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Abstract: Conventional antibiotic treatments for wound infections have the risk of developing
microbial resistance, necessitating the search for innovative, alternative solutions like nanoparticles
as advanced antibiotics. This work introduces a novel approach for managing acute and chronic
wounds by creating an active wound dressing designed to both protect and eliminate bacteria from
the injury site. We focused on the electroless deposition of large zinc oxide nanoparticles (ZnO NPs,),
aiming for a particle size of around 200 nm to reduce cytotoxicity, onto electrospinned silk fibroin (SF)
gauze. We assessed the biocompatibility and antimicrobial effectiveness of the ZnO NP-embedded
silk dressing against gram-positive (Staphylococcus aureus) and gram-negative (Pseudomonas aeruginosa)
bacteria. Our analysis indicates that incorporating ZnO nanoparticles into silk wound dressings
maintains biocompatibility, achieving 70% cell viability while suppressing the growth of S. aureus and
P. aeruginosa, particularly during the initial 24 h after application. By employing 200 nm particle sizes,
we facilitated a significant release of zinc ions without producing harmful reactive oxygen species
(ROSs) that could damage both bacteria and host tissues. These findings emphasize the therapeutic
potential of bioresorbable bandages enhanced with large ZnO nanoparticles, presenting an innovative
approach to clinical wound treatment.

Keywords: electrospinning; electroless deposition; biodegradable; bactericide

1. Introduction

After the discovery of penicillin in 1928, which provided an effective treatment for
bacterial infections, medicine moved towards an era of antibiotics, often referred to as
the “golden age” [1]. However, overuse and misuse of antibiotics progressively led to the
emergence of antibiotic-resistant bacteria, posing a serious global threat to public health.
Bacterial resistance to antibiotics results primarily from genetic mutations altering the target
of the drugs or through horizontal gene transfer, enabling the spread of resistance genes.
Additionally, bacteria may employ mechanisms by exporting antibiotics outside the bacteria
to reduce their action and by producing biofilm to evade antibiotic effects. The misuse of
antibiotics accelerates this process, emphasizing the importance of responsible use and
ongoing research for combating antibiotic resistance. Alternative strategies include using
calcium-dependent antimicrobials [2], chemodynamic therapy [3], and combining several
medications [4], leading to increased side effects and greater resistance from bacterial strains

Appl. Sci. 2024, 14, 7103. https://doi.org/10.3390/app14167103 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app14167103
https://doi.org/10.3390/app14167103
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-8976-0994
https://orcid.org/0000-0003-3934-8920
https://doi.org/10.3390/app14167103
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14167103?type=check_update&version=1


Appl. Sci. 2024, 14, 7103 2 of 13

to combinations of antibiotics. The emergence of toxicogenomic tools provides a great
asset in understanding and addressing bacterial infections [5]. Through toxicogenomic
approaches, the genomic responses of bacteria to antibiotics can be analyzed, gaining
insights into resistance mechanisms and potential vulnerabilities. This genomic approach
could guide the development of targeted therapies to overcome resistance and enhance the
effectiveness of antibacterial treatments. But to pick out the most effective solution to these
predictions and uncover new drug targets or more personalized medicine approaches for
combating bacterial infections, the genome of the bacteria would require a large number
of mutations.

Hospital-associated infections (HAIs) caused by antibiotic-resistant bacteria are a major
clinical problem with significant human and economic costs [6,7]. Surgical site infections
(SSIs), often caused by skin-dwelling microorganisms, make up 20% of all HAI cases and
add up to USD 10 billion annually in U.S. healthcare costs by extending hospital stays [8].
Current treatments for infected wounds, such as negative pressure therapy and surgical
debridement, are costly, invasive, and often harmful [9,10]. Topical antibiotics, though
widely used, face controversy due to limited evidence of efficacy and rising antibiotic
resistance [6,7,10]. However, topical antimicrobial treatments are advantageous because
they deliver high concentrations of the active agent directly to the infection site [11]. To
address antimicrobial resistance, research has focused on new therapeutic combinations.
The selection of appropriate materials for wound dressings is critical for wound healing.
An ideal dressing should be biocompatible, non-toxic to skin cells, infection-preventive,
and cost-effective [10,12].

