in a shaker and the bacterial density at
ODy,, was measured.

Evaluation of bacterial outer membrane (OM) integrity by 1-NPN assay. The cell wall permea-
bilization of E. coli and P. aeruginosa by AgNO;, cAg, CuO, CuO-COOH, CuO-NH,, CuSO, and Polymixin B
(PB, positive control) was assayed by the cellular uptake of N-Phenylnaphthalen-1-amine (1-NPN) essentially as
described by Helander and Mattila-Sandholm*. Differently from a hydrophilic environment, the fluorescence
of 1-NPN is significantly enhanced in a hydrophobic environment (e.g., membrane lipid bilayer), rendering it
an appropriate dye to probe the outer membrane (OM) integrity of gram-negative bacteria. Briefly, 50 pL of
40 uM 1-NPN and 50 pL of the tested compound in 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS)
adjusted with tris(hydroxymethyl)aminomethane (TRIS) base to pH 7.2 (MOPS-TRIS buffer) were pipetted into
the wells of black microplates. 100 pL of bacterial suspension in 50 mM MOPS-TRIS buffer with OD =0.5 was
dispensed into each well and the fluorescence was measured after 30 min of incubation at RT (Fluoroskan Ascent
FL plate luminometer; excitation/emission filters 350/460 nm). The 1-NPN cell uptake factor was calculated and
presented as a ratio between the intensity of fluorescence values of the bacterial suspension incubated with and
without test compounds. At least three independent experiments were performed in technical duplicates.

CopA gene induction of luminescent bacteria. Induction of luminescence in bacteria by intracellular
Ag and Cu ions was performed using recombinant biosensor bacteria Escherichia coli MC1061 (pSLcueR/pDN-
PcopAlux). The response of recombinant E. coli to intracellular Ag and Cu ions is mediated via CueR activator
protein and its regulated copA promoter that is fused to the bioluminescence encoding genes*. Therefore, in the
sub-toxic region, the presence of intracellular Ag and Cu ions leads to the increase of bioluminescence of these
recombinant bacteria in a dose-dependent manner.

The preparation of test bacteria and the procedure of the biosensor assay were analogous to the bacterial
growth inhibition assay with one exception: the growth medium of bioluminescent Ag-biosensor E. coli MC1061
(pSLcueR/pDNPcopAlux) was supplemented with 100 pg/l ampicillin and 10 ug/l tetracycline during overnight
cultivation to maintain the recombinant plasmids. Orion II plate luminometer (Berthold Detection Systems) was
used for the bioluminescence (BL) measurement. 100 ul of bacterial suspension with ODg,, 0.1 was exposed to
components or their mix in RPMI CCM (sample) or RPMI CCM (background) at 30 °C for 4 h. Dose-response
curves of the Ag and Cu biosensor were obtained by plotting the applied concentrations of Cu and Ag against
the bioluminescence of Ag/Cu-biosensor (as fold induction) in respective samples. The concentration with the
highest bioluminescence value from each component has been marked as the peak of LC. Fold induction was
calculated as follows:

BL
Induction (fold) — sample
BLbackgmund
where BLg,p is the bioluminescence of Ag/Cu-biosensor in the sample and BLy,cground i the background bio-

luminescence considering darkening of luminescence due to NPs.

Quantification of reactive oxygen species (ROS). Since presence of cells may influence generation
and neutralization of ROS, ROS was quantified in both, biotic (in the presence of cells) and abiotic (without
cells) conditions.

To study cellular (biotic) ROS production, fresh stock of 2',7'-dichlorodihydrofluorescein diacetate
(H,DCFDA) was dissolved in ethanol to a concentration of 0.6 mg/mL and subsequently diluted in 0.1 M sodium
phosphate buffer. 100 puL of component in MQ water was pipetted into the wells. Then, 100 uL of bacterial culture
(E. coli K-12 at ODg,,=0.1) in MQ water was added. The test plates were incubated at 30 °C for 4 h. After incuba-
tion 100 pL of the mixture was aliquoted into black non-transparent 96 well plates, and H,DCFDA was added
to the cells at a final concentration of 1.5 pg/mL. After 30 min of incubation, the fluorescence was measured
using a microplate reader (excitation/emission at 485/527 nm). In the assay, H,DCFDA diffuses through the cell
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membrane and is processed by intracellular esterases to a non-fluorescent dichlorofluorescin (DCFH). DCFH is
then converted to the highly fluorescent 2’,7'-dichlorofluorescein (DCF) due to the presence of intracellular ROS.

To study ROS in abiotic conditions, the acetate group of H,DCFDA was cleaved by 0.01 M NaOH at RT for
30 min. The dye was diluted with 0.1 M Na-phosphate buffer to a concentration of 24 ug/mL and then added to
each well in the black nontransparent 96 well plates, to yield a final dye concentration of 12 pg/mL. The results
were divided by the blank and presented as relative light units (RFUs).

Determination of dissolution of the components. For the dissolution analysis, 100 mg/l cAg, Ag,0,
nAg, AgNO;, CuSO, (a recovery control) were incubated in MQ water or in RPMI CCM at 37 °C for 24 h and
afterwards centrifuged at 320,000 x g for 30 min (Beckman Coulter ultracentrifuge). After centrifugation, the
supernatants were collected and the silver concentration analyzed by AAS (contrAA 800, Analytik Jena Ag).
The percentage of NP dissolution was calculated according to the silver concentration in the supernatant after
centrifugation, 100 mg/l was taken as 100%. The measurements were done in triplicate in at least two independ-
ent experiments.

Detection of Cu* in the suspension.  The detection of Cu* was conducted using the iodometric method*.
The Cu?* was masked by a complex formation with potassium oxalate; then, the Cu* was oxidized to Cu?* by
potassium iodate in the presence of 2 M hydrochloric acid using the 1% starch solution as an indicator of the
presence of iodine, which appears when the reaction is completed.

Statistical analysis. P values using Student’s t-test, standard deviations and mean values were calculated
in Microsoft Excel.

Data availability
The data used and/or analyzed during the current study is available from the corresponding author on reason-
able request.
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Abstract: Due to the high prevalence of infectious diseases and their concurrent outbreaks, there
is a high interest in developing novel materials with antimicrobial properties. Antibacterial and
antiviral properties of a range of metal-based nanoparticles (NPs) are a promising means to fight
airborne diseases caused by viruses and bacteria. The aim of this study was to test antimicrobial
metals and metal-based nanoparticles efficacy against three viruses, namely influenza A virus (HIN1;
A/WSN/1933) and coronaviruses TGEV and SARS-CoV-2; and two bacteria, Escherichia coli and
Staphylococcus aureus. The efficacy of ZnO, CuO, and Ag NPs and their respective metal salts,
i.e.,, ZnSOy4, CuSOy, and AgNO;, was evaluated in suspensions, and the compounds with the
highest antiviral efficacy were chosen for incorporation into fibers of cellulose acetate (CA), using
electrospinning to produce filter materials for face masks. Among the tested compounds, CuSO4
demonstrated the highest efficacy against influenza A virus and SARS-CoV-2 (1 h IC50 1.395 mg/L
and 0.45 mg/L, respectively), followed by Zn salt and Ag salt. Therefore, Cu compounds were
selected for incorporation into CA fibers to produce antiviral and antibacterial filter materials for face
masks. CA fibers comprising CuSO,4 decreased SARS-CoV-2 titer by 0.38 logarithms and influenza
A virus titer by 1.08 logarithms after 5 min of contact; after 1 h of contact, SARS-COV-2 virus was
completely inactivated. Developed CuO- and CuSOjy-based filter materials also efficiently inactivated
the bacteria Escherichia coli and Staphylococcus aureus. The metal NPs and respective metal salts
were potent antibacterial and antiviral compounds that were successfully incorporated into the filter
materials of face masks. New antibacterial and antiviral materials developed and characterized in
this study are crucial in the context of the ongoing SARS-CoV-2 pandemic and beyond.

