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Abstract: Microbial infections in wounds can significantly delay the healing process, with bacteria
often forming protective biofilms that shield them from external threats. In this study, we evaluated
the impact of copper oxide-impregnated wound dressings (referred to as COD) on a bacterial mixture
comprising common Gram-positive and Gram-negative wound pathogens encased in biofilm. The
bacterial mix was exposed to COD or control dressings for 0, 1, 2, and 3 h, and the effects were
analyzed using scanning electron microscopy. After just 1 h of exposure to COD, notable leakage of
bacterial cytoplasmic contents was observed. By the 3 h mark, the Gram-negative bacteria exhibited a
formation of holes in their cell walls, while Gram-positive bacteria showed a reduction in cell width.
These findings demonstrate the ability of COD to effectively kill bacteria even when protected by
biofilm, supporting clinical observations of its efficacy in managing infected wounds.
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1. Introduction

The infection of wounds delays healing through several mechanisms: release of harm-
ful enzymes and radicals by activated neutrophils, buildup of metabolic waste, tissue
hypoxia, fragile granulation tissue, decreased fibroblast numbers, reduced collagen produc-
tion, and impaired reepithelialization [1,2]. Bacteria contaminating the wounds often form
biofilms that protect them from the immune system and antibiotics, which enhances their
survival and pathogenicity, promotes development of microbial resistance to treatment, and
delays wound healing, leading to wound chronicity [1-3]. Bacterial biofilm formation is a
structured, multi-stage process where bacteria adhere to surfaces, grow, and develop into
organized communities within an extracellular matrix. Initially, bacteria attach reversibly to
surfaces through appendages like pili or flagella, influenced by environmental and surface
conditions. This is followed by irreversible attachment, during which cells produce an
extracellular polymeric substance (EPS) matrix, securing them firmly. In the maturation
stage, biofilms grow in complexity, with cells communicating through quorum sensing to
form 3D structures with channels for nutrient and waste flow. Finally, in the dispersion
phase, cells are released from the biofilm to colonize new surfaces, aiding in biofilm spread
and survival across diverse environments [4,5]. Microbial wound infection causes a signifi-
cant burden to patients and to the health care systems [6,7], especially with the surge of
antibiotic resistant microorganisms. Reducing microbial contamination enhances wound
healing [8].

Copper, and cuprous oxide in particular, have wide spectrum potent inherent antimi-
crobial properties [9-11]. Previously we have described the in vitro potent wide spectrum
antimicrobial efficacy of copper oxide microparticles impregnated dressings [12], hereafter
termed COD. The COD are in clinical use for the management of acute and chronic wounds
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since 2020. Studies conducted with the COD demonstrated the capacity of the COD to stim-
ulate wound healing, even of hard-to-heal chronic wounds that did not respond favorably
to other wound management interventions [13-19]. In the current study, we analyzed the
morphological effects of the COD on Gram-positive and Gram-negative bacteria exposed
to the dressings by using scanning electron microscopy analyses.

2. Materials and Methods

COD (Figure 1), described previously [12], and wound dressings without copper with
a similar polymer component content and construction (3M Life Sterile Dressings; Hubei
Qianjiang Kingphur Medical Materials Co., Ltd., Qianjiang, China), were used as test and
control dressings, respectively.

Figure 1. Cuprous oxide microparticles impregnated wound dressings (COD). (a) The COD are
composed of one or two external non-adherent orange-colored layers and a highly absorbent beige-
colored layer that can absorb ~10 times its own weight. The dressings are provided with or without
an adhesive contour. The cuprous oxide impregnated microparticles are the white dots seen in the
scanning electronic microscopy images of the orange layer (b) and the absorbent layer (c).

A bacterial mix was prepared from the following organisms: Methicillin resistant
Staphylococcus aureus (MRSA; ATCC BAA-1708); Escherichia coli (ATCC 8739); Klebsiella
pneumoniae (ATCC 4352); and Enterococcus faecalis (ATCC 19439). Each microorganism was
grown overnight at 37 £ 2 °C in Tryptic soy broth (TBS; Hy laboratories Ltd., Rehovot,
Israel). Then 10 pL of each of the overnight cultures were mixed in 1 mL of TBS and
grown at 37 & 2 °C for 4-24 h, in replicates, followed by centrifugation. The pellets were
resuspended in 600 pL of 0.85% saline/0.1% Tween 80 (ST; Sigma Aldrich Israel Ltd. 3 Prof.
M. Flaut, Rehovot 7670603, Israel).

