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Introduction

The high prevalence of infectious diseases necessitates finding new means to combat
the spread of bacteria. Currently, the design and testing of new antimicrobial agents for
prevention and cure of the bacterial infections is a major healthcare concern.
The probability to acquire an infection from the hospital settings is up to 10% [1].
Moreover, the high concentrations of antibiotics used in the hospitals in combination
with extensive invasive procedures raise additional concerns over increasing tolerance
of bacteria to antibiotics. Among several alternatives to traditional antibacterial agents,
metal-based nanoparticles (NPs) and polyoxometalate ionic liquids (POM-ILs) are strong
candidates.

Selected metals and metal-based NPs (particles with at least one dimension between
1-100 nm) have proven to be good alternatives to the traditional antibiotics due to
their catalyst properties and high affinity for various biomolecules. From all the
currently studied metal-based NPs, silver and copper oxide nanoparticles are the most
efficient to combat bacterial infections. Antimicrobial properties of CuO and Ag NPs are
gaining remarkable attention also due to their applications in biomedical industry.
The small size gives the NPs large surface area, leading to unique physico-chemical and
antibacterial properties. The NPs comprising of CuO and Ag can be deployed as
bactericidal agents in e.g. textiles or in wound dressings or in topical coatings for touch
surfaces. There is, however, relatively little known about the impact of physico-chemical
properties of the NPs on respective toxic effects, especially of CuO NPs that are less
exploited than Ag NPs. The studies of these effects are also complicated as the
preparation protocols for suspensions of CuO and Ag NPs are not standardized yet.

The hypothesis of the current thesis was that the physico-chemical properties can
influence the toxicological profiles of CuO NPs, Ag NPs and POM-ILs. The objectives of
the work were: 1) to determine the influence of applied sonication energy on the
toxicity of CuO NPs on bacterial and on mammalian cells in vitro; 2) to assess the
toxicity of NPs and POM-ILs on Gram-negative E. coli and on Gram-positive S. aureus
bacteria; 3) to evaluate the size and the surface modification-dependent toxic effects of
NPs and POM-ILs with different carbon alkyl chain lengths.

Altogether, 20 NPs and POM-ILs were studied, including 10 nm and 50 nm Ag NPs
with 6 surface coatings, CuO NPs with several surface functionalizations and from
various commercial sources, and POM-ILs with different alkyl chain lengths (Q*-ILs).
The main results of the thesis were the following: 1) the optimization of the sonication
protocol for CuO NPs revealed that applying higher sonication energy resulted in better
dispersed NPs" suspensions that had an influence on the toxicity evaluation of NPs with
bacterial and mammalian cells in vitro; 2) antibacterial efficiency estimation of NPs and
POM-ILs using various bacteria with the focus on Gram-negative Escherichia coli and
Gram-positive Staphylococcus aureus showed that the Ag NPs were more toxic to E. coli
and the POM-ILs were more toxic to S. aureus whereas the highest toxicity of all the
tested compounds was seen for the Ag NPs (0.1-6.5 mg Ag/L); 3) toxicity evaluation of a
panel of NPs with different sizes and surface functionalizations and the POM-ILs with
different alkyl chain lengths (carbon=C= 6, 7 ,8) showed that the smaller and positively
charged NPs proved to be the most toxic to all tested bacteria as well as to mammalian
cells in vitro and the best antibacterial results were achieved with the ILs with carbon
chain length consisting of seven carbon atoms (Q’); 4) the physico-chemical properties’
dependent mechanisms of toxicity/safety of CuO NPs evaluation revealed that the



least toxic compounds to mammalian cells were the CuO NPs functionalized with
polyethylene glycol and carboxyl.

To summarise, the toxicity of CuO and Ag NPs depended on their size, surface
modification and dispersion protocols used. Thus, the antibacterial properties of Ag and
CuO NPs can be significantly tuned with size and surface modification, whereas for ILs
the carbon chain length can be adjusted to achieve the same goal.
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Abbreviations

AAS atomic absorption spectroscopy

AOT bis(2-ethylhexyl) sulfosuccinate

ATCC American Type Culture Collection

CA-MHB cation adjusted Mueller-Hinton broth (bacterial growth medium)
CC™m cell culture medium

CIT citrate

-COOH carboxyl functionalization

CTAB cetyltrimethylammonium bromide

Dh hydrodynamic diameter

DI water distilled sterilised water

DLS dynamic light scattering

DMEM Dulbecco's modification of Eagle medium

DMSO dimethyl sulfoxide

EC50 50% effective dose

ECHA the European Chemicals Agency

Espec delivered acoustic energy

FBS fetal bovine serum

H.DCFDA 2',7'-dichlorodihydrofluorescein diacetate

HAI hospital associated infection

I1SO the International Standardization Organisation
LB Luria Bertani medium (bacterial growth medium)
MBC minimum bactericidal concentration

MEM modified Eagles medium (cell growth medium)
-NH2 amine functionalization

NPs nanoparticles

PCA principal component analysis

PDI polydispersity index

PEG polyethylene glycol

PLL poly-I-lysine

PMA phorbol 12-myristate 13-acetate

POM-IL polyoxometalate ionic liquid

PVP polyvinylpyrrolidone

REACH Registration, Evaluation, Authorisation and Restriction of Chemicals
RLU relative light unit

ROS reactive oxygen species

RPMI Roswell Park Memorial Institute medium (cell growth medium)
Tween 80 polysorbate 80

UV-vis ultraviolet-visible
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1 Literature review

1.1 The need for alternative antibacterial agents

The spread of microbial infections is a worldwide problem and the increasing resistance
of bacteria to conventional antibiotics is a major concern in healthcare settings
(http://www.who.int) [2]. Since the discovery of the first antibiotic penicillin by
Alexander Fleming in 1928, antibiotics have given relief and saved lives for decades.
However, the first cases of antibiotic resistance to bacteria occurred in the 1960s and
since then bacterial mechanisms of resistance to nearly all known antibiotics have
emerged [3]. Thus, finding alternatives to traditional antibiotics is a major healthcare
challenge.

The development of new antibiotics is no longer economically profitable [4].
Thus, the new approaches for the antibiotic stewardship — the reduction of use and the
prevention of transmission of bacterial infections — are gaining attention. Another
concern regarding antibacterial resistance is the prevalence of hospital associated
infections (HAIs). HAIs occur in hospitals where vulnerable patients are accommodated
and involved in several invasive procedures. The most common bacteria causing HAls
are Escherichia coli and Staphylococcus aureus (15.9% and 12.3% of HAIs respectively),
followed by Enterococcus spp. (9.6%) and Pseudomonas aeruginosa (8.9%) [5].

1.2 Metal-based nanoparticles (NPs) as alternatives to traditional
antibacterial agents

Metals have donor atom selectivity (for example, dissolved metal ions bind to O, N and
S atoms of functional molecules [6—8]) and reduction potential that give them many
advantages as antimicrobial agents [9]. Notably, there are only a few cases of
antibacterial resistance reported towards metals [10]. Certain metals such as silver and
copper are efficient antimicrobials and strong alternatives to traditional antibiotics [6].
The antimicrobial properties of metals can be potentially improved by employing them
as NPs. Compared to their bulk counterparts, the metal-based NPs have additional
useful (e.g., antibacterial) physico-chemical properties that are driven by their size
accompanied by large surface area and catalytic features. Due to the small size, the NPs
have large active surface that drive many of their toxic effects [11-14] (Figure 1).

Metal-based NPs can be used to impair the emergence of HAls and drug-resistant
bacteria, by using them in coatings for the touch surfaces in hospitals [11,15] or
potentially engaging them in decontaminating water filters [16].

100 nm 50 nm 50 nm

Figure 1. Nanoparticles™ specific surface area: a schematic representation. The increased number
of smaller parts raises the specific surface area (in the current example, the volume of the cube
remained the same while the surface area increased twice).
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1.2.1 Definition of NPs

There are different approaches in defining nanomaterials [17]. The EU adopted
definition for engineered or naturally occurring nanomaterials in 2011 states the
following: ,,Nanomaterial means a natural, incidental or manufactured material
containing particles, in an unbound state or as an aggregate or as an agglomerate and
where, for 50% or more of the particles in the number size distribution, one or more
external dimensions is in the size range 1 nm - 100 nm“ (EC 2011/696/EU).

Thus, relying on the above definition, nanomaterial is a substance that has at least
one dimension between 1-100 nm. In 2014 the definition was amended by European
Joint Research Centre as follows: “[...] Where technically feasible and requested in
specific legislation, compliance with the definition [...] may be determined on the basis
of the specific surface area by volume. A material should be considered as falling under
the definition [...] where the specific surface area by volume of the material is greater
than 60 m?/cm?>. However, a material which, based on its number size distribution, is a
nanomaterial should be considered as complying with the definition [...] even if the
material has a specific surface area lower than 60 m?*/cm>."

The final revised version of the EC definition (as of July 2018) entails specifications for
the determination of specific surface area to volume ratio (a report on scientific-technical
considerations of the definition: EUR 27240 EN). Essentially, the above definition is also
in the EU biocidal products regulation [18] and thus relevant for defining the NPs as the
antibacterial constituents of products for the customers.

1.2.2 Ag NPs as antibacterial agents

It is known already from ancient times that silver is a very efficient antibacterial metal.
To this day, either in ionic, colloidal or nanoparticulate form, silver has been extensively
used for its bactericidal properties and NPs of silver have been deployed in a plethora
of consumer products such as textiles, cosmetics, filters, cleaning supplements etc.
(http://nanotechproject.org/). Several studies have shown that Ag has antibacterial
activity against a wide range of Gram-positive and Gram-negative bacteria (e.g. E. coli,
P. aeruginosa, S. aureus, Streptococcus pneumoniae, Shigella flexneri, Listeria
monocytogenes and Salmonella typhimurium) [19-21]. Silver is also an especially
interesting antibacterial agent in the combat of antimicrobial resistance by acting
against biofilm forming bacteria E. coli, P. aeruginosa, S. flexneri and S. aureus
[20,22-25]. Silver can sensitise bacteria to antibiotics. For example, Ag in combination
with antibiotics such as vancomycin, ampicillin, chloramphenicol, erythromycin,
gentamicin and tetracycline showed improved therapeutic effects [19,20].

1.2.3 CuO NPs as antibacterial agents

Historically, copper has been used for bactericidal purposes in household and industry
[12]. CuO NPs have been applied in several consumer products [12]
(http://statnano.com/) and can be found in textiles, in hospital equipment, in wood
preservation and in antifouling paints [26]. Also, CuO NPs have antibacterial properties
against a wide array of Gram-positive and Gram-negative bacteria such as E. coli,
Bacillus subtilis, S. aureus, Streptococcus mutans, Lactobacillus acidophilus, P. aeruginosa
[27-32] and the toxic effects are driven by their physico-chemical properties such as
size, dissolution, agglomeration and aggregation [14,32]. For example, the CuO NPs
with the size 30 nm were ca 48 fold and CuSO4 ca 2300 fold more toxic than their bulk
counterpart to Gram-negative V. fischeri bacterium [14]. The biological activity of CuO
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NPs can be modulated by their surface functionalizations in in vitro conditions [31] and
in in vivo conditions [33].

1.3. Antibacterial effects and toxicity mechanisms of metal-based NPs

Antibacterial metal-based NPs applied in biomedicine contain silver (Ag), zinc (Zn),
copper (Cu), titanium (Ti), magnesium (Mg) [34-36]. Additionally, several metal oxide
NPs such as Co30a4, CoO, Cr203, CuO, Mn20s, Ni203, ZnO, and Fes0s have antibacterial
properties [37,38].

It has been postulated that metal-based NPs exert bactericidal activity mainly by
acting on the bacterial membranes [6,19,20]. The dissolution of the NPs results in the
adsorption of metal ions on the cell membranes and depends on their properties such
as the membrane lipid composition and mobility, [39] the donnan potential [40], and
the ligands [9,13]. Also, reactive oxygen species (ROS) in the close vicinity of bacterial
membranes can impair functions of the membranes, including the electron transport
chain [9,41,42]. Some fraction of the dissolved metal can enter bacterial cells via the
metal ion transporters [6,7,43,44] and cause toxicity.

Thus, the main toxicity mechanisms of metal-based NPs could be the release of
metal ions (dissolution), formation of ROS and due to that destabilization of bacterial
membranes (Figure 2). The toxic effects can be modulated depending on the content
and surface modification of NPs. The details of each mechanism are described below.

1.2.4 The role of physico-chemical properties in the toxicity of metal-based NPs

The physico-chemical properties such as type of the metal, size and surface charge
mostly drive the toxic effects of metal-based NPs. The NPs of Ag, CuO, ZnO, TiO2 have
the best potential as antibacterial agents for biomedical applications [6,27,34]. For the
metal-based NPs, the size of the nanoparticles can be important driver of the toxic
effects. Also, surface charge can have an effect on toxicity [45—-47]. The properties of
NPs can be altered by their preparation, e.g., dispersion in solvents. Due to the steric
hindrance and electrostatic repulsion, the NPs" suspension can be modified by applying
sonication energy [48,49]. Several studies have addressed the effect of ultrasonication
to particle dispersion that subsequently, have an effect on their hydrodynamic size (Dn),
dispersibility (expressed as polydispersity index PDI) and dissolution [48-55].

14
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Figure 2. A summary of the antimicrobial behaviour of metal-based NPs (compiled on the basis of
Palza et al 2015 [9]).

1.2.5 The role of surface coatings in the toxicity of CuO and Ag NPs

Silver in the form of NPs is often coated with organic chemicals for stabilizing or giving
charge [56]. Many chemicals such as polymers, anionic, cationic or non-ionic
surfactants, ionic liquids and reducing agents can be used for coating the surface of Ag
NPs or for providing protective, stabilizing or functional properties [45]. Aqueous
dispersions of Ag NPs can be stabilised by steric repulsion, e.g., by using non-ionic
surfactants (polysorbate 80 ((Tween 80)), Triton X-100) or polymers
polyvinylpyrrolidone (PVP); or by electrostatic repulsion by using anionic sodium
dodecyl sulfate or cationic surfactants cetyltrimethyl-ammonium bromide (CTAB)
[57,58]. Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) for example is used for the
synthesis of stable Ag NPs [59].

Applying the coatings on NPs can influence the interactions of NPs with cells.
For example, the surface of NPs can be camouflaged by the biological molecules in
body fluids (formation of protein corona takes place) which can be regulated to some
extent with the use of coating material. For example, glycan coating was used to
prevent the covering of NPs with blood proteins [60,61]. Additionally, the surface
charge is a property of NPs that can alter the NPs" interactions with cells. Positively
charged Ag NPs coated with branched polyethylenimine (bPEI) have been shown to
cause higher toxicity to bacteria as compared to Ag NPs coated with PVP rendering
negative charge [62].

The coatings on Ag NPs are often used to give them better dispersibility and to tune
their physico-chemical properties for different applications. Biomedically relevant Ag
NPs can be used as drug supplements, as surface coating agents and as constituents in
bactericidal materials, e.g., in wound bandages [63,64] (http://statnano.com/).
For achieving excellent disinfectants, applying the coating agents on Ag NPs that
themselves have antibacterial properties is a possibility (e.g. quaternary ammonium
compounds, citrate or surfactants, chitosan) [23,65].
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The search in Thomson Reuters Web of Science revealed altogether 4298
publications that investigated the use of Ag NPs for antibacterial purposes in
biomedical applications (Figure 3). The search revealed that the citrate and PVP were
coatings on Ag NPs in 4.5% and 4.2% respectively of the overall results. The studies that
entailed Tween 80, AOT, CTAB and PLL as coating materials comprised 0.2% to 0.6% of
publications each. Approximately 90% of the studies included other coatings
(e.g., polyethylene glycol ((PEG)), proteins and peptides, mannitol, branched
polyethylenimine, ammonium, etc.) [66].

PVP(180)4.2%  CIT(195)4.5%

CTAB( 26 ) 0.6%
PLL{10)0.2%
Tween 80 (7)0.2%

AOT(11)0.3%

Other (3869) 90%

Figure 3. Share of publications describing the use of coating materials on Ag NPs. Search was
limited to the coating agents used in the current study and was performed in 15.09.2017
(publication I1).

Such coatings, however, can be used to tune antibacterial effects of Ag NPs, to protect
them from direct interactions with the environment, oxidation, dissolution, or
aggregation [15,21,67] and are also important for controlled release of toxic Ag ions
[45]. For example, surfactants such as Tween 80, CTAB, AOT are used in the production
process of Ag NPs for giving shape and for stabilizing them [59,68]. Essentially,
antibacterial interactions of Ag NPs with microbial cells can be facilitated by applying
coating agents [69]. The coatings on NPs can modify surface charge which in turn can
alter toxicity.

The CuO NPs with different coatings, however, have been less studied as compared
to Ag NPs (The search in Thomson Reuters Web of Science with the keywords: , CuO
nanoparticl*“ AND ,coat* OR capp* OR functional*“ resulted in 155 outcomes, and
search ,,CuO nanoparticl*“ AND ,coat* OR capp* OR functional*“ AND capping or
coating agent resulted in only a few outcomes. The search was done on July 16, 2018.)

Coatings are also important for driving the toxic effects of CuO NPs. For example,
Javed et al demonstrated that PEG and PVP coated CuO NPs had superior antibacterial
effects over uncoated CuO NPs [31]. The carboxyl coated CuO NPs exhibited different
toxicity profile as compared to uncoated CuO NPs in a rat [33]. Similarly to the Ag NPs,
the dissolution could have substantial influence on the toxic effects of CuO NPs. CuO
NPs can be highly dissolved in organic-rich media [70,71] and the dissolution can be
modified with the coating materials [71].
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1.2.6 The role of dissolution in the toxicity of CuO and Ag NPs

The toxicity of metal-based nanoparticles is sometimes a result of released metal ions
[72,73]. For example, the dissolution is an important driver of toxic effects of Ag NPs
[74,75] but also of ZnO NPs and of CuO NPs [76]. It has been shown that in ultrapure
water and in the organic rich media smaller Ag NPs are more toxic and also more
soluble as compared to larger counterparts [77,78]. The dissolution of the Ag NPs (and
other metal NPs) can depend on the test media: The Ag NPs dissolved better in media
containing organics than in plain water [77]. In addition, the dissolution of Ag NPs is
facilitated by oxidation [79] and by the more acidic pH (higher dissolution of Ag NPs
was seen at pH 1.12 as compared to pH 7.52) [80]. Additionally, the Ag ions are prone
to form complexes with sulphur, organic matter, chlorine and proteins [21,57,75,81].

Similarly to Ag NPs, higher dissolution rate of CuO NPs in some organic-rich media
was observed as compared to DI water [82]. However, the released Cu ions are less
bioavailable in organic-containing media, a phenomenon that could be explained by the
property of Cu ions to form complexes with ligands [83]. Also, the size of CuO NPs can
be important for dissolution. For example, Semisch et al. showed that the CuO particles
with the primary size range from 20 to 200 nm released 11 fold more ions in DMEM cell
culture medium supplemented with 10% FCS as compared to their microsize
counterparts (size up to 10 uM) [84].

The uptake of metals by bacterial cells is essential for antibacterial properties [6] and
relevant target for combating resistance (e.g. for Cu and Ag) [44]. Soluble Cu and Ag can
exert toxic effects by influencing the metal transporters of the cells. The fraction of
bioavailable metals can depend on the testing media and on the target organism. Cu is
transported into the cells via metal transporters and can be toxic in higher
concentrations. Cu is a di-valent metal that has two oxidation states: Cu* and Cu?.
In mammalian and bacterial cells, Cu is a microelement and the soluble Cu can be
transported to the cells via passive and active metal uptake. The unspecific transportation
of divalent cation metals is with the Nramp (natural resistance- associated macrophage
protein) type transporters that are present in mammalian and bacterial cells or the
proton-coupled metal ion divalent cation transporter 1 (DCT1) that is relevant for the
absorption of metals (e.g. iron) from the gastrointestinal tract [85]. The induced metal
transporters have higher affinity for the substrate and they use energy for metal
translocation (such as P-type ATPase transporter family proteins) [6,86]. Also, dissolved
Cu?* is moved with Na channels [87] and Cu* with the high affinity Cu copper
transporter ion channel Ctrl [88].

Ag is a non-essential metal in humans, Ag has higher affinity for sulphur as compared
to Cu (the solubility product of Ag,S was 6.62 x 10°° and of CuS was 1.28 x 10 and
was related to the higher toxicity of Ag [44]). lons from Ag can be introduced to the
cells in similar ways to Cu and can possess higher affinity for proteins. For example, in
the constituent of proteins, silver competes with the Cu binding sites of the P-ATPases
for Cu transport [43]. In bacteria, the Cu effluxing ATPases CopB has been shown to
transport both, Cu and Ag [44,89].

1.2.7 The role of ROS in the toxicity mechanisms of CuO and Ag NPs

Reactive oxygen species (ROS) are chemical species containing oxygen, such as
peroxides, superoxide and hydroxyl radicals. ROS are normal by-products of oxidative
metabolism and occur in bacteria and in mammalian cells for which cells have adapted
methods to compensate. For example, human cells produce catalases, glutathione
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peroxidases, glutathione S-transferases, superoxide dismutases, to cope with the
excess of ROS [90].

The formation of ROS is a part of toxicity for many metals and NPs. ROS and metal
dissolution can be the major mechanisms of toxicity for metal-containing NPs and can
be also considered as predictors of toxicity [38]. For example, the metals that actively
induce ROS are Mn, Fe, Ni, Cu. Ivask et al demonstrated that out of 11 metal oxide NPs,
CuO NPs were among the three most active ROS inducers [70].

There is controversial information, however, about the relevance of ROS in the toxic
effects of Ag NPs on bacteria. For example, Morones-Ramirez demonstrated that
hydroxyl radicals from AgNOs sensitises E. coli bacteria to vancomycin antibiotic that is
traditionally used to treat infections caused by Gram-positive bacteria [22]. Gurunathan
et al showed that nanosilver sensitised P. aeruginosa, Shigella flexneri, S. aureus and
Streptococcus pneumonia bacteria to ampicillin, gentamicin, chloramphenicol,
erythromycin, tetracyclin and vancomycin antibiotics and the toxicity was enhanced in
the presence of higher levels of induced ROS[20]. But the fraction of dissolved ions
from Ag NPs can be more influential in their toxic effects. It has been shown that ROS
induced by Ag NPs were more abundantly present than ROS induced by AgNOs salt [91].
In another study, it was shown that Ag NPs were inducers of ROS in in vitro conditions,
but the ROS were not causing toxicity to S. cerevisiae [92]. Instead, in bacteria, the
bioavailable Ag from 10-80 nm Ag NPs (rather than ROS) explained the toxicity of Ag
NPs [78].

There is more clear indication, on the other hand, about ROS-dependent toxic
effects of CuO NPs on cells [93,94]. CuO NPs are inducers of ROS via the Haber-Weiss
reaction that results in production of hydroxyl radicals [9,95]. It has been shown that
CuO NPs rather than Cu ions exhibit higher ROS levels in human A549 lung epithelial
cells and HepG2 hepatocytes, with the resulting cytotoxic effects [93,96-98]. The CuO
particles both in micro- and nanosize induced oxidative DNA damage to the lung
alveolar epithelial cells A549 at concentration 40 pg/cm? after 4-h exposure in in vitro
conditions [99]. The ability to induce reactive oxygen species depends on the cell type
and on the conditions such as abiotic (acellular) and biotic (cellular) testing
environments. For example, Rodhe et al demonstrated that CuO NPs induced small
amounts of ROS in abiotic conditions (ROS was seen for 175 mg/L NPs after 350 min)
and that was most probably related to their decreased toxicity to the leukemic cell line
HL60 [100].

1.2.8 CuO and Ag NPs potential to damage bacterial membranes

Based on their membrane structure and composition, bacteria are divided into
Gram-negative and Gram-positive. The Gram-negative bacteria have the outer
membrane, a thin peptidoglycan layer and an inner membrane (plasma membrane).
The Gram-positive bacteria, on the other hand, have a peptidoglycan cell wall
surrounding only a single plasma membrane. Some solutes (02, CO2, NHz, H2S) and ROS
species can passively permeate the bacterial membranes [86] damaging the DNA and
proteins inside the cells. Larger molecules up to 600 Da can internalise the bacteria
through the porins (the diameter 3-5 nm) [79]. Although, the bacteria do not internalize
the NPs a priori, to a small extent, the NPs can be also taken inside the bacteria through
the porins and cause intracellular toxic effects (Figure 4).

Silver NPs bind to lipopolysaccharides on the outer membrane of Gram-negative
bacteria and affect the bacterial inner membrane [101]. For example, Ag dissolved from
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Ag NPs destabilizes the inner membrane, disrupts the bacterial electron transport chain
by increasing proton leakage that in turn disturbs ATP synthesis [6,77,101,102].

Specific surface area and coating can influence the antibacterial activity of Ag NPs
[103,104]. For example, the coatings of Ag NPs rendering positive surface charge can
modify the interactions between positively charged NPs and negatively charged cell
membranes towards more toxic effects [105]. Also, the higher intracellular
concentration of silver ions explains the toxicity of Ag NPs [78,106] emphasizing the
importance of membrane damage among toxicity mechanisms of these NPs.
The membrane damage could be facilitated by applying coating agents on Ag NPs.
Thus, it could be relevant to test the toxicity of coating materials themselves that are
used on the Ag NPs [74].

As described in chapter 1.3, Cu is an essential nutritional element for the microbes
and the metabolism of Cu by the bacterial cells have been thoroughly investigated;
considerably less is known about the effects of CuO NPs to the bacterial membranes.
Copper causes ROS-dependent damage resulting in alterations in the structure and
destabilization of the membranes or interacts with amine and hydroxyl groups on the
bacterial membranes [9,34]. The interactions of CuO NPs with the bacterial membranes
can be also size-dependent [107].

Inhibition of electron NPs

transport chain Ag

Cu ®

Membrane damage [.

ROS

DNA damage 1/

NANARNANNANNRNS

Protein damage ’

Figure 4. Examples of the CuO- and Ag-based NPs" toxic effects on bacteria (modified from Wang
et al [42]).

1.3 Polyoxometalate ionic liquids
1.3.1 POM-ILs as antibacterial agents

lonic liquids with polyoxometalates (POM-ILs) are chemicals with unique
physico-chemical properties such as water immiscibility and hydrophobicity [108,109].
They have several applications in biology, medicine and material sciences. Due to their
catalyst properties they can be used for sensors and for energy storing and conversion
applications such as fuel cells for ultralight-weight electronics, for electrochemical
analysis of pharmaceuticals and for temperature sensors [110]. POMs are metal oxide
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clusters with adjustable structure and reactivity. The most commonly used POM is the
Keggin heteropolyanion [111]. The Keggin heteropolyanion formula is [XM12040]"",
where M is a transition metal such as tungsten (W®) and X the heteroatom (silica or
phosphorus). The Keggin anion entails twelve MOs octahedrons sharing their corners or
edges with a central XO4 tetrahedron. The lacunary Keggin type POMs have different
number of oxide fragments (Figure 5A). The size of the Keggin type POM atomic cluster
is between 1 to 6 nm [111]. When the metal polyanion is in conjunction with a cationic
polymer, a POM-IL is formed with two active components (Figure 5B). The cationic
polymer can be an organic compound, for example a known bactericidal agent
quaternary ammonium [111] or chitosan [112]. Thus, the POM-ILs are zwitterionic
surfactants possessing both, anionic and cationic properties and have thus broader
chemical diversity, a useful feature for exploitation of these chemicals for antibacterial
applications. The POM-ILs can be applied for coating of the interior surfaces or for
water purification systems [113].

A B

POM-IL

|o-SiW, |039|H-

v A

Quaternary Polyoxometalate
ammonium cation anion

[a-SiW, 2040[4'

Figure 5. Structure of a lacunary Keggin type polyoxometalates (POM) employed in this thesis.
Example of the formation of lacunary Keggin structure with different number of metal oxide
fragments (A). The removal of atoms from the Keggin structure results in elimination of a
sufficient number of octahedra. The POM ionic liquids (POM-IL) structure (B). The colours are as
follows: Red-oxygen, blue-ammonium, white-carbon, purple-tungsten. The orange arrow
indicates the additional binding site of metals. The pink dots represent the hydrogen bonds.
The illustration is adapted from Herrmann et al [114].

1.3.2 Toxicity of POM-ILs to bacteria

There are different transient metals used in POMe-ILs, mostly tungsten (W),
molybdenum (Mo) and vanadium (V). From these POM-ILs, W-based POM-ILs are the
most deployed and studied for antibacterial effects [113]. For example, Feng et al showed
that films with chitosan and W containing POM had no antibacterial effects to E. coli
[112]. In another study, W containing POMs were more efficient sensitizers of B-lactam
antibiotic oxacillin to MRSA S. aureus as compared to Mo containing POMs (the growth
inhibitory effect from disc diffusion method was seen between 200-12800 mg/L and
800-25600 mg/L respectively) [115]. Also, the POMs with Mo and with W showed a
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synergistic antibacterial effect with oxacillin to methicillin resistant S. aureus.
The susceptibility was seen at the POM 50 uM concentration [116]. Also, 60 um peptide
nanofibers in combination with 26.7 um POMs containing W showed superior
antibacterial effects to E. coli compared to either component alone [109].

1.4  Safety of metal-based antibacterial compounds

The increasing production of metal-based NPs raises concerns over their toxicity to the
environment [66] and the risks to humans [12]. The use of antimicrobial NPs is
regulated by the European Commission Biocidal Products Regulation [18]. A separate
dossier that meets all data requirements must usually be prepared for nanomaterials as
active substances. Currently, a special risk assessment is necessary [117] for
nanomaterials used as the active or non-active substances in biocidal products and the
label of the biocidal product must contain the name of each nanomaterial containing
word "nano".

There are already several implications about the toxic effects of NPs on humans.
Depending on the route of exposure, they have toxic effects on lungs, gastro-intestinal
tract and on skin [118—120]. For example, aerosols can be deposited in the alveolar and
tracheal regions of the lung whereas the deposition localization is dependent on the
size and on the agglomeration state of the nanoparticles [119]. The translocation of the
inhaled NPs to the system can be via the surface macrophages of the lung alveoli [119].
From the inhalation studies it was shown that up to 10% of 20 nm iridium nanoparticles
were translocated to extra-pulmonary organs (including liver, spleen, kidneys) [121].
The testing with the animal models have shown that most of the nanoparticles from
the gastrointestinal tract are excreted with faeces [118]. The absorbed NPs, however,
are distributed mainly to liver [122]. The adsorption depends on the size,
hydrophobicity and the charge of the NPs [123]. Interestingly, there is no data
demonstrating a clear nanoparticle transdermal absorption through the intact human
skin [118]. When administered intravenously, metal-based NPs can potentially cause
systemic damage. Affected organs can be kidneys, liver, heart, muscles, nervous
system, hematopoietic organs, lymphatics, lungs [120,124]. For example, TiO2 NPs with
the size below 100 nm were administered to rats at 5 mg/kg body weight concentration
and showed distribution mostly to liver followed by spleen, lung and kidney [124].

1.4.1 In vitro mammalian cell models for safety assessment of NPs

The introduction of the 3Rs principle (Replace Reduce Refine) by Russell and Burch in
1959 [125] has taken much attention towards replacing experiments made on
laboratory animals with in vitro mammalian cell models [125]. In 2010 the European
Commission banned the exploitation of animals for safety assessment of cosmetic
products [126]. As described by the US National Research Council in the vision of
toxicity testing in the 21 century the rising concern for human exposure to
environmental chemicals can potentially be managed by assessing the changes in
metabolic pathways (so called adverse outcome pathways) in in vitro mammalian cell
models [127]. With regard to the most optimistic prospective, the use of human cell
models instead of animals could enable risk assessment for the toxicity evaluation of
the chemicals done in the 215 century largely in vitro [128].

The limitations for using in vitro models, however, are the possibility of
misestimating the exposed dose, the absence of physical barriers and the deviations in
the inflammation responses [129,130]. Thus, for more elaborate analysis for biokinetics
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and biodistribution, sometimes the entire organ response is necessary. The toxicity
evaluation in in vitro conditions is relevant for obtaining the first indication of toxicity of
multiple compounds. For in vitro toxicity testing of chemicals, several mammalian cells
are used, either primary cultivated cells from patients or immortalized cells from
culture collections (e.g. ATCC) [131]. However, the toxicity assessment of metal-based
NPs on human cell models gained attention only recently [132,133]. Metal-based NPs
can possess many mechanisms of toxicity. It is known that the NPs" physico-chemical
properties such as size, dispersibility and surface charge drive toxic effects on cells,
[12,13,134-136]. Additionally, external metal ions or their complexes can replace
original metals present in biomolecules and lead to impairment of cellular functions [9].
Such disturbances result in oxidative stress, mitochondrial impairment, modulation of
immune responses, changes in receptor and channel functions [137].

