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ARTICLE INFO ABSTRACT

Keywords: Copper and chitosan are used for biomedical applications due to their antimicrobial properties. In
Antimicrobial nanocomposites this study, a facile method for the synthesis of chitosan-copper oxide nanocomposites (nCuO-CSs)
Chltgs]an 1 ) was modified, yielding stable colloidal nCuO-CSs suspensions. Using this method, nCuO-CSs with
Partic e-ce mFera,Ct,wns different copper-to-chitosan (50-190 kDa) weight ratios (1:0.3, 1:1, 1:3) were synthesized, their
Copper bioavailability . . . . . . . .

Synergy physicochemical properties characterized, and antibacterial efficacy assessed against Gram-

negative Escherichia coli and Pseudomonas aeruginosa, and Gram-positive Staphylococcus aureus.
The nCuO-CSs with a primary size of ~10 nm and a {-potential of >+40 mV proved efficient
antibacterials, acting at concentrations around 1 mg Cu/L. Notably, against Gram-negative bac-
teria, this inhibitory effect was already evident after a 1-h exposure and surpassed that of copper
ions, implying to a synergistic effect of chitosan and nano-CuO. Indeed, using flow cytometry and
confocal laser scanning microscopy, we showed that chitosan promoted interaction between the
nCuO-CSs and bacterial cells, facilitating the shedding of copper ions in the close vicinity of the
cell surface. The synergy between copper and chitosan makes these nanomaterials promising for
biomedical applications (e.g., wound dressings).

1. Introduction

Antimicrobial resistance (AMR) is among the most distressing and urgent healthcare problems worldwide [1]. Global access to
antibiotics and the means to monitor antibiotic consumption vary greatly, leading to their misuse [2]. What is more, AMR is often the
culprit behind hospital-acquired infections. In Europe, roughly a third of the 8.9 million yearly hospital-acquired infections in 2016
and 2017 were linked to antibiotic-resistant bacteria [3]. According to an extensive systematic analysis [4], Escherichia coli, Staphy-
lococcus aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa were estimated
to have been responsible for >70 % of the deaths attributable to (1.27 million) and associated with (4.95 million) AMR in 2019.
Efficient antimicrobials are needed to combat this persistent threat.

Nanotechnology holds great promise for the development of novel and effective antimicrobials, but also for the remediation of
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water and air pollution [5-9]. Due to their small size and proportionally large specific surface area, nanomaterials exhibit distinct
properties compared to bulk materials of similar composition [10,11]. While bacteria possess various defense mechanisms against
toxic agents, metallic nanoparticles (NPs) act against bacteria via multiple means and are thus believed to be less likely to cause the
development of AMR [12-14]. This topic has not been studied extensively, and early reports are divisive [15-17]. Still, certain metallic
nanoparticles, e.g., Ag, CuO, and ZnO, are already used for biomedical applications, primarily due to their antimicrobial properties
[18]. Notably, various forms of silver and copper have been used for antimicrobial purposes for centuries. Furthermore, as an essential
microelement, copper is needed in all the stages of wound healing [19,20]. The stability and/or functionality of NPs is often improved
by covering them with various capping agents, e.g., polyvinylpyrrolidone, polyethylene glycol, bovine serum albumin, or chitosan
[21]. Alternatively, nanoparticles can be embedded in the matrix of a polymer to form nanocomposites — mixtures of two or more
phase-separated materials with at least one being at the nanoscale (at least one dimension sized at 1-100 nm) [22].

Chitosan is a biodegradable polysaccharide comprised of randomly distributed p-glucosamine and N-acetyl-b-glucosamine residues
linked via B-1,4-glycosidic bonds. On a commercial scale, chitosan is mainly produced by the deacetylation of chitin. The latter is
usually extracted from crustacean shell waste, a major food industry byproduct. Chitosan’s molecular weight (MW) and degree of
deacetylation (DDA) vary based on the conditions (temperature, duration, etc.) of the preceding chemical treatment (a thorough
overview of the production process is provided elsewhere [23]). Hence, low-, medium-, and high molecular weight chitosan are
distinguished (the generally referenced values are 50-190, 190-310, and 310-375 kDa, respectively, but literature data are incon-
sistent [24]). Thanks to its biocompatible, antimicrobial, and immune-modulating properties, chitosan is used in wound treatment
(hydrogels, bandages, etc.) [24-27]. The antimicrobial efficacy and wound healing potential of copper in combination with chitosan is
an intriguing research topic that has not been studied widely.

In this study, a straightforward method for the synthesis of chitosan-copper oxide nanocomposites (nCuO-CSs) was developed for
potential application in wound dressings. The precursor, copper(Il) acetate, was precipitated by sodium hydroxide in the presence of
chitosan. Nanocomposites with three copper to chitosan mass ratios (1:0.3, 1:1, 1:3) were prepared. The nCuO-CSs physicochemical
characteristics were determined by dynamic light scattering, electrophoretic light scattering, X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), transmission electron microscopy (TEM), and field
emission scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (FESEM-EDS). In addition, the antibacterial
efficacy of the nCuO-CSs was assessed against four clinically relevant bacterial strains: Gram-negative E. coli (MG1655 and ATCC
25922) and P. aeruginosa ATCC 27853, and Gram-positive S. aureus ATCC 6538. Interactions between nCuO-CSs and bacterial cells
were analyzed by flow cytometry and confocal laser scanning microscopy.