Recently, medicated dressings with metal and metal-oxide nanoparticles (NPs) have
emerged as alternative antimicrobial agents due to their high biocompatibility and bacterial-
killing efficiency [6]. NPs are less likely to develop resistance compared to classical an-
tibiotics because their bactericidal activity targets multiple mechanisms [13,14]. Although
the exact mechanisms are not fully understood, the primary lethal factor is thought to
be the excessive production of reactive oxygen species (ROSs) on their surface factor [10].
Silver nanoparticles (Ag-NPs) have been widely researched and used in biomedical devices
like functionalized fiber dressings and impregnated hydrogels. However, Ag-NPs tend to
aggregate, reducing their biofilm penetration effectiveness, and they can be toxic to human
cells over long-term use [14,15]. Additionally, the extensive use of Ag-NPs in industries like
food and agriculture raises concerns about potential bacterial resistance [16,17]. Zinc oxide
(ZnO) nanoparticles are a promising alternative, offering similar bactericidal properties
to Ag-NPs. ZnO NPs are highly biocompatible, biodegradable, and have low toxicity in
topical applications since they do not penetrate human skin [18–20]. These properties make
ZnO NPs an effective antibacterial agent, comparable to Al2O3 and SiO2, and a promising
candidate for broadening the use of metal-oxide NPs in biomedical materials [21].

Silk fibroin (SF), derived from natural Bombyx mori, offers excellent compatibility
with biological tissues, structural integrity, and simplicity of chemical surface alterations.
Additionally, SF enhances skin tissue regeneration and healing processes [22,23]. In this
research, we seek to improve the antibacterial properties of electrospun silk fibroin gauze
by incorporating antimicrobial ZnO nanoparticles through a cost-effective and widely
applicable electroless deposition method.

Given that the electroless technique is a chemical reduction process, it allows a con-
trolled and uniform deposition of ZnO nanostructure onto fibrous structures such as
electrospun silk fibroin gauze. Electroless deposition does not need an external power
source and/or a high temperature for metal deposition, making the process adequate for
the medical textile industry. ZnO is chosen for its well-known antimicrobial activity, low
toxicity, and biodegradability. The study aims to assess the coated gauze’s efficacy in
preventing hospital-acquired infections by testing its antimicrobial activity against S. aureus
and P. aeruginosa and quantifying the percentage of bacteria death after 72 h. Additionally,
a viability assay with CHO cells is conducted to evaluate cytotoxicity. The ultimate goal of
this study is to confirm ZnO as a promising antimicrobial coating for medical textiles that
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is bioresorbable and drug-free, contributing to the development of practical solutions for
healthcare infection prevention.

2. Materials and Methods
2.1. Preparation of ZnO-SF Gauze

The SF solution was prepared and electrospun following Rockwood et al. [24]. A 6%
(w/v) SF solution was mixed with 5% (w/v) polyethylene oxide (PEO 900 kDa) to form an
SF-PEO aqueous mixture, which was then gently mixed for 10 min at 4 ◦C. The SF-PEO
mixture was loaded into a 1 mL syringe pump equipped with a 27 G needle. SF was
electrospun at a 0.6 mL/h flow rate under a 12 kV driving voltage with a 20 cm needle-to-
metal-collector distance. The obtained gauzes were soaked in a methanol solution (90%
(v/v)) for 20 min to create insoluble fibers, rinsed in milliQ water for 12 h to eliminate
PEO, and then air-dried at room temperature. Electroless deposition was carried out on
1 × 1 cm2 pieces of SF gauzes. After immersion in a sensitization aqueous solution of 0.2 M
SnCl2 and 0.2 M HCl (Sigma-Aldrich, Oakville, ON, Canada) for 1 h at RT, the gauzes were
washed in high-purity water [25]. Next, the SF gauzes were soaked in an activation solution
of 0.6 mM PdCl2 (Sigma-Aldrich, Oakville, ON, Canada) and 0.2 M HCl for 30 min at room
temperature, followed by careful rinsing with high-purity water. Finally, the gauzes were
immersed for 2 h in an aqueous ZnO deposition solution composed of 0.1 M Zn(NO3)2 and
0.01 M BH3NH(CH3)2 (Sigma-Aldrich, Oakville, ON, Canada) at 70 ◦C, rinsed with milliQ
water, and then dried at ambient temperature.

2.2. Physicochemical Characterization

To confirm the electroless ZnO deposition onto silk fibroin gauze, scanning electron
microscopy (SEM-Inspect F50-EHT of 2 kV, FEI Company, Hillsboro, OR, USA) was used
to study the morphology. The ImageJ software v. 1.54d allowed us to manually analyze the
SEM images and measure the size of the ZnO nanoparticles (n = 30) [26]. Energy-dispersive
X-ray spectroscopy (EDS-Inspect F50, Oxford Instruments, Abingdon, UK) verified the
presence of ZnO nanoparticles. The thermal behavior of the samples was analyzed with
thermogravimetric analysis (TGA-Q600 SDT, TA Instruments, New Castle, DE, USA)
under a nitrogen atmosphere from 25 ◦C to 800 ◦C at 5 ◦C per min. Fourier transform
infrared spectroscopy (FT-IR—PerkinElmer, Waltham, MA, USA) was conducted within a
wavenumber range of 4000 to 400 cm−1. The crystalline phase of the ZnO nanoparticles was
determined by X-ray diffraction crystallography (XRD-Bruker D8 Discovery Instrument,
Bruker Corporation, Milton, ON, Canada), operating at 40 kV and 20 mA with CuKα