Keywords: coronavirus; silver; zinc oxide; copper oxide; toxicity; face masks; electrospinning

1. Introduction

The recent emergence of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the causative agent of COVID-19, has tremendous worldwide socioeconomic
impacts. The genome of SARS-CoV-2 shares about 80% identity with that of SARS-CoV-1, a
coronavirus causing SARS disease. SARS-CoV-2 is a positive-strand enveloped RNA virus,
with the size of the virion ca. 125 nm in diameter. The spike glycoprotein S on the surface
of the virion determines the attachment and the entry of the virus to the host cells [1-3].
The binding affinity of the SARS-CoV-2 S protein to its cellular receptor hACE2 is higher
as compared to that of S protein of the SARS-CoV-1 [4], making SARS-CoV-2 extremely
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transmittable [5-8]. To prevent virus transmission, it is suggested by the World Health
Organization (WHO) to wear masks for avoiding the nosocomial transmission of the virus.
Moreover, according to the WHO and the Centers for Disease Control and Prevention,
wearing of masks is a relevant measure to reduce the spread of the coronavirus [9-11].

SARS-CoV-2 is an enveloped virus, similar to the Zika virus (ZIKV), Ebola virus
(EBOV), SARS-CoV-1, and MERS-CoV [12], bearing a lipid envelope derived from the host
cell membranes. Traditionally, antiviral agents and disinfectants are used to reduce the
spread and inactivate these viruses [13]. To tackle the viral pandemics similar to COVID-19
through the implementation of materials comprising metals is a promising means [14-18].
Metals such as silver, copper, and zinc are well-known antimicrobials against a wide array
of bacteria [19,20] and viruses, including human influenza A virus and SARS-CoV-2 [21-28].
The use of nanoparticles (NPs; size range, 1-100 nm) instead of metal salts enables control
over metal ion release, prevents the rapid inactivation of metal ions, and enhances the
antimicrobial effect of metal ions [19,29]. In particular, metal-based NPs are well-known
for their antibacterial and antiviral properties, showing a significant response even at low
concentrations, due to their high surface-to-volume ratio [19,30-32]. In the recent article
by Bahrami et al., the authors reviewed the effects of a wide range of metal-based NPs on
SARS-CoV-2 and showed that Ag NPs inhibited virus entry, reduced oxidative stress, and
inhibited viral RNA synthesis. Cu NPs, on the other hand, damaged the virus membrane,
destroyed the RNA, and interfered with functional proteins [21].

The outstanding virucidal efficacy of metal-based NPs makes them excellent materi-
als to be applied on common surfaces toward impairing infection spread. Antimicrobial
surface-coating materials comprising copper, silver, and zinc have shown good virucidal
efficacy in controlling the transmission of viruses such as influenza A virus, human immun-
odeficiency virus type 1 (HIV-1), dengue virus type 2 (DENV-2), and human herpesvirus 1
(HHV-1) [14,33]. Considerable loss of human coronavirus HuCoV-229E infectivity was
observed on copper-containing surfaces after 30 min of contact [34]. Surfaces treated
with copper are already used in hospitals for the prevention of the spread of microbial
contaminations and potentially viral transmissions [35].

Recently, many organic compounds of polymers, including biopolymers, have shown
potential as antibacterial and antiviral agents to impair the spread of infectious diseases [36].
These polymer matrices are excellent as carriers of metal NPs and metals. Metals can
be incorporated in the materials permanently, and these metal-polymer composites are
efficient antimicrobials. Polymers and fiber materials thereof are used as components
of fabrics and textiles and filter materials. Traditionally, the incorporation of the metal
additives in the polymer matrices is achieved by the coating of the metals on the surface of
the fibers or impregnation in the blend of polymer fibers [37]. Mostly, these materials are
synthetic. For example, common surgical masks consist of plastic-based polymers such as
polypropylene, polyurethane, polyacrylonitrile, polystyrene, polycarbonate, polyethylene,
or polyester [38]. However, bio-based polymers are preferred for the future developments
of the new biodegradable materials.

In this study, we tested the antibacterial and antiviral properties of the salts of Cu, Ag,
and Zn; and respective NPs to develop new effective antimicrobial biomaterials thereof. To
test the antibacterial properties of the compounds and materials, E. coli and S. aureus were
selected, and for the antiviral properties, influenza A virus and coronaviruses transmissible
gastroenteritis virus (TGEV) and SARS-CoV-2 were selected. The metal-based components
with the best antimicrobial properties were incorporated into biopolymer CA, which is
a natural environmentally friendly bio-based polymer. As the main results of the study,
we provided valuable data on toxicity of studied metals and NPs to different bacteria and
viruses and developed novel antimicrobial CuSO4-based filter material that inactivates
SARS-CoV-2 within minutes of exposure.
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2. Materials and Methods
2.1. Materials and Chemicals

CuO-NH; and CuO-COOH were obtained from PlasmaChem GmbH (Germany).
Ag NPs (nAg) were obtained from Sigma-Aldrich. CuO and CuSOy4 were purchased as
powders from Sigma-Aldrich and Alfa Aesar, respectively. AgNO3; was obtained from
J.T.Baker, and ZnSO, and ZnO from Sigma-Aldrich.

Cellulose acetate (CA) in granules with an average molecular mass of 30,000 g/mol
was purchased from Aldrich Chemistry. Acetonitrile and dimethyl acetamide (DMA.) were
from Sigma-Aldrich. Thymol (laboratory reagent grade), which was used as an additive to
increase the porosity of electrospun filter materials, was obtained from Fisher Chemistry,
and HNOj3 was from Seastar Chemicals.