2. Materials and methods
2.1. Materials

Low molecular weight chitosan (50-190 kDa, 75-85 % deacetylated), copper(Il) acetate (>98 %), sodium chloride (NaCl, >99 %),
sodium phosphate monobasic (dihydrate, >99 %), sodium phosphate dibasic (anhydrous, >95 %), hydrogen peroxide solution (HyOs,
30 %), ampicillin sodium salt, tetracycline (>98 %), propidium iodide (PI, >95 %), CuO nanopowder (<50 nm, product number
544868), and 3-(N-morpholino)propanesulfonic acid (MOPS, >99 %) were purchased from Sigma-Aldrich; agar, tryptone, yeast
extract, and acid hydrolyzed casein (casamino acids) from Neogen (Heywood, UK); sodium hydroxide (NaOH, >98 %) from Chemapol
Group, a.s. (Prague, Czech Republic); 2',7-dichlorodihydrofluorescein diacetate (>95 %) from Cayman Chemicals (Ann Arbor, MI,
USA); absolute ethanol from Berner Oy (Helsinki, Finland); MycoLight™ Green JJ98 (>95 %) from AAT Bioquest, Inc. (Sunnyvale, CA,
USA); glucose from Armila (Vilnius, Lithuania); SYTO 9 from Thermo Fisher Scientific (Waltham, MA, USA); and nitric acid (HNO3,
>65 %) from Honeywell (Seelze, Germany). Ultrapure water (18.2 MQ cm @ 25 °C, TOC <5 ppb; henceforth DI water) was prepared
on site (Milli-Q Direct-Q 3 UV Water Purification System, Merck KGaA, Darmstadt, Germany).

2.2. Syntbhesis of chitosan-copper oxide nanocomposites

A1 % (w/v) chitosan (CS; 50-190 kDa) solution was prepared in 1 % (v/v) acetic acid with continuous stirring for at least 24 h at
room temperature. Three dilutions of CS in DI water (0.033, 0.11, and 0.22 %) were prepared shortly before the synthesis and filtered
using either a 0.45 pm (0.033 and 0.11 % CS) or a 1.2 pm (0.22 % CS) syringe filter (Sarstedt, Niimbrecht, Germany). A copper(Il)
acetate solution (1100 mg Cu/L) was prepared in deionized (DI) water and filtered (0.2 pm). Chitosan-copper oxide nanocomposites
were synthesized via a modified method described by Gvozdenko et al. [28]. Briefly, a 28.5 mL reaction mixture (550 mg Cu/L) of
copper(Il) acetate and chitosan was prepared with varying mass ratios of copper to chitosan (Cu:CS; 1:0.3, 1:1, 1:2) and heated to 80 °C
on a magnetic stirrer with temperature control (C-MAG HS 7 Package, IKA, Staufen, Germany). Based on Cu:CS mass ratio, approx-
imately 0.55, 0.8 or 1.1 mL of 1M NaOH was added dropwise, after which the temperature was kept at 80 °C for an additional 10 min.
Subsequently, the solution was cooled to room temperature in a water bath, and the resulting volume measured. DI water was added to
samples with 1:0.3 and 1:1 Cu:CS ratios to increase the volume to 30 mL. To the sample with a 1:2 Cu:CS ratio, an aliquot of 0.3 % CS
solution (pH 7) was added to raise the Cu:CS ratio to 1:3 and the volume to 30 mL. The samples were then sonicated (Branson Digital
Sonifier 450, Branson Ultrasonics Corporation, Danbury, CT, USA) for 30 s at 10 % amplitude (40 W) and finally dialyzed (cut-off 12
000 kDa, Viskase, Chicago, IL, USA) against 2 L of DI water for a total of 48 h (the DI water was changed after 24 h). A simplified
schematic representation of the synthesis process is displayed in Fig. S1.
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2.3. Physicochemical characterization of chitosan-copper oxide nanocomposites

Average hydrodynamic size (dh), zeta (¢) potential and polydispersity index (PDI) of the synthesized nCuO-CSs in DI water at 40 mg
Cu/L were measured by Zetasizer Nano ZS (Malvern Panalytical, Worcestershire, UK) using DTS1061 folded capillary cuvettes
(Malvern Panalytical). The reported dh, {-potential, and PDI values are measurement averages of three separate syntheses. Trans-
mission electron microscopy (TEM) analysis was commissioned from the University of Tartu (Estonia), and the primary size of the
nCuO-CSs determined from the corresponding TEM images with ImageJ 1.54d software. Lyophilized samples were used for X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), field emission scanning
electron microscopy (FESEM) and energy-dispersive X-ray spectroscopy (EDS) analyses.

Crystalline phases of the nCuO-CSs were analyzed by XRD (Rigaku MiniFlex, Tokyo, Japan) with Cu Ka (A 1.540593 A) radiation in
the scan range 5-90° and 2°/min scanning speed. XPS spectra were generated using an Escalab Xi + spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) with a 500 pm spot size and an aluminium K-Alpha X-ray source, and data analysis was performed with
the accompanying Avantage 5.9925 software and an advantageous carbon peak at 284.8 eV used as a calibration point. Infrared
spectra of KBr pellets containing the sample (0.1 wt%) were recorded in the 4000-400 cm ! range with 60 scans using the IRPrestige-
21 FTIR spectrometer (Shimadzu, Tokyo, Japan). The morphology and chemical composition of the nCuO-CSs was characterized by
FESEM (Lyra, FEI NanoSEM 650, Eindhoven, Netherlands) coupled with EDS (TEAM™ Integrated EDS with Apollo X SDD, EDAX,
Pleasanton, CA, USA).

2.4. Quantification of dissolved copper ions

The amount of Cu ions leached from the nCuO-CSs in DI water was determined at 1 and 10 mg Cu/L. Briefly, 4 mL of each nCuO-CSs
sample was pipetted to a 6-well microplate well (Corning Incorporated, Corning, NY, USA) and incubated for 1 or 24 h (30 °C in the
dark). After incubation, 3.5 mL of the sample was transferred to a centrifugal filter tube (Amicon Ultra-4, 3000 NMWL, Millipore,
Carrigtwohill, Ireland) and centrifuged (Sigma 3-16 PK, Sigma Laborzentrifugen GmbH, Osterode, Germany) for 40 min at 6225 g,
30 °C. Concentrated HNO3 was added to the filtrate to a total volume of 5 %, the sample vortexed thoroughly, and the Cu content
measured by atomic absorption spectroscopy (AAS, contrAA 800, Analytic Jena, Jena, Germany).