In the current thesis, the in vitro models for toxicity testing were chosen because
(i) epithelium of the skin (represented by HaCaT cell model) and the intestine (Caco-2
cells) are important biological barriers upon organism exposure to NPs; (ii) human
THP-1 monocytes are important models for testing the toxicity of immune cells
capable of phagocytosis.

1.4.2 Caco-2 cell line for in vitro toxicity testing

Caco-2 cells are the immortalized colon adenocarcinoma cells that have been widely
used in toxicity testing of chemicals. Caco-2 cells are suitable replacement for animals
to study intestinal absorption of pharmaceuticals across the small intestine [133].
Caco-2 cells are enterocyte like cells that originate from the epithelial cells of colon.
They participate in the formation of intestinal epithelial barrier which also has a
function of defence against pathogens. In coculture with lymphocytes, Caco-2 cells can
be differentiated into M like cells that are similar to transporting M cells in Peyer’s
Patches in the gut [138].

Caco-2 cells form a confluent monolayer and produce mucus when they are
stimulated mechanically and cultivated in semi-wet conditions [139]. They can also be
used to form human organoids [140]. In toxicity testing, the Caco-2 is a model for
toxicity evaluation where it represents the colon epithelial barrier for chemicals.
Of concern is the use of Caco-2 cells as models because of the variability of toxicity
estimates due to the difference in the conditions for cell culture [141]. The Caco-2 cells
have been employed in a nanotoxicology study where the effects of 5 and 30 nm Au
NPs on cellular metabolic activity and protein expression were studied [142]. It was
shown that the exposition of nanoparticles with different sizes resulted in various
profiles of protein expression to the cells (the proteins associated with the morphology
and energy were the most affected by smaller NPs) while the expression of metabolites
of the exposed cells was not changed.

1.4.3 HacCaT cell line for in vitro toxicity testing

HaCaT cells are spontaneously transformed human keratinocytes that represent the
basal epidermal keratinocytes. In the human skin, keratinocytes are located in the
epidermal layer with Merkel cells, Langerhans cells and melanocytes. HaCaT cells have
been used to study epidermal homeostasis and pathophysiology of the skin [143].
They can be used as a model to study the pathogenesis of psoriasis, which is a disease
characterized by the hyperproliferation of keratinocytes. They can also be used as an
in vitro model to study the wound healing where they represent the highly proliferative
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epidermis [144] or as an in vitro model to study the toxic effects of antimicrobial agents
on human skin [145]. The spontaneously immortalized HaCaT cell line has been
deployed as a keratinocyte model to assess the skin irritation potential of chemicals
[146]. The HaCaT cells have been used previously for nanosafety studies to evaluate the
toxicity potential of 16 metal oxide nanoparticles to HaCaT cells and to E. coli to obtain
theoretical descriptors for predicting the toxicity of the compounds depending on their
electronic, physical and chemical properties (e.g. quantum-mechanical properties,
visual descriptors and periodic table descriptors). Notably, there was a correlation
between the toxic effects of E. coli bacteria and HaCaT cells [147].

1.4.4 THP-1 cell line for in vitro toxicity testing

THP-1 monocytes originate from a cell line of acute monocytic leukaemia derived from
a small boy. They exhibit monocyte properties and can be induced to macrophage-like
cells. THP-1 cells are extensively used in the immunotoxicity evaluation of chemicals
[133]. Monocytes in humans are distributed in the body and differentiated to
macrophages in target tissues. Macrophages are specialized phagocytosing cells that
participate in the native immune responses of an organism. The macrophages
phagocytose/digest invaders such as bacteria and viruses. They metabolize the proteins
and expose the antigens to immune system on the surface of the cells via HLA-2
receptor [148].

In in vitro conditions, the monocyte differentiation to macrophages is initiated with
bacterial components or several chemical agents such as polymyristyl-phorbol ester
(PMA) [149,150]. In general, macrophages can be classified into M1 type (inflammation
promoters), M2 type (adaptive immune response activators with anti-inflammatory
potential) or tumour associated macrophages (possessing more immunosuppressive
functions) [151]. It has been shown that the higher concentration of PMA (100 ng/mL)
causes THP-1 differentiation to more M1 inflammatory type macrophages [150]. THP-1
cells have been used in nanotoxicology studies to evaluate the capability of
phagocytosis of the silica and superparamagnetic iron oxide NPs and the modulation of
immune responses as a result of the NPs’ ingestion [152]. Also, the uptake of NPs by
phagocytes and non-phagocytes is important for determining the NPs’ toxicity. Firstly,
phagocytes can digest the NPs to a larger extent than the non-phagocytic cells [153]
and secondly, the toxic effects of the cells can be different for the phagocytosed NPs as
compared to the non-phagocytosed NPs. For example, activated phagocytes were
involved in the increased cytotoxicity of doxorubicin loaded poly(alkylcyanoacrylate)
NPs as determined with the co-cultures of M5076 murine ovarian sarcoma cells and
J774.A1 macrophages [154].

1.4.5 Safety versus toxicity of antibacterial CuO and Ag NPs

The toxicity mechanisms of CuO and Ag NPs relevant for bacteria (chapter 1.3) are also
relevant for mammalian cells in vitro. In addition, mammalian cells have the capacity
for the uptake of NPs that bacterial cells do not pose. The lipid bilayer membrane of
mammalian cells is dynamic and has several NP uptake possibilities (Figure 6). The main
routes of uptake depend on the origins and differentiation states of the cells and on the
physico-chemical properties of NPs. Some possibilities entail phagocytosis (Figure 6A)
or endocytosis such as pinocytosis (Figure 6B), through the clathrin-mediated pits
(Figure 6C) or through the caveolin rich area (Figure 6D). The clathrin-mediated
internalization is the main internalization pathway for smaller NPs (below 100 nm) that
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can end up in intracellular vesicles [155]. Essentially, the surface coating could play a
role in the choice of the uptake pathways [156]. For example, the attachment of PEG,
poloxamer and poloxamine polymers on NPs could prevent phagocytosis by reducing
the binding of the proteins on NPs [157]. The surface charge can modulate the uptake
of NPs. The negatively charged NPs have been shown to be taken up by the cells more
via the clathrin independent pathways and positively charged NPs via the caveolin and
clathrin-mediated endocytosis [158]. Also, size of NPs might influence their uptake
pathway. It has been postulated that NPs with smaller size (~120 nm) are endocytosed

while larger (> 500 nm) are phagocytosed by phagocytic cells (e.g. macrophages)
[159,160].
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Figure 6. Possible uptake pathways of NPs in mammalian cells and toxicity. (Modified from Zhao

et al [161]). The uptake routes: phagocytosis (A), pinocytosis (B), clathrin-dependent endocytosis
(C), caveolae-dependent endocytosis (D).

In case of mammalian cells that (in contrast to bacteria) have the mechanisms for NPs’
uptake, it is suggested that toxicity of CuO and Ag NPs is mainly exerted inside the cells.
The release of the metal ions may take place after internalization of the NPs e.g. by a
Trojan horse mechanism [130]. For example, the higher dissolution rate of smaller Ag
NPs in the lysosomes were involved in the higher toxicity and inflammatory responses
of macrophages as compared to their larger counterparts [162]. It has been shown that
the total dissolution of internalized CuO takes place inside lysosomal compartments
(pH 4.5) [84]. Once dissolved, the Cu can cause proton sponge effect that is
characterized by the swelling and rupture of the lysosomes [13]. Additionally, CuO NPs
exert ROS-mediated cytotoxicity and DNA damage [94,97,163,164].
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Aims of the study

The main aim of this thesis was to investigate the toxicity of metal-based NPs to find
the most effective antibacterial agents among differently sized and coated CuO and Ag
NPs and polyoxometalate ionic liquids; to assess the biological safety of CuO NPs on
mammalian cell in vitro models and to link antibacterial effects and safety of NPs to
their physico-chemical properties.

Specific aims were the following:

1)

2)

3)

4)

To optimize sonication protocols of CuO NPs for antibacterial efficiency
evaluation with Escherichia coli and for safety evaluation with Caco-2 cells.

To evaluate the effect of size and coating of silver nanoparticles on their
antibacterial properties to Escherichia coli and Staphylococcus aureus.

To reveal the effect of variation of the tetraalkylammonium cation chain
length on the antibacterial potency of polyoxometalate ionic liquids using
three biomedically relevant bacteria: Escherichia coli, Pseudomonas
aeruginosa and Staphylococcus aureus.

To compare the toxicity of CuO NPs without coating and CuO NPs with

different surface functionalizations on Escherichia coli bacteria, on
differentiated THP-1 macrophages and on HaCaT keratinocytes in vitro.
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2 Materials and methods

The work was done at the National Institute of Chemical Physics and Biophysics at the
Laboratory of Environmental Toxicology in collaboration with the Institute of Materials
Science of Aragén (ICMA) and the Croatian Institute of Transfusion Medicine (CITM).
Prior to the biological testing of the NPs, the physico-chemical characterization was
done by measuring the NPs" hydrodynamic size (Dn) in DI water, surface charge
(zeta-potential) in DI water and in organic-rich test media, polydispersity index (PDI)
and metal content. Additionally, dissolution and bioavailable fraction of CuO NPs and
Ag NPs were quantified using elemental analysis or bacterial biosensors, respectively
(Figure 7).

The antibacterial potency of Ag NPs was evaluated with Gram-positive bacteria
S. aureus and Gram-negative bacteria E. coli and P. aeruginosa. The antibacterial
properties and the safety of CuO NPs with different functionalizations were
investigated with toxicologically relevant in vitro test models representing the
gastrointestinal barriers (Caco-2 epithelial cells), the skin barriers (HaCaT keratinocytes)
and the immune responses (differentiated THP-1 macrophages). Additionally,
mechanistic studies were applied (e.g. the ROS measurements in abiotic conditions and
the immune responses of dTHP-1 cells).
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A
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= g eoxsmet . HaCaT keratinocytes
_'é’ 05 mg/L i
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Figure 7. A scheme of materials and methods in the study.
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2.1 Physico-chemical characteristics of metal-based NPs and POM-ILs
2.1.1 CuO NPs

The Cu compounds used in the study are summarized in Table 1. The CuO NPs were
from Sigma Aldrich (CuO S, CAS Number 1317-38-0) and from Intrinsiq Materials (CuO
1). The NPs were provided within the EU FP7 flagship project NANOVALID (particle code:
NNV-011). The CuO P, CuO-NHz, CuO-COOH and CuO-PEG were a gift from project
partners (Prof. Bengt Fadeel, Karolinska Institutet, Sweden) in the FP7 funded project
Nanosolutions. All the CuO NPs and CuSOs provided were powders.

Table 1. CuO NPs and CuSO4 metal salt employed in the study. The number before the metal
component in the “primary size” column indicates the primary size of the nano (n) compound.

Designation Primary Organic Origin Bacterial strain for  Biological Publication
of the size, nm coating antibacterial safety
compound efficiency evaluation testing
on cell
lines
Sigma- E. coli MC1061
E -
Cuos 30nCu0 Aldrich (pSLCueR/pDNcopAlux) Caco-2 !
Intrinsiq E. coliMC1061
+
cuol 25nCu0 Materials (pSLCueR/pDNcopAlux) Caco-2 !
Nano THP-1
Y o i , it
CuOP 18nCuO Solutions E. coliMG1655 HaCaT manuscrip
Nano THP-1
_ ¥ . . ] .
CuO-NH;  9nCuO amine Solutions E. coli MG1655 HaCaT manuscript
Nano THP-1
- ¥ : ) .
CuO-COOH 8nCuO carboxyl Solutions E. coliMG1655 HaCaT manuscript
CuO-PEG  7ncuo¥  Polvethvlene  Nano £ coliMG1655  T° Y manuscript
glycol Solutions HaCaT
Alfa THP-1,
CuSO, CuS0Oq4 - E. coli MG1655 HaCaT, manuscript
Aesar Caco-2

The primary sizes were determined by: + - lvask et al [91], T - Bondarenko et al [165], ¥ - Zhang et
al [163] £- manuscript in preparation.

For preparing the dispersions of NPs, one approach is to sonicate the NPs in water and
to make the subsequent dilutions in test media. The other approach is to sonicate and
dilute the solutions directly in the test media [48,53]. Different studies use different
protocols that may produce inconsistencies in toxicity data. The CuO | and CuO S NPs
stock suspensions in the current thesis were done at 1000 mg Cu/L in DI water (the
weight of the NPs was adjusted with regard to the Cu content), LB or MEM applying
different approaches as follows: (i) no sonication, (ii) bath sonication and (iii) probe
sonication (with the delivered acoustic energy Espec = 5.3 * 10* kJ/m? and Espec =6 *
10° kJ/m3). Uncoated CuO P or CuO-NHz, CuO-COOH and CuO-PEG NP suspensions were
prepared at concentrations 1000-2000 mg/L weight volume in DI water using probe
sonication (Espec = 3.9 * 10° kJ/m3).

Measurements of Dn and PDI with the DLS method and zeta-potential with the
electrophoretic light scattering method were carried out with Zetasizer Nano ZS
(Malvern, UK) immediately after preparation of the working solutions (more
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information in publications I, Il and manuscript). Cu content was measured with total
X-ray fluorescence (Picofox) whereas the Cu content of dissolved NPs was measured
between 0- and 24-hours (publication | and manuscript).

2.1.2 Ag NPs

A panel of Ag NPs with two sizes and with six coatings rendering NPs with different
charges were studied. The Ag NPs of 10 nm and 50 nm were synthesized at the Croatian
Institute of Transfusion Medicine (CITM) and are summarized in Table 2 (more detailed
information about the synthesis is in publication Il Supplementary Material). Briefly, the
synthesis of differently coated Ag NPs was done using the following coating agents:
trisodium citrate dihydrate (CIT), sodium bis(2-ethylhexyl) sulfosuccinate (AOT),
cetyltrimethyl-ammonium bromide (CTAB), poly(vinylpyrrolidone) (PVP), polysorbate
80 (Tween 80). Poly-I-lysine (PLL) was used as a coating material only on the 10 nm Ag
NPs. Additionally, the pure coating agents were separately tested for antibacterial
potency (Table 2).

The primary size, Dn, PDI, Ag content of the NPs and zeta-potential as well as the
dissolved part of the NPs were estimated by our collaboration partners at the CITM
(more information in publication 1l). The stability of Ag NP suspensions in test
conditions was assessed by UV-vis spectroscopy.
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Table 2. Ag NPs, soluble AgNO3 and pure capping agents employed in the study. The number

before the metal component indicates the primary size of the nano (n) compound.

Designation of Primary Organic coating Origin Antibacterial Publication
the compound size, NP efficiency
evaluation on
bacteria
E. coli MG1655
10nAg-CIT 10nAg® itrat CITM 1
& n°e cltrate S. aureus 6538
poly- E. coli MG1655
10nAg-PVP 10nAg® . . CIT™M 1
& 3 vinylpyrrolidone S. aureus 6538
bis-2-ethylhexyl E. coliMG1655
- 0
10nAg-AOT 10nAg sulfosuccinate i S. aureus 6538 .
E. coli MG1655
10nAg-Tween 80 10nAg° polysorbate 80 CITM colt Il
S. aureus 6538
cetyltrimethyl- E. coli MG1655
10nAg-CTAB 10nAg° ammonium CITM Il
. S. aureus 6538
bromide
E. coli MG1655
10nAg-PLL 10nAg® ly-I-lysi CITM 1
i n"e poly-iysine S. aureus 6538
E. coli MG1655
50nAg-CIT 50nAg? itrat CITM 1
& n"e cltrate S. aureus 6538
poly- E. coli MG1655
50nAg-PVP 50nAg? . . CIT™M 1
& 3 vinylpyrrolidone S. aureus 6538
bis-2-ethylhexyl E. coliMG1655
- 0
50nAg-AOT 50nAg sulfosuccinate CITM S qureus 6538 1
E. coli MG1655
50nAg-Tween 80 50nAg? polysorbate 80 CIT™ colt I
S. aureus 6538
cetyltrimethyl- E. coli MG1655
50nAg-CTAB 50nAg® ammonium CITM Il
. S. aureus 6538
bromide
J.T. E. coli MG1655
AgNO AgNO - 1
gNOs e Baker S. aqureus 6538
. Sigma- E. coliMG1655
CIT - trat . 1
citrate Aldrich S. gureus 6538
PVP poly- Sigma- . coliMG1655
vinylpyrrolidone Aldrich S. gureus 6538
AOT ) bis-2-ethylhexyl Sigma- E. coliMG1655 "
sulfosuccinate Aldrich  S. qureus 6538
i - E. coliMG1655
Tween 80 - polysorbate 80 S'g”?a Il
Aldrich  S. aqureus 6538
cetyltrimethyl- . E. coli MG1655
. Sigma-
CTAB - ammonium . Il
) Aldrich  S. aqureus 6538
bromide
. Sigma- E. coliMG1655
PLL - ly-I-1 . 1
poly-Flysine Aldrich S. gureus 6538
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2.1.3 POM-ILs

The prototype POM-ILs (Q*-IL) that feature Keggin-type anions [a-SiW11039]% and
quaternary ammonium cations (Q*) as active cationic species were synthesized and
characterized at the Institute of Materials Science of Aragén (ICMA) (Table 3).
The binding of the POMs was confirmed by elemental analysis and the purity was
determined by the FT-IR spectroscopy (Publication Ill, Supplementary Material).

For antibacterial testing, the respective compounds and benzalkonium chloride
(BAC) were used as a positive control. The BAC was dissolved in dimethyl sulfoxide
(DMSO) at 100 g/L concentration followed by sequential dilutions into half strength
cation (Ca®* 25 mg/L/Mg* 12.5 mg/L) adjusted Mueller Hinton Broth (CA-MHB).
The samples were poorly dissolved at higher concentrations and further incubation at
37 °C overnight with shaking at 200 rpm was done.

Table 3. POM-ILs (Q*-IL, x=C= 6, 7, 8), corresponding salts (Q*-Br, x=C= 6, 7, 8) to organic
components and a positive control benzalkonium chloride (BAC) used in the study. x and C
designate the carbon in the carbon chain of different alkyl chain lengths of quaternary
ammonium cations.

Nomination of Metal Organic component Origin  Antibacterial efficiency Publication

the compound compo- with different evaluation on bacteria
nent carbon chain
lengths

E. coli MG1655
quaternary

Qé-IL POM ammonium C=6 ICMA S. aureus RN4220 1]
i P. aeruginosa DS10-129
¢ E. coli MG1655
Q’-IL pom ~duaternary ICMA . aureus RN4220 1l
ammonium C=7 ]
P. aeruginosa DS10-129
¢ E. coli MG1655
Q&1L pom ~duaternary ICMA . aureus RN4220 1
ammonium C=8 ]
P. aeruginosa DS10-129
quaternary E. coli MG1655
Q5-Br - ammonium ICMA S. aureus RN4220 1l
bromide salt C=6 P. aeruginosa DS10-129
quaternary E. coliMG1655
Q’-Br - ammonium ICMA S. aureus RN4220 1l
bromide salt C=7 P. aeruginosa DS10-129
quaternary E. coliMG1655
Q2-Br - ammonium ICMA S. aureus RN4220 11l
bromide salt C=8 P. aeruginosa DS10-129
bemalkon Ao E. coli MG1655
BAC - enzakonium PP 5. qureus RN4220 M
chloride Chem ]
P. aeruginosa DS10-129
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2.2 Antibacterial properties of metal-based NPs and POM-ILs

For evaluating bacterial susceptibility to the toxicants, several assays were deployed:
Spot assay, Growth inhibition assay and Resazurin assay (viability). Additionally,
the recombinant bioluminescent bacteria that produce light in the presence of
intracellular metal were used for bioavailable metal quantification in Ag and CuO NP
suspensions (publications |, Il, manuscript).

2.2.1 Biosensor for intracellular Ag and Cu measurement

Genetically modified recombinant sensor bacteria are tools that enable to track
toxicants such as genotoxic agents from the water [166] or heavy metals from the soil
[167]. The whole cell bioengineered bacterial sensors that are modified to express
luminescence encoding genes in the presence of e.g. bioavailable metals are described
by Ivask et al [168].

Quantification of bioavailable silver and copper in the NP test suspensions
was performed using recombinant luminescent sensor bacteria that respond
dose-dependently to Ag and Cu that have entered the bacterial cells and that is
measured by the increased bioluminescence with a luminometer (Figure 8). In parallel,
constitutively luminescent bacteria E. coli MC1061 (pDNlux) were measured for
luminescence. The results were calculated by dividing the induced bioluminescence
from the Ag and CuO NP dispersions with a background bioluminescence and are
presented in relative light units (RLUs) whereas the corresponding metal salts were
considered as 100% soluble to normalise the measurement data.

Ag and Cu ions are transported and detoxified via similar pathways in E. coli [169].
CueR is a biological recognition element that activates a cascade of resistance systems
in E. coli in response to Cu or Ag [8,77]. In the current thesis, the recombinant E. coli
MC1061 bacterium (pSLcueR/pDNPcopAlux) was used to determine the intracellular
concentration of Ag and Cu (publications I, Il and manuscript). The essence of
biosensors is that they provide quantitative analytical information in response to the
external source [168]. The luminescence induction of the recombinant E. coli MC1061
to intracellular Ag is mediated via CueR activator protein and is regulated by CopA
promoter (responsible for transcription of CopA ATPase that enables the transport of
respective metal ions between the cytosol and periplasm [170]). The CopA promoter
was inserted to the IuxCDABE gene cluster, resulting in a construct that produced
luminescence in response to bioavailable Ag and Cu (Figure 8) [171].

31



INDUCTION TOXICITY

— — Silver
A l —— Copper

4
J
(]
]
I N
"J'/ ‘
\
- L\

METAL CONCENTRATION IN BACTERIUM

S\
&9 LUMINESCENCE

Figure 8. Luminescence induction curves in response to bioavailable silver and copper inside the
recombinant bacteria.

2.3 Assays for antibacterial potency evaluation

The antibacterial potency of CuO | and CuO S NPs towards E. coli was assessed using a
2-h Spot assay that was developed by Kasemets et al [172] and by Suppi et al [173]
(publication 1). Briefly, the E. coli were grown into exponential phase and 10% CFU/ml
bacteria were exposed to the serial dilutions of test chemicals for 2 hours in DI water in
the wells of 96-well polystyrene plates. 3 ul of the suspensions of the exposed bacteria
were delivered to the toxicant-free agar plates and incubated for 24 h at 30° C.
The minimal bactericidal concentration (MBC) was considered the first concentration of
a toxicant that totally inhibited the growth of bacteria on the agar plates (Figure 7).

The antibacterial potency of Ag NPs (publication Il) was evaluated on a 4-h and on a
24-h Spot assays deploying a similar method as described above. 4-h or 24-h exposures
of E. coli and S. aureus to the Ag NPs were done in DI water to avoid the effects of
complexation on the bioavailability of the NPs.

CuO P, CuO-COOH, CuO-NH; and CuO-PEG NPs were studied for antibacterial
potency against E. coli using a 24-h Resazurin assay (manuscript). The test compounds
were exposed to bacteria (prepared as described in ISO 20776-1:2006 [174]) for 24
hours in RPMI-1640 containing cell culture complete medium (CCM) supplemented
with 10% fetal bovine serum (FBS). The resazurin was added to the cells. The viability
indicator dye blue resazurin is reduced to pink resorufin in the respiration process of
viable cells. The fluorescence intensity of treated and untreated samples was registered
and used for viability (presented as % of live cells) and subsequently 50% effective dose
(EC50) calculations (Figure 7).

Antibacterial potency of Q*-Br and Q*IL and BAC were studied using a standard
broth microdilution method as described in 1ISO 20776-1:2006 [174] (publication III).
The E. coli, S. aureus and P. aeruginosa bacteria were exposed to the respective
compounds in cation adjusted Mueller Hinton Broth (CA-MHB) supplemented with
1 vol-% of DMSO. The 1 % DMSO was not toxic to bacteria (data not shown). Bacterial
growth was followed by the increase of absorbance at 600 nm registered after every
15 min (Figure 7). Based on the growth inhibition data, EC50 values were calculated.
Also, the 20-h Spot assay on CA-MHB agar plates was deployed to determine MBC
values. The antibacterial assays used in the study are summarized in Figure 9.
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2.4 Safety of CuO NPs

For safety/toxicity analysis in vitro, three cell lines were used in this study: two human
epithelial cell lines (Caco-2 and HaCaT) and one immune cell line (THP-1). All the cells
were obtained from American Type Culture Collection (ATCC) and the cell culture was
maintained according to ATCC guidance. Cells were grown on tissue culture treated
plates at 37 °C in the air-jacketed incubator in the presence of 95% humidity and 5%
COa.

In publication I, the toxicity of CuO | and CuO S NPs dispersed in different test media
was measured with Caco-2 cells using Resazurin assay (Figure 9). The cells were seeded
in Modified Eagles Medium (MEM) containing cell culture medium supplemented with
10% FBS. MEM is a basal medium often deployed in in vitro tissue culture studies [175].
The exposure to test chemicals was done for 24 h. Cells were washed and resazurin was
added in the test medium. The fluorescence intensity was used for EC50 calculations.

The CuO P, CuO-NH;, CuO-COOH and CuO-PEG NPs with CuSOa4 as a control were
estimated for safety with HaCaT keratinocytes and differentiated THP-1 macrophages
(dTHP-1) in Dulbecco's modification of Eagle medium (DMEM) supplemented with 10%
FBS (manuscript). The substances were exposed to the cells for 24 h. Cells were
washed, and the viability was assessed with resazurin in CCM. The fluorescence was
measured, and the viability was calculated as described in publication | and manuscript.

CuO P, CuO-NHz2, CuO-COOH and CuO-PEG NPs with CuSOs as a soluble control were
studied for safety also with dTHP-1 macrophages. THP-1 monocytes were differentiated
in CCM containing RPMI-1640 supplemented with 10% FBS and 100 ng/mL PMA for
72 h achieving dTHP-1 macrophages. For viability estimation, the cells were exposed to
Cu compounds for 24 h followed by addition of resazurin for 2 h. Alternatively, the
supernatants from the cells influenced with 100 mg/L Cu compound suspensions were
collected and quantified for the presence of TNF-a by enzyme linked immunosorbent
assay (ELISA). The conditions for safety and TNF-a production evaluation are
summarized in Figure 9 and more information can be found in manuscript.

2.5 Statistical analysis of the results

The 50% and the 20% effective concentration values (EC50 and EC20 respectively,
mg/L) with 95% confidence intervals were calculated from dose-response data using
MS Excel macro Regtox (http://www.normalesup.org/~vindimian/en download.html)
using optimal EC50 values obtained from the least squares best fit transformation of
the data. The statistical significance between the EC values was calculated with equal
variances at p < 0.05.

The analysis of variance between different groups (one-way ANOVA followed by a
Tukey’s honest significant difference post-hoc test) was done with R Language and
Environment for Statistical Computing (http:// www.R-project.org).

Bioinformatics analysis of the toxic effects of CuO NPs to E. coli, HaCaT and dTHP-1
macrophages was done using the R Language and Environment for Statistical
Computing and described by Jolliffe et al [176] whereas the principal component
analysis (PCA) and an eigenvector analysis were implemented. The PCA was done to
obtain an estimation of the multiple parameters that contributed to the variability of
the toxic effects of CuO P, CuO-COOH, CuO-NH2 and CuO-PEG NPs on different cells.
In the analysis, the average EC50 values from the viability data were used (more
information can be found in manuscript).
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Figure 9. Schematic representation of tests for evaluating physico-chemical properties (grey boxes), antibacterial potency (red boxes) and safety (green boxes) of
chemicals in the study.



3 Results and discussion

3.1 The physico-chemical characteristics of NPs

In the first part of the work (publication 1), the sonication protocols for the dispersion of
NPs were optimized for toxicity testing. The suspensions of uncoated CuO NPs of two
origins (Sigma Aldrich and Intrinsiq Materials) were prepared without sonication or via
bath sonication for 30 min or via different intensities of probe sonication corresponding
to Espec = 5.3 * 10* kJ/m? and Espec =6 * 10° kJ/m3. The sonication energy was chosen
based on previous studies in nanotoxicology and the sonication efficiency was
evaluated by the estimation of the polydispersity of the NP samples (expressed as
polydispersity index, pdi) [48-50,177]. The suspensions were employed for
antibacterial potency and for safety evaluations. Sonication was carried out in three
testing environments: DI water, bacterial LB growth medium and MEM (Figure 9).
The bioavailable Cu measurement was determined in LB bacterial growth medium.
As shown in Figure 10B, the fraction of internalized ions increased with the increasing
intensity of sonication energy confirming that the dissolution of CuO NPs is related to
sonication intensity. The dissolution analysis of CuO in LB in abiotic conditions was in
accordance with the bioavailability study showing higher bioavailability of NPs
dispersed with higher sonication energy (Figure 10C).

The sonication in MEM medium supplemented with 10 % serum followed by viability
assessment indicated that the toxicity to Caco-2 cells was substantially increased with
sonicated NPs (Figure 10D). Also, the dissolution increased, and Dn decreased for NPs
that were dispersed by sonication in MEM compared to unsonicated samples (Figure
10A, C) showing the relevance of deploying sonication energy for preparation of
suspensions of NPs.

The sonication facilitates the dispersion of NPs by decreasing the agglomeration of
NPs [178]. The sonication in water environment did not substantially increase the
dissolution of the NPs. Also, different parameters used for CuO NPs in water
environment did not result in differences in toxicity to bacteria (the 2-h MBCs of
sonicated and unsonicated CuO NPs in DI water were between 14-16 mg Cu/L,
publication I). Also, the dissolution of the NPs in DI water in abiotic conditions was not
different suggesting that the toxicity of CuO NPs is related to the dissolution of the CuO
NPs and is not changed by applying sonication energy in DI water. There was no
substantial difference between the behaviour of CuO NPs (antibacterial effects,
toxicity) from various sources (Sigma Aldrich vs Intrinsiq Materials) (Figure 10B).

Relying on the observations that the dissolution behaviour was stable for particles
dispersed in DI water, it was concluded that the stock suspensions should be made in DI
water followed by dissolution in test media. This knowledge was used for subsequent
analysis of CuO NPs’ toxic effects.

35



>
v

Hydrodynamic size Bioavailable copper
2500 H DI water E MEM oL mCuOS OCuOl

100
2000

80

1500 60
40

20

0

1000
(“
“\c 30 W o \dl ° \dl
‘b P 53 40 40’

Dy, (nm)
Bioavailability (%)

0

500
3
ed a0 L e
50“‘ ate ‘“30“\\ 5 wn\dl G*wsw
Not Wat er 2 5. wots°
Wa¥

Abiotic dissolution

@]

Safety to Caco-2 cells
14 H Dl water EMEM [OLB ECuOS OCcuol

O

Dissolution (%)
)
EC50 (mg Cu/L)
-y
1)

6
4
2
10
0 S i Nl ulN uE
\ in Ny «
o *‘L“A\dl 6*165\(“

8
jcate 0
<>x5°‘\“‘¢ o0y

Figure 10. Influence of sonication energy on CuO NPs physico-chemical properties and toxic
effects. 0-h hydrodynamic size (A); 2-h bioavailable copper in recombinant E. coli bacterium
(B); 0-h abiotic dissolution (C); and toxicity (EC50 mg Cu/l) of uncoated CuO NPs to Caco-2 cells
(D). Hydrodynamic size (Dy) and abiotic dissolution were measured in three media: DI water, cell
culture medium (MEM+10% serum) and bacterial growth medium LB. Error bars are the standard
deviations of the three experiments with at least two technical replicates (publication 1).