radiation (λ = 1.5406 Å) and a programmable divergent slit. XRD was recorded in a 2θ
range of 20◦ to 70◦. The mechanical properties of 1-cm-long by 1-cm-long gauze samples
were assessed by tensile testing (Instron, 3365, Instron, Burlington, ON, Canada) with a
500-N load cell at 10 mm/min.

2.3. In Vitro Assay

Antibacterial properties of ZnO NP gauze against Pseudomonas aeruginosa (ATCC®

15442™) and Staphylococcus aureus (ATCC® 29213™) were assessed on three samples for
each strain. Cultures were carried out overnight in Luria-Bertani (LB) broth media (Thermo
Fisher Scientific, Toronto, ON, Canada), then diluted to 1 × 106 CFU/mL with LB broth [27].
Segments measuring 1 cm2 of ZnO-SF gauze, SF gauze (control), or commercial non-
woven surgical gauze (positive control) (Fisherbrand, 22028558, Thermo Fisher Scientific,
Toronto, ON, Canada) were incubated in 5 mL of bacterial solution. Live (negative) and
dead (positive) controls were utilized to normalize sample data during analysis; both
controls consist of a bacterial solution without any sample, with the dead one being
processed with ethanol during the assay to kill the bacteria. Samples were maintained in
an orbital incubator at 37 ◦C throughout the experiment until reaching the 24 h, 48 h, or
72 h timepoints. After incubating for 24 h, 48 h, and 72 h, the samples were centrifuged at
10,000× g for 10 min and resuspended in 2 mL of Abcam bacterial viability assay kit wash
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buffer. A 1 mL suspension from each bacterial sample was then diluted in 5 mL of wash
buffer. This process of pelleting, resuspending, and diluting was repeated before staining
with the LIVE/DEAD Abcam bacterial viability assay kit (ab189818, Abcam, Shanghai,
China). After staining, gauzes were incubated for 1 h in total darkness and then transferred
in triplicate to a 96-well plate for fluorescence assessment at 490 nm and 536 nm, and 525 nm
and 617 nm, as excitation and emission filters, respectively. The fraction of dead bacteria in
each sample was calculated from the readings. We followed the protocol provided with the
LIVE/DEAD Abcam Bacterial Viability assay kit (ab189818).

To assess the biocompatibity, Chinese hamster ovary (CHO) cells (ATCC® CLL-61™)
were seeded onto ZnO-SF gauze, SF gauze, and commercial non-woven surgical gauze in
Dulbecco’s Modified Eagle Medium (Gibco, Burlington, ON, Canada) with 10% fetal bovine
serum (Gibco, New York, NY, USA), 10 mM HEPES buffer, and 1% penicillin–streptomycin
(Gibco) at 37 ◦C under 5% CO2. After quantification using Trypan Blue, when they reached
80% confluency, cells containing fewer than 8 passages were plated in a 24-well plate at
a density of 1 × 105 cells/mL over sterilized materials. A standard curve from 1 × 103

to 1 × 106 cells/mL and a blank control were prepared. Cell viability was measured
using the alamarBlue® Cell Viability Reagent (Invitrogen, 1025) after 24, 28, and 72 h of
exposure to 1 cm2 gauze segments. At each time point, the media was replaced with a fresh
solution of complete media with 10% alamarBlue® and incubated for 4 h at 37 ◦C, protected
from light. Following incubation, triplicate samples (n = 3) were transferred to a 96-well
plate to measure absorbance at 570 nm and 600 nm. A best-fit line from the OD readings
of standards represented cell density. The percent difference in alamarBlue® reduction
between exposed and control cells was calculated as per the manufacturer’s protocol.