2.5. Determination of minimum biocidal concentration

The antibacterial efficacy of the synthesized nCuO-CSs against clinically relevant Gram-negative bacteria E. coli MG1655 (E. coli
Genetic Stock Center, Yale University, New Haven, CT, USA), E. coli ATCC 25922 (American Type Culture Collection, Manassas, VA,
USA), P. aeruginosa ATCC 27853 and Gram-positive bacteria S. aureus ATCC 6538 was determined by the cell viability test —’spot test” —
in DI water [29]. In short, bacteria from an exponentially growing culture (ODggo = 0.6) in Luria-Bertani medium (LB, 10 g/L tryptone,
5 g/L yeast extract, 5 g/L NaCl) were washed twice by centrifugation (7 min, 5094 g; Sigma 3-16 PK, Sigma Laborzentrifugen GmbH,
Osterode, Germany) and resuspended in DI water. Then the bacterial suspension was diluted to ODggp = 0.1, and aliquots of 100 pL
were mixed with an equal volume of nCuO-CSs (at progressively lower concentrations) in DI water in 96-well microplate wells
(Corning Incorporated, Corning, NY, USA). The plates were incubated in the dark for up to 24 h at 30 °C. 3 puL from each well were
pipetted on LB agar (15 g/L agar) plates at 1, 4 and 24 h. The agar plates were incubated at 30 °C for 24 h, after which the minimum
biocidal concentration (MBC) was visually determined to be the lowest concentration of nCuO-CSs that prevented the formation of
bacterial colonies. DI water was used as a negative- and copper(II) acetate as an ionic control. Chitosan (50-190 kDa) and commercial
CuO NPs (Sigma-Aldrich, St. Louis, MO, USA) were used for comparison. Each test was repeated at least thrice, always with duplicate
samples.

2.6. Quantification of bioavailable copper fraction

The bioavailable copper in the nCuO-CSs suspensions was quantified using Cu- and Ag-induced recombinant bioluminescent sensor
bacteria E. coli MC1061(pSLcueR/pDNPcopAlux), as described by Heinlaan et al., 2008 [30]. In parallel, control bacteria E. coli
MC1061(pDNlux), which constitutively express luminescence genes, were tested to account for the nanosuspension’s turbidity and
toxicity.

The bacteria were cultivated in accordance to section 2.5. with few modifications: (i) for both bacteria, the LB medium was
supplemented with 10 mg/L tetracycline; (ii) 100 mg/L ampicillin was added only for the sensor bacteria; (iii) after the washing steps,
the bacteria were resuspended in an induction medium - a 40 mM 3-(N-morpholino)propanesulfonic acid (MOPS) solution in DI water
(pH 6.5) with 0.1 % (w/v) acid hydrolyzed casein and 0.1 % (w/v) glucose.

For the bioavailability assay, 100 pL of the nCuO-CSs (0.002-1 mg Cu/L) or CuSO4 (0.0002-10 mg Cu/L) dilutions in DI water were
added to the wells of white 96-well polypropylene microplates (Greiner Bio-One, Frickenhausen, Germany), DI water was added to
separate wells for background luminescence determination. Then, 100 pL of bacterial (either sensor or control) suspension was added
to the wells. The microplates were incubated at 30 °C in the dark for up to 2 h, the optimal time for the sensor bacteria induction.
Hence, the bioavailable copper was quantified after 1 and 2 h exposure to the tested chemicals, unlike the viability test (section 2.5.).
Bacterial bioluminescence was measured using an Orion II Plate Luminometer (Berthold Detection Systems, Pforzheim, Germany). The
fold induction (FI) in bioluminescence, caused by bioavailable/intracellular copper compared to the background values (i.e., biolu-
minescence of sensor bacteria in DI water), was calculated. The bioavailable copper from the tested nCuO-CSs was quantified based on
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a calibration curve of CuSO4 (X-Y plot of Cu concentration versus FI), considering CuSO4 100 % bioavailable. The experiments were
conducted three to four times, each with duplicate samples.

2.7. Measurement of abiotic and biotic reactive oxygen species

2/,7'-dichlorodihydrofluorescein diacetate (DCFH,-DA) assays were performed to evaluate the nCuO-CSs potential to cause the
formation of reactive oxygen species (ROS). The tests in abiotic (i.e., without bacteria) conditions were performed as described by
Aruoja et al. [31], and the capacity of the nCuO-CSs to induce intracellular (biotic) ROS generation was determined as detailed by
Kaosaar et al. [32]. A full outline for these analyses is included in section S1.

2.8. Flow cytometry

Flow cytometry was used to assess the interaction between bacterial cells and the synthesized nCuO-CSs, as described by Feng et al.
[33]. The bacterial suspensions were prepared as detailed in section 2.5. and the bacteria exposed to nCuO-CSs at two concentrations
(0.25 and 1 mg Cu/L for the Gram-negative bacteria, 1 and 15 mg Cu/L for S. aureus). For that, 250 pL of bacterial suspension was
added to an equivalent volume of nCuO-CSs in DI water and incubated for 1 h at 30 °C in the dark. Afterwards, the bacteria were
stained (15 min, room temperature) with 0.5 pL of MycoLight™ Green JJ98. Before measurements, the samples were diluted thrice
with DI water, and two 500 pL aliquots from each sample were analyzed on a BD Accuri™ C6 flow cytometer (BD Biosciences, Ann
Arbor, MI, USA). The resulting data was processed by BD Accuri™ C6 software. 20 000 cells were analyzed from each sample, and
interactions between bacteria and nCuO-CSs attributed to the increase in side scattered light intensity compared to the (unexposed)
control cells. Each test was performed twice.