3.1.1 The physico-chemical characteristics of CuO and Ag NPs

Next, a panel of 10 and 50 nm Ag NPs with coatings rendering positively or negatively
charged NPs was investigated. The exposure of the Ag NPs to bacteria was carried out
in DI water to decrease the possibility of interference by the components of the
organic-rich test media [129]. Prior to toxicity evaluation, the physico-chemical
properties of Ag NPs were characterized revealing that there was a clear difference
between the two groups of Ag NPs: a group with primary sizes Dn 6-17 nm (the average
around 10 nm) and a group with primary sizes Dn 33-59 nm (the average around 50 nm)
(Figure 11A and Table 2 in publication Il). The Ag NPs with PLL and CTAB coatings were
positively charged whereas the other coating agents on NPs resulted in negative or
neutral zeta-potentials (Figure 11C).

The stability of the Ag NPs was measured in testing conditions using the UV-vis
method. The Ag NPs, indeed, were stable for 24 hours with the exception of 50 nm
CTAB that tended to form aggregates and sedimented to the bottom of the vials (the
forming of aggregates was confirmed by visual inspection and by decreased Ag
characteristic peak of dispersed Ag NPs in the UV-vis measurements, Figure 12).

The CuO P, CuO-NH2 were positively charged and the CuO-COOH and CuO-PEG
negatively charged in DI water (Figure 11C). The surface charge was evenly negative for
all the test compounds in the cell culture medium (Figure 11C, the insert) that might be
due to the formation of a protein corona on the surface of NPs [179,180].
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Figure 11. Physico-chemical properties of CuO P, CuO-NH,, CuO-COOH, CuO-PEG NPs and Ag NPs with different coatings measured in DI water and in cell culture
medium (RPMI +10% FBS). Hydrodynamic size (Dy; please note the logarithmic scale) (A), Cu content of NPs (B), surface charge (zeta-potential) (C), and 0.5h and
24-h dissolution (D). The Ag NPs were evaluated for hydrodynamic size with a Malvern Z-sizer in bimodal mode (larger fraction is presented). The CuO NPs
hydrodynamic size was evaluated in monomodal mode. Data from publications I, Il and from manuscript.
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Figure 12. An example of UV-vis spectra of 10 nm CTAB coated Ag NPs as compared to 50 nm
CTAB Ag NPs at 10 mg Ag/mL concentration (publication Il). On the diagram are the absorbance
values derived from the scanning from 300 to 700 nm with a 10 nm gap at 0 h, 4-h and 24-h time
points. The curves represent the average values from three experiments with two replicates.
Ag peaks are 390-395 nm and 400-440 nm for 10 nm and 50 nm Ag NPs respectively.

3.2 The antimicrobial potency of CuO, Ag NPs and POM-ILs

A panel of above-described Ag NPs and CuO NPs and POM-ILs were subsequently used
to study toxic effects of these compounds on Gram-positive and Gram-negative
bacteria. Table 4 summarizes the results of most of the antibacterial tests conducted in
this thesis (publications Il, Ill, manuscript). In the current thesis, different test media
were used for toxicity assessment of CuO NPs, POM-ILs and Ag NPs. Organic-rich test
media, for example, were used for testing of POM-ILs and DI water was used for testing
of Ag NPs and of CuO NPs.

The Ag-based NPs were the most toxic of the tested compounds in our conditions.
These results are partly in accordance with previously published data where out of NPs
consisting from three metals (CuO, ZnO and Ag), the Ag NPs proved to be the most
toxic to bacteria despite of the differences in test media components [76].

The Gram-positive S. aureus and the Gram-negative E. coli and P. aeruginosa were
chosen as the main bacterial models because they are important causes of HAIs [5].
Ag NPs were most toxic to E. coli (Table 4). Overall, the toxicity of Ag NPs to E. coli was
higher than to S. aureus (Table 4). Also, the 24-h MBC of AgNOs was 0.02 mg Ag/L to
E. coli and 0.1 mg Ag/L to S. aureus showing results that are in agreement with
previously published data using similar test format [173]. The difference between
the susceptibilities of the test bacteria might rely on the cell wall composition.
The Gram-negative bacteria have an outer layer of membrane and the cell wall with
peptidoglycan only 3 nm thick. In the Gram-positive bacteria the peptidoglycan layer is
30 nm thick [181,182] that most probably impairs the passage of the toxic Ag ions
through. The lower sensitivity of Gram-positive S. aureus has been confirmed by
previous studies [181,183,184]. The higher leakage of proteins through the membranes
of Gram-negative bacteria treated with Ag NPs have been shown by Kim et al [184].
The differences in the toxicity mechanisms of CuO and Ag NPs may relay in the
destabilization of the Gram-negative and the Gram-positive bacterial membranes and
the influence on the integrated membrane transportation systems for the metals.
The outer membrane of Gram-negative bacteria contains selective and unselective
porins that could be responsible for the transportation of smaller nanoparticles and
metal ions. The Gram-positive bacteria contain similar membrane porins [104,185].
Also, the transporters are important in determining the passage of the metals through.
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The metal ions can be internalised by unspecific routes to the cells, along the
chemiosmotic gradient or via the inducible energy demanding routes that are necessary
for their metabolic activity in a special situation such as e.g. starvation. In high
concentrations of metal ions (e.g. Cu and Ag), the passage can be more unspecific.
Additionally, in Gram-negative bacteria, the Cu is transported to the cytoplasm with
CopA, CopC and CopD proteins [186][187]. In the Gram-positive bacteria the CopA and
CopB ATPases are responsible for Cu metabolism. The first is for the uptake of metal in
cytoplasm and the latter for efflux and detoxification. Silver has similar pathways as Cu
in bacterial metabolism in Gram-positive bacteria mediated by P-type ATPases.
Interestingly, however, the Gram-negative bacteria are more prone to develop
resistance against Ag [188].
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Table 4. Toxicity of the test compounds to the bacteria. The MBC values of Ag NPs and pure
coating materials are averages from three to five experiments. The MBC values of different
carbon chain lengths POM-ILs (Q*-IL), corresponding salts (Q*-Br) and CuO NPs are most
representative values from parallel experiments. The red colour shows the lower, and the green
colour the higher MBC values that correspond to more toxic and less toxic compounds
respectively; the grey colour indicates the MBC values for the compounds that were not toxic at
the tested concentrations. The data is summarized from publications Il, Il and manuscript.

TOXICITY (MBC)
" \ P
Test MBC E. coli P. aeruginosa S. aureus
Compound medium unit 20h 24h 20h 20h 24h
CuOP CCM mg Cu/L - 72.2 - - -
CuO-NH; CCM mg Cu/L - 9.7 - - -
CuO-COOH CCM mg Cu/L - 49 - - -
CuO-PEG CcCM mg Cu/L - >354 - - -
CuSO, CCM mg Cu/L - 66.6 - - -
10nAg-CIT DI water mg Ag/L - 0.1 - - 0.4
10nAg-AOT DI water mg Ag/L - 0.1 - - 0.2
10nAg-PVP DI water mg Ag/L - 0.1 - - 0.3
10nAg-Tween 80 | DI water mg Ag/L - 0.3 - - 0.9
10nAg-CTAB DI water mg Ag/L - 0.1 - - 0.5
10nAg-PLL DI water mg Ag/L - 0.1 - - 0.4
50nAg-CIT DI water mg Ag/L - 0.2 - - 0.6
50nAg-AOT DI water mg Ag/L - 0.3 - - 2.1
50nAg-PVP DI water mg Ag/L - 0.3 - - 0.4
50nAg-Tween 80 | DI water mg Ag/L - 3.8 - - 6.5
50nAg-CTAB DI water mg Ag/L - 0.6 - - 3.4
AgNO3 DI water mg Ag/L - 0.02 - - 0.1
CIT DI water mg/L - >294 - - >294
AOT DI water mg/L - >445 - - 44.5
PVP DI water mg/L - 4000 - - >4000
Tween 80 DI water mg/L - >131 - - >131
CTAB DI water mg/L - 3.7 - - 3.7
PLL DI water mg/L - 3 - - 3
Qé-IL CA-MHB mg/L 1000 - >1000 10 -
Q’-IL CA-MHB mg/L 50 - 100 2 -
Q3-IL CA-MHB mg/L 100 - 100 5 -
QS-Br CA-MHB mg/L 1000 - 1000 10 -
Q’-Br CA-MHB mg/L 25 - 100 2 -
Q2-Br CA-MHB mg/L 100 - 100 10 -
BAC CA-MHB mg/L 50 - 100 6 -

The antimicrobial potency of CuO NPs was studied in similar testing conditions as Ag
NPs for a shorter incubation time (2 h). The 2-h MBC of CuO | and CuO S in DI water to
E. coli was 14-16 mg Cu/L showing toxicity that was two orders of magnitude lower
compared to Ag NPs (publications I and II).

From literature is known that CuO NPs exhibit considerable toxicity to bacteria
and mammalian cells. For example, the 24-h MBCs of uncoated CuO NPs incubated
with bacteria in DI water was 1-10 mg/ L to Gram-negative E. coli and 0.1-1 mg/L to
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Gram-positive S. aureus [173]. CuO NPs are also toxic to mammalian cells. The EC50
values of CuO NPs to human lung alveolar epithelial cells have been from 10 to 50 mg/L
[107,189]. In the current thesis, the CuO NPs were functionalized with different surface
coatings that could possibly change the toxic effects of CuO NPs (manuscript).
The CuO-NH2 was employed in this study representing positively charged NPs and
CuO-COOH, CuO-PEG negatively charged NPs. The toxicity of uncoated CuO NPs and
CuSOs4 salt to E. coli was evaluated in parallel (Figure 9). The antibacterial potency
(MBC values based on Cu content of the CuO NP) of these compounds is summarized in
Table 4. The toxicity of CuO NPs to E. coli was several orders of magnitude smaller than
toxicity of Ag NPs. The coating of NPs was an important factor in toxicity because the
CuO-NH2 NPs were the most toxic of the tested compounds and the uncoated CuO NPs
the least toxic of the NPs. Surprisingly, the soluble copper control was less toxic than
the functionalized CuO NPs. Such behaviour of Cu compounds is considerably different
from Ag compounds (Table 4).

In order to find new bactericidal agents, the antibacterial potency of POM-ILs was
studied (publication lIl). In the current thesis, the POMs are anionic atomic clusters
containing oxygen molecules, silica molecules and a transient metal tungsten (Figure
5A). Additionally, to make potentially more effective antibacterial agents, the POMs
were attached to cationic organic chemicals namely quaternary ammonium compounds
(QX) via hydrogen bonding (Figure 5B). Such a construct has both, anionic and cationic
properties. Toxicity to three medically relevant bacteria: S. aureus, E. coli and P. aeruginosa
were tested. The most susceptible bacterium to POM-ILs was S. aureus (20-h MBC
2-10 mg/L). This is different from Ag NPs that were more toxic to Gram-negative E. coli.
The toxic effects of QP-IL on E. coli and P. aeruginosa were over 1000 mg/L while for Q7
and Q2 the values were between 50 and 100 mg/L. The toxicity of POM-ILs compared to
BAC — a well-known antimicrobial compound - was in concordance with previously
published literature showing MIC values 1-50 mg/L [190,191].

In addition, POM-ILs tested in the current thesis were the most potent antibacterial
agents compared to the previously published data. The minimal inhibitory
concentration values for S. aureus have been reported in previous studies to be over
400 mg/L [192]. Our preliminary data — the high toxicity of Q’-IL to S. aureus — suggests
that POM-ILs presented in this thesis are promising new antibacterials against S. aureus
and potentially to other Gram-positive bacteria. Such phenomenon could lead to their
application in water decontaminating filters or in topical surface coatings especially
against S. aureus which is the second most prevailing HAI causing bacterium [5].

3.2.1 The role of dissolution in the toxic effects of CuO and Ag NPs

It is known from the literature that Ag ions can be the main causes of toxic effects of Ag
NPs [78]. Stemming from this, we measured the extracellular Ag ions (AAS) and
intracellular Ag ions (publication Il). The intracellular fraction of Ag was evidenced by
the increased bioluminescence of the biosensors. The per cent of internalized ions from
NPs is calculated based on the internalized metal salt [167]. The results showed that
the external fraction of ions released from Ag NPs was between 0.8 and 6.5 % and the
bioavailable fraction was between 0.2 and 12.6 % (Figure 13A and B, respectively).
In general, the smaller Ag NPs were more dissolved compared to larger Ag NPs.
As expected, the extra- and intracellular fraction of Ag ions originating from Ag NPs
correlated with toxicity of Ag NPs (Figure 13A and B, respectively) suggesting that the
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toxic effects of Ag NPs studied in the current thesis are most probably due to Ag ions
that destabilize and damage bacterial cell membranes [19,68,193,194].
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Essentially, the Gram-negative E. coli was considerably more susceptible to Ag NPs and
silver ions compared to Gram-positive S. aureus at the 4-h time point whereas by 24 h
the MBC values were more even (Figure 14) proving a more prominent time-dependent
toxic effect of Ag NPs and AgNOs for S. aureus compared to E. coli.

The role of Cu ions in the toxicity mechanisms is under discussion. It has been shown
previously that the dissolution of CuO NPs can be facilitated with organic components
of the test medium [82]. It is suggested that at least part of the toxicity is attributed to
the release of Cu ions [14,94,195,196]. In the current thesis, it was shown that the
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higher toxicity of CuO S and CuO | NPs was explained by the higher fraction of dissolved
Cu (as seen from the increase of bioavailable Cu). In addition, dissolution (and hence,
toxicity) of CuO NPs can be affected by NP size [32], because smaller particles have
larger specific surface area and therefore dissolve better as demonstrated with the Cu
sensing biosensor analysis [14,32,197].

CuO P, CuO-NH2, CuO-COOH and CuO-PEG, on the other hand were all dissolved by
the 24-h time point (Figure 11D). The soluble CuSO4 was evenly toxic to all test models
(Figure 15A) suggesting that the dissolved Cu could have an impact on the toxic effects
of Cu compounds. The toxicity and dissolution profiles of functionalized CuO NPs on the
other hand were different. The most toxic compound CuO-NH; had a high fraction of
bioavailable Cu. (Figure 2A in manuscript). Based on the results above, it is suggested
that due to the moderate toxicity of Cu ions, the coating-dependent toxicity played
important role for CuO NPs.

3.2.2 The coating-dependent toxic effects of Ag NPs

The Ag NPs are often coated to stabilize or disperse them better in suspensions that in
turn can modulate toxicity [58]. In the current thesis, the antibacterial properties of a
panel of 11 different Ag NPs with positive (coated with PLL and CTAB) and negative
charge (coated with AOT, CIT, PVP and Tween 80) (Table 2) were investigated. As these
coating materials are attached to the NPs non-covalently in an equilibrium process
and are present in the NP dispersions, the toxic effects of pure coatings alone to
bacteria in testing conditions relevant for this study were tested. There were no clear
coating—dependent toxic effects of 10 nm Ag NPs on E. coli (Figure 14 left panels).
Instead, the 50 nm Ag NPs covered with CIT, AOT and PVP coatings proved to be more
toxic to E. coli.

S. aureus was less susceptible to Ag NPs than E. coli (Figure 14). The effects of
coatings on the toxicity of Ag NPs to S. aureus were most pronounced in case of 50 nm
NPs at 24-h endpoint (Figure 14). The membrane damage of 10 nm NPs to S. aureus
was facilitated with the addition of PLL and CTAB on Ag NPs (Figure 5, publication II).
PLL can cause the disruption of membranes and generation of ROS [198] while
quaternary ammonium CTAB have been shown to permeabilize the bacterial cell
membranes [199,200]. Citrate is a food preservative with mild antimicrobial effects
[201,202] and AOT is an anionic surfactant that causes permeabilization of membranes
[203].

Tween 80 and CTAB were the least favourable coatings on 50 nm Ag NPs in terms of
antibacterial potency (Figure 14). The inefficient toxicity of CTAB coated larger Ag NPs,
however, may be explained by their poor stability in suspensions as determined by the
UV-vis analysis (Figure 12).
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Figure 14.Toxic effects of 10 and 50 nm Ag NPs on E. coli and S. aureus at 4- and 24-h time points.
The MBC values are averages from three to five experiments and the whiskers are the standard
deviations of the results. The asterisks show statistical significance compared to the least toxic
compound in the group. The statistically significant differences are designated as follows: *<0.05,
*%<0.01, ***<0.001 (publication II).

The toxic effects of pure coatings alone on the test bacteria are summarized in Table 4.
Based on the determination of the concentration of PLL in the nano suspensions and
based on the determination of the toxic concentration of PLL to bacteria, it was seen
that the toxicity of PLL was orders of magnitude lower than the toxicity of Ag NPs
dispersed with PLL(publication Il). The toxicity assessment of pure dispersing materials
as coatings in this thesis could give essential information for the synthesis of better
Ag-based antibacterial agents that can be used synergistically with antibacterial
chemicals and Ag NPs for biomedical applications.

3.2.3 The coating-dependent toxic effects of CuO NPs

To study the coating-dependent effects of CuO NPs, three types of functionalizations
were chosen: amine (-NH2), carboxyl (-COOH) and polyethylene glycol (PEG).
As described in chapter 3.2, the coatings on CuO NPs had an impact on the toxic effects
upon the bacteria. One explanation for this phenomenon is the possibility of the
charge-dependent effect that might have a role in the toxicity of functionalized CuO
NPs. In the current thesis, the amine functionalization or the absence of coating
provided positively charged CuO NPs whereas the carboxyl and PEG coatings resulted in
negatively charged CuO NPs (Figure 11C). The positively charged CuO NPs exerted
superior toxicity to bacteria and mammalian cells (Figure 15A).

It was hypothesized that some of the coating-dependent properties of the CuO NPs
can facilitate toxic effects on bacteria and decrease toxicity to humans (determined
with human cell models). The evaluated EC50 values of the Cu compounds on bacteria
and human cells in similar testing environments (Figure 9) showed that all the models
were similarly susceptible to soluble CuSO4 (toxicity 89.4 — 93.6 mg/L) (Figure 15A).
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These results emphasize the importance of Cu ions in the toxicity mechanisms of all
tested Cu compounds. Essentially, even though the CuO NPs were dissolved by 24 h in
abiotic conditions (Figure 15A), we still noticed significant differences in the toxicity
profile of these compounds against the cells.

From the tested NPs, the CuO-NH: proved to be the most toxic to all models (EC50
28.7 — 42.0 mg/L) (Figure 15A). The phenomenon of CuO-NH: high toxicity might be
associated with the ability of CuO-NH: to induce the production of reactive oxygen
species (ROS) (Figure 15B). Based on the previous data, it can be suggested that the —
NH: functional groups themselves on NPs can be substantial causes of ROS by
formation of NO radicals in water-based solvents [204]. Ammonium chloride was
shown to be an inducer of ROS in cells as quantified with the sensitive HoDCF probe
[205]. ROS is an essential contributor to toxicity to both bacterial and mammalian cells
[38,70]. The ROS from amino functional groups can trigger apoptosis in cells [206] and
cause toxicity to bacteria [9,34]. In addition, contrary to all other CuO NPs and CuSOa,
CuO-NH2 induced TNF-a in THP-1 cells. The proinflammatory cytokine TNF-a is an
inflammation mediator and the TNF-a production can be associated with cell death
[207].
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Figure 15. Toxic effects of CuO P, CuO-NH, CuO-COOH and CuO-PEG NPs on dTHP-1
macrophages, HaCaT keratinocytes and Escherichia coli bacterium evaluated with Resazurin
viability assay (A). The dose responsive production of reactive oxygen species in abiotic conditions
(B). The ability to trigger proinflammatory cytokine TNF-a production in response to 100 mg/L Cu
compounds in differentiated THP-1 macrophages (C). The error bars for the EC50 values are the
95% confidence intervals, in other cases error bars show standard deviation. Asterisks designate
the statistically significant difference (p<0.05) compared to the least toxic effect in the group (A)
or to the smallest result (B,C) (manuscript).

Interestingly, however, it was observed that the pegylated and carboxyl-functionalized
CuO NPs showed significantly less toxicity towards dTHP-1 and HaCaT cells compared to
bacteria (Figure 15A). Notably, the carboxyl functionalization per se can modulate the
toxicity. It has been shown previously that the carboxyl functionalized chemically inert
polystyrene NPs resulted in less toxicity to human cells compared to NH: coated
polystyrene NPs [206,208]. The PEG, on the other hand, is a widely used biocompatible
coating and has been used on CuO NPs for biomedical applications [164].
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Thus, uncoated CuO and CuO-NH; NPs were the most toxic to mammalian cells.
Interestingly, both uncoated and NHaz-functionalized CuO NPs were positively charged
and had the highest Cu content (Figure 11B), suggesting that these factors are
important for toxicity.

3.2.4 Multivariate analysis for safety and antibacterial efficiency evaluation of CuO
NPs

The multivariate analysis was done to evaluate the variability of coated and uncoated
CuO NPs. For this, data from toxicity evaluation (Figure 15A) and from physico-chemical
properties evaluation (Figure 11) were employed to model a scoresplot that comprises
the eigenvectors (the arrows indicate the direction of the increasing size of the values)
and the principal components analysis (PCA) resulting in NPs positions according to
their variability (Figure 16).

Scores of the first two principal components comprised 94.4-95.5% of the variance.
The multivariate analysis showed different clustering of more toxic CuO and CuO-NH>
NPs from less toxic CuO-COOH and CuO-PEG NPs whereas the variability profile was not
considerably changed between the test models (bacteria, HaCaT and differentiated
THP-1) (Figure 16A,B and C). The properties contributing to increased toxic effects of
the NPs were more positive zeta-potential, higher Cu content, higher 24-h dissolution,
ability to induce the generation of abiotic ROS, higher production of TNF-a (dTHP-1
cells).
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3.2.5 Toxicity mechanisms of POM-ILs to medically relevant bacteria

For testing the antimicrobial properties of POM-ILs, the quaternary ammonium salts
(Q*-Br, x=6,7,8) without the POM component were used as controls in toxicity testing.
The results showed that the EC50 values of POM-ILs and their corresponding salts were
comparable (Table 4 and Figure 17). Relying on this, it was suggested that the
antibacterial properties of the compounds were mainly due to the presence of
ammonium cations. Additionally, the chain lengths of the cations determined the
toxicity profile of the compounds. The toxicity of the compounds, however, might be
related to their hydrophobicity It was seen that the POM-ILs with the carbon chain
length C=6 of quaternary ammonium compounds were less toxic to all test bacteria.
The ILs with longer alkyl chain lengths were more hydrophobic and possessed higher
potential to damage bacterial membrane of marine bacterium Vibrio fischeri [209].
It is also proposed that the main causes of toxicity are the formation of ROS by
transient metals (such as tungsten) or destabilization of the bacterial membranes by
quaternary ammonium components of the ILs [210]. The quaternary ammonium
compounds have been shown to disrupt the bacterial membranes due to the
electrostatic interactions between the quaternary ammonium cations and anionic
phospholipids in the membrane [190].

In conclusion, in the current thesis the highest antibacterial activity of POM-ILs to
medically relevant bacteria is reported so far. Additionally, it was shown that the
carbon chain lengths of cationic quaternary ammonium compounds influence the
antibacterial properties of the prototype POM-ILs.
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Figure 17. Correlation plot of toxic effects of POM-ILs (Q*-IL) and their corresponding reference
compounds (Q*Br) on different test bacteria. The shapes represent the lengths of carbon
chains (x=6,7,8) of cation quaternary ammonium components of POM-ILs and colours are the
test-bacteria (publication Ill).
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Conclusions

In this thesis, the bactericidal effects of CuO NPs, Ag NPs and polyoxometalate ionic
liquids were studied. Altogether, 20 CuO and Ag NPs and POM-ILs, including 10 nm and
50 nm Ag NPs with various surface coatings, CuO NPs with different surface
functionalizations and from various commercial sources and POM-ILs with various
carbon chain lengths (Q*-ILs) were characterized and tested. In parallel, the toxicity of
12 control compounds was evaluated. Given the presented toxicological profiles of NPs
and POM-ILs in the current thesis, the results herein could be valuable for the
manufacturers of the antimicrobial agents.

The main conclusions are the following:

1)

2)

3)

4)

In general, Ag NPs had superior antibacterial effect over the other tested
compounds. The toxicity of Ag NPs was explained by dissolved Ag ions and less
by the surface charge/coating of the Ag NPs.

Gram-negative bacterium E. coli was more susceptible to Ag NPs than
Gram-positive S. aureus.

Compared to Ag NPs, different toxicity pattern was observed in the case of
POM-ILs: Gram-positive S. aureus was more susceptible to POM-ILs than
Gram-negative E. coli and P. aeruginosa. Remarkably, our studies showed the
highest toxicity of tested POM compounds so far to S. aureus being
comparable to the known antibacterial agent benzalkonium chloride.
The antibacterial potency of POM-ILs depended on the carbon chain lengths of
the quaternary ammonium cations rather than the POM anion components.

Coating materials and sizes of CuO NPs had substantial role in the toxicity to
dTHP-1 macrophages, HaCaT keratinocytes and E. coli bacterium. Negatively
charged and larger CuO NPs were less toxic to bacteria and mammalian cells
in vitro as compared to the positively charged smaller CuO particles, whereas
CuO-NH2 were especially toxic to all test models (E. coli bacteria, HaCaT
keratinocytes and dTHP-1 macrophages). Unexpectedly, CuO-COOH and
CuO-PEG NPs proved to be significantly less toxic to human cells in vitro —
HaCaT and dTHP-1 macrophages - compared to E. coli bacterium.
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Abstract

Toxicological Profiling of Copper Oxide and Silver Nanoparticles and
Polyoxometalate lonic Liquids with Medically Relevant Bacteria and
Mammalian Cells in vitro

Engineered metal-based nanoparticles (NPs) are efficient antimicrobial agents, the toxic
effects of which depend to a large extent on their physico-chemical properties.
The NPs’ small size gives them large active surface area that can be modified with
different surface modifications. Even though, the toxic effects of metal-based NPs have
been extensively studied in recent years, there are still knowledge gaps concerning
their mechanisms of toxicity. Also, there is very little information on the antimicrobial
effects of polyoxometalate ionic liquids (POM-ILs).

In this thesis, the antibacterial potency of 20 NPs (Ag NPs and CuO NPs) with
different sizes and different surface coatings, and POM-ILs was evaluated with
Gram-negative bacteria Escherichia coli or Pseudomonas aeruginosa and Gram-positive
Staphylococcus aureus. In addition, safety of CuO NPs to mammalian cells in vitro
was studied.

First, the impact of NP suspension preparation protocol on physico-chemical
properties and safety of NPs was evaluated using CuO NPs as an example. The results
showed that the sonication of the CuO NP solutions should be done in DI water
followed by making dilutions in test media, because it results in better dispersed and
less dissolved particles.

Next, Ag NPs, CuO NPs and POM-ILs were tested for antibacterial effects. In general,
Ag NPs proved to be more potent antibacterials than CuO NPs and POM-ILs.
Interestingly, E. coli was the most susceptible bacterium to Ag NPs. S. aureus, however,
was more susceptible to POM-ILs than E. coli and P. aeruginosa.

The toxicity mechanisms of Ag NPs/CuO NPs and POM-ILs were different. Ag NPs’
toxicity was mainly dependent on the released ions. The Ag NPs with smaller size
(10 nm) and with bis-2-ethylhexyl sulfosuccinate (AOT) or poly-vinylpyrrolidone (PVP)
as coatings proved to be more efficient antibacterials. In the case of CuO NPs
functionalized with amine (-NH2), carboxyl (-COOH) and polyethylene glycol (PEG),
the CuO-NH: proved to be the most toxic to E. coli but also to mammalian cells: HaCaT
keratinocytes and human differentiated THP-1 macrophages. The PEG and carboxyl
functionalizations on CuO NPs were the most interesting because the CuO NPs with
these coatings were less toxic to human cells as compared to bacteria. The multivariate
analysis revealed that the higher toxicity of CuO NPs was associated with higher copper
content, positive surface charge and higher reactive oxygen species production.

The antibacterial potency of POM-ILs, however, depended on the chain length of the
organic constituent. Especially high antibacterial toxicity was seen for POM-IL with
seven carbon atoms.

To conclude, the toxic effects of engineered metal-based antibacterials were
systematically studied in the present thesis. Based on the results it is suggested (i) to
tune antibacterial properties of Ag NPs by decreasing the size and applying coating
agents; (ii) to adapt the chain lengths of quaternary ammonium compounds of POM-ILs
and (iii) to apply special surface coating agents on CuO NPs for achieving better
antibacterial potency and safety.
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Liihikokkuvote

Vaskoksiidi ja hobeda nanoosakeste ning poliioksometalaat-
ioonvedelike toksilisuse uuringud meditsiiniliselt oluliste bakterite ja
imetajarakkudega in vitro

Bakteriaalsete nakkuste, sh antibiootikumiresistentsete bakterite levik maailmas on
tdsine probleem, millele otsitakse pidevalt uudseid lahendusi. Vaga suur on
bakteriaalse infektsiooni oht haiglates, pohjuseks arvukad kirurgilised protseduurid ja
tavapirasest rohkem levivad nakkused. Uks vdimalus haiglainfektsioonide
vahendamiseks on  térjuda nende levikut innovatiivsete lahendustega
materjaliteaduses.

Antud doktorité6s uuriti uudseid antibakteriaalseid aineid: metallilisi nanoosakesi ja
poliioksometalaate. Definitsiooni jargi on vdhemasti ks nanoosakese modde 1-100 nm.
Vaiksuse tottu on nanoosakestel suur aktiivne eripind, mis annab neile erilised
fliusikalised ja keemilised omadused. Antibakteriaalseid nanoosakesi kasutatakse
haiglates pindade katmiseks ja tekstiilides, et vahendada nakkushaiguste levikut.
Poliioksometalaadid on negatiivse laenguga metallilised nanosuuruses struktuurid,
mida on véimalik modifitseerida, lisades juurde orgaanilisi antibakteriaalseid
komponente. Poliioksometalaatidel on sellises konfiguratsioonis mitmeid biomeditsiinilisi
rakendusi nakkuste levikute piiramiseks, nditeks kasutamine pindade katmisel ja
veefiltrites.

Antud doktorit6ds uuriti kokku 20 nanoosakese ja poliioksometalaat-ioonvedelike
antibakteriaalset toimet ja bioloogilist ohutust imetajarakkudega in vitro leidmaks
inimesele ohutud téhusad antibakteriaalsed ained. Eesmargiks oli: 1) optimeerida
vaskoksiidi nanoosakeste suspensiooni ettevalmistamist katseks; 2) uurida
nanoosakeste bakterivastast toimet haiglanakkusi p&hjustavate bakterite Escherichia
coli, Staphylococcus aureus ja Pseudomonas aeruginosa suhtes; 3) uurida nanoosakese
suuruse ja pinnamodifikatsioonide mdju antibakteriaalsele toimele; 4) uurida
nanoosakeste fllsikalis-keemilistest omadustest tulenevat md&ju bakteritele ja
imetajarakkudele in vitro.

Toos kasutati vaskoksiidi (CuO) ja hobeda (Ag) nanoosakesi ning volframi (W) baasil
poliioksometalaate. Vask on tuntud bakteritsiidsete omaduste poolest ja on seetdttu
laialdaselt kasutusel nii to0stuses kui ka tarbekaupades. Vaskoksiidi nanoosakeste
antibakteriaalsete omaduste uuringud biomeditsiinilisteks rakendusteks on leidnud
huvipinda just viimasel ajal. HGbeda nanoosakesi kasutatakse juba laialdaselt erinevates
antibakteriaalse toimega toodetes, kuid vdhe on uuritud hdbeda nanoosakeste
spetsiifiliste katete md&ju bakteritele. Poliioksometalaadid on antud uuringus seotud
orgaaniliste positiivselt laetud kvaternaarsete [ammastikega, mille tulemusena saadi nii
positiivse kui ka negatiivse laenguga ioonsed ained.

Koikidest testitud ainetest olid hébeda nanoosakesed bakteritele kdige mirgisemad.
Antud t66s uuriti stistemaatiliselt eri pinnamodifikatsiooniga ja suurusega (10 nm ja
50 nm) hdbeda nanoosakeste mdju grampositiivsele bakterile Staphylococcus aureus ja
gramnegatiivsele bakterile Escherichia coli. Selgus, et hdbeda nanoosakestel oli
tugevam inaktiveeriv mdju pdhilisele haiglanakkuse pdhjustajavale gramnegatiivsele
E. coli bakterile vorreldes grampositiivse S. aureus bakteriga ning see soltus kdige
rohkem nanoosakeste lahustuvusest. Huvipakkuvateks kattematerjalideks hdbeda
nanoosakestele olid bis-2-etlilheksidl sulfosuktsinaat (AOT) ja poliviniilpirrolidoon
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(PVP), sest nende ainetega kaetud nanoosakesed lahustusid paremini ja olid seetottu
toksilisemad.