To unravel the antibacterial effect of the ZnO NPs-gauze, ROSs and zinc release were
measured. ROSs production was assessed after 24, 48, and 72 h following Vieira et al.’s
protocol [7]. Release of all ROSs was evaluated by immersing the 1 cm2 films into 15 mL
vials filled with 4 mL of PBS using a chemically reduced form of fluorescein H2DCFDA
as an ROSs indicator. A 25 µM reagent solution of H2DCFDA was produced by dilution
with 99.9% ethanol and used as a probe to measure ROS. 200 µL of the sample solution was
added into a black microplate (Corning, 3915), and 5 µL of reagent solution was then added
and incubated for 10 min wrapped in aluminum foil at room temperature. ROSs release
was measured at excitation and emission wavelengths of 488 and 525 nm, respectively.
Zinc ion release was performed using a zincon assay adapting Säbel et al.’s protocol [28].
Increasing concentrations of Zn2+ solutions were used for zincon assay calibration. After
mesh incubation at 37 ◦C for 24 h, 48 h, and 72 h in PBS solution (1 mL), 25 µL of zincon
solution (1.6 mM of zincon in 0.5 M NaOH) was added to 975 µL of the incubation solution
and left to react for 5 min at RT to facilitate zincon/zinc complexation. Finally, UV–vis
absorbance of the resulting solution was measured in the wavelength range of 300–800 nm
(Varioskan LUX spectrophotometer).

2.4. Statistical Methods

Statistical significance for cell viability, bactericidal, and ROSs assays was determined
using one-way ANOVA with Tukey’s post hoc test. Data analysis was conducted using
SPSS software, Version 23.0 (IBM, Armonk, NY, USA), with a significance threshold set
at p < 0.05. Results are reported as mean ± standard deviation, with all measurements
performed in triplicate (n = 3).

3. Results and Discussion

In this work, SF gauze was fabricated via electrospinning, resulting in a uniform
distribution and fiber diameter of approximately 500 nm (Figure 1). The incorporation
of ZnO nanoparticles visibly increased the roughness of the SF gauze. The electroless
deposition method ensured a homogenously high concentration of ZnO nanoparticles with
an average diameter of ~230 ± 45 nm on the SF gauze.
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Figure 1. Schematic of electrospinning of SF and ZnO electroless deposition process on SF substrate.
SEM images of (A) SF gauze and (B) ZnO-SF gauze showed a homogeneous distribution of fibers
and ZnO nanoparticles.

The deposition of ZnO on various matrices has been already explored; for example, a
ZnO was electrodeposited on electrospun polymethylmethacrylate (PMMA) with unifor-
mity and a similar diameter (~200 nm) [25], but polymer has significant drawbacks, such
as poor biocompatibility and softness, which hinder its application for bandage [29]. Other
combinations, such as ZnO with PLGA/SF [30], were used but, the supporting materials
exhibited multiple imperfections and clustered ZnO NPs, potentially affecting the release
of active materials. Additionally, the softer surface of the gauze might impact bactericide
properties, as a properly roughened surface is known to enhance hydrophobicity and im-
prove antibacterial activity [31]. Electrospun SF was chosen for its ideal softness, making it
suitable for wound dressings, while zinc oxide (ZnO) was selected for its antibacterial prop-
erties, attributed to the release of Zn ions and its surface roughness. This combination was
used as a substrate to grow ZnO nanoparticles (~230 nm) through electroless deposition.

Electroless deposition is usually achieved by immersing the fibers in an aqueous
solution containing the metal oxide and a reducing agent; the agent is oxidized, the metal
is reduced, and, therefore, deposited on the fibers and attached by electrostatic interactions.
This technique was chosen because it does not require the fibers to be conductive; the
deposition is harmless to the fibers, uniform, and does not form any aggregate (unlike
electrospraying or dipping). It is also simple to achieve as it does not require any current,
vacuum system or a high temperature [32]. X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), and thermogravimetric analysis (TGA) were carried out to
confirm the deposition of ZnO NPs on the SF gauze (Figure 2).

XRD analysis was conducted to assess the crystalline structure of the deposited ZnO
nanoparticle (Figure 2A and confirmed with bare ZnO nanoparticles Figure S2A). Both
spectra presented peak at 2θ angle of 29

◦
, attributed to the crystalline diffraction of Silk

(I) [33]. Other major diffraction peaks at 2θ values of 32.0◦, 34.6◦, 36.4◦, 47.5◦, 56.7◦,
63.0◦, 68.1◦, and 69.2◦ correspond to the hexagonal ZnO diffraction planes, respectively:
(100), (002), (101), (102), (110), (103), (112), and (201) in line with the JCPDS (ICDD) card
36-1451 [25,34,35]. It confirms the deposition of a hexagonal wurtzite crystalline ZnO
structure with a lattice spacing of a = 0.325 nm and c = 0.521 nm [36]. Wurtzite ZnO crystals
are thermodynamic stable structures [37] and offer some antibacterial advantages due to
their unique hexagonal structure which enhance Zn2+ release and ROSs production, and
the sharp edges can physically disrupt bacterial cell walls [38].
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The presence of zinc was verified using EDS spectrum analysis (Supplementary Material S1).
The chemical composition of SF and ZnO-SF gauzes was determined by FT-IR (Figure 2B).
Key SF vibration bands appeared at 1620 cm−1, 1520 cm−1, and 1230 cm−1, corresponding
to the primary amides (C=O stretching), secondary amides (N-H bending), and tertiary
amides (C-N stretching) of the fibroin protein. The band at 1445 cm−1 likely corresponds
to asymmetric stretching vibrations of carboxylate groups from amino acids and methyl
groups of alanine in SF protein [39]. The shifts in these bands indicate the three-dimensional
structure of fibroin proteins, with the band at 1620 cm−1 suggesting antiparallel beta-
sheet structures characteristic of silk (II) [40,41]. The characteristic SF bands remained
unchanged in the ZnO-SF spectra, indicating that the electroless ZnO deposition did not
alter the chemical or conformational structure of SF. The attenuation in band intensity
was due to ZnO covering parts of the fibers, with a broad band peak at 3506.9 cm−1