2.9. Confocal laser scanning microscopy

Confocal laser scanning microscopy was used to visualize bacterial interactions with the synthesized nCuO-CSs. Bacterial cultures
were prepared and processed as described in Section 2.5. Following centrifugation (1 min, 9300 g), the cells were resuspended in DI
water to an ODggo = 0.5 and then exposed to nCuO-CSs at a concentration of 1 mg Cu/L and chitosan at 1 and 3 mg/L for 1 h at 30 °C. In
the case of S. aureus, the nCuO-CSs were also studied at 10 mg Cu/L and chitosan at 10 and 30 mg/L. After the incubation, the cell
suspension was stained with SYTO 9 to a final concentration of 5 pM for 10 min in the dark. Subsequently, 20 pL of the stained cell
suspension was spread on a microscopy slide, dried at 37 °C for 15 min, mounted in Mowiol (Sigma-Aldrich, Darmstadt, Germany) and
covered with a cover glass. The samples were visualized with Zeiss LSM800 CLSM (Zeiss, Jena, Germany) using a 488 nm laser and
505-550 nm emission filter to acquire a SYTO 9 signal. Images were processed using ZEN software.

In addition, potential membrane damage caused by the nCuO-CSs was assessed. The cells were stained with propidium iodide (81
845; Sigma-Aldrich, Steinheim, Germany), which penetrates only cells with damaged membranes, and SYTO 9 (S34854; Thermo
Fisher Scientific, Waltham, MA, USA), which can enter both damaged and intact cells. The overview of this analysis is included in
section S2.

2.10. Statistical analysis

Due to a moderate number of replicate experiments (4-6), the nonparametric Kruskal-Wallis test was performed to establish any
statistically significant differences in the MBC values of the three nCuO-CSs for all the tested bacteria. If the null hypothesis was
rejected, the Bonferroni corrected Dunn’s test was used for Post hoc pairwise comparison. For both tests, the significance level was set
at 0.05. The IBM SPSS Statistics (version 29.0) software suite was used for statistical analysis.

3. Results and discussion
3.1. Synthesis and physicochemical characterization of chitosan-copper oxide nanocomposites

Gvozdenko et al. [28] analyzed CuO NPs obtained from different precursor salts: copper(Il) acetate, copper(II) chloride, and copper
(II) sulfate. Based on XRD analysis, they achieved monophase CuO NPs only when copper(II) acetate was used. Hence, in this study,
copper(Il) acetate was chosen as the precursor salt for nCuO-CSs synthesis. Generally, NaOH has been used for the synthesis of CuO
nanoparticles via precipitation [28,34,35]. However, our preliminary experiments showed that nCuO-CSs formed via precipitation
were prone to aggregation and, between batches, highly variable in hydrodynamic size (dh) - the average dh of the four initial batches
was ~840 nm with a coefficient of variation of ~50 % (data not shown; the used Cu to chitosan mass ratio was 1:1). It must be noted
that Gvozdenko et al. [28] used gelatin, and not chitosan, as a stabilizer. A possible reason for aggregation might originate from the fact
that chitosan (pKa 6.3-6.5) is insoluble in alkaline media [24,36]. To overcome aggregation, the volume of NaOH required for the
visible precipitation of CuO was first determined. Accordingly, a lower amount of NaOH (i.e., that did not cause the precipitation of
CuO; as specified in section 2.2.) was used in the following syntheses. Yet, stopping the reaction *prematurely’ may have resulted in the
presence of both CuO and Cu;0 species in the chitosan matrix, as shown by the XPS analysis (section 3.3.), or Cu(I) defects in the CuO
crystal lattice.

Three batches of nCuO-CSs (Fig. 1a) were synthesized in three Cu:CS mass ratios —1:0.3, 1:1, 1:3 — which are henceforth designated



J. Laanoja et al. Heliyon 10 (2024) 35588

as nCu0-CS_0.3, nCu0-CS_1, and nCuO-CS_3, respectively. Based on TEM analysis, the nCuO-CSs were agglomerates of up to 100 nm
(Fig. 1c), composed of smaller particles with a primary size of 8.1 + 1.4 nm (Fig. 1b-d).
Based on three separate syntheses, the average hydrodynamic sizes (dh) of the nCuO-CSs in DI water were 88 + 5.7 nm, 124 + 20

a) nCuO-CS 1 b) nCuO-CS_0.3 NCuO-CS._1 NCUO-CS_3
; I

Frequency, %
3

=)

50 75 100 50 75 100 50 75 100
Diameter, nm

Tr—
nCuO-CS_0.3 nCuO-CS _1 nCuO-CS_3
Fig. 1. Characterization of chitosan-copper oxide nanocomposites (nCuO-CSs). (a) The nCuO-CSs suspensions after dialysis. (b) The primary size

distribution of nCuO-CSs. (c), (d) TEM and (e) SEM images of lyophilized nCuO-CSs. nCuO-CS_0.3, nCuO-CS_1, and nCuO-CS_3 designate different
Cu:chitosan mass ratios (1:0.3, 1:1, and 1:3, respectively).
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nm, and 182 + 1.9 nm (Table 1) for nCuO-CS_0.3, nCuO-CS_1, and nCuO-CS_3, respectively. The polydispersity index (PDI) was
slightly higher for nCuO-CSs with greater chitosan content, with values < 0.35 (PDI values of 0.1-0.4 are considered to be moderately
polydisperse [37]). At the same time, {-potential was >+40 mV for all synthesized nCuO-CSs (colloidal dispersions with an absolute
C-potential value of >30 mV are generally regarded stable; nevertheless, deviations are not uncommon [37]). The dh, {-potential, and
PDI of the nCuO-CSs used in ensuing experiments were measured periodically (Table S1) and did not change noticeably. Likewise, the
nCuO-CSs showed no visible signs of precipitation after 6 months of storage at 4 °C in the dark.

Based on FESEM images (Fig. 1e-S2), the lyophilized nCuO-CSs resemble sheet-like structures. Table S2 shows the elemental
composition of the nCuO-CSs as determined by EDS compared to the surface characterization by XPS. In addition to verifying the
presence of elements occurring naturally in chitosan (carbon, oxygen, nitrogen) and copper, the lack of contamination by other el-
ements was established. The XRD analysis indicates that the crystalline phase of nCuO-CSs matches the CuO mineral tenorite (ICDD 99-
000-3666; Fig. 2a).