Huvivaarne oli polliioksometalaatidega ioonsete vedelike tdhus bakterivastasus veel
Ghele valdavale haiglanakkuste pd&hjustajale — grampositiivsele S. aureus’ele.
Pollioksometalaadid, mida antud doktorit6ds kasutati, olid seni teadaolevalt taolistest
Ghenditest koige efektiivsemad bakterivastased ained. Doktoritd0s iseloomustatakse
eri pikkusega sisinikuahelate osatdhtsust nende ioonsete ainete toksilisuses bakteritele
S. aureus, E. coli ja P. aeruginosa. Tulemused naitasid, et poliioksometalaatidega
ioonsete ainete antibakteriaalsed omadused séltusid positiivselt laetud orgaaniliste
komponentide sisinikuahela pikkusest. Eriti heade antibakteriaalsete omadustega olid
seitsme siisinikuaatomi ahelaga poliioksometalaat-ioonvedelikud.

Vaskoksiidi nanoosakeste bakterivastane toime oli ndrgem kui hdébeda
nanoosakestel, seetGttu uuriti voimalusi selle parendamiseks, modifitseerides
vaskoksiidi nanoosakesi erinevate orgaaniliste funktsionaalrihmadega, nagu
karboksiilil, ammoonium ja polietiileengliikool. Uuringus kasutati E. coli bakterit
mudelina bakterivastase toime hindamiseks ning inimese immuunrakke ja naha
epiteelkoerakke mudelitena bioloogilise ohutuse maadramiseks in vitro. Vaskoksiidi
bakterivastaste omaduste testimiseks tuleb nanoosakesed esmalt dispergeerida
veekeskkonnas, nditeks ultraheliga t66tlemise teel, et saada homogeensed lahused.
Ultraheli kasutatakse tihti, kuid samas ei ole héasti teada, kuidas selle energia mdjutab
nanoosakeste toksilist toimet. Siinses doktoritdds kohandati meetodeid vaskoksiidi
nanoosakeste ultraheliga tootlemiseks ning hinnati dispergeeritud nanoosakeste
toksilist m&ju E. coli bakteri ja inimese sooleepiteeli Caco-2 in vitro rakumudeli
suhtes. Tulemused naitasid, et ultrahelité6tlus kahandas nanoosakeste suurust
orgaanikarikastes sé6tmetes ja suurendas nende toksilisust. Saadud tulemuste pdhjal
on soovituslik kdigepealt nanoosakesed dispergeerida vees ultraheli abil ja seejarel teha
lahused orgaanikarikastes testikeskkondades, sest nii saadi vdiksemad nanoosakesed,
mis lahustusid vdhem. Antud andmeid kasutati edasi nanoosakeste proovide
ettevalmistamiseks toksilisuse uuringuteks. Need naitasid, et ootusparaselt mdjutasid
katted oluliselt vaskoksiidi nanoosakeste bakterivastast toimet. llmnes, et sisalduva
vase kogus (suurema vasesisaldusega nanoosakesed olid toksilisemad), nanoosakese
suurus (suuremad olid vahem toksilised), laeng (positiivselt laetud olid toksilisemad) ja
vOime indutseerida reaktiivsete hapnikulihendite tootmist (ained, mis indutseerisid
aktiivsemalt reaktiivseid hapnikutihendeid olid toksilisemad) avaldasid olulist m&ju
koigile toksilisuse testimise rakumudelitele. Vaskoksiidi nanoosakesed, mida oli
modifitseeritud ammooniumkattega, osutusid kdige mirgisemateks. Huvipakkuvaimad
olid aga karbokstil- ja polietiileengliikoolkattega vaskoksiidi nanoosakesed, mis olid
efektiivsed antibakteriaalsed ained, kuid samas inimese rakkudele vahem mirgised kui
bakteritele.

Kokku vottes tuuakse antud t606s soovitusi, kuidas luua tdhusaid ja ohutuid metallilisi
antibakteriaalseid nanoosakesi. Ko&ige mdjusamateks bakterivastasteks aineteks
osutusid erinevate katetega hGbeda nanoosakesed, mille toksilisus sGltus enamasti
lahustuvusest.  Vaskoksiidi  nanoosakeste  toksilist toimet suurendas aga
funktsionaliseerimine, eriti ammooniumiga. Pollioksometalaatidega ioonvedelike
antibakteriaalsuses oli oluline katioonsete komponentide susinikuahela pikkus
(mirgiseimad olid seitsme siisinikuaatomiga ained).
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Due to small size and high surface energy nanoparticles (NPs) tend to agglomerate and precipitate. To avoid/
diminish that, sonication of NPs stock suspensions prior toxicity testing is often applied. Currently, there is no
standardized particle sonication protocol available leading to inconsistent toxicity data, especially if toxicity is
driven by NPs' dissolution that may be enhanced by sonication.

In this study we addressed the effect of sonication on hydrodynamic size (Dy,), dissolution and toxicity of copper
oxide (CuO) NPs to mammalian cell line Caco-2 in vitro and bacteria Escherichia coli in the respective test environ-

Keywords: . A 3 L. .
Cuions ments (cell culture MEM medium, bacterial LB medium and deionised (DI) water). NPs were suspended using no
Speciation sonication, water bath and probe sonication with different energy intensities.

Bioavailability Increased sonication energy (i) decreased the Dy, of CuO NPs in all three test environments; (ii) increased disso-

Standardized operational procedures
Ultrasonication
Harmonization

lution of NPs in MEM medium and their toxicity to Caco-2; (iii) increased dissolution of NPs in LB medium and
their bioavailability to E. coli; and (iv) had no effect on dissolution and antibacterial effects of NPs in DI water.
Thus, to reduce variations in dissolution and toxicity, we recommend sonication of NPs in DI water following

the dilution into suitable test media.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The safety evaluation of industrial chemicals (e.g., nanoparticles
(NPs)) is a key issue in EU chemical regulation REACH (registration,
evaluation, authorisation and restriction of chemicals). However,
while the information on toxicity of NPs is rapidly expanding, the
amount of high quality data remains limited (Krug, 2014; Oomen et
al,, 2014) leading to the inconsistent toxicity values for the same type
of NPs (Bondarenko et al., 2013a). One reason for that are the variations
in methodological settings that can significantly influence the physico-
chemical characteristics of NPs and hence, their toxicity. The latter is es-
pecially crucial if toxicity is driven by dissolution of NPs (for example,
CuO, Ag, ZnO) that depends on a variety of factors e.g., test medium
composition, temperature and time (Kasemets et al., 2009). During
the recent years it has become evident that it is necessary to

Abbreviations: ATCC, American Type Culture Collection; Dy,, hydrodynamic size; DI
water, deionised water; DLS, dynamic light scattering; MEM, minimum essential
medium; Egpec, specific energy; FBS, fetal bovine serum; LB, Luria-Bertani medium; MBC,
minimal biocidal concentration; NEAA, non-essential amino acids; NPs, nanoparticles;
0D, optical density; PBS, phosphate buffered saline; PDI, polydispersity index; REACH,
regulation concerning the registration, evaluation, authorization and restriction of
chemicals; ROS, reactive oxygen species; SSA, specific surface area; TXRF, total reflection
X-ray fluorescence.

* Corresponding authors.

E-mail addresses: aleksandr.kakinen@kbfi.ee (A. Kdkinen), olesja.bondarenko@kbfi.ee

(0.M. Bondarenko).

http://dx.doi.org/10.1016/j.tiv.2016.08.004
0887-2333/0© 2016 Elsevier Ltd. All rights reserved.

systematically and accurately define and report physico-chemical char-
acteristics (such as primary size, specific surface area, purity, crystalline
structure) of NPs prior the test as well as in the test conditions (hydro-
dynamic size, zeta potential, dissolution) in order to interpret the re-
sults of the toxicity tests (Kahru and Ivask, 2013; Krug, 2014; Nel et
al., 2013; Zhu et al., 2012). However, the preparation of NP dispersion
and the influence of preparation method on the physico-chemical
(such as aggregation/agglomeration and dissolution) and biological
(toxicity) characteristics of NPs received considerably less attention.
Currently, there is no common standardized protocol for the prepara-
tion of NP dispersions for the nanotoxicology studies (e.g., solvent, addi-
tives, intensity of sonication).

Different approaches for the preparation of NP suspensions have
been published over the last few years. To keep NPs in dispersion, the
suspension of NPs is usually treated by vigorous stirring or ultrasound
either using ultrasonication bath (providing low intensity energy
input) or probe sonicator (higher intensity energy input). There are sev-
eral studies showing that the particle dispergation and ultrasonication
conditions can affect the properties of NPs in solution (dispersibility, hy-
drodynamic size, agglomeration, aggregation and dissolution) (Bihari et
al., 2008; Jiang et al., 2009; Meifner et al., 2014; Taurozzi et al., 2012)
and consequently, the toxicity (Cronholm et al,, 2011; Magdolenova et
al., 2012; Piret et al., 2014). Most of these previous studies focused on
the effects of dispergation method on physico-chemical behaviour of
TiO, NPs that are not dissolving. However, little is known about the ef-
fect of sonication procedure on the hydrodynamic size, dissolution and
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subsequent toxicity of solubilisation-prone NPs such as CuO NPs. A few
studies comparing the toxic effects of sonicated vs not sonicated CuO
NPs (Cronholm et al., 2011; Midander et al., 2009) and sonicated vs
stirred CuO NPs (Piret et al., 2014) inferred that CuO dispergation meth-
od may affect dissolution of NPs and hence, their toxicity. Indeed, previ-
ous studies have shown that dissolution is the most important factor in
the toxicity of CuO NPs to various bacteria (Bondarenko et al., 2012;
Juganson et al,, 2015; Kaweeteerawat et al.,, 2015; Kdkinen et al,, 2011;
Puzyn et al,, 2011) as well to mammalian cells in vitro (Ivask et al.,
2015; Karlsson et al., 2013, 2014; Zhang et al., 2012). This implies that
variations in sonication protocol affecting the dissolution of NPs will
most probably influence their cytotoxicity. As the dissolution of NPs de-
pends on the surface properties such as surface reactivity, charge, com-
position and presence of surface defects (Midander et al., 2007a,b) that
can be modulated during sonication process, we hypothesised that the
CuO NP preparation method can significantly affect dissolution and tox-
icity of NPs to various cell types.

In the present study, we asked (i) to what extent the sonication pro-
tocol affects the toxicity of NPs in various test environments to different
cell types and (ii) whether the sonication-induced changes in hydrody-
namic size or/and dissolution contribute into this process. Two types of
NPs, CuO from Sigma-Aldrich and CuO NPs from Intrinsiq Materials were
dispersed using four different approaches i) no sonication, ii) sonication
in water bath for 30-min or sonication with probe sonicator with specif-
ic energies (Espec) iii) 5.3 - 10* kJ/m® and iv) Espec = 6 - 10° kj/m">.
Three different test environments were used to prepare the CuO disper-
sions and test their toxicity and bioavailability to bacteria Escherichia coli
and mammalian cell line Caco-2 in vitro. Both, bacteria (unicellular
prokaryotic organisms with rigid cell wall and unable to particle
internalisation by endocytosis) and mammalian cells (eukaryotic
cells capable to particle endocytosis) are widely used as models in
(nano)toxicology studies. However, most of the studies focus either on
mammalian or bacterial cells and do not enable the direct comparison
of the toxicity of NMs to these different cell types. It has been previously
suggested that the toxicity and mechanism of action of CuO NPs to these
two cell types are remarkably different due to presence or lack of parti-
cle-internalisation capability (Bondarenko et al., 2013a). It is generally
accepted that the main mechanism of toxicity of metal-based dissolu-
tion-prone NMs (such as CuO) to bacteria is mediated via dissolved
metal ions (Ivask et al., 2010; Sotiriou and Pratsinis, 2010; Bondarenko
et al, 2012; Xiu et al., 2012). In contrast, additional particle-specific ef-
fects such as e.g,, size, shape and agglomeration status may be involved
in the toxicity of NMs to mammalian cells (Lankoff et al., 2012; Piret et
al., 2012; Karlsson et al., 2014). Thus, we hypothesised that sonication
procedure may have different effects on bacterial vs mammalian cells
through the modulation of agglomeration status and dissolution of
CuO NMs.

2. Material and methods
2.1. Chemicals and nanoparticles

Autoclaved deionised (DI) water (18 MQ, Millipore) was used
throughout the study. CuO NPs were purchased from Sigma-Aldrich
(CAS Number 1317-38-0) and from Intrinsiq Materials. NaCl, tryptone
and yeast extract were from LabM. Minimum Essential Medium
(MEM) with GlutaMAX, sodium pyruvate, non-essential amino
acids (NEAA) and streptomycin-penicillin were from Gibco, Life
Technologies; Fetal Bovine Serum (FBS) was from Biological Industries.

Bacterial test medium LB was prepared by dissolving 10 g of
tryptone, 5 g of yeast extract and 5 g of NaCl in 1 1 of DI water
(Sambrook et al., 1989), autoclaved (121 °C for 15 min) and stored at
room temperature. Cell culture medium MEM contained 15% FBS, 1%
NEAA, 1% sodium pyruvate, 100 pg/ml and 100 U/ml streptomycin-pen-
icillin, respectively.

2.2. Preparation of nanoparticle stock suspensions

CuO NP stock suspensions (20 ml, 1 g Cu/1) were prepared using dif-
ferent dispersion methods (Fig. 1): no sonication, bath sonication
(Branson 1510) and probe sonication (450 Ultrasonifier, Branson Ultra-
sonics Corporation) equipped with 3 mm microtip, either in DI water
(pH = 5.8), LB (pH = 7) or MEM (pH = 7.2) media. Calorimetric
determination of the delivered acoustic energy of probe sonicator
was performed prior experiment to determine the specific energy Espec
(Taurozzi et al., 2011) as described in supplementary information
(Fig. S1). Epec = 5.3 - 10% k]/m? corresponded to sonication of 20 ml
of NP suspension for 3 min at 10% of probe sonicator power and
Egpec = 6 - 10° kj/m® to 13 min 4 s at 25% of power. Probe sonication
was performed in an ice bath to avoid heating of NP suspensions. Not
sonicated NP suspension was shortly vortexed (1-2 s) to mix NPs before
diluting the NP suspensions. The stock suspensions were used immedi-
ately after preparation.

2.3. Physico-chemical characterization of CuO stock suspension

2.3.1. Hydrodynamic size, zeta potential and polydispersity of CuO NPs

Hydrodynamic size and polydispersity index (PDI) of CuO NPs were
determined using dynamic light scattering (DLS) (Zetasizer Nano-ZS,
Malvern Instruments, UK) at the concentration of 100 mg Cu/l at 0, 2
and 24 h after stock suspension preparation in DI water, LB or MEM.
The measurements were carried out in triplicates using standard poly-
propylene plastic cuvettes of 1 cm path length. Zeta potential of CuO
NPs in DI water was measured in triplicate using Zetasizer Nano-ZS
and Disposable folder capillary cells.

2.3.2. Dissolution of CuO NPs

Time dependent (0, 2 and 24 h) dissolution of CuO NPs in different
test environments (DI water, LB, MEM) was determined using total re-
flection X-ray fluorescence (dissolution, Picofox S2, Bruker Corpora-
tion). For this CuO NPs stock solutions were diluted to 100 mg Cu/l in
the respective medium, centrifuged at 20,000g for 30 min (Centrifuge
Sigma 3-16PK). To measure dissolution, CuO NP suspensions were cen-
trifuged immediately after dilution (0 h dissolution) or after 2 h or 24 h
of incubation at 30 °C followed by centrifugation at 20,000g for 30 min.
After centrifugation supernatants were collected and analysed by
TXRF by mixing 40 pl of supernatant with 40 pl of reference element
(2 mg/1 Ga) and pipetting the 3 pl of the mixture to quarts sample holder
(Analyslide Petri Dish, Pall Corporation). Three independent experi-
ments were performed.

2.3.3. Analysis of bioavailable copper

The quantification of bioavailable Cu was performed in LB
medium using recombinant biosensor bacteria E. coli MC1061
(pSLcueR/pDNPcopAlux) in which bioluminescence is specifically in-
duced by subtoxic concentrations of bioavailable Cu ions (Ivask et al.,
2009) essentially as described by Bondarenko et al. (2013b). Bacteria
were pre-grown overnight on a shaker (200 rpm, 30 °C) in 3 ml of LB
medium supplemented with 100 pg/1 of ampicillin and 100 pg/! of tetra-
cycline to maintain the recombinant plasmids. 20 ml of fresh LB was in-
oculated with 1/50 diluted overnight culture, and bacteria were grown
at 30 °C until exponential phase (ODggp of 0.6) and diluted with LB me-
dium until ODggo = 0.1 (approximately 10° bacterial cells/ml).

100 pl of bacterial suspension was exposed to 100 ul of 0.01-
30 mg Cu/l dilutions of CuSO,4 or CuO NPs in LB medium at 30 °C for
2 h. Dose-response curves of the Cu-biosensor were obtained by plot-
ting the applied concentrations of Cu against the bioluminescence of
Cu-biosensor (as fold induction) in respective samples. Fold induction
was calculated by dividing the bioluminescence of Cu-biosensor in the
sample to the background bioluminescence (0 mg Cu/l). Biolumines-
cence was measured using Orion Il Luminometer (Berthold Detection
Systems, Germany).



174

A. Kdkinen et al. / Toxicology in Vitro 36 (2016) 172-179

1g Cu/l CuO NPs (Sigma-Aldrich and Intrinsig Materials) stock suspension in:
1. deionised water (DI)
2. bacterial medium (LB)
3. cell culture medium (MEM+10% serum)

3 ¥
Procedure 1 Procedure 2
Not sonicated Bath sonication
30 min

¥ 3

Procedure 3 Procedure 4
Probe sonication Probe sonication
Egpec= 5.3-10°k)/m? Eqpec= 6:10°k)/m?

inerease o snication energy

Physico-chemical chracterisation of CuO NPs

Hydr ic size and polydispersity
in DI water (0, 24 h), LB (0, 2, 24 h)
and MEM+10% serum (0, 2, 24 h)

Zeta potential (0, 24 h) in DI water

Dissolution (0, 2, 24 h, 30 °C)
in DI water, LB and MEM+10% serum

Bioavailability and toxicity of CuO NPs

Bioavailability (2 h, 30 °C) to Cu-ion sensing
bacteria Escherichia coli MC1061
(pSLCueR/pDNcopAlux)) in LB medium

Toxicity to E. coli MC1061
(pSLCueR/pDNcopAlux) (24 h, 30 °C, minimal
bactericidal concentration) in DI water

Toxicity to human cells Caco-2 in vitro (24 h,
37 °C, Resazurin assay) in MEM+10% serum

Fig. 1. Schematic illustration of preparation of CuO NPs stock suspensions, their physico-chemical characterization and toxicity testing.

Bioavailable Cu was determined by using the linear regression equa-
tions derived from the linear region of the dose response curves of Cu-
biosensor to CuSO4 and CuO NPs, whereas CuSO4 was considered
100% bioavailable and was used as a standard (Bondarenko et al.,
2013b). Four independent experiments in duplicates were performed.

2.3.4. Toxicity of CuO NPs to Escherichia coli

Minimal bactericidal concentration (MBC) of studied CuO NPs to-
wards E. coli was determined essentially as described by Suppi et al.
(2015). MBC was defined as the lowest tested nominal concentration
of NPs which upon exposure in DI water at 30 °C for 2 h completely
inhibited the formation of visible colonies of E. coli after sub-culturing
on toxicant-free agarized LB medium. Briefly, E. coli MC1061
(pSLCueR/pDNcopAlux) was pre-grown overnight as described above.
20 ml of fresh LB was inoculated with 1/50 diluted overnight culture,
and bacteria were grown until exponential phase (ODggo of 0.6)
at 30 °C, then washed (6000g 5 min) twice with DI water and
diluted with DI water until ODggo 0.1 (approximately 10° bacterial
cells/ml). 100 pl of diluted bacteria were added to 100 pl of CuO NPs
(1-60 mg Cu/1) in DI water on a 96-well microplate (BD Falcon) and in-
cubated in a thermostat at 30 °C for 2 h. After 2 h exposure 3 pl of sus-
pension was pipetted on a toxicant free agarized LB growth medium
(supplemented with antibiotics ampicillin 100 pg/1 and tetracycline
10 pg/1) followed by incubation of the plates at 30 °C for 24 h. Six inde-
pendent experiments in duplicate were performed.

2.3.5. Toxicity of CuO NPs to Caco-2 cells in vitro

Caco-2 cells were obtained from American Type Culture Collection
(ATCC HTB-37). The cell culture was maintained according to ATCC
guidance and cultured in MEM medium supplemented with 15% FBS,
1% NEAA, 1% sodium pyruvate, 100 pg/ml and 100 U/ml streptomycin-
penicillin, respectively. Before the tests, cells were seeded on 96-well
plates (Cellstar, Greiner) at density 5 - 10> cells per well and
incubated for 24 h (37 °C, 95% humidity and 5% CO,). After 24 h cells, ex-
posed to 0-200 mg Cu/l CuO NPs and incubated for 24 h at 37 °C, 95%
humidity and 5% CO,. After 24 h exposure, cells were washed with
PBS and resazurin (10 ug/ml final concentration) in the test medium
was added, incubated for 2 h, and the fluorescence (530 nm
excitation/590 nm emission) was measured using microplate reader
(Multiskan, Thermo Scientific). In parallel, the possible interference of
CuO NMs with resazurin assay was assessed by incubating NMs with
resazurin without the cells. No interference was detected. Viability

(as % from untreated cells) was calculated by dividing the fluorescence
value of CuO-treated cells with the fluorescence value of untreated cells.
24-h ECsq was calculated using MS Excel macro Regtox. Three indepen-
dent experiments in duplicate were performed.

2.3.6. Statistics

All experiments were performed at least in three independent repli-
cates and at least in technical duplicate; the data are shown as average
values = S.D. One-way ANOVA method was used for statistical analysis,
assuming equal variances at p < 0.05.

3. Results

Two types of CuO NPs were tested. CuO NPs from Sigma-Aldrich are
commercially available and are widely used in nanotoxicology studies.
CuO NPs from Intrinsiq Materials were used in EU FP7 flagship project
NANOVALID (particle code: NNV-011). Primary particle size and specific
surface area (SSA) were 30 nm and 25.5 m?/g, respectively, for CuO NPs
from Sigma-Aldrich (Ivask et al,, 2010) and 24.5 nm and 23.4 m?/g re-
spectively, for CuO NPs from Intrinsiq Materials (Bondarenko et al.,
2016). Both types of CuO NPs had no surface functionalization (coating).
Thus, NPs were relatively similar in terms of primary size, SSA and
coating.

Effect of sonication intensity on Dy, PDI and toxicity of CuO NPs was
investigated in three different environments (DI water, MEM, LB) at dif-
ferent incubation time points (0, 2 and 24 h) after the sonication. The
time points corresponded to the incubation times used in parallel for
the biological assays (2 h for Cu-ion sensing E. coli bioavailability assay
and 24 h for E. coli and Caco-2 toxicity tests). 30-min water bath sonica-
tion and probe sonication at Egpec = 5.3 - 10% k]/m® and 6 - 10° kj/m>
were selected on the basis of wide use in various nanotoxicology studies
(Bihari et al., 2008; Mandzy et al., 2005; Meif3ner et al., 2014; Taurozzi et
al,, 2012); not sonicated CuO NPs were used in parallel for comparison.

From three test environments used, DI water is a traditional environ-
ment for the preparation of stock suspensions of NPs for ecotoxicologi-
cal and some toxicological studies. Recently, DI water was shown as a
suitable environment to study biocidal properties of metallic NPs to-
wards various microorganisms (Suppi et al.,, 2015). Namely, the use of
DI water instead of organics-containing media minimizes the effects of
test medium components on bioavailability, toxicity and agglomeration
of NPs (Johnston et al.,, 2013) and reduces the formation of reactive ox-
ygen species (ROS) (Cohen et al., 2013).
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LB medium was chosen as the traditional environment for the culti-
vation of microbes (Sambrook et al., 1989) that is widely used to study
the potency of antibacterial compounds in various conventional assays
such as bacterial growth inhibition tests. MEM supplemented with
serum represented one of the traditional environments for the cultiva-
tion of mammalian cell cultures in vitro.

3.1. Effect of sonication on hydrodynamic size and polydispersity of CuO

The dependence of hydrodynamic size (Dy) and size distribution
range (characterised by PDI values) of NPs from sonication procedure
was similar for both types of CuO NPs: from Sigma-Aldrich (Fig. 2A-C)
and Intrinsiq Materials (Fig. S2A-C).

Increasing sonication intensity decreased the Dy, of CuO NPs in all
test environments whereas the most remarkable effects were observed
in case of NP suspensions in DI water. For example, the Dy, of CuO NPs
(Sigma-Aldrich) was 282 nm in case of not sonicated dispersion and
152 nm, when NPs were sonicated at the highest intensity (Espec =
6 - 10° kJ/m?) (Fig. 2A). Dy, of not sonicated CuO NPs from Intrinsiq Ma-
terials was 213 nm (PDI = 0.21) and decreased to 140 nm (PDI = 0.14)
after sonication at Espec = 6 - 10° kJ/m> (Fig. S2A, Table S1). Despite
clear effect of sonication intensity on the Dy, of both types of CuO NPs
in DI water, the effect on zeta potential was minor (Table S2).

In both organics-containing environments (LB and complete MEM)
the Dy, and PDI of CuO NPs were higher than in DI water (Table S1). In
complete MEM medium not sonicated CuO NPs from Sigma-Aldrich
were highly polydispersed and agglomerated with the Dy, of 1120 nm
and PDI = 0.82 at 0 h. The Dy, increased even more after 24 h exposure
up to 1620 nm (PDI = 0.84) (Fig. 2B). The trends for CuO NPs
from Intrinsiq Materials were similar (Fig. S2B, Table S1). Increased
sonication intensity significantly dispersed both types of CuO NPs:
both Dy, and PDI decreased immediately after sonication (0 h) and did
not change significantly after 24 h incubation. Effect of sonication
intensity on NP stability was observed visually confirming increased
dispersibility of CuO suspensions in LB and MEM with enhanced sonica-
tion energy (Fig. S4).

Similarly to complete MEM, the Dy, and PDI of both types of CuO NPs
in LB decreased with increasing sonication intensity immediately after
sonication. However, when the Dy, of Sigma-Aldrich CuO NPs decreased
in time (Fig. 2C), the Dy, of CuO NPs from Intrinsiq Materials increased
after 24 h incubation (Fig. S2C). Statistical analysis showed no signifi-
cant difference between Dy, of CuO NPs in different media tested in the
current study (p > 0.05).

3.2. Effect of sonication of CuO NPs on dissolution

The dissolution of both CuO NPs in DI water (tested at CuO nominal
concentration of 100 mg Cu/l and at 30 °C) was around 1% and did not
depend on sonication intensity and incubation time (Figs. 2D, S2D).
However, the dissolution of CuO in organics-containing media was
higher, about 2-4% at 0 h in MEM medium and 7-11% in LB medium
(Fig. 2E and F). Dissolution of CuO NPs increased around 3 times after
2 hincubation and around 10 times after 24 h incubation in both organic
media. The difference between the CuO NPs sonicated with different in-
tensities was especially remarkable after 24 h of incubation: for exam-
ple, when the dissolution of not sonicated CuO NPs was 15.4%, the
dissolution of CuO NPs in MEM medium sonicated with the highest in-
tensity was 40%. The dissolution trends for CuO NPs from Intrinsiq Ma-
terials were similar although these NPs dissolved slightly more in MEM
and LB media (Fig. S2E and F).

3.3. Effect of sonication of CuO NPs in LB medium on bioavailable copper

Effect of sonication on bioavailability of CuO (dissolution of CuO NPs
detected by Cu ions-sensing bacteria) was analysed using sensor bacte-
ria E. coli MC1061 (pSLcueR/pDNPcopAlux) after 2 h incubation time in
LB medium at 30 °C. Clearly, the induction of bacterial luminescence by
subtoxic concentration of CuO NPs depended on the sonication intensity
used, confirming that dissolution of CuO NPs was the lowest for the not
sonicated CuO and highest with the most intensively sonicated CuO NP
sample (Fig. 3A). Taking into account the induction of bioluminescence
by CuO NPs in bacteria (Fig. 3A), bioavailability of Cu from CuO NPs was
quantified using this biological method (Fig. 3B). When the
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Fig. 2. Effect of sonication on hydrodynamic size (A-C) and dissolution (D-F) of CuO NPs (100 mg Cu/l, Sigma-Aldrich) in DI water (A and D), complete MEM medium (B and E) and LB
medium (C and F) after 0, 2 h and 24 h of incubation at 30 °C. n = 3 4 standard deviation is shown. Note the different scales of Y-axis. p-values denote statistically significant

differences between different time points (ANOVA).
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Fig. 3. Effect of sonication on bioavailability of copper from CuO NPs and CuSO, (100% soluble control) using Cu-sensing bacteria Escherichia coli MC1061 (pSLcueR/pDNPcopAlux). (A)
Representative figure of induction of luminescence by CuO NPs and CuSO, in Cu ions-responsive bacteria E. coli in LB medium at 30 °C. (B) Bioavailable copper in differently treated
CuO NPs from Sigma-Aldrich (M) and Intrinsiq Materials (M) (calculated from Fig. 3A as described in Materials and Methods, n = 4 + standard deviation is shown). p-values denote

statistically significant differences between different sonication methods (ANOVA).

bioavailability of not sonicated Sigma-Aldrich CuO NPs was 25.9%, the
sonication at the highest intensity increased the bioavailability to sensor
bacteria to 42%. Bioavailability of CuO NPs from Intrinsiq Materials had
the same dependence on sonication procedure, but was approximately
twice higher than for CuO NPs from Sigma-Aldrich (Fig. 3B).

When we compared the data on solubility of both CuO preparations
analysed after 2 h of incubation in LB medium (Figs. 2F, S2F) with the
bioavailability data measured using E. coli sensor bacteria after 2 h of in-
cubation in LB medium, the correlation was not so remarkable, R? =
0.61, although the data pointed to the same direction (Fig. S3A). Howev-
er, the correlation was more obvious in case of CuO NPs from Intrinsiq
Materials (R?> = 0.98; Fig. S3B) than CuO NPs from Sigma-Aldrich
(R? = 0.40; Fig. S3C). This may be related to the smaller primary size
of CuO NPs from Intrinsiq Materials (24.5 nm) compared to CuO NPs
from Sigma-Aldrich (30 nm) leading to higher dissolution and bioavail-
ability of the CuO NPs from Intrinsiq Materials compared to CuO NPs
from Sigma-Aldrich.

3.4. Effect of sonication on toxicity of CuO

Effect of sonication of CuO on cytotoxicity was studied by determin-
ing (i) minimal bactericidal concentrations of differently sonicated CuO
to bacteria E. coli in DI water (Fig. 4) and (ii) 24 h ECsq values of CuO NP
preparations to Caco-2 cells in vitro in complete MEM medium (Fig. 5).

MBC values for both types of CuO NPs to bacteria E. coli were the
same (2 h MBC = 15 4 10 mg Cu/1) regardless of the sonication proto-
col used (Fig. 4). Thus, sonication decreased the Dy, of CuO NPs in DI
water (approximately 2-fold, Fig. 2A) but had no effect on dissolution
(Fig. 2D) and toxicity to E. coli (Fig. 4A), suggesting that (i) toxicity of
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CuO NPs to E. coli depended on dissolution and (ii) dissolution and tox-
icity of CuO NPs did not depend on hydrodynamic size.

The toxicity of both types of CuO NPs to Caco-2 cells in vitro in-
creased with the sonication intensity (Fig. 5). Remarkably lower toxicity
was observed for not sonicated CuO NPs (ECso = 61.0 and 67.8 mg Cu/I
for CuO from Sigma-Aldrich and Intrinsiq Materials, respectively) that
was assumingly caused by pronounced agglomeration (Figs. 2B, S2B;
Table S1) and low dissolution of CuO NPs (Figs. 2E, S2E). Toxicity of
CuO NPs sonicated for 30 min in water bath significantly increased -
ECso were 12.3 and 13.3 mg Cu/l for NPs from Sigma-Aldrich and
Intrinsiq Materials, respectively. CuO NPs sonicated with probe
sonicator were slightly more toxic than CuO treated with water bath
but this difference was small and statistically not significant. Overall,
toxicity of both types of CuO to Caco-2 cells was comparable.