2.2. Viruses and Cells

The human influenza A virus, strain A/WSN /1933 (H1N1), was kindly provided by
Prof. Denis Kaynov (Norwegian University of Science and Technology, NTNU, Trondheim,
Norway). Transmissible gastroenteritis virus (TGEV) was a kind gift from Prof. Luis En-
juanes (Centro Nacional de Biotecnologia-Consejo Superior de Investigaciones Cientificas,
CNB-CSIC, Madrid, Spain). SARS-CoV-2 Estonian isolate 3049 was propagated from a na-
sopharyngeal swab of RT-qPCR-positive patient’s sample. MDCK-2 (Madin-Darby canine
kidney, the American Type Culture Collection code CCL-34) cells were used for propagation
and titration of influenza virus; Vero-E6 (African green monkey, ((ATCC)) code CRL-1586)
cells were used for propagation and titration of SARS-CoV-2, and ST cells (a kind gift from
Prof. Luis Enjuanes’ laboratory) were used for propagation and titration of TGEV. All cells
were grown in DMEM medium (Corning) containing 10% heat-inactivated fetal bovine
serum (FBS, PAN Biotech), in the presence of 100 units/mL penicillin and 100 pg/mL
streptomycin (Sigma).

Influenza A virus was grown in MDCK-2 cells. The virus growth medium (VGM) was
DMEM, containing 0.2% bovine serum albumin (BSA, Sigma), 100 units/mL penicillin,
100 pg/mL streptomycin, and 1 pg/mL TPCK-treated (N-tosyl-L-phenylalanine chloromethyl
ketone) trypsin (Sigma). TGEV was grown in ST cells in VGM, which was DMEM that
contained 0.2% BSA, 100 units/mL penicillin, and 100 ug/mL streptomycin. SARS-CoV-2
was propagated in Vero-E6 cells in a VGM (DMEM complemented with 0.2% BSA and
penicillin/streptomycin).

2.3. Dispersion Analysis for Polymer Solvent Systems with Metal Nanoparticles

CA was used as a polymer matrix for electrospinning solution preparation. Two
solvents, acetonitrile and DMA. were used to prepare solvent dispersions. NP and metal
additives were used for CA polymer solutions to enhance the antibacterial and antiviral
properties of the filter materials produced by electrospinning. CA polymer filter materials
were electrospun in acetone-DMA. solvent systems at 2:1 and 3:1 ratios. The solvent
systems with metal compounds were characterized for dispersion by using dynamic light
scattering (DLS) for evaluating the profile for size distribution for the particles and CA
polymers in solution and provide additional information about the compatibility and
quality of the NP polymer—solvent systems (Supplementary Table S1).

2.4. Electrospinning of Filter Materials

CA polymer solutions were prepared in an acetonitrile-DMA_. mixture in a mass
mixing ratio of 2:1. The concentration of CA in the solvent mixture was 17 wt.%. To obtain
a homogeneous solution, the added polymer was dissolved in the solvent mixture by
mechanical mixing with the magnetic stirrer, at room temperature, for 24 h. The additives
of CuO and CuSOy in total mass concentration of 12.5 wt.% and 18.75 wt.% were added,
achieving 7.5% and 10% Cu concentrations in polymer, respectively, and the solutions were
stirred again for 24 h to achieve the homogeneity. To avoid precipitation of CuSOy salt in
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CA solution, the ultrasonication treatment was applied for another 30 min using probe
sonication (Branson Sonifier 450).

The electrospinning process was performed by using an in-house built-laboratory-
scale horizontal electrospinning setup with cylindrical rotating collector covered with
the non-woven fiber material with a 25 g/m? density. The operating parameters for
electrospinning are summarized in Supplementary Table S2. In brief, the electrospinning
solution containing CA polymer in acetonitrile-DMA . mixture in mass mixing ratio 2:1
was placed in a 2 mL syringe with a needle diameter of 0.4-0.6 mm. The solution was
electrospun at 10 kV, with the distance of 15 cm between the collector and the needle.
The pumping rate was from 0.4 up to 0.9 mL/h depending on the solution viscosity. The
electrospinning was performed at room temperature and at an air humidity of 60%. The
humidity of the isolated electrospinning box was controlled by using a portable humidity
device, Air-O-Swiss.

2.4.1. Analysis of Morphology of Electrospun Filter Material

The morphology of the filter materials was determined by high-resolution scanning
electron microscope (SEM) Zeiss Ultra 55. For high-resolution imaging, in-lens secondary
electron detection at an accelerating voltage (AV) of 4 kV was used. To study the chemical
composition of samples, the back-scattered electron detector was used at 15 kV AV. Scanning
transmission electron microscope (STEM) images were acquired by an FEI Titan Themis
200 microscope equipped with the Super X detector system for an energy-dispersive X-ray
spectroscopy (EDX). For STEM measurements, biopolymer material was cut with scissors to fit
in a 3 mm-diameter sample holder. Fibers were fixed by placing them between two Au grids.

2.4.2. Air Permeability Testing of Electrospun Filter Materials

Air permeability testing of the materials was conducted according to the Medical Masks
standard EVS-EN 14683:2019 (Estonian Centre for Standardisation and Accreditation). Before
measuring, the filter mats were conditioned according to the Standard (Estonian Centre for
Standardisation and Accreditation). The air permeability measurements were performed by
using the measuring device FX 3340 MinAir (Textest Instruments). All measurements were
performed on the sample area of 5.0 cm? with 0.272 m/s air speed. The results are presented
as the arithmetic average of 5 measurements with the standard deviation.

2.4.3. Testing of Aerosol Filtration Efficiency of Electrospun Filter Materials

Aerosol filtration efficiency was measured according to the standards [39], using the
aerosol generator TSI model 3076, the aerosol analyzer Scanning Mobility Particle Sizer
(SMPS) TSI model 3082 + Condensation Particle Counter (CPC) TSI model 3775, the dryer
TSI filtered air supply 3074B, silica gel dryer TSI 3062, and the deferential monometer CHY
886U. Polydisperse aerosol with a particle range of 11.8-429.4 nm was used for testing,
covering a particle size of 300 nm, which N95 masks are certified to filtrate for [39].

2.4.4. Hydrophobicity /Hydrophilicity Determining

The hydrophobicity /hydrophilicity of the filter materials was estimated by measuring
the contact angle, using the Sessile drop method [40] with the device DataPhysics OCA 20
and SCA 20 software (DataPhysics Instruments GmbH, Filderstadt,-Germany). Distilled
water was used as a liquid agent to create the drop on the measured surface of the material.
All measurements were performed at room temperature and the air humidity at 40%.

2.4.5. Quantification of Metal Content and the Released Metal Content of the Fiber Materials

For the quantification of the metal content, the fiber materials were cut 2 x 2 cm? and
incubated in 1 mL of HNOj3 (Nitric Acid TraceMetal Grade 67-69%, Seastar Chemicals) for
24 h at 65 °C. After incubation, the suspension was vortexed and diluted 1:1000 in 1% HNO3.
The concentrations of Cu and Ag in diluted suspensions were analyzed by Atomic absorption
spectroscopy (AAS) (contrAA 800, Analytik Jena Ag, Analytik Jena GmbH, Jena, Germany).
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For the quantification of released metal content, the 2 x 2 cm? of filter material was
added into 3 mL of DI water for 5 or 20 min and incubated at 36 °C on a shaker. After
incubation, the supernatant was dissolved (1:9) in HNO3 (Nitric Acid TraceMetal Grade
67-69%, Seastar Chemicals) for 10 min, at room temperature, and vortexed, followed by
the dilution of the solutions 100 times in 1% HNOj; and analysis by AAS (contrAA 800,
Analytik Jena Ag).