3.2. FTIR analysis

Infrared spectroscopy was performed to elucidate the possible interaction between chitosan and CuO NPs. The FTIR spectrum of
chitosan in comparison to the nCuO-CSs is displayed in Fig. 2b. The broad band around 3700-3000 cm ™" is associated with the
overlapping of N-H and O-H stretching vibrations and the presence of intermolecular hydrogen bonds. The two peaks at ~2850-2950
cm ! are characteristic to C-H stretching vibrations. The peak at 1652 cm™! corresponds to C=0 stretching of the amide group (the so-
called amide I band) deriving from the N-acetyl-p-glucosamine moieties, while the peak at 1558 cm ! represents N-H bending vi-
brations in the amide (amide II band) and amine groups. The peaks at 1417 and 1374 cm ™! are attributed to C-H bending in the methyl
group of the amide, and the peak at 1311 cm™! represents N-H bending and C-N stretching of the amide (amide III band). C-O
stretching vibrations in the chitosan molecule are referred to by the peaks at 1150 and 894 cm L. The peak at 1058 em ! is associated
with C3-OH stretching vibrations in the secondary alcohol, whereas the peak at 1023 cm ™! depicts C6-OH vibrations in the primary
alcohol [38]. The aforementioned results were mostly in line with the research by Branca et al. [39] and Bujinakova et al. [38]. Finally,
the peaks in the range of 500-600 cm ! are representative of Cu-O stretching vibrations [40,41].

The interactions between chitosan and nanoparticles and/or ions are usually attributed to the -NH and —OH functional groups [38,
39]. Hence, the corresponding peaks were taken under additional scrutiny. Compared to chitosan, the broad band around 3700-3000
cm ! has increased in intensity for the nCuO-CS_1 and nCuO-CS_3 samples. A similar tendency, accompanied by a slight blueshift, is
observable for the peaks representing the C3-OH and C6-OH vibrations (1100-1000 cm™1).

3.3. XPS analysis

A full survey spectra (Fig. 2c) and narrow scans of Cu 2p (Fig. 2d), O 1s, C 1s, and N 1s (Fig. S3) were collected to determine the
surface characteristics and chemical composition of the nCuO-CSs, chitosan was used for comparison. The survey spectra confirmed
the presence of Cu in all NC samples (Table S2) and the absence of elemental impurities. Copper content was noticeably lower for the
surface (1.0-3.2 at%) of the nCuO-CSs than the "bulk samples’ (10.7-17.0 at%,; as determined by EDS). As expected, a decrease in the
atomic concentration of Cu was observed for nCuO-CSs with a lower Cu:CS ratio, while the opposite was evident for carbon, indicating
that the chitosan matrix surrounding the CuO particles varied in thickness, as presumed.

The C 1s spectra consist of three distinctive signals at 284.8, 286.2-286.5, and 288.1-288.6 eV. The signal at 284.8 eV can be
attributed to C-C or C-H carbon species, the binding energy (BE) of 286.2-286.5 €V is associated with C-OH, C-N, or C-O-C bonding,
and the signal at 288.1-288.6 eV is characteristic of the C=0 or O-C-O bond [42-44]. The O 1s spectra reveal two distinctive maxima
at 531.7-532.7 and 532.8-533.4 eV, which are representative of C-O and -OH functional groups, respectively. In the presence of
copper, an extra peak was observed at BEs of 530.4-530.6 eV, associated with bonds in the oxide lattice [43]. This peak was not
observed in the nCuO-CS_3 spectrum, probably due to minor Cu concentration (in relation to chitosan) and limits of the penetration
signal. The N 1s spectrum of chitosan shows peaks for C-NH and C-N species. The former is absent from the nCuO-CSs spectra, possibly
referring to charge transfer from nitrogen to copper that occurs when copper binds to chitosan [42].

Table 1
The physicochemical characteristics of chitosan-copper oxide nanocomposites (nCuO-CS) in deionized water. The dynamic light scattering and
electrophoretic light scattering analyses were conducted at a concentration of ~40 mg Cu/L.

Sample Cu:CS mass ratio Hydrodynamic size, nm {-potential, mV PDI"
nCu0O-CS_0.3 1:0.3 88 +6 +45.5 + 0.6 0.23 + 0.04
nCuO-CS_1 1:1 124 + 20 +449 £1.1 0.27 £ 0.04
nCuO-CS_3 1:3 182 + 2 +44.6 £ 0.1 0.33 £ 0.08

Dissolved Cu per 1 mg Cu/L, % Dissolved Cu per 10 mg Cu/L, %

1h 24h 1h 24h
nCu0-CS_0.3 194 £1.7 22.9+£0.3 2.7 £0.4 2.3+£0.9
nCuO-CS_1 19.0 + 4.9 30.5 +£ 6.7 2.7+0.4 2.7+0.8
nCuO-CS_3 16.1 +£24 247 £7.2 2.9+0.8 23+1.2

@ PDI - polydispersity index.
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Fig. 2. Physicochemical properties of chitosan-copper oxide nanocomposites (nCuO-CS). (a) XRD spectra of chitosan and nCuO-CSs. (b) FTIR
spectra of chitosan and nCuO-CSs. (c) XPS full survey spectra of chitosan and nCuO-CSs. (d) XPS narrow scan Cu 2p spectra of chitosan and nCuO-
CSs. nCu0-CS_0.3, nCuO-CS_1, and nCuO-CS_3 designate different Cu:chitosan mass ratios (1:0.3, 1:1, and 1:3, respectively). The nCuO-CSs solu-
tions were lyophilized prior to analyses.