4. Discussion

Sonication of NP suspension prior toxicological studies are widely
used for dispersion of particles (Handy, 2012; Murdock et al., 2008;
Taurozzi et al., 2012). The recommended dispersion protocols used for
various types of NPs are summarized by EU FP7 project NanoReg
(2014). However, no standardized NP dispersion protocol is currently
available and various authors use different methods. In general NP
stock suspensions can be prepared using two different approaches:
(i) one-tiered approach, where NPs are sonicated directly in the test
medium that is used for the subsequent toxicity testing or (ii) two-
tiered approach, which comprises the preparation of NP stock suspen-
sion in DI water and then dilution of this suspension to the test media
(MeiRner et al., 2014). Some authors prefer one-tiered approach and
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Fig. 4. (A) Representative photo of determination of minimal bactericidal concentration (MBC) of differently sonicated CuO NPs (Intrinsiq Materials) to Escherichia coli bacteria after 2-h
exposure in DI water at 30 °C. (B) 2-h MBC values (mg Cu/1) of differently sonicated CuO NPs from Sigma-Aldrich (M) and Intrinsiq Materials (M) to E. coli bacteria after 2 h exposure in DI

water. n = 6 =+ standard deviation is shown.
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Fig. 5. The toxicity of CuO NPs from Sigma-Aldrich (M) and Intrinsiq Materials () to Caco-2 cells in vitro (24 h, Resazurin assay; MEM medium, 37 °C). NPs stock suspensions were
prepared using four dispersion methods using different sonication regimes. n = 3 =+ standard deviation is shown.

prepare the stock suspensions of NPs directly in test medium
(Magdolenova et al., 2012; MeiRner et al., 2014) whereas other re-
searchers suggest first to prepare the stock suspensions in DI water
(Cohen et al., 2013; PROSPECT, 2010) or use bovine serum albumin
(BSA) for the dispergation of NPs (Nanogenotox, 2011).

In this study we tested different sonication protocols and evaluated
the effect of sonication on physico-chemical parameters and biological
effects of CuO NPs. Specifically, we prepared CuO NPs stock suspensions
using no sonication, 30-min water bath sonication and probe sonication
at two different specific energies. Both, water bath sonication and probe
sonication are common in nanotoxicology studies. However, as the en-
ergy input resulting from probe sonication is higher than in case of bath
sonication (Santos et al., 2009), we hypothesised that these two sonica-
tion methods might affect the hydrodynamic size, dissolution and
hence, the toxicity of differently prepared CuO NPs.

Indeed, higher sonication intensities increased the toxicity of CuO
NPs to Caco-2 cells, when sonicated directly in MEM medium (Fig. 5).
The same tendency was observed for LB medium, where pronounced
sonication yielded more bioavailable copper in Cu-sensing E. coli assay
(Fig. 3). Remarkably, in DI water the toxicity of NPs was not affected
by sonication intensity (Fig. 4). As the toxicity pattern of CuO NPs in dif-
ferent test environments was coherent with their dissolution (sonica-
tion enhanced dissolution in MEM and LB media and had no effect in
DI water (Fig. 2)), we concluded that the effect of sonication on toxicity
of CuO NPs was mediated by dissolution. The test environment-depen-
dent effect of sonication intensity on dissolution is an important finding
since dissolution is one of the key mechanisms of cytotoxicity of differ-
ent metal containing NPs (reviewed in (Ivask et al,, 2014)).

Interestingly, while higher sonication intensity decreased the hydro-
dynamic size of CuO NPs in DI water (Figs. 2A, S2A), no effect on disso-
lution (Figs. 2D, S2D) and toxicity (Fig. 4) was observed. This suggests
that at least in DI water the hydrodynamic size of particles is less

important for dissolution and hence, toxicity than assumed previously
in several nanotoxicological studies (Cronholm et al., 2011; Karlsson
et al.,, 2009; Magdolenova et al.,, 2012; Midander et al., 2007b).

The enhanced dissolution on NPs in cell media compared to DI water
is attributed to the organic compounds (mostly proteins) that form
complexes with soluble Cu (Borm et al., 2006; Kober and Sugiura,
1912) and bind NP surface forming a protein layer of so-called ‘protein
corona’ (Vroman et al., 1980; Bhattacharya et al,, 2014; Monopoli et al.,
2012), which can act as dispersant for NPs. Increased sonication intensi-
ty increases the number of single particles in suspension and thus, the
total surface area available for the protein binding, decreasing the size
and agglomeration of NPs. This leads to enhanced dissolution of CuO
NPs in organics-containing media with increasing sonication intensity
and, thus, causes higher cytotoxicity.

Summarizing, the sonication intensity can remarkably affect dissolu-
tion and toxicity of CuO NPs, when the preparation and sonication of NP
stock is performed in organics containing media such as LB and MEM. In
contrast, dissolution and toxicity of CuO NPs were not affected by soni-
cation intensity in DI water. Hence, we recommend two-tiered approach
for the preparation of NP dispersions, i.e., the preparation of NP stock
suspension in DI water and subsequent dilution into the test media.
This approach is also supported by our previous study, where sonication
of CuO NP stock suspensions in DI water and their further toxicity testing
in three different cell culture media with different cell lines yielded com-
parable dissolution and toxicity data (Ivask et al., 2015).

5. Conclusions

Our results demonstrated that higher sonication intensity enhanced
the bioavailability of CuO NPs to bacteria E. coli and toxicity to Caco-2
cells in organics-containing media via increased dissolution. Thus, the
sonication intensity can influence the toxicity results, if CuO NPs are
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prepared in test media or similar organics-containing environment (e.g,
serum). Furthermore, as dissolution in organics-containing media in-
creased in time, CuO dispersions prepared in these media should be
used for the testing immediately or equilibrated for the designated
time to obtain reproducible toxicity data.

In contrast, in our study dissolution and cytotoxicity of CuO NPs in DI
water did not depend on sonication protocol. Taking into account that
the sonication of NPs in DI water also minimizes the generation of
ROS, particle interactions and, unlike cell media, excludes the presence
of proteins denaturated during sonication, we recommend the use of
DI water as the first consideration, when preparing metal-based NP dis-
persions for toxicity testing.
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Figure S1. Calorimetric curves obtained for calorimetric determination of the delivered acoustic energy
by direct sonication procedure at different power settings of the sonication probe (10, 25, 50 and 70%

of the maximum usable theoretical power; 450 Ultrasonifier, Branson Ultrasonics Corporation, USA).

The specific energy Espec (kJ /m3) (Equation 1) is a function of the delivered acoustic power P
(W) (Equation 2) (the energy consumed for breaking the agglomerates of NPs but also for
thermal losses and potential chemical reactions), time t (s) and the sample volume V (m?3). Espec

is independent of used ultrasonic device. It is calculated using the following equation:

P-t
Espec =~ (1)

The delivered acoustic power for sonication probe used in this study (450 Ultrasonifier,
Branson Ultrasonics Corporation, USA) was determined calorimetrically by recording the
temperature increase as a result from the ultrasonication of DI water over time (Fig. $1) and

the delivered acoustic power was calculated using the following equation:

P=—m-cp (2)



where T is temperature (K), t - time (s), m - the mass of the liquid (here 300 g of DI water), and
cp is the specific heat of the liquid (J g™ K') at constant pressure. The specific heat of water
with 4.18 J-g1-K*! (Physik Formelsammlung) was used. Due to the linear increase of the
temperature over time dT/dt was replaced by the difference quotient AT/At and was
determined as the slope in Fig. S1. The procedure was performed at different power settings
of the sonication probe (10, 25, 50 and 70% of the maximum usable theoretical power). The
sonication process run for 5 min in continuous mode and the temperature was recorded every

30s.

Example of calculation of delivered acoustic power for 10% of the maximum theoretical power
(Equation 3) and specific energy Espec=5.3-10* kJ/m?3 (Sonication procedure 3; Equation 4) is

presented below:

P = 0.0035 - 300 (g) - 4.18 (ELK) = 4.4 (W or]/s) (3)
B 4.4(§)~240(s) B W (kI
Espec = To0002 m3 5.3-10 (F) (4)
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Figure S2. Effect of sonication on hydrodynamic size (A-C) and dissolution (D-F) of CuO NPs (100 mg
Cu/l, 30 °C, Intrinsiq Materials) in DI water (A and D), complete MEM medium (B and E) and LB medium
(C and F). n=3 £ standard deviation is shown. Note the different scales of Y-axis. p-values denote

statistically significant differences between different time points (ANOVA).
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Figure S3. Dissolution (LB medium, 2 h, 30 °C) versus bioavailability (Cu-sensing bacteria; LB medium,
2 h, 30 °C) of CuO NPs from Sigma-Aldrich (o; panels A and C) and Intrinsiq Material (o; panels A and

B) CuO NPs. Data are plotted from Figures 2F, S2F and 3B.
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Figure S4. Effect of sonication energy on stability (0 and 24 h) of Sigma-Aldrich CuO NPs stock

suspensions (1 g/l) prepared in (A-B) LB and (C-D) MEM media using four different approaches.



TABLES

Table S1. Polydispersity index (PDI) of Sigma-Aldrich and Intrinsiq Materials CuO NPs in three different
media (DI water, bacterial LB medium and MEM cell medium) and at different time points (0, 2 and 24

h) at 100 mg/I.

Polydispersity index (PDI)

Dlwater | LB | MEM
Time Oh 24h Oh 2h 24 h Oh 2h 24h
Sigma-Aldrich CuO NPs
not sonicated 0.22 0.23 0.82 0.79 0.58 0.82 0.77 0.84
30 min water bath 0.17 0.17 0.28 0.30 0.39 0.39 0.39 0.51
5.3-10° kJ/m3 0.17 0.17 0.32 0.23 0.31 0.21 0.20 0.29
6-105 kJ/m3 0.14 0.15 0.22 0.25 0.30 0.17 0.17 0.22
Intrinsiq Materials CuO NPs
not sonicated 0.21 0.20 0.68 0.76 0.63 0.76 0.85 0.81
30 min water bath 0.20 0.22 0.29 0.39 0.57 0.28 0.30 0.32
5.3-10% kJ/m3 0.14 0.15 0.24 0.25 0.31 0.20 0.21 0.25
6-10° kJ/m? 0.14 0.16 0.33 0.35 0.34 0.15 0.16 0.18

Table S2. Zeta potential of Sigma-Aldrich and Intrinsiq Materials CuO NPs in Dl water at 0 and 24 hours.

Zeta potential (mV)

Sigma-Aldrich CuO NPs Intrinsiq Materials CuO NPs
Time Oh 24 h Oh 24 h
not sonicated 43.8 40.9 44.9 43.4
30 min water bath 44.1 45.8 44.9 45.7
5.3-10% kJ/m3 47.6 43.6 51.9 45.7
6-105 kl/m3 45.1 45.5 47.7 46.7
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ABSTRACT

Keywords:
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Minimal bactericidal concentration
Flow cytometry

Nanoparticle-cell interactions

Silver nanoparticles (nanoAg) are effective antimicrobials and promising alternatives to traditional antibiotics.
This study aimed at evaluating potency of different nanoAg against healthcare infections associated bacteria:
Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus. A library of differently coated nanoAg of
two different sizes (10 and 50 nm) were prepared using coating agents poly-L-Lysine (PLL), cetyltrimethyl-am-
monium bromide (CTAB), citrate (CIT), polyvinyl-pyrrolidone (PVP), polysorbate 80 (Tween 80), and dioctyl-
sodium sulfosuccinate (AOT). Stability evaluation by means of agglomeration and dissolution behaviour was
performed for all nanoAg under conditions relevant for this study.

Antibacterial properties of nanoAg were addressed by determining their minimal bactericidal concentrations
(MBC) in deionised (DI) water to minimise the influence of silver speciation on its bioavailability. In parallel,
AgNOj3 was analysed as an ionic control.

Studied nanoAg were efficient antimicrobials being remarkably more potent towards E. coli than to S. aureus
(4 h MBC values for different nanoAg ranged from 0.08 to 5.0 mg Ag/L and 1.0-10 mg Ag/L, respectively). The
toxicity of all nanoAg to S. aureus (but not to E. coli) increased with exposure time (4h vs 24 h). 10 nm sized
nanoAg released more Ag-ions and were more toxic than 50 nm nanoAg. Coating-dependent toxicity was more
prominent for 50 nm nanoAg coated with Tween 80 or CTAB rendering the least toxic nanoAg. Obtained results
showed that the antimicrobial effects of nanoAg were driven by shed Ag-ions, depended on target bacteria,
exposure time and were the interplay of NP size, solubility and surface coating.

1. Introduction

originate from the effect of solubilised Ag-ions on the microbial mem-
branes, specifically on the thiol-groups of proteins leading to enzyme

The increased microbial resistance to antibiotics is a worldwide
problem that significantly affects public health issue due to healthcare-
associated infections (HAIs). O’Neill recently forecasted that the anti-
microbial resistant bacteria (AMR) belonging to both, Gram-negative
and Gram-positive bacteria [1] will kill more people than cancer by
2020 [2]. Unfortunately, prevention of HAIs is challenging due to rapid
proliferation of bacteria and their profound ability to accommodate
within unfavourable environment and develop resistance to nearly all
existing antibiotics [3]. The use of silver nanoparticles (nanoAg) is one
of the possibilities to combat the antibacterial resistance [1]. High
antibacterial efficacy of nanoAg has often been demonstrated to

inhibition [4] including enzymes of the respiratory chain [5]. Different
nanoAg-based formulations have been recommended for high-touch
surfaces in healthcare environment to avoid proliferation of pathogenic
bacteria [6]. Also, as the risks of HAIs are often related with catheter-
ization, silver-impregnated catheters are widely applied in acute-care
hospitals [7]. In contrast to conventional antibiotics, bacterial re-
sistance against silver has been reported just in a few hospital cases [8].
Additionally, synergic action of nanoAg with antibiotics commonly
used against E. coli and S. aureus could be an effective antimicrobial
strategy [9]. NanoAg are nowadays used as biocidal additives in many
fields and in various products including dental resin composites, bone
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Table 1
Coating/stabilising agents used in this study.

Colloids and Surfaces B: Biointerfaces 170 (2018) 401-410

Name Molecular structure

Molecular weight (g/ Charge of the coating agent in Conventional use

Trisodium citrate (CIT) (o] OH O
Na* "0 0" Na*
07 "0 Na*
Bis-2-ethylhexyl sulfosuccinate (AOT) 0

/\/)/\O)K(\ﬂ/
8200
Na* -0 Y
&o

N

k

0.

Poly-vinylpyrrolidone (PVP)

Polysorbate 80 (Tween 80)

O/\7\;0H

HO. OH _
o oY WAX+Y+Z=20
Cetyltrimethyl-ammonium bromide \+/
(CTAB) NS
Br
Poly-i-lysine (PLL)
o}
H
. 'u\/\/\/N- .
{ .
NH,

N

D\/%:oi/\/\/\/\/\

mol) deionised water

294.10 (dihydrate) Negative Buffering agent
444.56 (Na-salt) Negative Anionic surfactant
40000 Neutral Nonionic polymer
1310 Neutral Nonionic surfactant
364.45 Positive Cationic surfactant
3000 Positive Cationic polymer

cements, medical devices, water filters, textiles, detergents, soaps,
toothpastes, wet wipes, washing machines, refrigerators, and many
others [10,11]. According to the Nanotechnology Products Database
(www.statnano.com), nanoAg are used in 75% nano enabled products
for medical applications. The design of Ag-enabled biomedical nano-
materials is commonly performed by modulating the physico-chemical
properties of nanoAg such as size, shape and surface properties [12,13].
Surface functionalisation is one of the important strategies to improve
colloidal stability, controlled release of Ag-ions or targeted delivery of
nanoAg [14]. Moreover, surface characteristics of nanoparticles (NPs)
influence the interactions between NPs and microbes. A plethora of
chemicals such as polymers, anionic, cationic or non-ionic surfactants,
ionic liquids and reducing agents can be used to modulate NP surface
properties providing protective, stabilising or functional surface coat-
ings [14]. For metal-based NPs, such coatings control size and shape of
NPs already during synthesis by interacting with metal ions and af-
fecting the equilibrium of synthesis reaction, particle nucleation and
growth rate [15]. According to Kvitek et al. [16], the aqueous disper-
sions of NPs can be stabilised (i) with the assistance of steric repulsion
by using polymers (such as PVP) or non-ionic surfactants (Tween 80,
Triton X-100); or (ii) by electrostatic repulsion using anionic (SDS) or
cationic surfactants (CTAB).

A search in the Web of Science research platform (performed on Sep
15th 2017) on the use of coating/capping agents for stabilisation of
nanoAg intended for use in biomedicine yielded altogether 4298 papers
(Fig. S1). Literature search revealed that citrate (CIT) and polyvinyl-
pyrrolidone (PVP) were the most frequently used coating materials (4.5
and 4.2% of the studies, respectively) followed by cetyltrimethyl-am-
monium bromide (CTAB), dioctyl-sodium sulfosuccinate (AOT), poly-L-
lysine (PLL) and polyoxyethylene sorbitan monolaurate (Tween 80).
Other studies (~90%) reported the use of very diverse coating mate-
rials including different polymers (like PEG, chitosan, PVC, PEA, PAA,
polypropylen), mineral-based materials (like HAP, silica, and iron
oxide), surfactants, different biomolecules (like B-cyclodextrin, chit-
osan, cellulose, cysteine) or their combination. Chemicals applied as
surface coating agents can protect NPs from direct interaction with the
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environment, oxidation [17], dissolution [18], or aggregation. How-
ever, stabilisation of NPs with functional coatings may significantly
affect their biological activity. For example, Kvitek et al. [16] found a
correlation between the stabilisation efficiency and increased anti-
bacterial activity of SDS- and Tween 80-coated nanoAg concluding that
non-aggregated NPs (but not spacious NPs aggregates) strongly interact
with bacterial cell wall due to their high surface energy and mobility.
Importantly, surface coating agent is not only attached to the NPs'
surface, but exists also in free form in NPs suspensions [19]. Thus, the
role (e.g, potential toxicity) of coating agents should be addressed
during evaluation of biological impact or toxicity of coated/stabilised
NPs. Yet, the information on contribution of surface coatings to overall
NPs biological effects is scarce [19].

This study aimed to evaluate antibacterial activity of differently
coated nanoAg of two different sizes: 10nm (10nAg) and 50nm
(50 nAg). For this purpose, a library of 11 different nanoAg was pre-
pared employing neutral (PVP and Tween 80), positively (PLL and
CTAB) and negatively charged surface coatings (AOT and CIT). Biocidal
activity of these nanoAg was evaluated against two clinically relevant
pathogens: Gram-negative Escherichia coli and Gram-positive
Staphylococcus aureus. Additionally, antibacterial effects of coatings
themselves were investigated. The role of possible nanoAg dissolution
on their biocidal effects was assessed by quantifying the released Ag-
ions from nanoAg surface.

2. Materials and methods
2.1. Synthesis of silver nanoparticles

Silver nitrate (AgNO3) was used as a precursor of nanoAg. Capping/
coating agents used for stabilisation of nanoAg are described in Table 1.
CIT-coated 10 nAg were synthesised as described by Li et al. [20]. Other
types of 10 nAg were synthesised by reducing AgNO; with NaBH, as
described in [21]. 50 nAg coated with AOT, PVP, Tween 80 or CTAB
were prepared via chemical reduction of the complex cation [Ag
(NHs),]1" by D-glucose [22], while CIT-coated 50 nAg were prepared as
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described by Munro et al. [23]. High purity deionised (DI) water ob-
tained from a Milli-Q° system (Merck Millipore, Darmstadt, Germany)
was used as solvent in all synthesis. Detailed protocols are in the Sup-
plementary material (SM).

2.2. Physico-chemical characterisation of silver nanoparticles

The hydrodynamic size and surface charge of nanoAg were mea-
sured by dynamic light scattering (DLS) and electrophoretic light
scattering (ELS), respectively, at 173°C using Zetasizer Nano ZS
(Malvern, UK) equipped with a green laser (532nm). The hydro-
dynamic diameter (dy) was obtained as a value at peak maximum of
size volume distribution functions. The dj values for each sample are
reported as an average of 10 measurements. The surface charge of the
nanoAg was characterised by zeta ({)-potential values, which was cal-
culated from the measured electrophoretic mobility by means of the
Henry equation using the Smoluchowski approximation. Each sample
was measured 5 times and the results are expressed as average values.
The data were processed by Zetasizer software 6.32 (Malvern
Instruments).

Visualisation of nanoAg was carried out using a transmission elec-
tron microscope (TEM, Zeiss 902 A, Germany) operated in bright field
mode at an acceleration voltage of 80 kV. Images were recorded with a
Canon PowerShot S50 camera attached to the microscope. TEM samples
were prepared by depositing a drop of the nanoAg suspension after 1 h
of incubation at room temperature on a Formvar” coated copper grid
(Agar Scientific Ltd.) and air-drying at room temperature. TEM images
were used for measurement of primary size of nanoAg. Size was de-
termined from the cross-sectional area of the particles which was con-
verted to an equivalent spherical diameter by using ImageJ software.
Primary particles were distinguished from nanoAg aggregates by tra-
cing it manually. Altogether at least 70 particles per particle type were
measured.

Total Ag concentration in nanoAg colloidal suspensions was de-
termined in acidified solutions (10% (v/v) HNO3) using an Agilent
Technologies 7500 cx inductively coupled plasma mass spectrometer
(ICPMS) (Waldbronn, Germany). An Ag standard solution (1000 mg/L
in 5% HNO3) from Merck (Darmstadt, Germany) was used for calibra-
tion.

Stability of nanoAg in DI water was studied by ultraviolet-visible
(UV-vis) spectral analysis. The absorbance spectra were recorded by
the Multiskan Spectrum spectrophotometer (Thermo Electron
Corporation, Finland) at wavelengths of 200-800 nm (measurement
step 10 nm) on the 96-well polystyrene microplates (BD Falcon, USA),
200 pl per well, after the nanoAg suspension preparation (0 h) and in-
cubation for 4 and 24 h at 30 °C in the dark without shaking. Prior to
the UV-vis measurements, the samples were shaken for 1 min.

2.3. Quantification of dissolved silver in abiotic conditions by chemical
method

Suspensions of nanoAg (1mg Ag/L) were incubated in DI water in
conditions simulating the antibacterial test (but without bacteria
added) on 12-well polystyrene plates (BD Falcon), 1.2 mL per well, for
4h at 30°C in the dark without shaking. Dissolved Ag-ions were se-
parated from nanoAg by ultrafiltration [24] using Amicon-4 Ultra
centrifugal filter units with 3 KDa cut-off (Merck Millipore, Darmstadt,
Germany) and were quantified by graphite furnace atomic absorption
spectrometry (AAS) (Perkin Elmer AAnalyst 600, Perkin Elmer, Shelton,
USA) with Zeeman background correction. Standard Reference Mate-
rial” 1643e Trace Elements in Water (NIST, USA) was used to confirm
the reliability of analytical methods. The results were within = 10% of
the certified values.
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2.4. Quantification of bioavailable silver using Ag-sensing bacteria

Quantification of bioavailable/intracellular silver in the test sus-
pensions of nanoAg was performed according to Bondarenko et al. and
Kéosaar et al. [25,26] using recombinant luminescent sensor bacteria E.
coli MC1061 (pSLcueR/pDNPcopAlux) responding dose-dependently by
increased bioluminescence to Ag-ions that have entered bacterial cells
[27]. In parallel, ‘control’ bacteria, i.e. constitutively luminescent bac-
teria E. coli MC1061 (pDNlux) [28] were used. Preparation of the test
bacteria, test media and additional details of the assay are in SM.

2.5. Analysis of antibacterial efficiency of different nanoAg and their
coatings

The antibacterial efficiency was evaluated using a spot assay as
described in Kasemets et al. [29] and Suppi et al. [30] by estimating
minimal bactericidal concentrations (MBC) of test compounds against
Escherichia coli MG1655 (bacterial strain obtained from the E. coli ge-
netic stock centre, Yale University) and Staphylococcus aureus (6538)
(obtained from the American Type Culture Collection, ATCC). Briefly,
after 4-h or 24-h exposure of test bacteria to the test compound in DI
water, 3 pl of bacterial test suspension was pipetted as a ‘spot’ onto LB
agar plates to assess the viability of the cells. In addition to the spot
assay, the pure coatings were evaluated using bacterial growth inhibi-
tion assay according to ISO 20776-1 [31]. Preparation of test bacteria
and details of the assays are in SM.

2.6. Flow cytometry analysis of nanoAg -bacteria interactions

Flow cytometry with BD Accuri™ (BD Biosciences) was used to de-
termine the binding of nanoAg to bacterial cells essentially as described
by Feng et al. [32]. Briefly, bacteria were exposed to nanoAg (2 or 8 mg
Ag/L), 70% ethanol or AgNO3 (0.2 mg Ag/L) at room temperature for
10 min without shaking. The bacteria were stained 15 min with 5puM
SYTO 9 (Invitrogen S34854 846177) or 7.5 uM propidium iodide (PI)
(Fluka 81845) in the dark. For additional information, see SM.

2.7. Statistical analysis

R Language and Environment for Statistical Computing (http://
www.R-project.org) was used for the analysis of variance (one-way
ANOVA followed by a Tukey’s honest significant difference post-hoc
test) and a t-test in Microsoft Excel 2010 to determine statistically
significant differences between the test values (nanoAg size, solubility,
bioavailability, and MBC).

3. Results
3.1. Characterisation and stability evaluation of nanoAg

The library of nanoAg was prepared aiming two size groups:
~10nm (further designated as 10nAg) and ~50nm (designated as
50nAg). Six different coating agents were used for stabilisation of
nanoAg (Table 1). The average primary size (TEM) of 10 nAg (irre-
spective of the coating) was 13 *+ 5.8 nm and median size 12 nm, while
50 nAg had the average size 58 = 39 nm and median size 49 nm (Fig.
$2). 10 nAg and 50 nAg of the same coating were clearly distinguishable
and different (Fig. S3).

NanoAg were characterised immediately after synthesis using DLS,
ELS, and UV-vis spectrophotometry. Table 2 summarises data on dy,
polydispersity index (PdI) and {-potential values. All 10nAg were
characterised by dy values in the range of 5.6-39.7 nm. The CIT-, AOT-
PVP- and PLL- coated 10 nAg showed bimodal size distribution while
Tween 80- and CTAB-coated 10 nAg had monomodal size distribution
(Table 2). All 50nAg, with the exception of Tween 80 coating, had
bimodal size distribution. The CIT- and PVP-coated 50nAg had
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Table 2
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Physico-chemical characteristics of differently coated silver nanoparticles (nanoAg) determined by transmission electron microscope (TEM), dynamic light scattering

(DLS) and electrophoretic light scattering (ELS).

Intended primary size Surface coating Primary size (average, TEM, nm) dy * (nm) Mean volume (%) Pdr’ {-potential (mV)
10 nm cIT* 129 + 45 16.5 = 0.8 97.6 0.17 —55.2 + 2.1
39.7 = 2.7 2.4
AOT¥ 10.8 + 4.2 15.2 + 5.3 96.6 0.15 —40.6 + 6.5
12.6 = 0.9 3.4
PVP* 145 = 5.2 15.0 = 1.6 98.4 0.12 —18.0 = 3.7
31.2 = 35 1.6
Tween 80 15.2 + 6.9 158 + 0.3 100 0.09 —27.2 £ 5.8
CTAB* 10.8 + 4.3 119 + 1.6 100 0.08 +28.2 + 1.5
PLL™ 135 * 7.1 5.6 = 0.8 91.8 0.10 +38.6 + 6.9
18.4 = 1.6 8.2
50 nm CIT 72.7.0 = 46 35.6 = 3.2 91.8 0.27 —28.6 = 0.7
148.1 + 28.8 8.2
AOT 50.4 + 34 58.7 = 28.0 62.8 0.31 —-19.3 = 2.6
12.4 = 5.4 37.2
PVP 37.6 + 21 40.1 * 8.2 76.1 0.34 —34.8 £ 0.9
6 £ 25 14.7
Tween 80 56.0 = 33 545 = 1.1 100 0.17 —18.3 = 0.9
CTAB 75.3 + 45 32.7 + 156 56.7 0.38 +59 + 0.8
180.1 = 92.9 43.3

“dy- hydrodynamic diameter, "PdI - polydispersity index, *CIT - Trisodium citrate, *AOT - Bis-2-ethylhexyl sulfosuccinate, *PVP — Poly-vinylpyrrolidone, Tween 80 —
Polysorbate 80, “CTAB - Cetyltrimethyl-ammonium bromide, “'PLL — Poly-i-lysine. Primary sizes of NPs (nm) were measured from TEM images by using ImageJ
software. DLS values indicate hydrodynamic diameter (dy, nm) obtained from size distributions by volume. Light scattering methods provided in addition {-potential
(mV) and polydispersity index (PdI). All parameters were obtained by diluting nanoAg in DI water to a concentration of 10 mg/L immediately after the synthesis, at

25°C.

predominant NPs population of ~40-60nm size, while CTAB- and
AOT-coated 50 nAg were more polydisperse, which is also obvious from
measured PdI values. All attempts to prepare PLL-coated 50 nAg failed.
Thus, this type of nanoAg was not included in this study.

All nanoAg were stable and well-dispersed in DI water for a period
of 24 h with the exception of 50 nAg-CTAB that formed aggregates as
evidenced also from the observed PdI 0.38 (Table 2; Fig. S2, D).

UV-vis absorption spectra of nanoAg showed the characteristic
surface plasmon resonance (SPR) peaks for 10nAg and 50nAg at
390-395 nm and 400-440 nm, respectively (Fig. S4). Slight decrease in
the intensity values of the SPR peaks can be explained by the nanoAg
solubility [33]. Significant changes were observed only in the case of
50 nAg-CTAB, where the absorption band disappeared completely after
24 h of incubation due to significant agglomeration as evidenced also
by DLS measurements (Fig. S4). Interestingly, the aggregation of
50 nAg-CTAB was facilitated only after dilution in DI water prior to the
tests, whereas the stock solution of 50 nAg-CTAB (total Ag concentra-
tion of 1220 mg/L) prepared immediately after the synthesis, was stable
for several months (data not shown). The poorer stability of 50 nAg-
CTAB may be explained by their surface charge close to the neutral ¢-
potential value.

3.2. Antibacterial properties of nanoAg against E. coli and S. aureus

Antimicrobial efficiency of nanoAg was evaluated using a spot assay
and expressed as MBC.

4h and 24 h MBC values are presented in Fig. 1 and Table S1 (SM).

Comparison of the antibacterial efficiency of differently sized
nanoAg showed that 10 nAg were in general more potent antibacterial
agents than 50 nAg to both E. coli (Fig. 1, upper panels) and S. aureus
(Fig. 1, lower panels). However, in the case of CIT- and PVP-coated
nanoAg the differences in size-dependent toxic effects were statistically
not significant with the exception of 4 h-exposed S. aureus (Fig. 1; Table
S1).

The toxicity of all studied nanoAg (except 50 nAg-Tween 80) to-
wards S. aureus significantly increased with time, i.e., 4h versus 24 h
(Fig. S5, lower panels). As a rule, the effect of prolonged incubation on
toxicity was not observed in E. coli. Only 10 nAg-PVP, 50 nAg-CTAB and
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50 nAg-AOT showed statistically different effect between 4h and 24h
time points in E. coli (Fig. S5, upper panels). The same tendency, i.e.
increase of toxic effect with time in case of S. aureus, was observed for
AgNOj; evidencing the role of released ionic Ag in nanoAg toxicity (Fig.
S5, B; Table S1).

Comparison of the sensitivities of two different bacterial strains
showed significantly higher susceptibility of Gram-negative E. coli than
Gram-positive S. aureus to both nanoAg and ionic Ag (Fig S6). The
difference was especially remarkable after 4 h of exposure, when MBC
values for nanoAg to E. coli were in the range of 0.08-5mg Ag/L and
1-10mg Ag/L for S. aureus (Table S1). For both bacterial strains Ag-
ions were remarkably more toxic than nanoAg. The 4 h MBC for Ag-ions
to E. coli was 0.02mg Ag/L and 0.16 mg Ag/L to S. aureus (Table S1).
Thus, E. coli was up to 12-times more susceptible to nanoAg and 8-times
more susceptible to Ag-ions than S. aureus. The same tendency was
observed after 24 h of exposure, except for 50 nAg coated with AOT,
PVP and Tween 80.