The formation of biofilm was confirmed by Crystal violet (CV) staining. Briefly, 100 uL
aliquots of the bacterial suspension were inoculated into a 96-well plate and incubated for
4,6,8,16, and 24 h at 37 °C. The TSB was carefully discarded to remove planktonic cells,
the wells were rinsed gently 3 times with phosphate-buffered saline (PBS) to remove any
remaining non-adherent cells. Then 100 pL of 1% CV solution (Sigma-Aldrich) were added
to each well covering the biofilm completely. After 15 min incubation at room temperature
the CV solution was removed, and the wells were rinsed 3 times with PBS to remove
excess stain. After letting the plate to air-dry, 100 pL of ethanol was added to each well to
solubilize the CV stain bound to the biofilm. The absorbance at 570 nm was determined
using a microplate reader to quantify the biofilm biomass indirectly [20].

Scanning electron microscopy analysis was conducted with the stock bacterial mix
(SBM) grown at 37 & 2 °C for 7 h, during the microbial logarithmic growth phase, resus-
pended to a concentration of ~10° CFU/mL. Duplicate 0.5 cm x 0.5 cm square swatches
from each test and control wound dressing were aseptically cut and each individual swatch
was put in an Eppendorf tube. Fifty uL of the SBM were added to each swatch, making
sure that all liquid was completely absorbed by the control and test swatch samples. The
swatches were then incubated at 37 +£2 °C for 0,1, 2 or 3 h.

For bacterial viability determination following exposure to the dressings, duplicate
sterile swatches of the control and test samples were transferred to containers with 100 mL
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of neutralizing solution (DeyEngley (D/E) Broth;, LAB187, Lab M Limited, Heywood,
UK)), then to sterile stomager bags (Alex Red Ltd. Mevasseret Zion, 9140002, Israel). The
bags were stomached for 2 min and 10 uL, 100 puL, and 1 mL of each liquid were filtered
through 0.45 pm Cellulose Nitrate Filters (Sartorious Stedim Biotech GmbH, Goettingen
37079, Germany) by using a Pall filtration device (Pall Corporation, Port Washington,
New York, 11050, USA). The filters were rinsed twice with 100 &+ 5 mL of ST and then
incubated on CHROMagar™ Orientation agar (http://www.chromagar.com, accessed on
5 January 2024) at 37 & 2 °C for 24 h. Colony Forming Units (CFU) were then counted. The
percent of bacterial reduction was determined as previously published [12] according to the
following formula: 100(A—B)/A = % reduction; A = organism population of the bacterial
mix challenge; B = the number of test organisms recovered from the inoculated test sample.

For morphological analysis of the bacteria exposed to the dressings, 1 mL of ST was
added to the remaining swatches, and bacteria were recovered by 3 min of centrifugation at
1200 rpm. The swatches were removed and the bacterial pellets were transferred to circular
glass coverslips placed in a 96-well plate and pretreated with 0.01% poly-l-lysine (Sigma-
Aldrich Chemie Gmbh, St. Louis, MO 63103, USA) for 60 min in order to attach the bacteria
to the plates. The bacteria were then fixed with 2% glutaraldehyde and 2% formaldehyde
in 0.1 M phosphate buffer (pH 7.2) for 1 h at room temperature. The fixatives were rinsed
out by 3 consecutive washes every 10 min with 200 uL 0.1 M phosphate buffer (pH 7.2).
The bacteria were then dehydrated by exposing them to increasing ethanol concentrations
(20%, 50% 70%, 90%, 95%) each twice for 10 min and finally in 100% ethanol concentration
four times for 10 min. The samples were then dried in a Critical Point Dryer (Quorum,
K850) in which the ethanol was replaced by liquid CO; at 5 °C, followed by heating at
36 °C, so the liquid CO, transitions to gas and was released slowly, leaving the samples
dry. Then the samples were sputter-coated with gold-palladium (Quorum, Q150T ES).

The samples were examined by a scanning electron microscope (JEOL model JSM-
7800F for high resolution or IT-100 for standard). The images were taken with an accelerat-
ing voltage of 1-2 kV for high resolution and 20 kV for standard. Bacteria length and width
were measured based on the electron microscope scaler.

Statistical Analysis

To investigate the effect of COD on the average width and length of the bacteria,
three repeated experiments were performed. We conducted t-tests on the size measure-
ments. Prior to analysis, we checked the assumptions of the t-test, including normality and
equal variances.

The statistical differences between the microbial titers obtained at each time point
between the COD and the negative control dressing were examined using ¢-tests.

A significance level of 0.05 was selected to determine statistical significance, and all
tests were two-sided. Analyses were performed using JMP® Pro, Version 16.