The Cu 2p spectra (Fig. 2d) reveal the presence of both Cu(II) (fully coordinated) and Cu(I) (partially coordinated) species. Shake-
up satellite peaks on the high BE side of primary peaks are typical of Cu(II) species, including CuO [43,45]. An increase in the Cu(II)
signal can be seen for nCuO-CSs with a higher Cu:CS ratio. However, the proportion of Cu(Il) to Cu(l) varies erratically between the
nCuO-CSs. It might result from slightly different synthesis conditions, i.e., the NaOH amount was adjusted according to the used Cu:CS
ratio. What is more, Basumallick et al. [44] noted the reduction of Cu(II) to Cu(I) in the presence of chitosan. Still, the latter does not
explain why the prevalent Cu species detected in nCuO-CS_1 is Cu(Il).

3.4. Shedding of copper ions

The release of copper ions is widely recognized as the prevalent mechanism underlying the toxicity of copper-based NPs [46,47]. In
this study, the dissolution of copper ions from nCuO-CSs was quantified at two NC concentrations, 1 and 10 mg Cu/L, after 1- and 24-h
incubation at 30 °C in DI water. Table 1 lists the percentages of dissolved Cu per nCuO-CSs. In general, 20-30 % of total copper was
leached as Cu ions from the nCuO-CSs suspensions with 1 mg Cu/L and 2-3% from the samples with 10 mg Cu/L. Thus, the Cu:CS ratio
in nCuO-CSs did not seem to impact the extent of copper dissolution in DI water. Literature data on the solubility of CuO-chitosan
nanomaterials is scarce. However, under similar experimental conditions, Kasemets et al. [48] reported solubility rates of ~24 %
and ~5 % for CuO NP suspensions at 1.6 and 16 mg Cu/L, respectively. Our results align with these findings, suggesting a comparable
behavior of copper ion dissolution from the studied nCuO-CSs.

3.5. Antibacterial efficacy of chitosan-copper oxide nanocomposites

The cell viability test ('spot test’) was used to determine the antibacterial efficacy of the nCuO-CSs. In parallel, the toxic effects of
cu?t ions, chitosan (50-190 kDa), and commercial CuO NPs were analyzed (Table S3). Minimum biocidal concentration (MBC) was
determined for S. aureus ATCC 6538, P. aeruginosa ATCC 27853, and two E. coli strains, MG1655 (with an inherently poor biofilm-
forming ability [49,50]) and ATCC 25922 (biofilm-forming strain [51]). According to the ’spot test’ results (Fig. 3, Table S3),
E. coli MG1655 was initially more susceptible to the nCuO-CSs than E. coli ATCC 25922. In general, the results showed that after a 1-h
exposure, the nCuO-CSs were about twice as toxic to Gram-negative bacteria (0.25-1.5 mg Cu/L) as Cu®* ions (0.9-3.2 mg Cu/L),
implying that chitosan may promote the interaction of nCuO-CSs and bacterial cells, facilitating the shedding of copper ions in their
proximity and/or inducing membrane disturbances. Indeed, the polycationic chitosan is thought to bind the negatively charged
components of the bacterial cell wall (e.g., lipopolysaccharides, teichoic acids) [52]. Moreover, the relative thinness of the
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Fig. 3. The minimum biocidal concentration (MBC) of chitosan-copper oxide nanocomposites (nCuO-CSs) and copper(Il) acetate (Cu®h). All
concentrations are nominal. Average values of at least three replicates are presented. MBC is the exposure concentration of the toxicant that did not
yield viable bacterial growth after plating onto toxicant-free LB agar plates and the following incubation at 30 °C for 24 h nCuO-CS_0.3, nCuO-CS_1,
and nCuO-CS_3 label different Cu:chitosan mass ratios (1:0.3, 1:1, and 1:3, respectively). Numerical MBC values are presented in Table S3. Asterisks
designate statistically significant differences (*p < 0.05), which, for E. coli MG1655 (1-h MBC), were identified between nCuO-CS_1 and nCuO-CS_3
besides nCuO-CS_0.3 and nCuO-CS_3.
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Gram-negative cell wall and outer cell membrane may leave them vulnerable to antibacterials targeting their surface.

Our initial hypothesis was that by increasing the proportion of chitosan, the antibacterial efficacy of the nCuO-CSs would also
improve. However, the toxicity of the nCuO-CSs varied only slightly in conjunction with changes to the Cu:CS mass ratio. Statistically
significant differences were identified between nCuO-CS_0.3 and nCuO-CS_3 for E. coli ATCC 25922 (24-h MBC), E. coli MG1655,
P. aeruginosa (1-h MBC), and S. aureus (4-h MBC); and between nCuO-CS_1 and nCuO-CS_3 for E. coli MG1655 (1-h MBC). The
commercial CuO NPs were initially substantially less toxic, with MBC values > 160 and > 6.5 mg Cu/L, after 1- and 4-h exposure,
respectively (Table S3). After 24-h exposure, the toxicity of CuO NPs was ~1.0-2.9 mg Cu/L. These CuO NPs were chosen for com-
parison since they lack surface modification, and the results obtained help illustrate the role of chitosan in the antibacterial efficacy of
the nCuO-CSs. Still, the authors note that these NPs are produced for a wide array of applications and likely excel in various areas.

During the first hour of exposure, the nCuO-CSs were less toxic than Cu®* ions (~15 and 8.0 mg Cu/L, respectively) against the
Gram-positive S. aureus, while chitosan was toxic (250 mg/L) only after 24-h exposure. As characteristic of Gram-positive bacteria,
S. aureus has a thick peptidoglycan cell wall (~19 nm [53]), which may grant lower sensitivity against various toxicants. Yet inter-
estingly, in 4 h, the toxicity of the nCuO-CSs toward S. aureus increased by two orders of magnitude, reaching levels comparable to
those displayed against Gram-negative bacteria (4-h MBC ~0.5 mg Cu/L). Similarly, after 24-h exposure, the nCuO-CSs were equally
potent toward Gram-negative and Gram-positive bacteria, acting at ~0.25 mg Cu/L MBC level. As the change in the amount of copper
leached from the nCuO-CSs over the tested period was rather minor, such an increase in toxicity probably resulted from multiple
factors. Recently, Liu et al. [7] described the antibacterial application of self-assembled Cu tannic acid NPs. They report a valence shift
of copper (Cu?* to Cu™) caused by tannic acid, which was found to drive the toxicity of the NPs against S. aureus. In the current study,
the presence of Cu0 in addition to CuO might partially explain why the nCuO-CSs were uniformly toxic against all the tested bacteria.
Indeed, the toxicity of CupO is well documented [54-57]. The main difference between Gram-positive and Gram-negative bacteria was
observed in respect to the antibacterial properties of chitosan (50-190 kDa), as it was less toxic to the Gram-positive S. aureus than the
Gram-negative E. coli and P. aeruginosa (Table S3). The synergistic effect of chitosan and copper was most clearly demonstrated with
E. coli MG1655 and P. aeruginosa after a 1-h exposure to the nCuO-CSs, as nCuO-CS_3 was about twice as toxic as nCuO-CS_0.3.