of bare ZnO nanoparticles attributed to the characteristic absorption of the O-H group
(Figure S2B) and a peak at 876 cm−1 characteristic of the absorption of the Zn-O bond.
The thermal behavior of SF and ZnO-SF gauzes is depicted in Figure 2C. A decrease of
approximately 10% in weight, attributed to water loss, is observed from ~25 ◦C to ~125 ◦C.
Significant mass loss begins around 250 ◦C, consistent with SF degradation and peptide
bond breakdown [7,42]. The mass loss of ZnO-SF gauzes ceases around 500 ◦C because
of the high thermal stability of ZnO (stable even above 800 ◦C) [43] (Figure S2C: ~3%
weight loss for bare ZnO nanoparticles is attributed to the removal of adsorbed water
onto the sample). These findings indicate that in this electroless synthesis, ZnO comprises
approximately 11.5% of the total weight of the gauzes. The electroless deposition of ZnO-
SF gauze led to a modification in the material stiffness with an increase in the Young’s
modulus from 641 ± 223 MPa to 1040 ± 326 MPa and a decrease in the elongation at the
break from 73 ± 18% to 17 ± 4% (p < 0.001), yet it is still in the range of skin elongation
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(20%) [44] (Figure 2D). No statistically significant modification of the maximal stress was
noted (16.5 ± 5.1 MPa and 22.6 ± 3.2 MPa for SF and ZnO-SF gauze, respectively).

The antibacterial properties of materials used for wound dressings are crucial, as
they enhance wound healing by minimizing bacterial colonization and infection [45]. The
antibacterial efficacy of our materials was evaluated in S. aureus and P. aeruginosa culture
for up to 3 days, in accordance with clinical practices, where wound dressings are typically
replaced every 1 to 3 days, depending on the wound type. This timeframe allows for an
assessment of the dressing’s effectiveness over the typical duration it would be in contact
with the wound in a clinical setting [46] (Figure 3A,B).
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Figure 3. Average percentage of dead (%) (A) S. aureus and (B) P. aeruginosa after 24, 48, and 72 h
of incubation with various gauzes (n = 3). The color-coded columns represent the four incubation
conditions tested: SF, ZnO-SF, and commercial non-woven surgical gauzes. (C) Average percentage
of relative cell viability (% control) of live CHO cells exposed to various gauzes after 24, 48, and 72 h
of incubation (n = 3). The color-coded columns represent the three tested conditions: ZnO-SF, SF, and
commercial non-woven surgical gauzes.

In the control groups exposed only to culture media (live), bacterial death was below
10% after 72 h for both strains. For groups treated with SF gauze or commercial non-
woven surgical gauze, no significant differences in cell death were noted at any time point.
However, the ZnO-SF gauze showed significant antibacterial activity against both bacterial
strains, reaching 29.89 ± 1.10% for S. aureus and 38.19 ± 1.46% for P. aeruginosa after 72 h.
The antibacterial effect increased over time, beginning at 8.45 ± 0.44% after 24 h and
19.45 ± 0.42% after 48 h for S. aureus, and 11.03 ± 0.24% after 24 h and 20.97 ± 0.26% after
48 h for P. aeruginosa. The ZnO-SF gauze exhibited the highest antibacterial activity, while
the SF and commercial surgical gauzes showed minimal to no effect.