2.5. Cytotoxicity Assay

The cytotoxic effects of CuO, ZnO and Ag NPs and corresponding salts were studied
by using the WST-1 assay. WST-1 reagent (Roche) was used according to the manufacturers’
protocol. The cells (MDCK-2, Vero-E6, or ST) were grown to approximately 70% confluency
on 96-well plates. The growth medium was removed, and metal NPs or salts at specified
concentrations were diluted in the growth medium at 100 pL/well. Then, 48 h later, WST-1
reagent was added (10 uL./well), the cells were incubated for 3 h, and the optical density
(OD) at 450 nm was determined by a Tecan Sunrise spectrophotometer. Data analysis
was carried out by averaging the OD reads of triplicate wells, subtracting blank (wells
without cells), and comparing the derived values with the 0-controls (cells treated with
growth medium without NPs). The controls’ viability was considered to be 100%, and cell
viability <80% was considered to be an indication of the cytotoxicity of the used materials.

2.6. Antibacterial Assay

Escherichia coli MG1655 strain was obtained from the genetic stock center (Yale Univer-
sity), and Staphylococcus aureus 6538 strain was obtained from the ATCC. Before the tests,
the bacteria were cultivated in 3 mL of RPMI, at 37 °C, with shaking at 200 rpm, overnight.
Then 400 uL of overnight cultures was mixed with 20 mL of LB broth and incubated for 4 h
to reach the exponential growth phase. After the incubation, the OD at 620 nm (OD620) was
measured, and bacterial suspension at absorbance 0.1 (measured at OD 620) was prepared.
A total of 500 uL of suspension was spread on the square Petri dish (10 cm x 10 cm) with
LB agar. On the freshly inoculated LB agar, the filter materials were placed, followed by
incubation for 24 h at 37 °C; the antibacterial effect of the materials was then evaluated by
visual inspection.

2.7. Assessment of Antiviral Activity of Nanomaterials and Corresponding Salts in Suspensions

Virus stocks in cell culture medium were diluted 10 times in water; virus titers were
6.65 x 10* pfu/mL for influenza A virus, 8.35 100 pfu/mL for TGEV, and 2.5 x 10° pfu/mL
for SARS-CoV-2. The CuO-COOH, CuO-NH,, CuO, ZnO, and Ag nanomaterial suspen-
sions and corresponding salts’ (CuSO4, AgNO3, and ZnSO;) dilutions were prepared in
distilled water. Viruses and nanomaterials at specified concentrations were mixed 1:1
and incubated for 1 h, at room temperature. After incubation, the viruses were titrated
by plaque assays. For this, the 10-fold dilution series in VGM was prepared from the
virus-nanomaterial mixtures, starting from 107! to 10~* dilutions.

In the case of the influenza A virus and TGEV, 100% confluent cells on 12-well plates
were washed with phosphate buffered saline (PBS) and infected with 150 pL dilution per
well in duplicate for 1 h at 37 °C and 5% CO; in a humidified atmosphere, gently rocking
the plates every 15 min. Then infection inoculum was removed and replaced with VGM
containing 1% carboxymethylcellulose (CMC); in the case of the influenza A virus, the
mixture was supplemented with TPCK-trypsin at a final concentration of 1 ug/mL. At 96 h
post-infection, the plates were stained with crystal violet, washed, and dried; the plaques
were then visually counted, and the virus titers were calculated.

For SARS-CoV-2, 100% confluent Vero E6 cells grown on the 96-well plates were
infected with 25 pL dilution per well in duplicate for 1 h at 37 °C and 5% CO,, and then
they were layered with 1% CMC in VGM and incubated for 48 h at 37 °C and 5% CO,
in a humidified atmosphere  The plates were fixed with ice-cold 80% acetone in PBS for
1 h at —20 °C and air-dried for at least 1 h. The plates were blocked with the Thermo
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Scientific blocking buffer (Ref. No. 37587) and then stained with rabbit monoclonal
anti-SARS-CoV-2 nucleocapsid antibody (Icosagen Ltd., R1-166-100, Tartu, Estonia) and sec-
ondary anti-rabbit IRDye800-conjugated antibody (LI-COR). The stained plates were read at
800 nm, using LI-COR Odyssey machine; the immuno-stained plaques were counted in the
wells with visually distinguished single plaques, and the virus titers were calculated by
taking into account the volume of viral inoculum. The data were further analyzed with
GraphPad Prism 9.0 software (San Diego, CA, USA) to calculate the half maximal inhibitory
concentration (IC50) for each virus and nanomaterial combination.

2.8. Deactivation of Viruses by Fiber Materials

The electrospun fiber materials were cut into 2 x 2 cm pieces and weighed to ensure
that the weight difference of pieces was less than 10%. The autoclaved material pieces were
placed onto 12-well plates. Then 30 uL of TGEV (2.5 x 10° pfu-s) or influenza A virus
(1.8 x 10* pfu-s) was pipetted onto material, and 470 uL. DMEM (without additives) was
added. The sample was collected immediately (5 min time point), or the material piece was
incubated with virus for 1 h at 28 °C, 5% CO;, in a humidified atmosphere. The samples
were collected from the well by pipet. Then a material piece was placed in a 1.5 mL tube;
centrifuged for 3 min at 13,400 g; and the liquid samples were combined, mixed, and
titrated by plaque assay.

To evaluate the antiviral activity of materials against SARS-CoV-2, the materials were
cutinto 2 X 2 cm pieces and placed into 50 mL falcon tubes. Then 30 uL of SARS-CoV-2
virus stock was added. For the 0 h time point, the sample was processed immediately,
and for the 1 h time point, the samples were incubated at 28 °C by adding 470 uL of PBS,
followed by brief vortexing and centrifugation at 3200 g for 3 min at room temperature.
Supernatants were collected to the tubes, and 10-fold dilutions were prepared in VGM
(final volume of 200 puL). For the plaque assay, the Vero E6 cells seeded on a 96-well plate
on the previous day were incubated with 100 nuL diluted sample/well for 1 h at 37 °Cin a
humidified 5% CO, atmosphere. After incubation, the cells were overlaid with VGM /1%
CMC solution and incubated for 48 h at 37 °C in a humidified 5% CO, atmosphere. The cells
were fixed with ice-cold 80% acetone/PBS at —20 °C for 1 h, followed by an immunoplaque
assay with anti-SARS-CoV2-N 82C3 (Icosagen Ltd., R1-166-100), as described above.

2.9. Statistical Analysis

IC50 was calculated by using GraphPad Prism 9.0 software, and p-values were calcu-
lated in Excel, using Student’s f-test.