Data detailing the antibacterial properties of chitosan-copper oxide nanomaterials is scarce. Still, the zone of inhibition test has
been used to assess [34,58-61] the antibacterial potential of various CS-CuO nanostructures, and the results support the current
research. In a thorough study, Javed et al. [34] tested the antibacterial efficacy of chitosan-capped CuO NPs toward eight bacterial
strains, including S. aureus (and the methicillin-resistant strain, MRSA), P. aeruginosa, and E. coli. They found the NPs similarly effective
against all the tested bacteria (with inhibition zones of 8-11 mm) [34]. Bejan et al. [62] reduced the viability of S. aureus and
K. pneumoniae by >85 % by applying CS nanofibers encapsulating CuO NPs. Additionally, various plant extracts (e.g., Punica granatum,
Sida cordifolia) have been proposed [63,64] to improve the antimicrobial potency of CS-CuO nanocomposites.
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3.6. Bioavailable copper

The bioavailable copper released from the nCuO-CSs was quantified using a Cu-inducible recombinant bioluminescent sensor
bacteria, E. coli MC1061(pSLcueR/pDNPcopAlux), after 1- and 2-h exposure. Additionally, a control bacteria, E. coli MC1061(pDNlux),
constitutively bioluminescent (not inducible by Cu ions), was employed to evaluate the toxicity of CuSO4 and nCuO-CSs.

Luminescence of the sensor bacteria was induced by Cu ions in a concentration-dependent manner within the sub-toxic range of
0.0002-3.33 mg Cu/L (Fig. S4). Control bacteria data indicated that 1- and 2-h ECy( values (the concentration causing 20 % inhibition
of bioluminescence) for CuSO4 ranged from 3.01 to 3.56 mg Cu/L (Fig. S5). nCuO-CS_0.3, nCuO-CS_1 and nCuO-CS_3 led to 20 %
inhibition of bioluminescence after 1- and 2-h exposure at concentrations of 0.72-0.98, 0.32-0.45, and 0.11-0.12 mg Cu/L, respec-
tively (Fig. S6). The bioavailable copper released from the nCuO-CSs was quantified within the subtoxic range of 0.002-0.0625 mg Cu/
L for all the studied nCuO-CSs.

Quantifying the bioavailability of Cu revealed that copper became bioavailable from the nCuO-CSs to the sensor bacteria already
after a 1-h exposure (Fig. 4). The bioavailability of copper following a 1-h exposure was between 22 and 28 %. Notably, these values
reached 45-66 % (Fig. 4, S6) after 2-h exposure. The bioavailability of Cu was higher than anticipated based on the solubility data of
nCuO-CSs under abiotic conditions. Specifically, after 1- and 24-h incubation, the solubility of nCuO-CSs in DI water at a concentration
of 1 mg Cu/L was 16-19 % and 22-30 %, respectively (Table 1).

One possible explanation for the increased bioavailability is the enhanced solubility of nCuO-CSs near the cell surface, facilitated by
particle-cell interactions. Given that the tested nCuO-CSs exhibited a {-potential of approximately +45 mV (Table 1), these nano-
composites are expected to readily bind to bacteria, enhancing their bioavailability and antibacterial efficiency.

A comparison of copper bioavailability with varying Cu to chitosan ratios showed initial similarity across nCuO-CSs after a 1-h
exposure. However, after 2 h, the bioavailable copper from nCuO-CSs at a concentration of 0.016 mg Cu/L was 47.2 (nCuO-
CS_0.3), 56.7 (nCuO-CS_1), and 65.7 % (nCuO-CS_3), indicating higher bioavailability with increased CS concentration (Fig. S6).

3.7. Reactive oxygen species

The generation of ROS and the ensuing oxidative stress is often reported as the primary bactericidal mechanism of Cu ions (and
those leached from copper-based NPs), yet data from different studies are inconclusive, even contradictory. Evidence in support of ROS
generation as the key contributor toward copper’s antimicrobial activity [7,56,65-67] is confronted by research demonstrating the
opposite [31,57,68-70]. Furthermore, data supporting an alternative pathway involving the iron-sulfur (Fe-S) proteins has recently
been increasing — excess intracellular copper seems to successfully compete with iron for its binding site in the Fe-S clusters, leading to
the disintegration of the protein or inhibition of its biosynthesis [71-74]. The Fe-S clusters have various physiological functions (for a
comprehensive review, the reader is directed to Ref. [75]), and disturbances in their operation can have a detrimental effect. Still, data
in favor of ROS-induced toxicity is also accumulating [7,56], indicating that multiple mechanisms are likely involved.