The cytotoxicity of ZnO-SF gauze on mammalian cells was assessed using a viability
assay conducted on CHO cells exposed to SF, ZnO-SF, and commercial non-woven surgical
gauzes for 24, 48, and 72 h (Figure 3C). Normalization was performed on the commercial
non-woven surgical gauze, which was assigned 100% viability at each time point. The
cell viability did not show any significant differences at 24 and 48 h. Cells exposed to
ZnO-SF gauze showed viabilities of 87.75% ± 0.85, 92.17% ± 1.65, and 72.65% ± 7.74 at
24, 48, and 72 h, respectively. Cells exposed to SF gauze had viabilities of 109.34% ± 7.25,
136.82% ± 13.71, and 165.41% ± 3.60 at the same time points. Although there was a
statistically significant difference between groups at 72 h, all groups maintained over 70%
cell viability throughout the study. ZnO-SF gauze demonstrated 72% cell viability after
72 h, indicating low cytotoxicity (all values > 70%).

On the other hand, a significant difference in bactericidal activity against S. aureus
and P. aeruginosa, two common pathogens responsible for hospital-associated infections,
was measured between samples [47]. The ZnO-SF gauze increased bacterial death to over
20% for both strains after 48 h (Figure 3A,B), which is the typical maximum timeline
for turnover of surgical dressings [48]. The antimicrobial performance of the ZnO-SF
gauze was more pronounced after 72 h of contact with the bacterial culture, with over
25% antibacterial effect, suggesting that ZnO-SF gauze could have a longer useful life than
traditional bandages. This can be supported by the fact that lowering the risk of infection
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at the wound site is the primary reason for early turnover. This would in turn contribute to
lower costs of materials and healthcare labor, as well as lowering the risk of surgical site
infection and improving surgical outcomes.

To unravel the mechanism by which the ZnO-SF gauze fights the bacteria, reac-
tive oxygen species (ROSs) generation and Zn2+ release were assessed. We did not ob-
serve any significant difference in ROSs production between the control, ZnO-SF, and SF
gauzes (Figure 4A). However, there was a significant difference in the zinc ion release
(p-value < 0.05) when comparing day 1s (0.83 ± 0.10 µg mL−1), 2 (3.98 ± 0.16 µg mL−1),
and 3 (5.03 ± 0.12 µg mL−1) (Figure 4B,C). These findings align with the antibacterial effect,
showing the highest percentage of dead bacteria after 72 h of exposure (standard curve,
Supplementary Materials S2). The Zn2+ release ratio from ZnO is lower than those from
Zn nanoparticles reported in the literature with sizes <100 nm in the first 100 h where
maximum ratios of 80% have been measured [49]. A lower surface area-to-volume ratio
provides fewer active zinc atoms on the surface and, consequently, a slower corrosion rate
of zinc oxide particles [49]. Bacteria require Zn for growth, with optimal concentrations
ranging from 0.0065 µg mL−1 to 0.65 µg mL−1. Above 6 µg mL−1, Zn2+ becomes cytotoxic
to bacterial cells. This occurs because excess Zn2+ can compete with other metals for
protein binding, leading to improper binding, which in turn causes protein malfunction,
inactivation, and denaturation [50]. This cytotoxic effect, as described by Pasquet et al. [51],
highlights the potential of ZnO-based wound dressing materials releasing 10 µg mL−1 after
72 h to prevent cell death and exhibit antibacterial properties.
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Figure 4. (A) Total ROSs production after 24, 48, and 72 h of incubation in PBS (C, control), SF
gauze (SF), and ZnO-SF gauze (ZnO). (B) Zn2+ release for ZnO-SF gauze after 24 h, 48 h, and 72 h
(n = 3, p-value < 0.05, significant difference between time points) and (C) Zn2+ release ratio from
zinc particles. The release ratio is the amount of zinc ions released to the total amount of zinc on the
SF gauze.

While the exact toxicity mechanism of ZnO towards bacteria is still controversial, the
potential antibacterial effects can be attributed to the following three main mechanisms [52]:
(1) ROSs production resulting in the disintegration of the bacterial membrane; (2) Zn2+ release
disrupting critical processes including DNA replication and protein synthesis [53]; and (3)
direct interaction between ZnO NPs and bacteria causing antimicrobial effects [54,55]. A
significant factor in the antibacterial properties of ZnO is ROSs production, i.e., hydroxyl
radicals, H2O2, and singlet oxygen [56]. Although the precise mechanism remains unclear,
nanoparticle size-dependent ROSs production appears to impact bacterial death. Indeed,
smaller particles exhibit a greater surface area, which facilitates interactions with cellular
constituents and elevated ROSs generation. Additionally, smaller particles can show
increased reactivity because of their elevated surface energy, leading to greater ROSs
production. In this work, the results demonstrated insufficient ROS production, probably
caused by the large ZnO nanoparticle size. Indeed, several studies (Table 1) have studied
the antibacterial properties of ZnO NP (<100 nm) on different substrates [21,57–60]. ZnO
NP with sizes <100 nm is known to exhibit better antibacterial properties than larger
sizes [59].
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Table 1. Comparative antibacterial effect of different biodegradable ZnO-coated mat.