There was no clear trend on the effect of the coating on antibacterial
efficacy. Among 10nAg, the Tween 80-coated nanoAg induced the
lowest toxic effects to S. aureus after 4 h exposure (Fig. 2), while E. coli
was susceptible to all 10 nAg to a similar extent after 4 h. After 24h of
exposure, all studied 10 nAg exhibited similar antibacterial effects to
both strains. Probably, the antibacterial effect was mainly driven by
their small size. Results obtained for 50 nAg (Fig. 2, lower panels) im-
plied that antimicrobial effect can be tuned using various coatings.
Tween 80- and CTAB-coated 50 nAg showed lower antimicrobial po-
tential as compared to CIT-, AOT- and PVP-coated 50 nAg.

3.3. The role of dissolved Ag-ions in antibacterial effects of nanoAg

Dissolution behaviour of nanoAg in DI water as determined by AAS
showed that ionic Ag in nanoAg dispersions ranged from 0.8 to 6.5%. In
general, 10nAg released more Ag-ions (2.1-6.5%) than 50nAg
(0.8-3.0%) (Fig. 3). The highest content of Ag-ions was found in PVP
and AOT-coated 10 nAg (~6.5%), while CTAB-coated 50 nAg released
the lowest amount of Ag-ions (0.8%).

Biosensor data showed that the Ag bioavailability was highest for
PLL-coated 10 nAg (12.6%) and lowest for CTAB-coated 50 nAg (0.2%)
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Fig. 1. Effect of particle size on minimal bactericidal concentration (MBC) of differently coated 10nAg and 50nAg to Escherichia coli (upper panels) and

Staphylococcus aureus (lower panels). Data represent the average values of 3-5 experiments

Data are plotted from Table S1.

(Fig. 3). Although the bioavailable fraction of Ag was, at first sight,
comparable with its soluble fraction, biosensor and solubility data were
significantly different for CIT-coated 10- and 50 nAg, CTAB-coated 10-
and 50 nAg, Tween 80-coated 10- and 50 nAg and PLL-coated 10nAg
(Fig. S7). For CIT-coated nanoAg, we hypothesize that CIT formed
complexes with Ag-ions that were not bioavailable to Ag-sensor bac-
teria. In the case of PLL-coated 10 nAg, the bioavailability of dissolved
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Ag was ca 3-fold higher than their solubility as measured by AAS, in-
dicating that biological factors (e.g, cell-nanoAg interactions) might
contribute to their bioavailability. Plotting of nanoAg solubility and
bioavailability against their respective MBC values, a good correlation
(log-log R? = 0.54-0.82) between antibacterial efficacy and solubili-
sation/bioavailability of nanoAg was observed (Fig. 4) suggesting that
the antibacterial effect was mainly driven by shed Ag-ions.

24 h
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Fig. 2. The effect of coating on antimicrobial potency of 10 nAg (upper panels) and 50 nAg (lower panels) to E. coli and S. aureus exposed for 4 h (left panels) and 24 h
(right panels). The statistical significance was compared to the least toxic compound (Tween 80) in the group: ***p < 0.001, **p < 0.01, *p < 0.05.
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Fig. 3. Solubilility (measured by AAS) and bioavailability (determined by Ag-sensing bacteria) of different nanoAg and expressed as % of initial Ag content in
nanoAg. Average values of at least three measurements = SD are presented. Solubility analyses was performed at 1 mg Ag/L. Asterisks designate the statistical

difference between 10 nAg and 50 nAg (***p < 0.001, **p < 0.01,

3.4. Antibacterial effects of coating agents

It is well-known that some of the coating materials used throughout
this study, such as cationic polymer PLL [34] and cationic surfactant
CTAB [35], can be inherently antibacterial. Thus, toxicity of pure AOT,
CIT, CTAB, PLL, PVP and Tween 80 coatings was tested.

As shown in Table S2, all coating agents, except positively charged
CTAB and PLL were not toxic to both bacterial strains up to the maximal
tested concentrations (4000 mg/L).

Cationic polymer PLL and cationic surfactant CTAB proved toxic in
both antibacterial assays with the ECsy values comparable to the toxi-
city of well-known cationic biocide benzalkonium chloride (MBC to
both bacteria ranged between 1.3-2.5mg/L, Tables S2 and S3). Our
data were in agreement with previous articles on inherent toxicity of
PLL and CTAB [34,35]. The toxicity of these coatings was similar to
both strains with some exceptions. The antibacterial effects of PLL and
AOT against S. aureus increased remarkably in time, which was not
observed for E. coli (Table S2). Bacterial growth inhibition assay fol-
lowing ISO 20776-1 standard showed the toxicity of coatings to di-
viding cells (Table S3). The PVP, CIT and Tween 80 were not toxic to
bacteria up to their maximal tested concentrations, while MBC and MIC
values indicated slightly toxic effect of AOT to S. aureus, but not to E.
coli. Similar to results obtained from the spot assay (Table S2), PLL and
CTAB were inhibitory to both bacteria, with higher antimicrobial po-
tency against Gram-positive S. aureus than against Gram-negative E. coli
(Table S3).

Although the proportion of the coating in the formulations of
nanoAg was small, we calculated, whether the toxic coatings PLL or
CTAB may have contributed to the net toxicity of the 50 nAg-PLL and
50 nAg-CTAB (see SM). The calculations showed that the bactericidal
concentrations of pure coatings (Table S2) were orders of magnitude
higher than their concentration at the respective nanoAg MBCs (Table
S1) indicating that the toxicity of those coatings was not contributing to
the net antibacterial effects of respective nanoAg.

*p < 0.05).
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3.5. Flow cytometry analysis of particle-cell contact

Interaction of different nanoAg types with bacteria was evaluated
using flow cytometry analysis. Bacterial cells were exposed to 2 and
8 mg/L nanoAg for 10 min. The SSC shift of SYTO 9-stained cell po-
pulation was measured to study binding of nanoAg to cells [36], while
fluorescence intensity after PI staining was indicating cell viability by
determining the number of dead cells and cells with damaged mem-
branes (Fig. S8).

PI staining indicated that viability of control cells (non-treated) was
91.7% for E. coli and 96.2% for S. aureus (Fig. 5, B). For all nanoAg, no
binding to both bacterial strains was observed at lower nanoAg con-
centration (2 mg Ag/L, data not shown). Higher applied nanoAg con-
centration (8 mg Ag/L) led to binding of four different nanoAg types to
E. coli, but binding above 10% was observed only for 10nAg-PLL
(Fig. 5, A). In the case of S. aureus, 10 nAg-PLL and all 50 nAg interacted
with cells (Fig. 5, A).

The effect of nanoAg on cellular viability (10 min exposure) is
shown in Fig. 5, B. In general, the damaging effects of nanoAg were
smaller to S. aureus than to E. coli, while CTAB-coated 10 nAg showed
highest toxic potential for S. aureus (Fig. 5, B). Interestingly, this was
not reflected in the MBC values (Table S1). Thus, apparently some cells
with damaged membranes (PI positive cells) were able to form colonies
even after 4 h exposure to nanoAg. Remarkably, in the case of S. aureus,
CTAB and PLL-coated nanoAg decreased cellular viability more than
other nanoAg types of comparable sizes (Fig. 5, B). For example, the
50 nAg-CTAB damaged 35.3% of S. aureus cells, whereas the damage
caused by other 50nAg was below 16%. Thus, positively charged
coating contributed to the membrane damage of S. aureus but not of E.
coli. While E. coli cells were readily killed by Ag-ions released from
nanoAg and cell-particle contact did not play the major role, cell-par-
ticle contact and particle charge obviously played significant role to the
nanoAg effects on S. aureus cell damage.

4. Discussion

This study was conducted to provide systematic data on
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Fig. 4. Antibacterial effect (4 h MBC) of differently coated 10 nAg and 50 nAg
to Escherichia coli and Staphylococcus aureus versus (A) solubility of nanoAg (%)
as quantified by AAS and versus (B) bioavailability of nanoAg as quantified by
Ag-sensing biosensor bacteria. A log-log correlation and respective correlation
coefficients (R?) are presented. The statistical significance of the calculated
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antimicrobial potency of nanosilver by synthesising a library of differ-
ently coated nanoAg of two different sizes (10 and 50 nm). As microbial
models, we chose E. coli and S. aureus representing Gram-negative and
Gram-positive potentially pathogenic bacteria, respectively. Selection
of these bacterial strains was based on the fact that the most often
isolated bacteria in 15 000 HAI cases in 29 EU/EEA Member States
were E. coli (15.9%) and S. aureus (12.3%) in the period between
2011-2012 [37]. S. aureus also belongs to the six problematic patho-
gens associated with multi-drug-resistant infections [38].

To evaluate the effect of NPs’ surface properties, different surface
coatings were employed in preparation of nanoAg library. Effect of Ag-
ions (in the form of AgNO3) was determined for comparative purposes.

Antibacterial evaluation of the nanoAg was performed in DI water
to diminish the effects of organic components from the growth media
on the colloidal stability (aggregation/agglomeration, protein adsorp-
tion, dissolution) of nanoAg [25,26,39-41]. The importance of absence
of interfering compounds affecting speciation of silver for the inter-
pretation of the toxic effects of silver NPs was stressed also in the recent
review by Le Ouay and Stellacci [42].

Obtained data confirmed the main paradigm of nanotechnology, i.e.
the small particle size yielded higher antimicrobial potency. Thus,
10 nAg were more toxic to tested bacteria than 50 nAg, irrespective of
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the coatings used for their stabilisation. As expected, nanoAg were less
potent towards both E. coli and S. aureus as compared to Ag-ions (Table
S1; Fig. S6). In addition, S. aureus was less susceptible than E. coli to all
nanoAg types (Fig. S6), being in agreement with our previously pub-
lished data from the similar test format [39]. Contrary to the effect
observed for E. coli, the antibacterial effects of both nanoparticulate and
ionic Ag forms to S. aureus increased with time (Table S1; Fig. S5). The
difference in nanoAg toxicity between Gram-negative and -positive
bacteria was especially remarkable after shorter (4h) as compared to
longer (24 h) exposure times (Fig. S6, B). The difference in toxicological
profile of different nanoAg (and Ag-ions) for Gram-negative and -po-
sitive bacteria might be due to the fact that peptidoglycan layer in the
cell walls of Gram-positive bacteria is 30 nm thick, while this layer is
only 2-3 nm thick in the Gram-negative bacteria [1]. The thicker pep-
tidoglycan layer may act as a barrier protecting the cell from penetra-
tion of nanoAg or/and Ag-ions into the cytoplasm ensuring the lower
sensitivity of Gram-positive as compared to Gram-negative bacteria
[43,44]. The difference in the thickness of this layer may also explain
the longer time needed to gain equal antibacterial efficiency of nanoAg/
Ag-ions against S. aureus than against E. coli (Fig. S5; Table S1). In
addition, high sensitivity of Gram-negative bacteria towards nanoAg
can be explained with the higher leakage of proteins from Ag destabi-
lised membrane of E. coli as compared to S. aureus [45].

As expected, the antibacterial effects of nanoAg were in good cor-
relation with the release of Ag-ions from the nanoAg surface (Fig. 4).
Indeed, higher antibacterial potency of 10 nAg compared to 50 nAg was
correlated with the higher % of free Ag-ions in the 10 nAg dispersions
compared to 50nAg (Figs. 3 and 4) being in good agreement with
previously published data [46]. Ag-ions may additionally destabilise
and rupture bacterial cell membranes [47-51]. For example, Ivask et al.
demonstrated that the most nanoAg-affected proteins in E. coli were
clusters of membrane proteins [33]. It has been reported that after
disrupting the membranes, nanoAg inactivated the enzymes of re-
spiration chain [5,52], released Ag-ions affected DNA and intracellular
proteins, caused formation of intracellular reactive oxygen species
(ROS) and enhanced the penetration of nanoAg into the cell [53].

Although there was a good correlation between the release of Ag-
ions from nanoAg and their antibacterial action (Fig. 4), not all toxic
effects were explained by Ag-ions. We hypothesise that toxicity may
also have arisen from the toxicity of coatings themselves or from
binding of nanoAg to the cells allowing higher local concentrations of
released Ag-ions. Indeed, some of the coating agents can destabilise the
bacterial membranes [54] and act as antimicrobials [55] leading to
synergistic effect of coated nanoAg. For example, CTAB may permea-
bilise bacterial membranes [56,57], while PLL, a widely used food
preservative, can disrupt bacterial membranes, generate ROS [58] and
prevent E. coli growth at concentrations as low as ~70uM [59]. Our
data revealed that both coating agents, PLL and especially CTAB (but no
other coatings tested in this study) were toxic to bacteria (Tables S2 and
S3). However, the bactericidal concentrations of coatings were gen-
erally orders of magnitude higher than their concentrations in nanoAg
toxicity test, indicating that the toxicity of coatings was not the obvious
cause for the increased nanoAg toxicity.

Another important factor for observed effects could be the surface
charge. The bacterial cell surface has negative surface charge as de-
monstrated in earlier studies [60] and confirmed also by us: the ¢ po-
tential of S. aureus and E. coli surface was —42 and —52mV, respec-
tively. Interestingly, CTAB and PLL-coated nanoAg with positive
surface charge (Table 1) that were initially expected to be more anti-
bacterial than nanoAg with negative surface charge, due to their higher
potential for attachment to negatively charged bacterial cells, didn’t
demonstrate superior antimicrobial effects (Fig. 2). Thus, our data
disagree with previously reported data on remarkably increased toxi-
city of nanoAg coated by positively charged branched PEI to E. coli
[33]. However, positively charged nanoAg were superior in damaging
membranes of S. aureus upon short exposures (Fig. 5, B), showing that
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Fig. 5. Flow cytometry analysis of interactions between different nanoAg (8 mg Ag/L) or AgNO; (0.2 mg Ag/L) and bacteria determined by the SSC shift of SYTO 9-
stained cells (A) and effect of nanoAg (8 mg Ag/L) or AgNO3 (0.2mg Ag/L) on viability of bacterial cells measured by propidium iodide (PI) stained cells (B).
Asterisks show the statistical difference compared to control: ***p < 0.001, **p < 0.01, *p < 0.05.

positive charge is important but not a deciding factor for the actual
bactericidal effect. Analogously, E. coli cells interacted with positively
charged PLL-coated nanoAg (Fig. 5, A), which significantly increased
their bioavailability for E. coli (Fig. 3). However, the direct charge-re-
lated effect of this interaction on toxicity was negligible, compared to
the toxic effects caused by shed Ag-ions. Thus, in our experimental
conditions, the role of nanoAg coatings in modulation of the release of
Ag-ions (Fig. 3) was way more important than their NP-cell interactions
directing effects. As a rule, within the same size category, the CTAB-
and Tween 80-coated nanoAg were least soluble and least toxic to both
bacterial strains, while PVP-, CIT- and AOT-coated nanoAg were most
soluble and most efficient antibacterials (Fig. 4).

Thus, the strongest modulator of the antimicrobial effect was par-
ticle size which determined also dissolution behaviour of nanoAg:
smaller nanoAg were significantly more toxic being more soluble. The
effect of coating agents on antibacterial activity of nanoAg was only
indirect modulator of nanoAg toxicity, mainly due to modulation of
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their solubility. This was particularly obvious in the case of 50 nAg and
S. aureus. We also do not exclude a synergistic toxic effect of released
Ag-ions and coatings.

5. Conclusions

To design efficient antimicrobial silver-based nanomaterials, focus
should be set on the fine-tuning of solubilisation of NPs. For this pur-
pose, the selection of smaller size of nanoAg could be recommended. If
Gram-negative bacteria (E. coli) are the target, all types of coating/
capping agents seem to be applicable. However, for Gram-positive
bacteria (S. aureus), Tween 80 and similar agents should be avoided. In
the case of Gram-positive bacteria, more time might be needed for the
antibacterial action of nanoAg than for the Gram-negative bacteria due
to the differences in the cell wall composition between these two bac-
teria types. Finally and contrary to the common view, positively
charged nanoAg did not exhibit superior antibacterial properties
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compared to the negatively charged nanoAg, suggesting that solubility
might be more important determinant of antibacterial acitivity than the
surface charge as such.
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Materials and Methods

Synthesis of differently coated silver nanoparticles

Chemicals

If not otherwise stated, chemicals used were of > 99% purity and obtained from Sigma-Aldrich
Chemie GmbH (Munich, Germany). Bovine serum albumin (product number A-7906, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) was used as received without further purification. The plastic and glassware
used for chemical analysis were from Sarstedt (Belgium). All dilutions were made with high purity deionised
(DI) water (18.2 MQ-cm) obtained from a Milli-Q® system (Merck Chemicals GmbH, Darmstadt, Germany).
The glassware was cleaned with 10% (v/v) HNOs and rinsed thoroughly with DI water before use.

All the experiments were carried out at laboratory temperature (approx. 20°C) protected from light.
Silver nitrate (AgNOs) was used as a precursor of nanoAg. Unlike other silver salts, silver nitrate is chemically
stable and provides nitrate ion as dominant anion in the reaction mixture. The synthesis of differently
coated nanoAg was conducted using structurally different capping agents: trisodium citrate dihydrate (CIT),
sodium  bis(2-ethylhexyl) sulfosuccinate (AOT), cetyltrimethyl-ammonium bromide (CTAB),

poly(vinylpyrrolidone) (PVP), poly(L-lysine) (PLL), and polysorbate 80 (Tween 80).

Synthesis of spherical 10 nm-sized nanoAg using AOT, PVP, Tween 80, PLL and CTAB as
coating/stabilising agents

NanoAg of 10 nm-size (10nAg) were synthesised by reducing AgNOs; with NaBH, following the
protocol described elsewhere [1]. Briefly, the solutions of coating agents were prepared by dissolving
appropriate amounts of coating material in DI water. Then, 5 mL of 90 mM AgNO; was added drop-wise
and dissolved by constant stirring on a magnetic stirrer plate (IKA Werke, Germany). To this solution, 5 mL
of 160 mM NaBH,solution was added drop-wise (~1 drop/sec). The final concentrations of AOT, CTAB, PVP,
PLL, and Tween 80 were 0.5 mM, 0.5 mM, 0.3 %(v/v), 0.05 %(v/v) and 0.5 mM, respectively. The reaction

mixture was mixed vigorously at room temperature for 45 min. After the synthesis, silver colloids were



centrifuged at 15 000 x g for 20 min. After decanting the supernatant, the residue was suspended in DI

water and kept at 4°C in the dark.

Synthesis of spherical 10 nm-sized citrate-coated nanoAg

CIT-coated nanoAg were synthesised according to the procedure described by Li et al [2]. Briefly,
0.2 mL of the aqueous 0.1 mM solution of ascorbic acid (AsA) was added into 190 mL of boiling DI water.
After 1 min, a CIT-AgNOs mixture (3.8 mL of the aqueous solution of 35.4 mM sodium citrate and 1.2 mL of
50 mM AgNOs) was injected into the boiling aqueous solutions of AsA. The final concentrations of reactants
were 0.673 mM for sodium citrate, 0.3 mM for AgNOs and 0.1 uM for AsA. The colour of the reaction
solution quickly changed from colourless to yellow. The transparent and yellow reaction solution was
further boiled for 1 h under stirring to warrant formation of uniform quasi-spherical nanoAg. Purification
of nanoAg was performed by centrifugation of colloidal solution 2 times at 11 000 x g for 30 min.
Supernatant was decanted and precipitate was redispersed in DI water by sonication. After purification,

CIT-coated nanoAg were kept at 4°C in the dark.

Synthesis of spherical 50 nm-sized nanoAg using AOT, PVP, Tween 80 and CTAB as
coating/stabilizing agents

NanoAg were prepared via chemical reduction of the complex cation [Ag(NHs).]* by D-glucose [3].
The initial concentrations of the reagents in the reaction system were as follows: 1 mM AgNOs; 10 mM
ammonia and 10 mM D-glucose (reducing agent). Surfactants were added to the reaction system prior to
the reducing agent. The final concentrations of AOT, CTAB, PVP and Tween 80 were 0.5 mM, 0.5 mM, 0.3%
(w/v), and 0.5 mM, respectively.

Briefly, the solutions of coating agents were prepared by dissolving appropriate amounts of coating
material in Dl water. Then, 2.22 mL of 90 mM AgNOs was added drop-wise and dissolved by constant stirring
on a magnetic stirrer plate (IKA Werke, Germany). To this solution, a 0.133 mL of 15 M NH3 was added in

one portion and then 4 mL of 0.5 M glucose was added drop-wise (~ 1 drop/sec). The reaction velocity is



strongly influenced by pH and therefore the value was maintained at about 11.5 by the addition of NaOH
(0.6 mL of 1M), which enabled to keep the reaction time within several minutes.

The reaction mixture was mixed vigorously at room temperature for 45 min. After the synthesis,
silver colloids were centrifuged at 15 000 x g for 20 min. After decanting the supernatant, the residue was

suspended in ultrapure water and kept at 4°Cin the dark.

Synthesis of spherical 50 nm-sized CIT-coated nanoAg

Synthesis of citrate coated nanoAg of 50 nm was prepared following sythesis protocol described by
Munro et al [4]. To 190 mL of MQ water, 2.22 mL of 90 mM AgNOs was added and heated rapidly to boiling
under stirring. Immediately after boiling, 4 mL of 250 mM sodium citrate solution was rapidly added, and
heating was reduced, but the solution was kept at 80°C for 90 min with continuous stirring. After the
synthesis, silver colloids were centrifuged at 15 000 x g for 20 min. After decanting the supernatant, the

residue was suspended in ultrapure water and kept at 4°C in the dark.

Cultivation of Ag-sensor bacteria E. coli MC1061 (pSLcueR/pDNPcopAlux) and

control bacteria E. coli MC1061 (pDNIux)

The sensor-bacteria were grown overnight in Luria-Bertani (LB) medium (yeast extract (Lab M, UK)
5 g/L; tryptone (Lab M, UK) 10 g/L; NaCl (Sigma-Aldrich, USA) 5 g/L) supplemented with 100 mg/L ampicillin
(Sigma-Aldrich, USA) and 10 mg/L tetracycline (Sigma-Aldrich) and control bacteria were grown in LB
medium supplemented with 10 mg/L tetracycline. Overnight cultures were diluted 1:50 in fresh LB medium
and cultivated up to the exponential growth phase (optical density (OD) at 600nm=0.6 according to Jenway
6300 spectrophotometer (UK), 1 cm path cuvette) on the orbital shaker (Thermo Scientific Forma Orbital
Shaker 420, USA) at 200 rpm, 30°C. Then, the bacterial suspension was washed twice with DI water by
centrifugation at 2600 x g for 5 min and finally suspended in 40 mM MOPS buffer (Sigma-Aldrich)

supplemented with 0.1% glucose (Sigma-Aldrich) and 0.01% Casamino acids (Lab M, UK) adjusting the



culture density to the ODgoonm=0.1 (2x107 CFU/mL; CFU — cell forming unit determined by the plating and

counting of colonies on the LB agar plates).

Analysis of the toxicity of coating materials using bacterial growth inhibition assay

(IS0 20776-1)

The bacterial growth inhibition assay was adapted from the reference method ISO 20776-1 for
antimicrobial susceptibility testing [S5]. The coating materials were diluted in cation-adjusted Mueller-
Hinton Broth (CA-MHB, Oxoid Microbiology Products) containing 300 g dehydrated infusion from beef, 17.5
g casein hydrolysate, 1.5 g starch, 25 mg Ca?* and 12.5 mg Mg?* per 1 litre in two-fold dilutions. The
overnight inoculum of bacteria was diluted with fresh medium to a density of ~5x10° CFU/mL.

The incubation mixtures were prepared by combining the bacterial suspension (50 pL) and test
compound solution (50 uL) in 96-well transparent polystyrene microplates (BD Falcon) followed by
incubation at 37°C for 20 hours in the dark in aerobic conditions with minor shaking after every 15 min.
Bacterial growth was monitored by measuring optical density (OD at 600 nm) with Spectramax Paradigm
spectrophotometer (Molecular Devices).

The minimal inhibitory concentration (MIC) of the compound was determined as the lowest tested
concentration where no visible growth of bacteria was observed after 20 h. For that, after 20 h incubation
of bacteria with the coating materials, 3 pL of sample from each test or control well was pipetted as a ‘spot’
onto the toxicant-free Mueller-Hinton (Oxoid CM0337; 25 mg Ca?*/L and 12.5 mg Mg?*/L added) agar plates
which were incubated at 30°C for 24 h and colonies were counted. The experiments in one replication were

repeated twice.

Quantification of dissolved silver in abiotic conditions using chemical method

For the quantification of the solubility of nanoAg in abiotic conditions simulating the antibacterial

test (but without bacteria added). Concentration of Ag-ions was determined in the ultra-filtered solutions



using graphite furnace atomic absorption spectrometry (GFAAS) (Perkin Elmer AAnalyst 600, Perkin EImer)
with Zeeman background correction in the laboratory of the Institute of Medical Research and Occupational
Health, Zagreb, Croatia. The reliability of analytical methods was evaluated using Standard Reference
Material® 1643e Trace Elements in Water (NIST). The results of our analysis were within £ 10% of the

certified values.

Quantification of bioavailable silver using Ag-sensing bacteria

For quantification of bioavailable silver, 100 pL of each nanoAg suspension (0.0001-20 mg Ag/L) in
DI water (each concentration in duplicate) were mixed with 100 uL suspensions of Ag-sensing bacteria E.
coli MC1061 (pSLcueR/pDNPcopAlux) in 40 mM MOPS buffer supplemented with 0.1% glucose and 0.01%
acid hydrolysate of casein. Incubation of sensor bacteria with silver compounds was performed in white 96-
well polypropylene (PP) microplates (Greiner Bio-One) at 30°C for 4 h in the dark. For calibration of the
biosensor, 100 uL of AgNOs; dilutions in DI water (0.000015-0.016 mg Ag/L) were mixed with 100 pL of
sensor bacteria and incubated as described above. Bacterial bioluminescence was measured by a Orion I
Plate Luminometer (Berthold Detection Systems). In order to account for sample turbidity, nanoAg
exposures were also performed with constitutively bioluminescent bacteria E. coli MC1061 (pDNlux)
(‘control bacteria’) and their bioluminescence after 4 h was measured to take into account possible
turbidity/colour and toxic effects of nanoAg. Based on these data, Kf (correlation factor) was calculated as

follows:

_ Bioluminescence of control bacteria without Ag (background)

Bioluminescence of control bacteria upon exposure to Ag

Bioluminescence of sensor bacteria upon exposure to Ag
Bioluminescence of sensor bacteria without Ag (background)

Induction, fold =



Bioavailable Ag (%) from nanoAg was quantified by comparing the linear parts of the
bioluminescence induction response curves of nanoAg and AgNOs, considering AgNO; 100% bioavailable.
Experiments were performed at least three times and average values *+ standard deviation (SD) are

presented.

Analysis of antibacterial efficiency of nanoAg and their coatings

The test bacteria Escherichia coli MG1655 and Staphylococcus aureus (ATCC 6538) were cultivated
from a few colonies from LB agar plates and grown overnight in liquid LB medium on a shaker at 30°C and
200 rpm. Next, the bacterial suspension was diluted in fresh LB medium (1:50) and grown up to exponential
growth phase that was determined as OD value of ~0.6 at 600 nm spectrophotometrical measurement
(Jenway 6300). The bacterial culture was washed twice by centrifugation and resuspended in DI water (2600
x g, 5 min) and diluted to obtain the ODgoonm= 0.1 that equals to 107 CFU/mL in the case of E. coli MG1655,
and 6x107 CFU/mL for S. aureus 6538. 100 pL of the bacterial suspension and 100 ul of toxicants in DI water
were mixed in the wells of 96-well polystyrene microplates (BD Falcon). NanoAg was tested between 0.01
and 40 mg Ag/L using two-fold dilutions, nanoAg coating materials were tested between 0.3 and 8000 mg/L
using 10-fold dilutions and AgNOs as an ionic Ag control was tested between 0.004 and 0.5 mg Ag/L using
two-fold dilutions. The microplates were incubated without shaking in the dark at 30°C for 4 h and 24 h.
After the incubation, 3 uL of exposed and unexposed culture (control) was pipetted onto toxicant-free LB-
agar plates (as a spot) and incubated at 30°C for 24 h. MBC was determined as the lowest tested
concentration of the test compound which completely inhibited the growth of visible colonies within the
spot on agar plates. Three individual experiments in duplicates were performed, average MBC values + SD
were presented.

The pure coatings were also studied for their antimicrobial effects in bacterial growth inhibition
assay according to I1SO 20776-1 [5] and described above. Growth inhibition assay was not applied for the
characterisation of antimicrobial properties of nanoAg because the components of Mueller-Hinton broth

used as test medium complex silver ions leading to decrease in bioavailability of Ag-compounds [6].



Estimation of pure coatings toxicity at the MBC values of nanoAg

Since CTAB and PLL were the most toxic of tested coatings, we calculated the potential toxic effects
of PLL and CTAB coatings at 50nAg-PLL and 50nAg-CTAB MBC values. The 4 h MBC of 50nAg-CTAB to E. coli
and S. aureus was 5 and 10 mg Ag/L, respectively (Table S1), meaning that at MBC concentrations the
master stock of 50nAg-CTAB was diluted 244 and 122 times, respectively. Taking into account that the
concentration of CTAB in the master stock of 50nAg-CTAB was 36.4 mg/L, the concentration of CTAB was
36.4/244=0.15 mg/L at MBC of E. coli and 36.4/122=0.3 mg/L of S. aureus. Analogously, the PLL
concentration in the suspension of 10nAg-PLL at 4 h MBC was 0.02 and 0.26 mg/L for E. coli and S. aureus,

respectively.

Flow cytometry analysis of nanoAg-bacteria interactions

For flow cytometry, exponentially growing bacterial cells were prepared as described peviously and
diluted in DI water up to the density ODsoonm= 0.2 (equals to 2 x 107 CFU/mL for E. coli MG1655, and 108
CFU/mL for S. aureus 6538). The bacterial suspensions were incubated with nanoAg (2 or 8 mg Ag/L) or
AgNOs (0.2 mg Ag/L) at room temperature for 10 min without shaking, followed by staining with 5 uM SYTO
9 (Invitrogen S34854 846177) or 7.5 uM propidium iodide (PI) (Fluka 81845) in the dark. SYTO 9 is a green
fluorescent dye that binds to the DNA of live and dead bacteria enabling to discriminate cell debris from
bacterial cells. Pl is a DNA-binding red fluorescent dye that diffuses through the membranes of damaged
cells, allowing to determine the dead bacteria. 70% ethanol was used as a positive control for PI (yielding
95-100% Pl-positive E. coli and S. aureus cells, data not shown). Flow cytometry analysis was conducted
with BD Accuri ™ C6 Flow Cytometer Instrument (BD Biosciences ) using 488 nm excitation laser and 533
nm wavelength filter for SYTO 9 and 585 nm wavelength filter for PI. In addition, side-scatter signals (SSC)
were collected while 20 000 events were counted in each run. Unexposed bacterial population was used to
‘draw’ the gates as shown in Figure S8. The percentage of bacterial cells interacting with differently coated
nanoAg was determined by quantifying the shift in SSC and fluorescence intensity of SYTO 9-stained cells

9



and referred as 'NPs binding’. The percentage of damaged bacterial cells was determined quantifying the
fluorescence intensity of Pl-stained cells after exposure to nanoAg. Flow cytometry experiments were

repeated three times.
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Figures

PVP(180)4.2%  Tween80(7) 0.2%
CIT(195) 4.5% AOT (11) 0.3%

CTAB(26) 0.6%

PLL(10)0.2%

Figure S1. Number of publications in which different organic coatings/capping agents were used for

synthesis and/or stabilisation of nanoAg to be used for medical or biocidal purposes. Publications were

searched on 15.09.2017 in ISI WoS using search terms ‘silver nanoparticle’ and ‘coating OR capping OR

stabili*’ and ‘biocidal OR medic* OR antimicrobial OR antibacterial’. Highlighted are only coating agents

that were used in the current study.
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Figure S2. Transmission electron micrographs (TEM) of 10 nm silver nanoparticles (A) and of 50 nm silver
nanoparticles (nanoAg) (B) coated with citrate (CIT), sodium bis(2-ethylhexyl)-sulfosuccinate (AOT),
poly(vinylpyrrolidone) (PVP), Tween 80, poly-L-lysine (PLL), and cetyl trimethylammonium bromide (CTAB)
in DI water. Appearance of nanoAg suspensions in DI water (10 mg Ag/L) (C). Boxplots of primary sizes of

all 10 nm and all 50 nm nanoAg (measured from TEM pictures) (D).
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Figure S3. Primary size of differently coated nanoAg of two different sizes: 10 nm (10nAg) and 50 nm

(50nAg) (measured from the TEM pictures by Imagel software). Values between 25th and 75th percentile

(1st and 3d quartile) form the box and the line inside of the box shows the median value of variables.