Furthermore, Shi et al. [76] found that ROS generation can vary depending on NP surface modifications. Hence, we conducted
assays in both abiotic and biotic conditions to determine whether the toxicity of the nCuO-CSs was associated with ROS generation.
DCFHj-DA, a well-known [77] fluorescent probe for ROS measurement, was used in both experiments. The tests were performed with
nCuO-CSs concentrations ranging from 0.01 to 10 mg Cu/L, the former being below and the latter above the determined 24-h MBC
values for all the studied bacteria. No ROS generation was detected (Fig. S7) for the nCuO-CSs compared to the negative control (DI
water) in neither biotic nor abiotic conditions. Since increased ROS production was observed after treatment with the positive controls,
Mn304 NPs (abiotic conditions) and Hy0; (biotic), the nCuO-CSs probably acted through a different bactericidal mechanism.
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Fig. 4. Bioavailable copper (Cu®*) released from the chitosan-copper oxide nanocomposites with Cu:chitosan weight ratios of 1:0.3 (nCuO-CS_0.3),
1:1 (nCuO-CS_1), and 1:3 (nCuO-CS_3) after 1-h and 2-h incubation at 30 °C. Bioavailable copper was quantified using recombinant luminescent Cu-
inducible bacteria E. coli MC1061(pSLcueR/PDNPcopAlux) in an induction medium composed of 20 mM MOPS (pH 6.5), 0.05 % acid hydrolyzed
casein, and 0.05 % glucose.
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3.8. Bacterial cell-to-nanocomposite interactions

Confocal laser scanning microscopy (CLSM) and flow cytometry analyses were performed to investigate the interactions between
nCuO-CSs and bacteria. CLSM images show that exposure to the nCuO-CSs seemed to cause the clamping of bacterial cells (Fig. 5, S8,
S9). This clustering was pronounced for E. coli MG1655 with all studied nCuO-CSs, for E. coli ATCC 25922 with nCuO-CS_1 and nCuO-
CS_3, and for P. aeruginosa with nCuO-CS_3 (all nCuO-CSs were tested at 1 mg Cu/L). This effect was not observable for S. aureus at 1
mg Cu/L but was apparent at 10 mg Cu/L (close to the MBC of the nCuO-CSs against S. aureus after a 1-h exposure, Table S3). In
general, the flow cytometry analyses at toxic concentrations were in line with these observations (i.e., a shift in side scatter intensity
was observed only for P. aeruginosa with nCuO-CS_0.3 and nCuO-CS_1 at 1 mg Cu/L, Fig. S10). To a lesser degree, the tendency to
clamp was also evident with exposure to chitosan (tested at 1 and 3 mg/L, Fig. S11; additionally tested at 10 and 30 mg/L with
S. aureus, Fig. S9), and with regards to the latter, has been documented before [78]. However, it is important to note that unlike in the
synthesis of the nCuO-CSs, chitosan evaluated in CLSM studies did not undergo heating nor alkali treatment. Disruption of the bacterial
cell membrane and the formation of a polymeric barrier around bacteria, restricting nutrient uptake, are among the proposed
bactericidal mechanisms of chitosan [24]. The clamping effect observed in this work is possibly connected to chitosan-facilitated
nanocomposite adsorption to the surface of bacteria, followed by membrane disruption [79]. Hence, these interactions could partly
explain why the nCuO-CSs were at first more toxic to Gram-negative bacteria than Cu®" ions.

negative control nCuO-CS_0.3 nCuO-CS_1 nCuO-CS_3

Fig. 5. Confocal laser scanning microscopy images of bacterial cells. (a) Escherichia coli ATCC 25922, (b) E. coli MG1655, (c) Pseudomonas aeruginosa
ATCC 27853, and (d) Staphylococcus aureus ATCC 6538 were exposed to chitosan-copper oxide nanocomposites (nCuO-CS) in deionized water at a
concentration of 1 mg Cu/L for 1 h at 30 °C in the dark. nCuO-CS_0.3, nCuO-CS_1, and nCuO-CS_3 designate nanocomposites with different Cu:
chitosan mass ratios (1:0.3, 1:1, and 1:3, respectively). All scale bars are 50 pm.
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In addition, the impact of the nCuO-CSs on the integrity of the bacterial cell membrane was explored. Propidium iodide, which
penetrates only cells with damaged membranes, was used alongside SYTO 9 (the latter can enter both damaged and intact cells) to stain
cells after a 1-h exposure to the nCuO-CSs (tested at 1 mg Cu/L). The CLSM images (Figs. S12 and S13) show evidence of membrane
damage, but since the cells were not stained red uniformly (at the ~1-h MBC level), suggest that multiple mechanisms are involved. For
comparison, all cells stained red upon treatment with the positive control, sodium dodecyl sulfate (at 1 g/L). As detailed in section 3.6.,
exposure to the nCuO-CSs also increased cell bioavailable copper. Thus, the proposed overall bactericidal effect likely starts with the
adsorption of nCuO-CSs onto the surface of bacteria, followed by an increase in cell bioavailable copper, membrane damage and/or
cell clamping.

3.9. Conclusions

To conclude, a facile precipitation method for the synthesis of chitosan-copper oxide nanocomposites (nCuO-CSs) was modified,
yielding stable colloidal suspensions. The nCuO-CSs were found to be agglomerates of up to 100 nm, composed of particles with a
primary size of ~10 nm, and had a {-potential of >+40 mV. After 4 h, toxicity (4-h MBC 0.25-0.5 mg Cu/L) was similar against all the
tested bacteria, the Gram-negative E. coli and P. aeruginosa, and the Gram-positive S. aureus. However, against Gram-negative bacteria,
this inhibitory effect was already evident after a 1-h exposure and surpassed that of copper ions, implying to a synergistic effect of
chitosan and nano-CuO. Using flow cytometry and confocal laser scanning microscopy, we showed that chitosan promoted interaction
between the nCuO-CSs and bacterial cells, possibly resulting in increased cell bioavailable copper and/or membrane damage. Indeed,
the increase in bioavailable copper was confirmed by a biosensor (Cu-sensing recombinant bacteria) assay. At the same time, pro-
pidium iodide staining suggests that the nCuO-CSs also provoke membrane damage. Taken together, the bactericidal mechanism of the
nCuO-CSs likely results from a combined effect of multiple stressors. The synergy between copper and chitosan makes these nano-
materials promising for biomedical applications (e.g., wound dressings). Still, to rule out possible adverse effects to humans and to
determine the therapeutic window, the nCuO-CSs should next be evaluated in thorough cytotoxicity analyses.
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