Material Size Concentration Gram + Antimicrobial
Activity

Gram −
Antimicrobial
Activity

Cell Viability

SF/ZnO 230 ± 45 nm 11.5% wt 29.89 ± 1.10% (Live/dead
assay, 72 h, S. aureus)

38.19 ± 1.46%
(Live/dead assay, 72
h, P. aeruginosa)

>80, 90, 70% after 24, 48 and
72 h
(Alamar Blue Assay, CHO)

PLGA/SF/ZnO [22] 30–40 nm 1%, 2%, 3%
(v/v)

45.1%, 87.57%, 100%
(turbidity, S. aureus)
Found MIC = 39.06 µg/mL
(turbidity, 24 h, S. aureus)

30.54%, 75.42%,
98.63% (turbidity,
E. coli)
Found
MIC = 78.12 µg/mL
(turbidity, 24 h,
E. coli)

Same as PLGA/SF for day
1, 3, 7; cytotoxic at day 3
and 7; cytotoxic at day 3
and 7
(CCK8 Assay, L929)

PVA/CS/ZnO [40] 30 nm 0.5%, 1% wt 75%, 85% (OD, 24 h,
S. aureus)

70%, 80% (OD, 24 h,
E. coli)

74%, >85% (24 h)
>80%, >80% (48 h)
(MTT assay, L929)

Electrospun
PVA/ZnO [41]

50–150 nm 500 µg/mL MIC = 250 µg/mL
MBC = 250 µg/mL
(24 h, S. aureus)

MIC = 62.5 µg/mL
MBC = 125 µg/mL
(24 h, E. coli)

82.8%, 48 h (MTT assay,
HFF)

PVA/starch/ZnO
[42]

<100 nm 2.6%, 3.2%,
3.8%, 4.4% wt

Significant (agar diffusion
assay, 48 h, S. aureus)

Significant (agar
diffusion assay, 48 h,
E. coli)

N/A

CS/ZnO [43] 80 nm 0.001%,
0.0025%,
0.005%, 0.01%

Significant for all but
0.001% (still decreased
number of bacteria)
Best with higher
concentrations of ZnO NP
(colony counting, 24 h,
S. aureus)

Significant for all
(colony counting, 24
h, E. coli)

0.01%: >80% viability after
24, 48 and 72 h
Others: toxicity after 24 h
(<60%) but good viability
afterwards (>80%)
(cell staining, nHDF)

Co-electrospun
HA/SF-ZnO [33]

<50 nm 6.5%, 19.35%,
32.26% wt
(A VERIFIER)

116 ± 3, 42 ± 2, and
6 ± 1 bacteria (CFU, 24 h,
S. aureus)
Antibacterial effect
increases with
concentration

267 ± 7, 79 ± 3, and
28 ± 2 bacteria (CFU,
24 h, E. coli)
Antibacterial effect
increases with
concentration

> 85% for all, but 32.26% wt
decreased with time (1, 3,
7 days, MTT assay, HaCat)

PLA/ZnO [45] 48 nm 0.5, 1, 2% 86%, 93%, 98% (colony
counting, 72 h, S. aureus)

40%, 57%, 75%
(colony counting,
72 h, E. coli)

79.6% (ZnO 2%wt, MTT
Assay, 72 h, HSF)
70.5% (ZnO 2%wt, MTT
Assay, 72 h, MSC)

PDLA/ZnO [46] 6.36 ± 2.08 nm 1, 3, 5% wt 69.07 ± 1.07%,
69.01 ± 36.92%,
97.07 ± 2.63%
(24 h, S. aureus)

8.12 ± 2.49%,
25.50 ± 12.20%,
99.59 ± 0.14%
(24 h, E. coli)

For all samples: 80% day 1
and 3, >100% day 5 and 7
(resazurin, MC3T3-E1)

PLA/PCL/TPS
(thermoplastic
starch)/ZnO [47]

30–50 nm 3%, 5% wt 10 mm, 12 mm (inhibition
zone, 24 h, S. aureus)

8 mm, 9 mm
(inhibition zone, 24 h,
E. coli)

25%, 15%: cytotoxic (MTT
assay, 24 h, L929)