'Whiskers' show the scale of the minimum and maximum values. The average sizes for each particle type

are in Table 2. The asterisks show the statistical significance: ***p<0.001.
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preparation (0 h) and after incubation for 4 h and 24 h at 30°C.

14



A B

10nAg 50nAg AgNO;
12.5 T 0.5
05 = =
10.0 04 S 0.4 3
*

7.5 03] T -~ B 2 0.3 £
02 i‘:‘ S s
— 5.0 0.1 — 0.24 b
= 0.01 ii—‘ § ) S
? 2.5 CIT AOT PVP Tween 80 CTAB PLL w ? 0.1 i

e 0.0 == == SO S o 0.0 i
E 5] i s A LI E o054 2
2 : g
E 10.0 3 @ 0.4 3
* * * * * * % 's E 1 > ‘g
w51 — - - = = = S 0.3 S
S Q
5.04 S 0.2 §
> =
N R NN L L

N 3 Q > Q NG & L Q > Q
o) o X\ \J \a N < o K\ S ah
¢ & & SRR P R |
N < []24n

Coating

Figure S5. Effect of incubation time on minimal bactericidal concentrations (MBC) of differently coated (A)
10nAg and 50nAg and (B) AgNOs to Escherichia coli (upper panels) and Staphylococcus aureus (lower
panels). 4 h (dark columns) and 24 h (light columns) incubation are compared. Data represent the average
values of 3 to 5 experiments + standard deviation (SD); ***p<0.001, **p<0.01, *p<0.05. Note that the E.
coli data for 10 nm nanoAg are enlarged in the inset of the respective panel and that AgNO; data are plotted

using different Y-axis scale. Data are plotted from Table S1.
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Figure S6. Antibacterial effect (MBC) of differently coated (A) 10nAg and 50nAg and (B) AgNOs to Escherichia
coli (dark columns) and Staphylococcus aureus (light columns). MBC values after 4 h incubation (upper
panels) and 24 h (lower panels) incubation are shown. Data represent the average values of 3 to 5
experiments  SD; ***p<0.001, **p<0.01, *p<0.05. Note that AgNOs data are plotted using different Y-axis

scale. Data are plotted from Table S1.
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Figure S7. Comparison of solubility (AAS) and bioavailability (Ag-sensing biosensor bacteria) of 10nAg and
50nAg. Solubility (AAS) was analysed at 1 mg Ag/L. Average of at least three measurements + SD are
presented. Asterisks show the statistical difference of the values obtained with AAS and biosensor analysis:

***p<0.001, **p<0.01, *p<0.05. Data are plotted from Figure 3.
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Figure S8. Representative flow cytographs of nanoAg binding (revealed by shift in side scatter signal, SSC)

to E. coli and S. aureus and visualisation of bacterial death or membrane damage by propidium iodide (PI)
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staining. NanoAg were added to bacteria at 8 mg Ag/L and AgNOs at 0.2 mg Ag/L for 10 min following
staining for 15 min. On each panel, the left side graph shows nanoAg binding based on side scatter shift of

SYTO 9-stained cells and right side graph shows cellular death (Pl signal) versus SSC signal.
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Tables

Table S1.

The antimicrobial potency (minimal bactericidal concentration, MBC) of differently coated 10 nm and 50

nm nanoAg and AgNOs for E. coli and S. aureus after 4 h and 24 h of incubation in DI water.

Toxicants

Escherichia coli MG1655

Staphylococcus aureus 6538

4hMBCSD | 24hMBC£SD | 4hMBC#SD | 24 h MBC£SD

(mg Ag/L) (mg Ag/L) (mg Ag/L) (mg Ag/L)
AgNO;
10nAg-CIT 0.20£0.09 2.75+1.66 0.35%0.13
10nAg-AOT 1.0040.35 0.1840.07
10nAg-PVP 1.7540.82 0.29+0.14
10nAg-Tween 80 0.35+0.20 0.89+0.33
10nAg-CTAB 0.25+0.18 2.13+0.75 0.50£0.18
10nAg-PLL 1.81+0.80 0.35#0.13
50nAg-CIT 0.1940.07 0.21%0.17 0.5640.07
50nAg-AOT 0.8340.29 0.31#0.15 2.13+1.92
50nAg-PVP 0.58+0.41 0.28+0.21 0.38+0.22
50nAg-Tween 4.17+1.44 3.75%2.17

50nAg-CTAB 5.00+0.00 0.63+0.27 3.44+1.88

The data are average of 3-5 replicate experiments. Heat-mapping: from red to green as from more toxic to

less toxic
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Table S2
The minimal bactericidal concentration (MBC, mg/L) of pure coating materials used for synthesis of

nanoAg.

Test bacterium E. coli S. aureus

Coating/endpoint 4 h MBC 24 h MBC 4 h MBC 24 h MBC

ar’ >294 >294 >294 >294
AOT* >445 >445 445 44.5

pvpt 4000 4000 >4000 >4000
Tween 80° >131 >131 >131 >131
ctas!! 3.7 3.7 3.7 3.7
pLLt 3.0 3.0 300 3.0
BAC? 2.5 1.3 2.5 13

*CIT — Trisodium citrate, ¥AOT - Bis-2-ethylhexyl sulfosuccinate, £PVP - Poly-vinylpyrrolidone, §Tween 80 -
Polysorbate 80, | |CTAB - Cetyltrimethyl-ammonium bromide, 9PLL - Poly-L-lysine, #BAC - Benzalkonium
choride (a positive control). Exposure of test bacteria to coating materials was made in DI water.
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Table S3
The minimal bactericidal concentration (MBC) and minimal inhibitory concentration (MIC) of pure coating

materials used for coating/capping of tested nanoAg.

Escherichia coli ~ Staphylococcus aureus

MG1655 6538
Coating

20hMBC 20hMIC 20hMBC 20 h MIC

(mg/L)  (mg/L)  (mg/L) (mg/L)

ar’ >294 >294 >294 >294
Aot? >445 >445 111 111
pvp* >2000 >2000  >2000 >2000
Tween 80°% >131 >131 >131 >131
cTAB!! 36.5 36.5 1.9 1.9
pLLY 75 75 30 30
BACH 71 71 7.1 1.4

*CIT — Trisodium citrate, TAOT - Bis-2-ethylhexyl sulfosuccinate, $PVP - Poly-vinylpyrrolidone, §Tween 80 -
Polysorbate 80, | | CTAB - Cetyltrimethyl-ammonium bromide, 9PLL - Poly-L-lysine, #BAC-Benzalkonium
chloride (positive control). Testing was following bacterial growth inhibition assay ISO 20776-1 [5] and
was performed in Mueller-Hinton Broth.
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Antimicrobial Activity of Polyoxometalate lonic Liquids
against Clinically Relevant Pathogens

Anna-Liisa Kubo*,? Lea Kremer*,™ Sven Herrmann,™ Scott G. Mitchell,
Olesja M. Bondarenko,® Anne Kahru,*™ % and Carsten Streb*"

The activity of a new class of antimicrobials—polyoxometalate
ionic liquids (POM-ILs)—is systematically investigated. The pro-
totype POM-ILs feature Keggin-type anions (a-SiW;,05,°") and
tetraalkylammonium ions as active cationic species. Antimicro-
bial tests of the POM-ILs against important human pathogens
show that variation of the alkyl chain length of the cation
leads to significant changes in antimicrobial activity against
the medically relevant Gram-negative bacteria Escherichia coli

Introduction

The ability of pathogenic bacteria to develop resistance
against common antimicrobials is a major public health con-
cern.!" Chemists and pharmaceutical researchers worldwide are
searching for alternative materials with potential antimicrobial
or biocidal activity, particularly for use in clinical patient care,
decentralized public health scenarios and water decontamina-
tion. In addition to new organic compounds (such as organo-
ammonium cations),** including peptides,” metal oxides
have attracted significant interest over the past decade, as
they offer alternative modes of antimicrobial action.*® A main
advantage to using metal oxides is their vast variety in terms
of particle size, structure and chemical composition, so that
they can be deployed in various scenarios,” ranging from
in vivo diagnostics and therapeutics"®" through to applica-
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and Pseudomonas aeruginosa, and especially against the Gram-
positive Staphylococcus aureus. Owing to the unique materials
properties of the POM-ILs, such as high viscosity and water im-
miscibility, applications of antimicrobial surface coatings
against airborne pathogens or for water decontamination can
be envisaged. Furthermore, the combination of antimicrobially
active cations with POM anions might afford new POM-ILs with
two active components.

1214 or embedded in var-

tions in colloids,” as surface coatings'
ious solid matrices.!'"7

One particularly suitable sub-class of metal oxides are mo-
lecular metal oxide anions, the so-called polyoxometalates
(POMs)."® POMs are high-valent, early transition-metal oxide
clusters, the size, structure and reactivity of which can be
tuned by using established chemical procedures. Over recent
decades, tungstate and molybdate POMs in particular have
been investigated as potentially bioactive compounds!'®* and
their use as antimicrobial,*" antiviral,”? antitumor,”* and anti-
amyloid-fibril agents (related to Alzheimer’s disease)?® has
been reported.

One key advantage of anionic POMs is that a functional
cation can easily be introduced as a second reactive compo-
nent to afford multifunctional compounds. A prime example of
this concept is the use of polyoxometalate ionic liquids (POM-
ILs).*) POM-ILs are obtained by combining a POM anion of
choice with a bulky organocation such as an organoammoni-
um or organophosphonium ion. The resulting compounds
retain the properties of both the cationic and anionic species
and can therefore be chemically tuned by separate modifica-
tion of each component.*?>? This has led to applications in
self-separating epoxidation catalysts,?” industrial catalysts for
large-scale petrochemistry® or self-repairing anti-corrosion
coatings."?

Recently, we reported a multifunctional POM-IL water purifi-
cation filter that utilizes the key properties of this compound
class.'*™  To that end, the water-insoluble POM-IL
[N(C;H,5),ls[a-SiW;;036] was immobilized on commercial porous
silica,®=*" affording a POM-supported ionic-liquid phase (POM-
SILP). The POM-IL was based on antimicrobial tetraalkylammo-
nium cations3? and POM anions featuring vacant metal-bind-
ing sites.”® The resulting POM-SILP was used for the filtration
of contaminated water and it was shown that toxic metal ions

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(e.g., Ni**, Pb?"), radionuclides (e.g., UO,?"), as well as organic
pollutants (e.g., dyes) and microbes (E. coli) were effectively re-
moved (Figure 1)."*!

Polluted H,0 SILP POM-
It Supported lonic Polyoxometalate-lonic Liquid
Heavy metals Liquid Phase
Organic
polliutants
Radionuclide:

Microbes

Filter
column

O

[ porous |
sio, I 1L

(n-C7H;5)iN* 0-[SiW,,055]% )

Clean H,0

Figure 1. The concept of polyoxometalate-supported ionic-liquid phase
(POM-SILP) water purification, showing the filter, which consists of a lipophil-
ic POM-IL immobilized on porous silica. The IL components (antimicrobial
tetraalkylammonium cations and polyoxometalate anions) show capabilities
for the uptake of toxic heavy metals (e.g., Pb?*, UO,?"), organic pollutants
(e.g., trityl dyes) and microbial contaminants (e.g., E. coli). Reproduced from
reference [15] by permission from Wiley-VCH.

Notably, the removal of microbes from water by filtration is
still particularly challenging and often, physical filtration is
used, in which small pores prevent passage of the microbes.*”
In contrast, the method described above uses truly antimicro-
bial surfaces, not only to remove but also to destroy microbes,
thus providing an additional layer of security in water purifica-
tion."™™ Thus, in the future, combining antimicrobial organic
cations and antimicrobial POM anions might lead to synergistic
POM-ILs that provide two active components with different an-
timicrobial modes of action.

Results and Discussion

Here, we built on this concept and expanded our initial studies
to assess the activity of several POM-ILs against well-known
Gram-negative (Escherichia coli, Pseudomonas aeruginosa) and
Gram-positive (Staphylococcus aureus) bacterial strains. These
microbes are often implicated in hospital-acquired infections
and thus serve as useful models to assess the biocidal efficacy
of new materials.***¢ Importantly, P. aeruginosa and S. aureus
belong to a group of six problematic pathogens associated
with drug-resistant infections, as identified by the Infectious
Diseases Society of America.”” For these pathogens, novel
therapies against them are urgently required and their removal
from contaminated water, air and surfaces is a major chal-
lenge.®” These particular pathogens are also part of a wider
global problem—increasing microbial resistance against antibi-
otics—that can lead to public healthcare crises and uncontrol-
led spread of infectious diseases.*® Although the antibacterial
effects of classical POMs have been reported previously,?'**-*?
to the best of our knowledge, this is the first systematic study
on the antimicrobial activity of POM-ILs.

Here we report the antimicrobial activity of POM-ILs based
on the tetraalkylammonium cations N(CgHy5), ™ (Q°), N(C;H ), ™
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(@) and N(CgH,»)," (Q® and lacunary Keggin anions (o-
SiW,,05,%7). Our study showed that 1) all POM-ILs synthesized
were active against medically relevant Gram-negative bacteria
(E. coli and P. aeruginosa) and especially against Gram-positive
S. aureus, and 2) antimicrobial activity can be tuned by modifi-
cation of the cation alkyl chain length.

POM-IL synthesis was achieved using a cation metathesis re-
action from the literature,"*" in which an aqueous solution of
Kgla-SiW,,05,] was extracted with a toluene phase containing
the required stoichiometric amount of the respective cation,
present as a bromide salt (Q*-Br, x=6, 7, 8). Separation,
vacuum drying and lyophilization of the toluene phase gave
the respective pure POM-IL (Q*IL, x=6, 7, 8) in near-quantita-
tive yield. Characterization by elemental analysis, FTIR and UV/
Vis spectroscopy and differential scanning calorimetry con-
firmed the formation and purity of the respective POM-IL (see
the Supporting Information and Table 1).

Table 1. POM-IL characterization parameters.

POM-IL Melting point [°C] Yield [%)]
Q°-IL room-temperature IL 94
Q-IL 68 95
Q*IL 70 94

Next, we examined the antimicrobial performance of Q°-IL,
Q’-IL and Q*IL against Gram-negative E. coli and P. aeruginosa
and Gram-positive S. aureus. As reference compounds, we
chose the three corresponding, water-insoluble ammonium
bromide salts Q%Br, Q’-Br and Q%-Br. In addition, the most
common antimicrobial quaternary ammonium salt, benzalkoni-
um chloride (BAC), was used as a positive control.**

Antimicrobial activities were examined by incubating the
each bacterial strain in an aqueous growth medium (cation-ad-
justed Mueller-Hinton broth, CA-MHB, T=37°C) containing
the respective antibacterial compound (introduced as a DMSO
solution, DMSO concentration in the broth: 1 vol%). Bacterial
growth was monitored spectrophotometrically and referenced
against control experiments using antibacterial-free growth
medium (also containing 1 vol% DMSO). Tests were performed
at different antimicrobial agent concentrations following the
procedures established in ISO 20776-1:2006.“" This allowed us
to determine the respective EC,, (half-maximal effective con-
centration), MIC (minimal inhibitory concentration) and MBC
(minimal biocidal concentration) values (for details see the Ex-
perimental Section and the Supporting Information). In our
studies, antibacterial activity was observed for all three POM-
ILs tested—Q°IL, Q’IL and Q®IL. Notably, the lowest MIC and
MBC values were measured for S.aureus, a bacterial strain
often associated with life-threatening infections at hospitals
(Table 2).%!

Notably, the longer-chain POM-ILs Q’-IL and particularly Q®-
IL, as well as the reference compounds Q’-Br and Q®-Br
showed superior antimicrobial efficacy against the bacterial
strains examined compared with Q®-IL and Q®-Br (Table 2). For

868 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Minimal inhibitory concentration (MIC) and minimal biocidal
concentration (MBC) of POM-ILs and reference compounds tested against
S. aureus RN4220, P. aeruginosa DS10-129 and E. coli MG1655.”!

Compound ~ MIC/MBC [mgL™"]  MIC/MBC [mgL™']  MIC/MBC [mgL™"]
S. aureus P. aeruginosa E. coli

Q*IL 10/10 > 1000/ > 1000 1000/1000

Q%-Br 10/10 >1000/1000 500/1000

QL 2/2 100/100 25/50

Q’-Br 2/2 50/100 25/25

Q*IL 5/5 100/100 100/100

Q%-Br 5/10 100/100 50/100

BACY 3/6 100/100 50/50

[a] Incubation for 20 h at 37°C in CA-MHB medium containing 1 vol%
DMSO. [b] Benzalkonium chloride.

P. aeruginosa and E. coli, Q’-IL and Q®-IL showed MIC values of
25-100 mgL~', whereas for Q°-IL, MIC values of 1000 mgL™'
were observed. Furthermore, the MIC of BAC against different
bacteria was 3-100 mgL~" (Table 2) which is consistent with
the literature data.***®

Remarkably, the Gram-positive bacterium S. aureus was espe-
cially sensitive to all types of POM-IL tested and MIC values as
low as 2-10 mgL™" were observed. Thus, the POM-ILs reported
are significantly more potent antimicrobials than the POMs
studied so far, for which MIC values for S. aureus typically were
greater than 400 mgL~' (reported for several polyoxotungs-
tates against various strains of S. aureus; Table 3).°°*? These in-

Table 3. Selected literature studies on POM compounds with antimicrobi-
al activity.

Compound Bacterial MIC/MBC Reference
strain [mgL ]

Ko[P,W1506,]- 14 H,0 S. aureus®  500/15500 [42]

K4[PM0,,0,]-3H,0 S. aureus®  800/6500 [42]

K, [PTi,W 100406 H,0 S.aureus®  38200/76500  [42]

KoHslo-Ge,TigW,50,,116 H,0 S. aureus™ 2900/~ [41]

Nay,[Fes(H,0)3(BiW;05,),-34 H,0  S. aureus™ 1600/~ [40]

[a] Methicillin-resistant S. aureus (MRSA), strain ATCC43300. [b] Vancomy-
cin-resistant S. aureus (VRSA), strain Mu50. [c] S. aureus strain ATCC6538P.

itial data suggest that POM-ILs are promising new antimicrobi-
als against S. aureus and possibly other Gram-positive bacteria
that can rapidly develop resistance to antibiotics, leading to
so-called “superbugs” such as methicillin-resistant S. aureus
(MSRA).H7

Based on bacterial growth inhibition data taken from the
logarithmic growth phase, ECs, values were determined for Q°-
IL, Q’-IL, and QIL, as well as for the reference compounds
Q°-Br, Q”-Br, and Q®-Br. As shown in Figure 2, Tables 2 and 4,
the higher antimicrobial activity of the longer-chain alkylam-
monium cations as well as the high sensitivity of S. aureus to
POM-ILs is clearly demonstrated.

As the MIC, MBC, and ECg, values (based on bacterial growth
inhibition) of the POM-ILs and reference compounds were
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Figure 2. Toxicity (ECs, [mgL '], growth inhibition) of POM-ILs Q*IL and the
reference compounds Q*-Br (x=6, 7, 8) against S. aureus, E. coli and P. aeru-
ginosa. The ECg, values for the POM-IL compounds are given as data labels.
*ECsp >200mgL ™",

comparable (Tables 2 and 4 and Figure 2), we propose that the
antibacterial activity of the compounds is mostly related to the
presence of tetraalkylammonium cations. This is further sub-
stantiated by a comparison with previous studies on antimicro-
bial POMs in which significantly lower activity was noted
(Table 3), as those POMs contained only inorganic alkali metal
cations. Interestingly, however, it has been shown for S. aureus
that polyoxotungstates can cross the bacterial cell wall and
reach the cytoplasmic membrane, so that further development
of POM anions for antibacterial activity warrants investiga-
tion.“? Although the antimicrobial activity of POMs is currently
not well understood,””’ more progress has been made for tet-
raalkylammonium salts, the biocidal effect of which has been
explained by disruption of the cell membrane due to electro-
static interactions between the alkylammonium cations and
the anionic phospholipid headgroups in the cell membrane.®?

Table 4. Toxicity of antimicrobial compounds, EC5,+SD [mg L '], based
on bacterial growth inhibition.”!

Compound ECs, [mglL '] ECs, [mglL '] ECs [mglL ]
S. aureus P. aeruginosa E. coli

Q%IL 4.8+0.69 >200 131+25
Q%-Br 394041 >200 138+48
QL 1.3+0.55 36.0+11.9 6.5+0.08
Q’-Br 134026 20.0+7.9 3.940.03
Q%L 224083 201457 158+ 1.1
Q%-Br 244055 16.8+6.3 11.8+33
BAC™ 174032 436+125 325+6.1

[a] Incubation with S. aureus RN4220, P.aeruginosa DS10-129 or E. coli
MG1655 for 20 h at 37°C in CA-MHB medium containing 1 vol% DMSO.
[b] Benzalkonium chloride.

Conclusion

We report the antimicrobial activity of three prototype POM-
ILs against clinically important Gram-positive and Gram-nega-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tive bacteria. High activity of the POM-ILs against E. coli, P. aer-
uginosa, and particularly against S. aureus, is reported and we
showed that variation of the tetraalkylammonium cation chain
length can be used to modulate the antimicrobial activity, by
which longer chains result in higher activity. Future studies will
further investigate the exact interaction between the POM-ILs
and the bacterial cell wall using electron microscopy. Further-
more, antibacterial surface coatings and water filters utilizing
advanced POM-ILs will be examined based on the results of
this study. This may lead to new multifunctional composites to
address public health challenges.

Experimental Section

Antimicrobial activity tests were performed using a standard broth
microdilution method described in ISO 20776-1:2006.“ Antimicro-
bial activity was analyzed by incubating the bacteria with different
concentrations of each compound (introduced as a DMSO solution
to give a final DMSO concentration of 1 vol%) in CA-MHB at 37 °C.
Bacterial growth was monitored by the increase of the absorbance
at 600 nm measured at 30 min intervals. Bacterial growth upon ex-
posure to different concentrations of each compound was com-
pared to bacterial growth in the pure medium with 1% DMSO
(nontoxic at that concentration). Based on these data, ECs, and
MIC values [mgL™"] were determined. MCB values were deter-
mined after 20 h of incubation by transferring bacterial suspension
(3 ub) to CA-MHB agar plates, which were incubated at 30°C for
24 h. For further details, see the Supporting Information.
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1. Instrumentation

Elemental analysis: Elemental analysis was performed on a Euro Vector Euro EA 3000 Elemental

Analyzer.

FT-IR spectroscopy: FT-IR spectroscopy was performed on a Bruker FT-IR Spectrometer IFS113v.
Samples were prepared as KBr pellets. Signals are given as wavenumbers in cm™ using the following

abbreviations: vs = very strong, s = strong, m = medium, w = weak and b = broad.

UV-Vis spectroscopy: UV-Vis spectroscopy was performed on a Shimadzu UV-2401PC
spectrophotometer, Varian Cary 50 spectrophotometer. All measurements were carried out using

standard cuvettes (V=3 ml, d = 10.0 mm).

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES): ICP-AES was performed on a

Horiba Jobin Yvon Ultima2 referenced against calibrating standards of the respective elements.

IH-NMR-spectroscopy was performed on a Bruker AVANCE 400 MHz instrument using deuterated

solvents and using residual solvent signals for calibration. Signals are given in & (ppm).

General remarks: All reagents and chemicals were supplied by SIGMA ALDRICH, FISHER CHEMICALS,
ABCR CHEMICALS and ACROS ORGANICS. The materials were used without further purification. Ks[o.-
SiW11030]-13H,0 was synthesized as described in .Unless described otherwise the reactions were

conducted under ambient atmosphere.



2. Synthesis and characterization
2.1 Synthesis of Qs[a-SiW1103]

The synthesis is a modified version of the synthesis described in reference . Kg[oi-SiW11030] x 13
H,O (5.03 g, 1.56 mmol) was dissolved in water (100 ml) and heated to 50 °C. Tetrahexylammonium
bromide (8 eq.; 5.42 g, 12.48 mmol) was dissolved in toluene (100 ml) and added to the first
solution. The biphasic reaction mixture was stirred vigorously for 5 min at 50 °C. The organic phase
was separated and the aqueous phase was extracted twice with toluene. The combined organic
phases were evaporated and the resulting POM-IL was solvent stripped once with 100 mL toluene
(200 ml) and twice with chloroform (100 ml). The pure POM-IL was dried under vacuum for several
days.

Yield: 8.07 g (1.46 mmol, 93.9% based on Ks[a-SiW11035] x 13 H,0).

'H-NMR (CDCls, 400.16 MHz): §[ppm] = 3.62 —3.22 (2 Hy, m), 1.59 = 1.52 (2 Hy, m), 1.31 — 1.28 (2 H;,
m), 1.19 — 1.10 (4 Hass, m), 0.71 (3 He, t, 3Jun = 6.9 Hz).

IR (KBr pellet): v [cm™] = 2957 (s), 2930 (s), 2862 (m), 2361 (w), 2339 (w), 1483 (m), 1467 (m), 1380
(w), 1146 (w), 1051 (w), 997 (m), 953 (m), 899 (s), 807 (s), 784 (s), 747 (s), 531 (w).

Elemental analysis in wt.-% (calcd values in brackets): C: 41.69 (41.84), H: 7.67 (7.61), N: 2.04 (2.03),
W: 37.02 (36.69), Si: 0.58 (0.50).

2.2 Synthesis of Q’s[a-SiW11039]

Ks[0-SiW11036] x 13 H,0 (7.55 g, 2.37 mmol) was dissolved in water (150 ml) and heated to 50 °C.
Tetraheptylammonium bromide (8 eq.; 9.28 g, 18.91 mmol) was dissolved in toluene (240 ml) and
added to the first solution. The biphasic reaction mixture was stirred vigorously for 25 min at 50 °C.
The organic phase was separated and the aqueous phase was extracted with toluene (100 ml). The
combined organic phases were evaporated and the resulting POM-IL was solvent stripped with
toluene (100 ml) and twice with chloroform (100 ml). The resulting POM-IL was dried under vacuum
for several days.

Yield: 13.43 g (2.25 mmol, 95.1% based on Ks[a-SiW11039] x 13 H,0).

'H-NMR (CDCls, 400.16 MHz): & [ppm] = 3.38 —3.34 (2 Hy, m), 1.73 = 1.65 (2 Hy, m), 1.45 — 1.26 (8 Hs.
6, M), 0.87 (3 Hy, t, 3Jun = 6.8 Hz).

IR (KBr pellet): v [cm™] = 3448 (br, w), 2957 (s), 2926 (s), 2855 (s), 1628 (w), 1465 (s), 1379 (m), 1067
(w), 997 (m), 954 (s), 899 (s), 782 (s), 740 s), 532 (m).

Elemental analysis in wt.-% (calcd values in brackets): C: 45.31 (45.14), H: 8.71 (8.12), N: 2.00 (1.88),
W: 34.25 (33.93), Si: 0.55 (0.47)



2.3 Synthesis of Q%[0.-SiW11030]

Ks[0-SiW11036] x 13 H,0 (7.51 g, 2.36 mmol) was dissolved in water (150 ml) and heated to 50 °C.
Tetraoctylammonium bromide (8 eq.; 10.32 g, 18.87 mmol) was dissolved in toluene (240 ml) and
added to the first solution. The biphasic reaction mixture was stirred vigorously for 25 min at 50 °C.
The organic phase was separated and the aqueous phase was extracted twice with toluene (150 ml).
The combined organic phases were evaporated and the resulting POM-IL was solvent stripped with
toluene (100 ml) and twice with chloroform (100 ml). The resulting POM-IL was dried under vacuum
for several days.

Yield: 14.23 g (2.22 mmol, 94.1 % based on Ks[o-SiW11030] x 13 H>0).

'H-NMR (CDCls, 400.16 MHz): & [ppm] = 3.39 — 3.35 (2 Hy, m), 1.73 — 1.65 (2 Hz, m), 1.47 — 1.25 (10
Ha7, m), 0.86 (3 Hs, t, ¥y = 7.2 Hz).

IR (KBr pellet): v [cm™] = 2956 (s), 2924 (vs), 2853 (s), 2362 (w), 1627 (w), 1464 (m), 1379 (w), 997
(m), 954 (m), 900 (s), 807 (s), 532 (m).

Elemental analysis in wt.-% (calcd values in brackets): C: 48.09 (47.97), H: 8.76 (8.55), N: 1.89 (1.75),
W:32.01 (31.55), Si: 0.48 (0.44)

3. Bacterial growth analysis upon exposure to antimicrobials

General remarks: the bacterial growth analysis (broth microdilution method) was adapted from the
reference method ISO 20776-1 for antimicrobial susceptibility testing.’?! The test was conducted with
bacteria Escherichia coli MG1655, Pseudomonas aeruginosa DS10-129 and Staphylococcus aureus
RN4220. The cation-adjusted Mueller-Hinton Broth (CA-MHB, Oxoid Microbiology Products)
containing per 1 litre: dehydrated infusion from beef 300 g, casein hydrolysate 17.5 g, starch 1.5 g,
Ca?* 25 mg and Mg?* 12.5 mg. The bacteria were first cultivated overnight in 3 ml of CA-MHB
medium at 30°C with shaking at 200 rpm, and then diluted with fresh medium to a bacterial density
of ~5x10° CFU/mL in the test (verified by viable plate counts on agarised medium).

Sample preparation: the respective antimicrobial compound (Q*IL, Q*-Br and BAC, benzalkonium
chloride) were prepared by dissolving the respective compound in DMSO ([compound] = 100 g/L)
and diluting into CA MHB to give the desired final concentration. This was followed by incubation at
37 °C overnight on a shaker at 200 rpm. All test samples and controls were adjusted to contain a
final concentration of 1 vol-% DMSO to ensure comparability. Control experiments showed that this
concentration of DMSO does not affect the bacterial growth. The pH of the dilutions in CA-MHB was
neutral. The incubation mixtures were prepared by combining the bacteria suspension (50 uL) and
test compound solution (50 pL) in 96 well transparent microtiter plates (BD Falcon) at 37° C for 20
hours in the dark in aerobic conditions with minor shaking every 15 min. Wells containing 50 uL of
control broth and 50 pL of bacterial culture in CA-MHB were included for each tested strain and
served as non-treated controls.



Bacterial growth control: bacterial growth was followed by measuring optical density (ODgoo hm)
with a Spectramax Paradigm spectrophotometer (Molecular Devices, USA). Three different
parameters were determined from the experiments for all compounds tested and all bacterial
strains examined (EC50, MIC and MBC, mg/L). EC50 values for the tested compounds were
calculated from the dose-effect curves of bacterial log-phase growth (between 3h and 10h of
incubation, depending on the bacterial strain (Fig. S1), i.e. inhibition of the growth rates of chemical-
exposed bacteria versus bacterial growth in the control broth. The EC50 values (concentration of the
chemical that reduced bacterial growth by 50%) were calculated using MS Excel macro Regtox
(http://www.normalesup.org/~vindimian/en_download.html).

The minimal inhibitory concentration (MIC) was determined as the lowest analysed concentration
where no visible growth of bacteria was observed. For the evaluation of the MBC value, after 20 h
incubation of bacteria with test chemicals, 3 pL of sample from each test or control well was
pipetted onto the toxicant-free Mueller-Hinton (Oxoid CM0337; 25 mg/L Ca and 12,5 mg/L Mg
added) agar plates. The inoculated agar plates were incubated at 30 °C for 24 h. The concentration
of chemical in the incubation medium that yielded no visible growth/colonies of the exposed
organism after sub-culturing on toxicant-free agar medium was defined as minimum biocidal
concentration (MBC). Each concentration of the tested chemicals and control culture was analysed
in duplicate and at least three replications of the tests for each bacterial strain were performed.
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Figure S1. Inhibition of growth of Staphylococcus aureus (A, B), Pseudomonas aeruginosa (C, D) and
Escherichia coli (E, F) by Q’IL (left panels) and Q’Br (right panels): dose-response curves.
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ABSTRACT

Clinical use of CuO nanoparticles (NPs) as antibacterials can be hampered by their toxicity to
human cells, whereas NP surface functionalization may reduce unspecific cytotoxicity, while
retaining antibacterial properties.