3. Results
3.1. Antiviral Efficacy of Nanoparticles in Suspensions

The physicochemical properties of NPs were characterized by our group before [41,42]
and are summarized in Supplementary Table S3. The antiviral properties of metal NPs
and corresponding salts were investigated by a plaque assay first in suspensions against
influenza A virus and coronaviruses TGEV and SARS-CoV-2. TGEV was used as a model
for coronavirus susceptibility evaluation—as a safer Biosafety Level 2 (BSL2) model for a
coronavirus. Metal salts were used as controls to the NPs tested. The absence of cytotoxicity
of tested compounds was confirmed on cell lines in vitro since the infection of cells by virus
in suspension with tested compounds was an integral part of the plaque assay. The testing
of metal compounds’ antiviral efficacies in suspensions was performed at the 1-hour time
point, as we were aiming to generate and test materials with high efficacies.

The testing in suspensions showed that the most potent metal salt against all viruses,
ie, A/WSN/1933 (HIN1), SARS-CoV-2, and TGEV, was CuSOy (IC50 1.40, 0.45, and
4.44 mg/L, respectively) (Table 1), indicating the superiority of copper and, more precisely,
copper ions in the antiviral testing setup. Please refer to the dose response curves in
Supplementary Figures S1-S3. Thus, CuO, CuO-NH,, or CuO-COOH were less effective
against tested viruses than CuSOy (with the exception of CuO-COOH that has IC50 value
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0.57 mg/L for A/JWSN /1933 (HIN1)) (Table 1). This might be due to the fact that carboxy-
lation has additional antiviral efficacy, as COOH groups readily bind to viral RNA [43].

Table 1. Antiviral efficacy of metal salts and metal nanoparticles against influenza A virus,
SARS-CoV-2, and TGEV in water suspensions.

1C50 (mg/L)

Substance
Influenza A Virus SARS-CoV-2 TGEV
CuSOy4 1.40 0.45 444
CuO 49.25 >100 383.4
CuO-NH, 1.88 149.1 8.8
CuO-COOH 0.57 79.68 13.75
ZnSOy 3.39 35.65 ND
ZnO 134.8 ND ND
AgNO;3 >100 NA >100
Ag NP >1000 NA NA

NA—not applicable: since Ag NPs and AgNO3 were toxic to VeroE6 cells used for tests with SARS-CoV-2 already
at 10 mg/L. ND—not determined.

Silver is a well-known antibacterial and a promising agent in the fight against coronavirus,
whereas, in our study, the AgNO; salt was not effective even in the highest concentration
tested (100 mg/L) and did not reduce the titers of A/WSN/1933 (HIN1) and TGEV enough
to calculate IC50. The other metal in the study, Zn salt, ZnSOy, was less effective against the
tested influenza and coronavirus compared to CuSOy (Table 1). Hence, we selected copper
compounds as a salt CuSO4 and CuO NPs for incorporation into filter materials.

3.2. Development and Characterization of Filter Materials
3.2.1. Compatibility of NPs with Solvent Systems for Preparation of the Filter Materials

Next, CuSO4 and CuO NPs were incorporated into 17% CA polymer to produce
filter materials. First, the compatibility of CA polymers in dispersions of acetone-DMAc
(Ac-DMAC) solvent systems with NPs and metals was tested. The NH, and COOH func-
tionalized and unfunctionalized CuO NPs in suspensions and CuSO4 were evaluated by
DLS in solvent systems compatible with CA for 24-h and 1-week time points (Supplemen-
tary Table S1). The functionalized NPs CuO-NH; and CuO-COOH formed aggregates in
solvents, as exemplified by the high polydispersity index (PDI) values (0.7-1) and, thus,
were not suitable for electrospinning. Hence, surface-functionalized NPs were not used
to produce fiber materials, whereas the unfunctionalized CuO NPs, and especially CuSOy4
salt, demonstrated excellent compatibility to be incorporated into CA filter materials and
were used for generating the fiber materials.

3.2.2. Development of Filter Materials

Filter materials were produced by using electrospinning techniques and CA as a
polymer carrier for CuSO4 and CuO NPs (Table 2). Moreover, thymol was used for the
electrospinning of filter materials to raise the porosity and hydrophilicity of the nanofibers,
as previously described [44]. We hypothesize that by increasing porosity, thymol will
improve metal release and, thus, antimicrobial properties of filter materials, and by raising
the hydrophilicity, we will obtain better release of the metal ions to inactivate the virus
efficiently. The developed filter materials were named as follows: CA (CA without an-
timicrobial components); CA_7.5%CuSOy (CA with 7.5% CuSOy); CA_10%CuO (CA with
10% CuO); CA_thymol (CA with 10% thymol); and CA_thymol_7.5%CuSO, (CA with
10% thymol and 7.5% CuSQOy). All shown percentages were calculated based on Cu content.
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Table 2. Characteristics of electrospun filter materials.

Aerosol .
Mat SEM Air Filtration Aerosol - Hydrophobic/  Contact
Samples . . . . . Filtration Hydrophilic Angle
Thickness Diameter = Permeability Efficiency, .. o . X
o Efficiency, % Measuring Measuring
mm nm Pa/cm?2 whole range 300 nm ©
arem 11.8-429.4 nm
CA 0.051 750 125.0 99.3 99.6 hydrophobic 104
CA_7.5% .
CuSO, 0.062 972 54.1 84.3 85.5 hydrophobic 107
C"éaloo % 0.163 759 474 78.4 81.6 hydrophobic 99
CA_thymol 0.036 545 454 ND * ND hydrophilic 82
CA_thymol_7.5% .
CuS0, ND 431 55.9 ND ND hydrophilic 86

* ND—not determined, CA—cellulose acetate.

The maximum nominal concentration of Cu from CuSQO,4 and CuO that we were able
to incorporate into CA was up to 8% (Table 3). Namely, when 7.5% of Cu from CuSOy4
was added to CA polymer solutions (sample designated CA_7.5%CuSQy), the measured
concentration of Cu in the final filter material was 4.68%. Thymol remarkably improved the
incorporation of CuSOy into CA; with the addition of 7.5% of Cu from CuSO, to CA with
thymol, the measured concentration of Cu in this filter material was very close to nominal,
7.38%. The filter materials were characterized for fiber morphologies, material thickness,
hydrophilicity /hydrophobicity, and air-filtration parameters (Table 2). Thymol improved
the hydrophilicity of the materials and the release of Cu 1.7 times compared to CA fibers
without thymol (Tables 2 and 3).

Table 3. The metal content and release of copper ions from CA filter materials.

Cu Content,

Fiber Material o, Released Cu Content, 1 h, %
CA 0 ND
CA_7.5%CuSOy 4.68 +£1.1 46
CA_10%CuO 8.01 +0.39 0
CA_thymol 0 ND
CA_thymol_7.5%CuSOy 7.38 + 0.61 78

ND—not determined.