This size-dependent toxicity is further accentuated by the increased internalization of
smaller particles within bacteria, thereby enhancing their antibacterial efficiency compared
to larger particles at the same concentration [53]. Based on the obtained results, the larger
size of the ZnO nanoparticles causing lower internalization, and weak ROSs production, it
can be inferred that the significant release of Zn2+ ions in the medium is the logical cause of
ZnO toxicity toward S. aureus and P. aeruginosa. The main proposed antibacterial mechanism
for Zn2+ uptake is linked to active transport inhibition, amino acid metabolism, and enzyme
system disruption [38]. However, these aspects, i.e., ROSs, Zn, and internalization, also apply
to cells, thereby causing great cytotoxicity [53]. The gain of antibacterial activity is, however,
negatively correlated with biosafety and cell viability [61,62]. Consequently, a greater particle
size (with a smaller specific surface area) was chosen to minimize the cytotoxicity of ZnO
particles. This approach slows down the dissolution kinetics of the ZnO particles and reduces
the number of particles internalized by cells, resulting in decreased cytotoxic effects [63].
Indeed, with FDA approval for the use of ZnO in bulk and with a size exceeding 100 nm [64],
our material (230 ± 45 nm) is considered safe. The size of nanoparticles (NPs) plays a key
role in dictating their unique interactions with cells. It was demonstrated that smaller ZnO
nanoparticles (30 nm) had a higher internalization effect compared to larger nanoparticles
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(80–100 nm) and the ionic form of zinc [65]. NP sizes ranging from 1 to 100 nm align with the
dimensions of protein globules, DNA helixes, and cell membranes, facilitating easy entry into
cells and organelles. Studies, such as those by Huo et al. and Pan et al., highlight that smaller
NPs, around 6 nm or less, can penetrate the cell nucleus, while larger ones (10 or 16 nm) remain
in the cytoplasm, revealing a size-dependent toxicity [66]. Below 2 nm, NPs induce apoptosis
and cell necrosis [67]. Furthermore, NP size influences interactions with cell transport and
defense systems, affecting distribution kinetics. NPs smaller than 5 nm tend to overcome
cell barriers non-specifically, while larger particles enter cells through various mechanisms
such as pinocytosis [68]. It was demonstrated that smaller ZnO nanoparticles (30 nm) had a
higher internalization effect compared to larger nanoparticles (80–100 nm) and the ionic form
of zinc [65]. To improve the bactericidal effect of the gauze without modifying the cytotoxicity,
more research should be performed to increase the release of Zn2+ and maintain the low rate
of ROSs formation. For example, strategies include surface modification with acidic coatings
to promote dissolution, reduce particle agglomeration, or increasing the porosity of the gauze
to allow better fluid penetration. In vivo experiments indicate rapid distribution of NPs
smaller than 10 nm among all organs and tissues, contrasting with the localization of larger
NPs (around 250 nm) in specific organs (liver and spleen) [69]. Our material, coated with
ZnO nanoparticles larger than 100 nm, not only induces bacterial death but also preserves
tissues and could support essential physiological processes involved in tissue repair. The
low release of ROSs from our dressing enhances tissue safety, making it particularly suitable
for clinical treatment of chronic diabetic wounds, aiming to improve wound healing and
prevent bacterial infections [70,71]. The results of these in vitro studies lay the groundwork for
further research in vivo, guiding the development of wound dressings that effectively combat
bacterial growth and facilitate the healing process [72]. Given that silk-based materials have
been approved by the FDA for a wide array of applications, such as wound dressing, and
ZnO is FDA-approved for skin-protection and wound-care products, some of the regulatory
considerations have already been addressed, but for full implementation in clinical settings,
safety assessments, manufacturing scalability, and clinical efficacy studies will be required.

4. Conclusions

A novel electrospun silk fibroin gauze was coated with antimicrobial zinc oxide nanopar-
ticles using an efficient and scalable electroless deposition method. This innovative material
shows significant potential for reducing hospital-acquired infections. ZnO was chosen for
its antimicrobial properties, low toxicity, and biodegradability, making it a superior choice
among metal oxides. The gauze’s antimicrobial efficacy was tested, showing a 29.9% ± 1.1%
reduction in S. aureus bacteria and a 38.2% ± 1.5% reduction in P. aeruginosa bacteria after 72 h.
Cytotoxicity was evaluated using a viability assay with CHO cells, revealing over 70% cell
viability across all conditions and exposure times. This study highlights the promise of ZnO-
coated silk fibroin gauze as an antimicrobial agent in medical textiles and suggests further
optimization of Zn2+ loading to enhance its effectiveness in preventing healthcare-associated
infections. Future studies should focus on these optimizations and include biofilm assessment
to address the more challenging aspects of biofilm-related infections. This comprehensive
approach will better inform the development of advanced wound care solutions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app14167103/s1. Figure S1. EDS spectrum of ZnO-SF silk fibroin
gauze. Figure S2. (A) XRD patterns, (B) FTIR spectra, (C) Thermal behaviour of ZnO nanoparticles.
Figure S3. Standard curve for zinc ions release measurement.
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