This study is the first report on the toxicity and mechanisms of differently functionalized CuO
NPs (primary size 7.3-18.1 nm) to bacteria vs human cells in vitro. Toxicity of
unfunctionalized CuO or CuO functionalized with amino groups (CuO-NHz), carboxyl groups
(CuO-COOH) or polyethylene glycol (CuO-PEG) was tested to bacteria Escherichia coli and
to mammalian cell lines (THP-1-derived macrophages and HACAT keratinocytes in vitro) in
similar conditions.

CuO-COOH and CuO-PEG were more toxic to bacteria compared to mammalian cells,
showing the best therapeutic window for potential use in humans. Chemical analysis of
intracellular Cu and confocal microscopy revealed that at equitoxic concentrations,
mammalian cells internalized 2-7 times more CuO-COOH NPs compared to the other CuO
NPs, indicating COOH-specific uptake mechanisms that neutralized the toxicity. In contrast,
CuO-NH:2 NPs were the most toxic to mammalian cells followed by CuO, CuO-COOH and
CuO-PEG NPs. The multivariate analysis revealed that small hydrodynamic size, high Cu
dissolution, positive zeta-potential and induction of reactive oxygen species and TNF-a were
contributing most to toxicity of both, CuO-NHz and unfunctionalized CuO NPs.

INTRODUCTION

Increasing resistance of bacteria to conventional antibiotics necessitates the development of
alternative antimicrobials such as silver and copper-based antimicrobials, including in nano-
formulations. In fact, copper is known since long time as a metal with antibacterial effect that



can be used to inhibit bacterial spreads by employing Cu on copper surfaces', in aqueous
suspension® and in textiles. For living organisms, including human cells, copper is an
essential microelement present in all tissues and is necessary for e.g. functioning of the innate
and adaptive immune system*° and is the necessary component of the key enzymes®. Previous
studies have shown that CuO NPs supported the wound healing’ and bone regeneration®. For
instance, mesoporous silica NPs containing 2.5 to 5% Cu were suggested for the use in bone
regeneration, since they up-regulated the genes contributing to osteogenic and angiogenic
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 properties of
these NPs®.

Given the mentioned properties, CuO NPs are ideal candidates for the use in medicine as
wound dressings and/or internal implants by combining two functions: antimicrobial activity
and increased wound healing or osteogenesis. However, the excessive copper is toxic to the
human cells and plays a role in the pathogenesis of several neurological diseases such as e.g.
Alzheimer disease’, Parkinson disease!®, amyotrophic lateral sclerosis, and Wilson disease''.
Chronic copper overdose can cause hemolytic anemia, liver and renal damage'2. Thus, the
balance between the beneficial and adverse concentrations of copper and especially CuO NPs
in human body should be respected.

In case of biomedical use as antibacterials, CuO NPs may induce cytotoxicity, since they will
contact closely with the human cells such as skin keratinocytes (in case of wound dressings)
and immune cells (in case of implants) residing in the blood and tissues and aiming to protect
the body from foreign microorganisms and particles (including NPs). Previous studies have
shown that pristine (unfunctionalized) CuO NPs were toxic to murine macrophage cell line
RAW?264.7'3 and other human cell models in vitro such as epidermal keratinocytes NHEK'4,
lung adenocarcinoma cells A549'%, hepatoma cell line HepG2'®, epithelial colon carcinoma
cells Caco-2!" and differentiated Caco-2 (in vitro model for the cells of small intestine)'® with
the range of ECso values of 13 — 100 mg/1'°. Warningly, the antibacterial concentrations of
CuO NPs are in the range of 20 — 280 mg/1, implying that the therapeutic value of the existing
(mostly unfunctionalized) CuO NPs as antibacterials is rather limited, since the CuO NPs
effective in killing bacteria were also toxic to the human cells in vitro'*2°,

Functionalization of synthetic NPs with various surface groups enables to modulate the
interaction of NPs with cells, and thus, change the safety profiles of NPs?'*2, In most of the
cases, NPs introduced into the body are first encountered by the cells of mononuclear
phagocyte system such as macrophages. The uptake of NPs by macrophages occures via
different routes including phagocytosis for bigger (>250 nm) NPs and receptor-mediated
endocytosis for smaller (~60-120 nm) NPs**»*, and is mostly dependent on the opsonization
of NPs (i.e., adsorption of bio-corona of proteins and other biomolecules onto their
surface)?'"*>?7, To minimize opsonization and to reduce the uptake of NPs by macrophages,
NPs can be functionalized with different polymers such as polyethylene glycol (PEG),
chitosan or dextran?®°. The introduction of functional groups enables to modify the surface
charge of NPs that changes the uptake of NPs by cells and the toxicity of NPs. In general, NPs
functionalized with positively charged groups such as cationic polyethylenimine (PEI),
branched PEI or amino group (NH2) proved more toxic to mammalian cell lines including
murine macrophage cell line RAW264.7'3, epithelial cells BEAS-2B and human monocytes
THP-13'.



Given the surface functionalization of metal-based NPs may help to overcome their unspecific
cytotoxicity and improve their therapeutic potential as antimicrobials, it is crucial to compare
the impact of different surface functionalization on the antibacterial activity of NPs vs safety
to the human cells. Indeed, the use of CuO NPs in the wound dressings and implants implies
the determination of a therapeutic window: a concentration range of CuO NPs effective as
antibacterials but safe to the human cells. While there are many articles on biological effects
of unfunctionalized CuO, the information on differently functionalized CuO NPs is extremly
limited!*¥2. Although there are various protocols available for the synthesis of CuO NPs
functionalized with e.g., peptides, antibodies and oligonucleotides?, these NPs were mostly
intended for bioanalytical applications and were not tested for the biological effects. Our
search in pubmed (performed in December 2018) using the keywords ,,copper nano* tox*“
identified totally 164 research articles, and only five of these articles addressed the biological
effects of differently functionalized CuO NPs with the focus on the ,,green* coatings such as
chitosan®*, plant latex®, albumin’® and a set of coatings including citrate, sodium ascorbate,
polyvinylpyrrolidone and polyethylenimine'®. None of the studies 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 antimicrobial toxicity vs safety towards human cells of
CuO NPs with different surface functionalizations: unfunctionalized CuO, CuO-NHz, CuO-
COOH, CuO-PEG NPs and CuSOs4 as an ionic control. THP-1-derived macrophages were
used as a model for immunotoxicity, HACAT keratinocytes in vitro as the model for human
skin cells and Escherichia coli as model bacteria. Toxicity of Cu compounds to these three
cell types was tested in the same conditions using RPMI medium supplemented with 10%
FBS and Alamar blue cell viability assay as the toxicity endpoint. In addition, we compared
the potential mechanisms of toxicity of studied Cu compounds to different types of cells with
the focus on reactive oxygen species (ROS), dissolution, cellular internalization of CuO and
their ability to induce cellular inflammation.

Materials and Methods

Chemicals

All the purchased chemicals were at least of analytical grade. Dulbecco’s phosphate buffered
saline (DPBS, Biognost), Alamar blue (AppliChem), lipopolysaccharide (LPS, Invivogen),
CuSOs (Alfa Aesar), 2'7'-dichlorodihydrofluorescein diacetate (H2DCF-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 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 provided as dry powders, and
the suspensions were prepared each time freshly before the tests at concentrations 1000-2000
mg compound/l 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 7).




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

Endotoxin content in CuO dispersions was assessed using the chromogenic limulus
amoebocyte lysate (LAL) assay (Charles River Endosafe, Charleston, SC) according to the
manufacturer’s instructions and was found to be below the detection limit.

Cu content was determined using total reflection X-ray fluorescence (TXRF, Picofox S2,
Bruker Corporation) from 100 mg/1 suspensions.

For dissolution analysis, 100 mg/l CuO NPs or CuSOs in cell culture medium were
centrifuged at 320 000 x g for 30 min ( Bekman Coulter ultracentrifuge) immediately (0-h
dissolution) or after 24 h of incubation at 37 °C with 5% CO2 and 95% humidity. After
centrifugation, supernatants were collected and analysed by TXRF.

Human cells

Cell lines were obtained from American Type Culture Collection (ATCC) and cultured
according to ATCC guidance. The cells were subcultured up to 20 passages, and the toxicity
tests were performed after at least 2 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) supplemented with
10% fetal bovine serum (FBS, Corning), 100 mM sodium pyruvate solution (Na-Pyr, Gibco)
and 1% solution containing 10000 U/ml Penicillin and 10000 pg/ml Streptomycin (PEST,
Gibco) that is further referred as the complete cell culture medium (CCM). THP-1 cells
(growing in suspension) were subcultured by additing 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 3 days. For that, THP-1 cells were seeded
into 96-well plates (Corning Falcon) at density of 10° cells per well and incubated with 100
ng/ml phorbol myristate acetate (PMA) for 3 days at 37 °C and 5% COa.

The human HACAT cell line, immortalized keratinocytes (ATCC PCS-200-011), were grown
in Dulbecco’s modified Eagle's medium with 4.5 g/l 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 density of 10* cells per well and uncubated for 1 day
at 37°C, 5% CO2 and 95% humidity.

Bacterial cells

Escherichia coli MG1655 (obtained from the E. coli genetic stock centre, Yale University)
and recombinant bioluminescent E. coli MC1061 (pSLcueR/pDNPcopAlux) 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 30°C with shaking at 200 rpm
overnight. In case of recombinant bacteria, LB was supplemented with 100 pg/l ampicillin
and 10 pg/l tetracycline to retain the bioluminescence-encoding plasmid.



Toxicity assays

Toxicity of Cu compounds to bacterial and human cells was performed in similar conditions
(24-h incubation at 37°C, Alamar Blue assay as the endpoint and CCM as the exposure
medium for THP-1 and E. coli cells) with the minor differences: 1) PEST was removed from
E. coli exposure medium; 2) human cells were incubated in humidified conditions (with 5%
CO2). Details on the test conditions are summarized in Table S1.

For the toxicity assay with bacteria, E. coli cells were grown in LB medium overnight
followed by removal of LB by centrifugation, and resuspension of bacterial cells in CCM
without PEST to ~5x10° colony forming units (CFU/ml). 100 pl of bacterial suspension was
exposed to 100 pul of either cell culture medium (control) or 6.25 to 400 mg/l CuO
suspensions/CuSOs in CCM in transparent 96-well plates for 24 h at 37°C. Bacterial viability
was estimated using Alamar Blue assay. For that cells exposed to 6.25 to 400 mg/l CuO NPs
or CuSOs were washed, and Alamar Blue (final concentration of 150 ug/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 metabolic activity (viability) of exposed cells was expressed in % by
comparing their fluorescence with that of the untreated cells. The ECso values were values
calculated as described in the statistical analysis section. Tests were performed in five
biological experiments in duplicates. To access possible interference of NPs, NPs were
incubated abiotically with the Alamar Blue and showed no unspecific reactions.

For the toxicity assay with human cells, cell culture medium was removed, cells were washed
with PBS and exposed to 100 pl of either cell culture medium or 6.25 to 400 mg/l CuO
suspensions/CuSOs in cell culture medium for 24 h at 37°C and 5% COz. After exposure, the
supernatant was removed, cells were washed once with PBS and incubated with 100 pl
solution of 150 pg/ml Alamar Blue (Applichem) for 2 h at 37°C and with 5% CO.. Alamar
Blue Biosensor assay was performed as described above for bacterial cells.

Bioavailability of Cu to bacteria

Quantification of intracellular Cu ions was performed using recombinant biosensor bacteria E.
coli MC1061 (pSLcueR/pDNPcopAlux) in which Cu ion-inducible promoter copA is
genetically coupled to the bioluminescence-encoding genes luxCDABE [21]. 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
bioluminescence of bacteria gradually decreases.

Overnight bacterial cell culture was diluted 1:20 into fresh LB medium supplemented with
100 pg/l ampicillin and 10 pg/1 tetracycline, grown till OD=0.5-0.8 and diluted in CCM
without PEST to OD=0.1 corresponding to final concentration of 10° CFU/ml. 100 pl of the
appropriate dilution (3.1 to 100 mg/l) of Cu compounds in CCM without PEST were pipetted
into each well of the 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 CuSOs4 dilutions
in CCM without PEST) compared to the background (CCM without PEST).



Measurement of reactive oxygen species

The ability of CuO NPs and CuSOs4 to generate ROS was measured in abiotic conditions in DI
water with Hx-DCFA-DA as described by Aruoja et al’’. 100 pl of 6.25 to 200 mg/l CuO NPs
and CuSOs and 100 pl of HaDCF were incubated at room temperature for 60 minutes.
Fluorescence (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 to 96 well plates (Corning Falcon) at density 100 000
cells/well and differentiated with 100 ng/mL PMA for 72 h. Cells were exposed to Cu
compounds in CCM at ECzo concentrations for 24 h (27.3 mg/l for CuO NPs, 22.2 mg/I for
CuO-NHz, 90.6 mg/1 for CuO-COOH, 211.4 mg/l for CuO-PEG and 85.4 mg/l for CuSOa).

HACAT cells were seeded to 96 well plates at density 10 000 cells/well and allowed to attach
for 24 h. Cells were exposed to Cu compounds at EC2o concentrations (11.6 mg/l for CuO
NPs, 14.9 mg/1 for CuO-NHz, 73.7 mg/l for CuO-COOH, 142.0 mg/l for CuO-PEG and 57.6
mg/l for CuSOs) for 24 h.

After 24 h exposure, cells were washed, detached and washed again twice with PBS by
centrifugation at 150 x g for 5 min. 10 pl cell suspension was mixed with 10 pl trypan blue
and the cell number and cell viability was determined. Supernatant was aspirated and the
pellet was lyophilized. The Cu content was quantified with TXRF, normalised on total cell
number basis and designated as ,,cell-associated Cu‘ referring to the sum of the following
fractions: intracellular Cu and extracellular Cu bound to the cell surface.

Measurement of TNF-a

Differentiated THP-1 cells at density 100 000 cells/well were exposed to CuO NPs and
CuSOs at concentrations from 25 to 400 mg/l in CCM. After 24-h exposure supernatants were
collected, centrifuged for 10 min at 10 000 x g and stored frozen at -80°C. TNF-o was
measured on 96-well plates using Enzyme-Linked Immunosorbent Assay (ELISA) kit
(Invitrogen 88-7346) according to manufacturer’s instructions.

Microscopy

For the automatic photographing, THP-1 cells were differentiated in 24-well plates, exposed
to NPs (24-h EC2z0 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 were mixed with red blood
cells to improve the cell recognition by the automatic software.

For confocal microscopy, THP-1 cells were differentiated on glass coverslips in 12-well
plates, stained with Cell Mask Orange (Invitrogen) cell membrane (CMO) according to
manufacturer protocol, fixed with 4 % paraformaldehyde (Sigma) and stained with 1:300
diluted DAPI (Sigma). Finally, the coverslips were rinsed and mounted with ProLong® Gold
antifade reagent (Life Technologies) for 12-24 h at RT in 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 configuration, the main beam splitter was set to NT80/20 and
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the channel was set up for reflectance using the 488 nm laser. CMO was excited with 561 nm
laser and DAPI was visualized 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 experiments in duplicates.

The ECso  values were calculated wusing MS  Excel macro  Regtox
(http://www.normalesup.org/~vindimian/en_download.html) and the results are presented
with 95% confidence intervals. The statistical significance between the ECso values were
estimated assuming equal variances at p < 0.05.

The principal component analysis (PCA) and a heatmap and dendrogram were done with R
Language and Environment for Statistical Computing (http:// www.R-project.org). PCA was
used to obtain a multiparametric estimation of the variables that contributed to the toxicity
(average nominal ECso values) of CuO NPs and CuSOa. Scores of the first two PCs which
accounted for 87-95% of the variance were used to generate the biplots. Data were scaled by
dividing the (centered) columns of x by their standard deviations. Heatmaps and dendrograms
were generated using heatmap function (incorporating Euclidean distance and complete
method). Data were transformed by dividing the (centered) columns of x by their standard
deviations.

RESULTS

Physico-chemical characterization of CuO NPs

The primary sizes of CuO NPs were measured by transmission electron microscopy (TEM)
and the presence of the different functional groups on the of NPs was verified with different
characterization techniques including X-ray Photoelectron Spectroscopy (XPS), Fourier
Transform Infrared Spectroscopy (FTIR), Thermogravimetric Analysis (TGA) and C,H,N
elemental analysis in the previous publications®®*°. Previous study showed that CuO NPs had
comparable irregular morphology and primary particle dimeter of 7.3 — 18.1 nm mostly
forming the agglomerates of a few hundred nanometers according to transmission electron
microscopy>’.

In the current study hydrodynamic size (Dh), polydispersity index (pdi), Z-potential in MQ
water and in test medium as well as Cu content in CuO NPs were measured (Table 1).
Hydrodynamic size of NPs was in the range of 204 nm (CuO NPs) to 1268 nm (CuO-PEG).
The pdi values did not exceed 0.35 in the MQ and increased to 0.45-0.88 in the test medium,
confirming the tendency of NPs, especially CuO-PEG (pdi=0.88), to agglomerate in the test
medium. The Z-potential reflecting the particle charge was positive for CuO and CuO-NH2
and negative for CuO-COOH and CuO-PEG in MQ water. In the test medium, the Z-potential
of NPs rendered negative for all the particles ranging from -8.9 mV (CuO-NH) to -10.8 mV
(Cu0), most likely due to the adsorption of the serum proteins (the Z-potential of the test
medium alone was -10.4 mV) as suggested before by Ivask et al (2015) or the interference of
the serum proteins with the measurements. Measured total Cu content was the highest for
CuO (76.8%), followed by CuO-NH2 (46.2%), CuO-COOH (33.6%) and CuO-PEG (11.7%).
The measured total Cu content in CuSO4 was 37.1+ 4.5 % being in agreement with the



calculated amount of Cu in CuSOs4 (39.8%) and Cu content in CuO was 76.8 = 5.7 % being in
agreement with the calculated amount of Cu in CuO (79.9%)).

Table 1. Physico-chemical characteristics of Cu compounds.

. Hydrodynamic . oy
Primary yarody ! Dh in test s Z-potential in 4
Cu . 1 diameter (Dh) . Z-potential in ., Cu content®,
diameter’, . ,°  medium*, nm > test medium?, o
compounds in DI water . DI water?, nm %
nm 3 (pdi) nm
nm (pdi’)
CuO NPs 18.1+4 237 + 31 (0.25) 204 + 13 (0.45) 27.5+1.8 -10.8+1.4 76.8+5.7
CuO-NH: NPs 92+24 733 £252(0.24) 936 +£229 (0.67) 258+ 1.3 —8.9+0.8 46.2 +£4.0
CuO-COOH NPs 84+1.2 1124 + 128 (0.35) 303 + 84 (0.70) -12.0£2.2 -10.2£0.8 33.6+3.2
CuO-PEG NPs 73+1.5 1244 £ 254 (0.35) 1268 +£315 (0.88) -21.9+3.3 -10.0+ 1.8 11.7+1.0
CuSO4 NA¥ NA NA NA NA 37.1+£4.5

! Published by Zhang et al. (2016); 2Measured by Malvern Zetasizer from 100 mg/l suspensions; *Polydispersity
index‘ “Analyzed by Picofox from 100 mg/1 suspensions.

Toxicity of Cu compounds

Viability of cells measured by Resazurin assay after 24-h exposure to CuO NPs and CuSOu4 is
shown in Figure S1. Clear dose-response to all compounds in all cell types was observed. At
nominal concentrattions, uncoated CuO and especially CuO-NH2 NPs were the most toxic to
all cell types having significant effect on cellular viability already at concentrations of 25-50
mg/1 (Figure S1).

Figure 1 depicts the average nominal 24-h ECso values calculated on the basis of the dose-
response curves from Figure S1 and dendrogram showing the clustering of these ECso values.
When the toxicity (24-h ECso) of CuSOs was the same for all cell types, the toxicity of NPs to
different cells varied significantly.

Namely, uncoated CuO and CuO-NH:z 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 (Figure 1A). Dendrogram analysis pointed
out several clusters: the most toxic NPs — uncoated CuO and CuO-NH: — clustered together,
whereas CuO and CuSOs formed another cluster and the least toxic CuO-PEG NPs a separate
cluster (Figure 2B).
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Figure 1. The average nominal 24-h ECso values (mg/l) with 95% confidence intervals (4)
and dendrogram showing the clustering of average nominal 24-h ECso values of Cu
compounds to bacteria Escherichia coli (E. coli), HACAT keratinocytes and differentiated
THP-1 cells (dTHP-1) (B). The asterisks designate the statistically significant differences
(p<0.05) compared with the most susceptible cells in the group.

When the 24-h ECso values of Cu compounds were re-calculated on Cu content (from Table
1), CuO-NH:z remained the most toxic NPs to all cell types, followed by CuO-PEG and CuO
(Figure S2). Since Cu-content adjusted 24-h ECso values for CuO-NH2 were about twice
lower than the ECso values for ionic control CuSOs, we hypothesized that the toxicity of CuO-
NH2 NPs can not be solely explained by dissolved Cu and additional toxicity mechanisms
played a role. Thus, we determined the ability of Cu compounds to induce ROS and
inflammation and studied in details their interactions with bacterial and human cellls 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 bioluminescence in response to
bioavailable Cu ions was applied to determine the role of internalized Cu ions in antibacterial
potency of Cu compounds. In parallel, chemical analysis was used to reveal dissolution of
CuO (Figure 2). When E. coli biosensor was exposed to Cu compounds on Cu content basis,
the bioluminescence response of bacteria to CuSO4, CuO-COOH and CuO-PEG was not
different, indicating that CuO-COOH and CuO-PEG exhibited antibacterial effects through
bioavailable ionic Cu (Figure 2A). Although the response of biosensor to CuSOs was
significantly different (Figure 2A), this was caused by slower dissolution of CuO (release of
Cu ions) as revealed by chemical analysis (Figure 2B). In contrast, CuO-NH2 NPs were
different from all the other Cu compounds by killing bacteria at remarkably lower
concentration that cannot be predicted from Cu content and dissolved Cu analysis, indicating
that CuO-NH:z exhibit specific Cu-independent antibacterial mechanism.
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recalculated on Cu basis.

Ability of Cu compounds to induce ROS and inflammation

CuO-NH:2 NPs were the most potent inducers of ROS (46-fold induction at concentration 200
mg/l), whereas other NPs were lower ROS inducers (6- to 11-fold). CuSOs did not induce
ROS at any concentration (Figure 3A). CuO-NH2 NPs were also the most potent inducers of
TNF-a in differentiated THP-1 cells followed by CuO, CuO-COOH, CuSO4 and CuO-PEG
(Figure 3B). Using light microscopy we also noticed extensive vacuolization in the cells
exposed to CuO and especially CuO-NH2 NPs (Figure 3C) that was suggested to be a sign of
inflammation and cell death*’ and may indicate distinct mechanism of toxicity of CuO-NH2
NPs also in mammalian cells (macrophages) in vitro.
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Figure 3. Fluorescence of H-DCFA-DA induced by Cu compounds reflecting the ability of Cu
compounds to produce reactive oxygen species in abiotic conditions (4), concentration of
TNF-a in the supernatants of differentiated THP-1 cells exposed to Cu compounds for 24 h
(B) and representative light microscopy pictures of differentiated THP-1 cells exposed to
equitoxic nominal concentrations (24-h EC20) of Cu compounds for 24 h (C).
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Measurement of cell-associated Cu from Cu compounds

To dissect the mechanisms of toxicity of Cu compounds, differentiated THP-1 and HACAT
cells were exposed to equitoxic (24-h EC20) concentrations of Cu compounds, washed and
analysed for Cu content. Supposedly, Cu content was mostly referring to intracellular Cu.
However, it cannot be excluded that some fraction of CuO NPs or dissolved Cu was tightly
bound to cell membranes and detected by our analysis. Thus, the measured fraction was
designated as ,,cell-associated Cu”, combining intracellular Cu and CuO NPs and possible
membrane-bound Cu. We suggested that if the toxicity of Cu compounds was caused solely
by Cu ions, the amount of cell-associated Cu in cells exposed to equitoxic concentrations of
Cu compounds will be equal. In case the toxicity was caused by additional factors (as
expected for CuO-NHz), the amount of cell-associated Cu will be lower compared to the other
CuO NPs and CuSOs.

As expected, there was statistically significantly less Cu in the both differentiated THP-1 and
HACAT cells exposed to CuO-NH: (Figure 4). Surprisingly, we also observed that about two-
and seven-fold higher amounts of cell-associated Cu were detected in case of CuO-COOH
compared to other NPs in both HACAT and differentiated THP-1 cells, respectively,
suggesting that both cell lines had exceptional capacity to tolerate cell-associated Cu from
CuO-COOH. Therefore, we conducted the confocal microscopy study to confirm this result
and visualize the precise localization of CuO NPs inside the cells and on cellular membranes.
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Figure 4. Cell-associated Cu determined by TXRF in differentiated THP-1 (dTHP-1) and
HACAT cells exposed to equitoxic concentrations (24-h EC20) of Cu compounds for 24 h.

Cellular localization of Cu compounds in mammalian cells

Differentiated THP-1 cells were exposed to equitoxic (24-h EC20) concentrations of Cu
compounds as in previous experiments and visualized with confocal microscopy (Figures 5
and S3). Reflective mode of the microscope was optimized to vizualize CuO NPs. Confocal
microscopy images confirmed that there were significantly more Cu inside the cells in case of
CuO-COOH NPs. By combining Z-stacks into three-dimensional image, we observed that
most of the CuO-COOH particles were inside the cells, whereas in case of CuO-NH2 more
particles localized on the cellular membranes (Figure 5). Thus, the resistance of THP-1
macrophages to internal Cu was exceptionally high for CuO-COOH NPs and low for CuO-
NH2 NPs.
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Figure 5. Representative confocal microscopy figures of differentiated THP-1 macrophages
exposed to Cu compounds (24-h EC20 concentrations) for 24 h.

Multivariate analysis

Finally, the multivariate analysis was performed to evaluate the variability of different
properties of CuO NPs and thus, to estimate their contribution into toxicity. For this, toxicity
data (Figure 1A) and physico-chemical characterization data (Figures 1-4) were fitted into
scoresplot that comprises the eigenvectors. The principal components analysis (PCA) was
applied resulting in NP positions according to their variability (Figure 6).

Since arrows indicated the direction of the increase of the values, 24-h EC50 vector denoted
the direction of lower toxicity (increasing ECso value) that was the most characteristic for
CuO-COOH and CuO-PEG (Figure 6). To estimate the contribution of different physico-
chemical parameters into NP toxicity, we focused on the properties localizing in the area
opposed to the ECso value vector. As seen, the properties contributing to increased toxic
effects of unfunctionalized CuO and CuO-NH2 NPs were more positive Z-potential, higher Cu
content, higher 24-h dissolution, ability to produce more abiotic ROS and in case of THP-1
cells also higher production of TNF-a.
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and 15 was used. The abbreviations of the labels are the following: Z water - surface charge
in 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, Content Cu - Copper content, 24h_EC50 — 24-h ECso nominal
values (mg/l), 24h_dissolution — 24-h dissolution. The more toxic compounds are highlighted
in the red area. For visualization, the data was scaled by dividing the (centred) columns of x
by their standard deviations.

DISCUSSION

Antibacterial metal-based NPs such as Ag and CuO are purposely designed to inhibit the
undesired growth of bacteria and are widely applied in medical and commercial products.
Warningly, it was shown that the toxicity range of CuO and Ag NPs to bacterial and
mammalian cells in vitro may overlap, indicating potential hazard of these NPs to human
cells*'!?. Toxicity of CuO NPs was also demonstrated in vivo: oxidative DNA damage and the
changes in epigenome (methylation of global DNA) were observed in mice instilled with 2.5
mg/kg CuO NPs*2. In another study, similar concentrations (2.5 and 5 mg/kg) of CuO induced
myofibroblast activation, extracellular matrix deposition and expression of the progressive
fibrosis marker in the lung tissues, indicating that inhalation of CuO NPs could induce
pulmonary fibrosis in C57BL/6 mice®. Despite of wide commercial use and toxicity of
antibacterial Ag and CuO NPs demonstrated in vitro and in vivo, there were no attempts to
identify antimicrobial metal-based NPs that would exhibit sufficient antibacterial activity and
at the same time reduced toxicity to human cells.

In the current study, we compared the toxicity and revealed the mechanisms of toxicity of
unfunctionalized CuO NPs, CuO-COOH, CuO-NHz, CuO PEG and soluble CuSOs 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 antibacterial activity. We showed for the first time, that the effect of the
surface functionalizations of CuO NPs on toxicity is different for bacteria and human cells.
Namely, while the toxicity of ionic CuSOs was nearly identical to bacterial and human cells,
CuO-COOH and CuO-PEG were significantly more toxic to bacteria than to human cells in
vitro. In contrast, CuO-NH2 was more toxic to human cells than to bacterial cells.

The effects of COOH vs NHz functionalizations on the toxicity of NPs to mammalian cells in
vitro was previously addressed using e.g. polystyrene NPs and nanotubes. For example, it
was shown that polystyrene-NH2 and not polystyrene-COOH induced lysosomal leakage and
inflammasome activation and IL-1f production in primary human monocyte-derived
macrophages**. In another study carbon nanotubes functionalized with negatively charged
COOH and PEG groups decreased the production of pro-fibrogenic cytokines and growth
factors in human cell lines BEAS-2B and THP-1 compared to carbon nanotubes
functionalized with NHz or PEI®!. It was demonstrated that cationic NPs (such as NHa-
functionalized NPs) localize in the lysosomes of RAW 264.7 macrophages, whereas NH2
groups supposedly bind protons and lead to the lysosomal rupture and inflammation*’. These
results are in line with our findings, showing that NH2 functionalization makes CuO NPs
especially toxic to human cells. Interestingly, from the studied NPs, CuO-NH2 were also the
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most toxic to bacteria, indicating additional universal mechanisms of toxicity unrelated to the
NP uptake, lysosomal damage and inflammation (that are not existing in bacteria). Most
probably, unspecific toxicity component of CuO-NH2 was mediated via ROS (Figure 3A) and
binding to the extracellular membranes (Figure 5).

CuO-COOH and CuO-PEG NPs can be advised as antibacterials, 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*® that most likely explains the reduced toxicity of CuO-PEG NPs to mammalian
cells in our study. The reason, why mammalian cells are able to tolarate 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-inflammogenic pathway,
since it is known that NP interactions with the cell receptors impact their cellular localization,
inflammatory properties and toxicity *>#.

CONCLUSIONS

This study is the first report on the antimicrobial toxicity vs safety of CuO NPs with different
surface functionalizations to bacteria vs human cells in vitro. We showed that CuO-NHa2 was
significantly more toxic to THP-1 cells than to E. coli cells, probably because of its ability to
induce inflammation (TNF-a) and ROS. The best therapeutic window was observed for CuO-
COOH and CuO-PEG that can be recommended as antimicrobials.

Summarizing, we showed that the antibacterial toxicity vs safety profile of CuO NPs can be
tuned with the surface functionalizations, and the effect of the surface functionalizations is
different for bacteria and human cells. This knowledge can be used for the synthesis of more
efficient and safer antimicrobials. Special attention should be paid to the specific targeting of
bacterial cells, since the toxicity mechanisms of CuO NPs to bacterial and mammalian cells
seem to be largely unspecific.
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Figure S1. Viability of differentiated THP-1 (A), HACAT keratinocytes (B) and Escherichia
coli (C) after 24-h incubation with CuO NMs in RPMI1640 medium supplemented with 10%
fetal bovine serum.
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Figure S2. The average Cu-adjusted 24-h ECso values (mg Cu/L) of Cu compounds with 95%
confidence intervals.
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Figure S3. Representative confocal microscopy figures of differentiated THP-1 macrophages
exposed to Cu compounds (24-h ECzo: 27.3 mg/I for CuO NPs, 22.2 mg/I for CuO-NHz, 90.6
mg/l for CuO-COOH, 211.4 mg/l for CuO-PEG and 85.4 mg/1 for CuSOy4) for 24 h.
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