3.2.3. Morphology of Filter Materials

Scanning electron microscopy (SEM) was used to assess the morphology of fibers of
filter materials (Figures 1 and 2 and Supplementary Figure S4). According to SEM, all
fibers had random orientation (Figures 1 and 2). The average diameter of the fibers was
600 nm, giving one of the biggest advantages of nanoscale: through the addition of a small
quantity of metals or NPs to maximize specific functionalities on a high scale. We confirmed
by EDX that filter materials with CuSO4 and CuO contained a high concentration of Cu
(Figure 1D,F), whereas CA alone contained only traces of Cu (Figure 1B). In addition, CuO
NPs were clearly visible in the case of CA with CuO NPs (Figure 1E). The addition of
thymol in the CA materials did not increase the porosity of material, but it altered the
surface structure of the fibers, giving more specific surface area for the material and virus
interaction to take place (Figure 2).
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CA_thymol

Figure 1. Morphological characteristics by SEM imaging for electrospun CA filter mats (panels A,C,E)
and EDX analysis of the mats (panels B,D,F). Please refer to the different scales on the y-axis.

CA_thymol_7.5%Cus04

S

Signal A= InLens 100 NM Signal A = InLens 200 NmM*
EHT= 400kv | . EHT=400kv

Figure 2. Morphological characteristics by SEM imaging for electrospun CA filter mats comprising

thymol (A) and CuSOy (B) as additives, showing the texture change on the surface.

3.2.4. Thickness, Hydrophilicity, and Air Filtration Parameters of Filter Materials

The filtration performances were measured by determining the penetration of 1% NaCl
aerosol particles, using an Aerosol generator TSI model 3076. The air permeability and
the particle filtration efficiency were associated with the mat thickness having higher air
permeability and filtration efficiency for mats with ca. 0.05 mm thickness. The thickness of
the produced mats was very similar, being in the range of 0.04-0.06 mm with the exception
of CA_10%CuO (0.163 mm). The small variation of this parameter can be explained
with non-uniform distribution of additives in the electrospun material as the handmade
electrospun device with rotating drum collector was used. In this study, the aim was
to use electrospinning technique for producing protective material with nanosize fibers
comprising different additives. The choice of the electrospinning parameters depended on
the solution properties, viscosity, and the distribution/mixing/compatibility of the used
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additives in the polymer solutions. Thus, the changing of the flow rate enabled us to adjust
to these parameters (Supplementary Table S2). Compared to the materials of CA without
Cu compounds, the air permeability of Cu-containing CA materials decreased around
2.5 times but was still acceptable [45]. Thus, the materials had acceptable performance
parameters and were used in further tests (Table 2).

3.3. Antibacterial Efficacy of Filter Materials Comprising Copper NPs and Copper Salt

In the next step, the antibacterial activity of developed filter materials was studied
against E. coli and S. aureus. The antibacterial activity of the materials against bacteria
was assessed on agar diffusion assay and is visualized in Figure 3. As expected, CA alone
(control) did not inhibit the growth of bacteria. All other filter materials had excellent
antibacterial activity against both E. coli and S. aureus. Interestingly, CA with thymol had an
antibacterial effect even without the incorporation of Cu compounds. The best antibacterial
effect (the largest bacteria-free zone) was observed in the case of CA with CuSO, and CA
with thymol and CuSOy.

Escherichia coli K12

CA_ CA_10%Cu0 CA_thymol
7.5%Cus04

CA_thymol
_7.5%CuS04

Staphyococcus aureus (ATCC 25923)

CA_ CA_10%Cu0 CA_thymol
7.5%CuS04

CA_thymol
_7.5%CuSO4

Figure 3. Antibacterial activity of filter materials against bacteria Escherichia coli and Staphylococcus
aureus. The filter materials were removed for the images to demonstrate the bacteria-free area under
the materials.

3.4. Antiviral Efficacy of Fiber Materials Comprising Antimicrobial Metals

Previously, the antiviral efficacy was measured for nanoparticles in suspensions
(Table 1). The antiviral activity of the produced filter materials against A/WSN /1933 (HIN1),
SARS-CoV-2, and TGEV viruses was studied by incubating virus stock with the material and
determination of the effect on virus titer by plaque assay. The best virucidal effect (virucidal
effect is expressed as reduction of viral titers after 5 min and 1 h of exposure) was observed in
the case of CA with CuSO4 and CA with thymol and CuSOy (Figure 4). Materials comprising
CuSOy reduced influenza A virus titers 1.1-1.8 log already after 5 min of exposure and
1.6-1.8 log after 1 h of exposure (Figure 4A). From three tested viruses, the virucidal effect
of all filter materials on TGEV was the lowest: 5-minute exposure resulted in no significant
virus titer reduction, and mild 0.2 log reduction was observed after 1-hour exposure for CA
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material with CuSOy; and no effect was observed when thymol was the additive for the
same material (Figure 4C). From the tested viruses, the best virucidal effect of filter materials
was observed for SARS-CoV-2: CA fibers with 7.5% Cu from CuSO4 completely eliminated
infectivity of SARS-CoV-2 after 1 h of contact exposure, and CA_thymol_7.5%CuSO4 ma-
terial reduced the titer by 1.14 logs (Figure 4B). Interestingly, different from filter materials
comprising CuSQy, the materials of CA with 10% CuO were not effective against any of the
tested viruses (Figure 4). The addition of thymol alone to the CA material, however, reduced
A/WSN/1933 (HIN1) titer approximately 0.7 logs compared to the CA control material
without additives, but the difference was not statistically significant (Figure 4A). Thymol’s
antiviral effect was limited to the influenza virus in our experiments, as the CA_thymol
material did not reduce the titers of coronaviruses, indicating the importance of hydropho-
bicity in the antiviral efficacy [46]. We suggest that the influenza virus is more susceptible
to released Cu ions, and SARS-CoV-2 is more susceptible to the hydrophobic interactions
of the material. To summarize, similar to the antibacterial properties, filter materials with
CuSO4 demonstrated the best antiviral properties (Figure 4), and, additionally, material
hydrophilicity and hydrophobicity played a role.
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Figure 4. Antiviral properties of CA without additives (control), 7.5% CuSOy4 and 10% CuO in CA
against influenza A/WSN /1933 (HIN1) virus (A), SARS-CoV-2 (B), and transmissible gastroenteritis
coronavirus TGEV (C). Statistical significance is represented as follows: * p < 0.05; ** p < 0.01.