3. Results

The bacterial mix grown for 7 to 24 h at 37 & 2 °C were viable and produced biofilm,
as confirmed by Crystal violate staining. As can be seen in Figure 2, a plateau was reached
after 8 h of incubation. We decided to use for further analysis bacterial mix grown for 7 h
(Figure 3a), during the logarithmic growth phase of the bacteria, since at longer incubation
periods bacterial cell damage started to occur in the control samples. The exposure of the
bacterial mix to the COD and their immediate recovery by centrifugation (Time 0) did not
have a visible effect on the bacteria (Figure 3b).

In contrast, exposure of the bacterial mix to the COD for 1 h resulted in secretion of bac-
terial cytoplasmic content, as shown in some representative Scanning Electron Microscopy
(SEM) pictures in Figure 4.

Accordingly, there was more than 99% reduction (p < 0.001) in the viable bacterial
titers as compared to the control dressings (Figure 5).
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Figure 2. The bacterial mix was grown at 37 &+ 2 °C for 4, 6, 8, 16, and 24 h. Crystal violate
staining was then performed to confirm biofilm formation. The results shown are mean and SD of

triplicate samples.
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Figure 3. (a). Bacterial mix grown for 7 h at 37 & 2 °C. (b). Bacterial mix grown for 7h at 37 £ 2 °C,
inoculated and immediately recovered from the COD (Time 0). Notice the biofilm covering the

bacterial mix.
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Figure 4. Representative SEM pictures of the bacterial mix exposed for 1 h at 37 & 2 °C to the COD.
Notice the secretion of the cytoplasmic content from the bacteria (some marked with arrows).

CFU
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Figure 5. COD and control dressings were inoculated with ~10° CFU of the SBM and incubated for
1 hat 37 £ 2 °C. After the incubation, the bacteria were recovered by filtering 10 uL, 100 puL, and
1 mL of the 100 mL stomached microbial solution. The CFU of the surviving bacteria were then
determined after 24 h of incubation at 37 + 2 °C. Representative examples of the CFU obtained from
a COD swatch and a control dressing swatch are shown. * Too many to count.
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Two hours exposure of the bacteria to the COD resulted in similar extracellular content
secretion by the bacteria (Figure 6), with more than 99% reduction (p < 0.001) in the
bacterial viability.
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Figure 6. Representative SEM pictures of the bacterial mix exposed for 2 h at 37 & 2 °C to the control
dressing (a) and COD (b—d). Notice the secretion of the cytoplasmic content from the bacteria exposed
to the COD.

Alonger exposure of 3 h of the bacteria to the COD resulted also in the clear appearance
of holes in the Gram-negative bacteria (Figure 7), but not visible in the Gram-positive
bacteria. However, in the Gram-positive bacteria, the measurement of the width and length
of the bacteria, as shown in a representative example in Figure 8, showed a statistically
significant reduction (p < 0.001) in the width, but not in the length of the bacteria that were
exposed to the COD as compared to the bacteria exposed to the control dressings (Table 1).
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Figure 7. Representative SEM pictures of the bacterial mix exposed for 3 h at 37 + 2 °C to the COD.
Notice the appearance of holes in the Gram-negative bacteria (some marked with arrows).
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Figure 8. Representative SEM picture of a Gram-positive bacterial exposed for 3 h at 37 £ 2 °C to the
COD. The width and length were measured in accordance to the ruler size indicating 100 nm.

Table 1. Measurement of the width of the bacteria following 3 h of exposure to COD or control dressings.

Standard

. . o o
Measurement Bacteria Dressing n Mean (nm) Deviation Lower 95%  Upper 95%  p-Value
COD 108 530.75 37.55 523.58 537.91
Gram-positive <0.0001
Control 96 463.83 73.8 448.87 478.80
Width
COD 54 440.64 57.20 425.02 456.25
Gram-negative 0.885
Control 42 438.65 73.26 415.82 461.48
COD 41 673.2 131.4 631.8 714.7
Gram-positive 0.49
Control 51 690.3 99.2 662.5 718.2
Length
COD 30 1076.2 217.9 994.8 1157.5
Gram-negative 0.32
Control 57 1130 279.5 1055.9 1204

4. Discussion

The COD possess potent antimicrobial efficacy, as previously demonstrated [12]. In
the current study, we used scanning electron microscopy analyses to study the effect that
the COD have on the bacteria exposed to it. We used a mixture of known wound Gram-
positive and Gram-negative bacterial pathogens [3], including of an antibiotic resistant
bacterium (MRSA), to more closely imitate the natural scenario in which a wound is
exposed and colonized at any given time by a mixture of bacteria [3,21]. Furthermore, as
bacterial biofilms are common in chronic wounds where they impede the wound healing
process [22], we grew the mix of bacteria for 7 h at 37 & 2 °C in a rich culture medium
to allow the bacteria mix to form biofilm, as shown in Figure 3, before exposing them to
the COD.