4. Discussion

Influenza A virus is a respiratory virus that has caused several historic outbreaks, such
as the Spanish flu in 1918, the 1977 Russian flu pandemic, and the 2009 swine flu pandemic.
SARS-CoV-2 has caused over 600 million human infections and at least 6.5 million deaths in
less than 3 years. The rapid spread of these viruses serves as evidence of the highly effective
spread that occurs mostly (or at least partly) by the droplet-transmission ways [47,48].
Hence, the development of antiviral filter materials and face masks could be an option to
suspend the transmission of these viruses, their variants, and other airborne pathogens.
The use of antiviral and antimicrobial masks from environmentally friendly materials will
significantly reduce the adverse environmental impact and the risk of contamination during
their handling and disposal, as this is an important concern during the pandemic [49].
These masks could aid to protect the public health in community settings and in various
healthcare settings. For example, the face masks based on these filter materials may be
used in hospitals even beyond the pandemic caused by SARS-CoV-2 in order to prevent
hospital-acquired infections. The bacteria Escherichia coli and Staphylococcus aureus are the
major causes of hospital-acquired infections [50]. The pathogenic strains of E. coli have
been associated with pneumonia and the pathogenic strains of S. aureus with pneumonia
and meningitis. Due to the differential membrane structures of E. coli and S. aureus, they
represent the Gram-negative and the Gram-positive bacteria, respectively. Thus, we used
these two bacteria as models to study the antibacterial properties of the developed filter
materials. To investigate the antiviral properties of the developed materials, we used two
respiratory viruses: influenza A/WSN /1933 (HIN1) virus and SARS-CoV-2 and TGEV, a
coronavirus mostly transmitted by oral route.

It has been reported that, depending on the surfaces, the human coronaviruses can
remain infectious for up to 9 days [51], and influenza A virus can for up to 2 days [52],
whereas survival is longest on the most common surfaces, such as wooden, stainless steel,
and plastic. One way is to tackle the transmission of pathogens by impairing the infectious
properties of these viruses and bacteria by new antimicrobial materials. The virucidal
properties of fiber materials comprising metals have been investigated in previous studies.
For example, Hodek et al. showed that protective hybrid coating prepared via sol-gel
method and applied on glass slides or into the wells of polymethyl methacrylate plates
containing silver, copper, and zinc cations effectively inactivated HIV and other enveloped
viruses [33,53]. That brought us to the current study to test Ag, Zn, and Cu compounds
as potential antivirals against SARS-CoV-2, TGEV, and other enveloped viruses first in
suspensions and to use the most promising of them to incorporate into polymers to produce
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filter materials for face masks. These filter materials were intended to inactivate respiratory
viruses, as well as common bacterial pathogens causing hospital acquired infections.

In our study, the metals were first tested in the suspensions. Somewhat surprisingly,
Ag, the most widely used antibacterial metal, was not efficient to inhibit viruses used
in our tests that showed (in suspensions) IC50 values >100 mg/L for AgNOj3 against
A/WSN/1933 (HIN1) and TGEV, and >1000 mg/L for Ag NP-s against influenza A virus.
The reason could be that the antibacterial activity of Ag und Cu is strongly attributed to
the release of ions and their effect on cellular components and processes. In this regard,
virus particles having no metabolic activities are drastically different from bacteria. Ag
ions interfere with metabolic processes such as energy generation and cell proliferation,
which are important for bacteria but not for virus particles. In contrast, Cu ions have been
reported to damage the virus capsid and envelope [54]. Indeed, Cu compounds were effec-
tive against influenza A virus from 0.57 to 49.25 mg/L, depending on the compound and
functionalization of the NPs, and they showed the lowest IC50 for CuO-COOH (Table 1).
Of the tested Cu compounds, CuSO,4 was the most efficient against SARS-CoV-2 (IC50
0.45 mg/L) and, to a lesser extent, against TGEV (IC50 4.44 mg/L). In our experiments
influenza virus was more sensitive to CuO NPs with or without NH, or COOH modifica-
tions than coronaviruses. The high sensitivity of this virus to these compounds is most
probably due to the rapid release of Cu ions from CuO-COOH [41] and COOH proper-
ties to effectively bind RNA of SARS-CoV-2 [55], thus impairing the propagation of the
virus. The CuO-NHj actively releases the Cu ions and generates more ROS damaging the
virus compared to unfunctionalized CuO [41]. Zn compounds were less effective than Cu
compounds against A/WSN/1933 (H1N1), having IC50 values from 3.39 to 134.8 mg/L
after 1 h of contact. Zn is also generally less potent metal against bacteria as compared to
Cu and Ag [19,56], and its modest antiviral activity in the current study is in concurrence
with the previous report where ZnO had 50% activity against influenza A virus at 75 mg/L
concentration after 4 h of exposure [57].

Our findings confirmed the excellent antiviral properties of copper and are in agree-
ment with those of multiple studies [23,34,36,58-63]. This might be due to copper’s capa-
bility to generate reactive oxygen species (ROS) in a moist environment, which oxidizes
the capsid proteins of viruses [64]. Cu destroys the replication abilities by interacting with
the hereditary material and propagation abilities of SARS-CoV and disturbs the host and
virus interaction and, thus, internalization of the viral particles of influenza and other
respiratory viruses [65]. Fujimori et al. investigated the antiviral activity of copper iodide
(Cul) nanoparticles of 160 nm in size against swine influenza virus, whereas Cul nanopar-
ticles inactivated the virus in a dose-dependent manner, and the total inactivation was
observed after 1 h of contact for 100 mg/L concentration [23]. The antiviral activity of Cul
nanoparticles was mainly attributed to the release of one-valent copper ions, which lead
to the generation of ROS that caused the oxidation of viral proteins and the damage of
the viral RNA. Thus, there is a high potential of copper to be used as an antiviral agent in
face masks to impair the airborne disease transmission of influenza and coronaviruses in
hospitals and in household settings [62].

For enhanced effects and targeted applications, CuSO4 and CuO NPs were incorpo-
rated into polymers to develop functional antimicrobial materials. Compared to traditional
biocides, antimicrobial polymers have advantages such as enhanced antimicrobial activity,
prolonged release of active substances, and the avoidance of resistance [66,67]. Based on
the literature data and on our tests of different metals and NPs in suspensions (Table 1),
we selected Cu compounds for incorporation into CA, a modified natural polymer that is
biodegradable and therefore has environmentally friendly properties. As a fiber, it is used
in textiles for its low price, softness, comfort, ease for modifications, and ability to provide
controlled release of incorporated compounds [68,69]. Therefore, we developed CA filter
materials comprising CuO and CuSO4 and tested them for antibacterial and antiviral activi-
ties. CuO was chosen as an additive to the polymer because of the tested Cu compounds the
COOH- and NH,-functionalized CuO NPs had excellent antiviral properties in suspension.
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To produce face masks with copper, COOH- NH,-functionalized and unfunctionalized
CuO NPs and CuSOy were first tested for their compatibility with CA polymer and solvent
systems. Acetone and DMAc were selected as solvents, since DMAc is readily adjustable
to electrospinning with a wide range of polymers for filtering purposes and acetone is
added to the solvent system to facilitate fiber formation and filter material synthesis in
electrospinning. However, both CuO NPs with surface functionalization demonstrated
incompatibility with the selected solvent system by forming large aggregates, as reflected
in large hydrodynamic size and high polydispersity indexes (Supplementary Table S1).