As demonstrated before [12] and as confirmed in this study, exposure of the bacteria
to the COD, even for 1 h, reduces their viability by more than 99%. The COD are impreg-
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nated with copper oxide microparticles that are not released from the dressing. This was
demonstrated as part of the biocompatibility required studies performed in order to obtain
the clearance from the regulatory bodies (unpublished data). The microparticles serve as a
reservoir of copper ions. These ions are slowly and constantly released in the presence of
humidity [16], endowing the wound dressing with prolonged and stable biocidal proper-
ties for at least 7 consecutive days that protect the dressings from bio-contamination and
reduction of passage of viable microorganism through them from the exterior environment
into the wound bed.

We found that the effect of the dressing on the bacteria included the disruption of
the bacterial cell membrane, causing the leakage of cellular content, as clearly seen after 1
and 2 h of the bacterial exposure to the COD. After 3 h of exposure of the bacteria to the
COD, holes were observed in the Gram-negative bacteria, but not in the Gram-positive
bacteria. The positively charged copper ions can directly interact with the negatively
charged bacterial cell membranes resulting in membrane depolarization. This may lead to
membrane leakage and cell rupture. The possible explanation for the observed variation
between the Gram-positive and Gram-negative bacteria is the difference composition and
structure of their cell wall. The Gram-negative bacteria have a thin peptidoglycan layer
(2-7 nm) situated between an inner cell membrane and an outer lipid-rich membrane. The
Gram-positive bacteria have a thick, multi-layered peptidoglycan layer (20-80 nm) outside
the cell membrane that may be more resistant to breaking up due to the exposure to the
copper ions. It was clear from the antimicrobial assays that more than 99% of the bacteria
were already killed after 1 h of exposure. Therefore, further, probably internal, damage was
occurring in the bacteria that cannot be detected by the SEM analysis. We intend to perform
a subsequent study to study the kill mechanism by conducting transmission electron
microscopy (TEM) analysis at shorter periods of exposure to the dressings. The cellular
secreted content was almost not seen any more at 3 h of exposure; apparently most of it
was completely detached from the bacteria and washed away during the centrifugation
steps. We could not clearly distinguish between MRSA and the enterococcus bacteria.
We thus measured the width and length of the Gram-positive bacteria as a group and
found a statistically significant reduction in the width of the Gram-positive bacteria. We
did not notice a reduction in the length of the Gram-positive bacteria. Bacterial width
is generally more stable and less influenced by the bacterial cell cycle, making it a more
reliable metric for comparative studies between treatments. Measuring width can help
minimize variability due to natural growth processes and focus more on the effects of
the treatments being studied. Similar observations were found with copper-based metal—-
organic frameworks against Escherichia coli, Staphylococcus aureus and Lactobacillus [23,24].
The release of the internal content of bacteria when exposed to copper ions is similar to
what has been described for silver nanoparticles [25].

The capacity of copper nanoparticles to inhibit the formation of biofilm was demon-
strated [26,27]. However, bacteria in wounds are in many cases already covered by biofilm
when covered with wound dressings. Importantly, in the current study, we demonstrate
that the bacteria are killed even when they are already covered by biofilm. However, this
study was performed under laboratory-controlled conditions. While the capacity of the
dressings to reduce bioburden in an infected diabetic foot ulcer was already shown using
real-time fluorescence imaging device [28], specific wound conditions and environmental
factors may influence the performance of the COD. Additional real-life studies should be
conducted to further determine the capacity of the COD to kill bacteria covered by biofilm
in wounds. Our findings are in accordance with previous studies that demonstrated the
capacity of copper nanoparticles and other nanoparticles to have an antimicrobial effect
on biofilms, through the generation of reactive oxygen species [29], and are in accordance
with clinical observation of management of wound infection in acute and chronic wounds
by the COD [13,16,18].
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5. Conclusions

The current study demonstrates the capacity of COD to kill bacteria even when they
are already covered by biofilm. It shows that part of the killing mechanism is through
the damage of the bacterial cell wall of the bacteria exposed to the dressings, leading to
the secretion of the cytoplasmic content from the bacteria. Further studies are needed to
determine if the bacteria are killed when exposed to the copper ions even before the loss of
the cytoplasmic content occurs.
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