Hence, CA filter materials with CuSO4 and CuO NPs were produced, with or without
thymol demonstrating good air permeability and particle filtration properties (Table 2). All
materials with Cu compounds posed high antibacterial activity against E. coli and S. aureus,
with the CuSO4-based material having the highest efficacy (Figure 4). While CuO NP-based
filter materials did not exhibit antiviral properties, CuSO4-based filter materials showed
some efficacy against A/WSN /1933 (HINT1) (titer reduced ca. 1.7 log) and differing efficacy
against coronaviruses after 1 h of contact. The high efficacy of CuSO4-containing materials
against bacteria and viruses was due to the high release of Cu from the materials containing
CuSOy (46-78% after 1 h), whereas no release of the ions was detected for fibers containing
CuO (Table 3). Since tests with SARS-CoV-2 were very demanding and necessitated
BSL-3 conditions and infrastructure, we also attempted to use coronavirus TGEV as a
model coronavirus to screen compounds and filter materials before tests with SARS-CoV-2.
Antiviral properties of CuSOy-based filter materials against TGEV were low: less than
1 log reduction in titer after 1-h exposure. In contrast, the SARS-CoV-2 titer decreased to the
point of being not detectable after exposure to CA_7.5%CuSO4 material and approximately
1.1 log after 1 h of exposure to CA_thymol_7.5%CuSO, material (Figure 4). Our data
indicate that, as a surrogate model for SARS-CoV-2, TGEV is inferior to no-related influenza
A virus that uses the same entry route as SARS-CoV-2. We assume the difference in
SARS-CoV-2 and TGEV susceptibility to CuSO4 containing materials is because TGEV
similarly to other viruses that spread in fecal-oral way is in general less susceptible to
antivirals, since it is adapted to the harsh conditions of gastrointestinal tract [70].

To improve the antiviral efficacy of the material, thymol was added to CA. Thymol is
considered to be an excellent additive as it possesses inherent antibacterial activity as shown
by others [71] and in our study (Figure 3). Moreover, thymol facilitates material hydrophilic-
ity that in general enhances antiviral activity [72-75] and porosity that increases the active
surface area [44]. Thus, we used the thymol to increase hydrophilicity, hypothesizing that
it will increase the release of antiviral Cu ions.

Indeed, in our study addition of thymol increased the hydrophilicity of filter materials
(Table 2) but did not improve their antiviral and antibacterial properties (Figures 3 and 4).
Surprisingly, in case of SARS-CoV-2, thymol even reduced the antiviral properties of CA
with CuSOy 1.14 log after 1 h of contact (Figure 4B). From the literature, it is known that
hydrophobic properties of materials enable a better contact with the lipid parts of viruses
and bacteria, whereas the hydrophilic properties facilitate a better release of metal ions
from the fibers [72,75]. Indeed, in our study, the addition of thymol increased the release
of Cu ions (Table 3) but did not improve antiviral properties. Based on these data, we
assume that, in addition to Cu release from filter materials, the major factor determining
antiviral properties is hydrophobicity. We suggest that hydrophobicity of the material
determined antiviral efficacy against SARS-CoV-2 (hydrophobic material without thymol
was more effective) and is consistent with the previous literature [18]. Presumably, the
effect of hydrophobicity /hydrophilicity is different for different viruses, depending on the
properties of their envelope [33,53]. SARS-CoV-2 has a hydrophobic lipid envelope, and we
assume that hydrophobic filter materials enabled better virus-material contact, enhancing
antiviral properties of material.

The successful antiviral efficacy of materials comprising copper compounds that was
demonstrated in this study is consistent with the previous literature. For example, masks
containing ca. 2% weight/weight (w/w) copper particles spunbond in polypropylene fabric
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in fiber layers showed antiviral properties: a 2.88 log and 3.13 log additional reduction of
infectivity of human influenza A virus were observed after 30 min of exposure as compared
to the control masks without copper nanoparticles [58]. To the best of our knowledge,
biopolymer-based CuSOy4-containing CA filter materials developed in this study are unique
and have not been reported in the literature. The CA filter material containing 7.5%
CuSO4 had excellent antibacterial properties (Figure 3), completely inactivated SARS-CoV-2
(Figure 4B), and caused 1.6 log reduction of A/WSN /1933 (H1NT1) virus titers (Figure 4A)
after 1 h of exposure, providing broad-spectrum protection from air-borne pathogens.
These properties are similar and consistent with previously described analogous materials.
Self-sterilizing photoactive nanomask composed of biopolymer Shellac showed ca. 2-3 log
decreased viability of E. coli after 1 h of exposure and loss of infectivity of virus-like particles
after 5 min of exposure [76]. The mask fibers containing licorice root in the composition of
biocompatible polymers [77] and face masks containing copper [78] or quaternary ions [79]
have also been demonstrated to possess antiviral efficacies against SARS-CoV-2 virus. In
the study of Jung et al., the authors coated the filter layer of commercially available face
masks from synthetic polypropylene with a thin film of copper and demonstrated that
SARS-CoV-2 titer was reduced by more than 75% after 1 h of exposure to this mask [78].
In summary, the incorporation of CuSOy into filter materials is a promising mean
to obtain materials that prevent spread of enveloped viruses, such as influenza viruses;
coronaviruses, including SARS-CoV-2; and bacteria such as E. coli and S. aureus.

5. Conclusions

Here we presented valuable data on virucidal effects of Zn, Cu, and Ag salts and
respective NPs to three viruses, TGEV, influenza A virus, and SARS-CoV-2. Out of the tested
compounds, the CuSO4 and CuO NPs had the best antiviral properties and compatibility
with the electrospinning technique, followed by Zn and Ag, and thus, they were selected
to develop novel filter materials as an intervention to mitigate the spread of pathogens
such as viruses A/WSN /1933 (HIN1), SARS-CoV-2, and TGEV and the bacteria E. coli
and S. aureus. As a main result of the study, novel filter materials based on biopolymer
cellulose acetate and incorporating CuSO4 or CuO NPs were developed. CuSOy4-based
filter materials were the most effective against SARS-CoV-2 and reduced virus titers already
after 5 min of exposure and completely inactivated the virus after 1 h of exposure. Our data
on antiviral and antibacterial properties of metals, metal-based NPs, and filter material
thereof will help to govern the future development of advanced antibacterial and antiviral
materials and surfaces.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390 /pharmaceutics14122549 /s1. Table S1: Dynamic light scattering (DLS) for
evaluation of nanoparticles in suspensions for producing filter materials. Table S2: Operating parameters
for electrospinning of the filter materials. Table S3: Physicochemical properties characterization of
nanoparticles in suspensions. Figure S1: Antiviral properties of metal compounds against A/WSN/1933
(HIN1) virus in water suspensions. Note the differences in units (concentration of CuO and ZnO is
shown in mg/1). Figure S2: Antiviral properties of metal compounds against TGEV virus in water
suspensions. Note the differences in units. FigureS3: Antiviral properties of metal compounds against
SARS-CoV-2 virus (Estonian strain 3049) in water suspensions. Figure S4: Scanning electron micrograph
of CA fibers. References [41,80] are cited in the supplementary materials.
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