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Abstract: Background/Objectives: The huge concerns associated with biofilm-related in-
fections in surgical procedures, along with the antibiotic resistance demonstrated by an
increasing number of bacteria, have highlighted the need for alternative and effective pre-
vention approaches. The aim of this research was to develop novel antimicrobial coatings
on surgical sutures for the prevention of surgical site infections through nanotechnology-
based methods. Results: The results demonstrated that although very low amounts of silver
precursor were adopted for the treatments, the silver coating was effective against Staphylo-
coccus aureus and antibiotic-resistant Pseudomonas aeruginosa in reducing the potential risk
of infection. Methods: Nanostructured silver coatings were deposited onto the surface of
polyglactin 910 absorbable braided sutures through a technology based on a photo-assisted
chemical reaction. The materials were characterized in order to verify the efficacy of the
coating in preventing biofilm formation and in reducing the bacterial colonization of the
device. Conclusions: As a broad-spectrum antimicrobial agent, silver represents an im-
portant option for the prevention and management of surgical site infections. The silver
deposition technology adopted in this work provides an interesting strategy for preventing
biofilm formation on medical devices such as surgical sutures.

Keywords: biofilm; silver; infection; nanotechnology; antibiotic resistance

1. Introduction

Depending on the surgical procedure, surgical site infections (SSIs) can develop at the
level of skin or subcutaneous or deep tissues and organs within 30 or 90 days of surgery.
These infections represent the second highest cause of hospital-acquired infections and
are a serious issue for healthcare systems in terms of morbidity, mortality and associated
costs [1,2]. It has been estimated that approximately 0.5% to 3% of patients undergoing
surgery are subjected to infection at the surgical incision site, with hospitalizations of 7 to
11 days longer than patients not experiencing SSIs [3], increased antibiotic use and higher
treatment costs [4]. Different risk factors associated with surgery have been reported in
the Centers for Disease Control and Prevention (CDC) 2018 guidelines in relation to the
patient, the surgery, and pre-, intra- and postoperative processes [4] depending on the
patient’s immune system, use of antibiotic prophylaxis, the degree of bacterial wound
contamination and the presence of foreign material [3]. One of the most widely reported
reasons for SSI development is the microbial adhesion to surgical sutures [5], which can
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be responsible for moving bacteria from the skin to the deeper tissues during wound
closure [6]. After insertion, the surface of the suture is rapidly coated by fibrinogen,
fibronectin or collagen, which can promote the adhesion of microorganisms. Moreover, the
capability of bacteria to develop a matrix made of polysaccharides, proteins and nucleic
acids as a protection from antimicrobial agents [6,7] represents a serious concern in the
treatment of biofilm-associated SSIs due to the lack of efficacy of conventional antibiotic
therapies, particularly in polymicrobial communities. Due to the multiple mechanisms
of resistance developed by multidrug-resistant bacteria, biofilm-related infections, which
represent approximatively 80% of SSIs, are extremely difficult to manage [7]. Some of the
most common endogenous microorganisms associated with SSls are Staphylococcus aureus,
coagulase-negative staphylococci, Enterococcus and Escherichia coli, while potential exogenous
sources for contamination have been found in operating rooms, air, staff members and
surgical instruments [7].

On surgical sutures, the formation of biofilms can be promoted by the type of material
and by the physicochemical features of the device [6,8,9], with a higher incidence associated
with braided sutures than with monofilament sutures [6] due to their more complex
surfaces, which facilitate the entrapment of bacteria [6,8]. In order to reduce bacterial
contamination, particularly in braided sutures, the broad-spectrum antiseptic triclosan has
been adopted as an effective coating against different bacteria, including antibiotic-resistant
strains [5,6,10]. Although limited clinical research has been reported, other products have
been recently developed, such as chlorhexidine-coated sutures [5,11] and nanosilver-coated
sutures [12].

The use of nanotechnology-based approaches has transformed many aspects of clinical
practice, including imaging, wound healing and surgical tools [13]. The scientific literature
has reported the bactericidal effect of silver nanoparticles against Gram-positive and Gram-
negative bacteria through multiple mechanisms of action, such as membrane damage,
mitochondrial dysfunction, ROS generation, oxidative stress and DNA damage [14].

Silver nanoparticles have also demonstrated effectiveness in preventing bacterial
biofilm formation on medical devices such as catheters and wound-dressing biomaterials,
thus representing an encouraging approach for reducing the risk of SSIs associated with
contaminated surgical sutures [15,16].

The aim of this research was to develop antibacterial multifilament sutures for prevent-
ing biofilm-associated infections in wound closure. Silver nanocoatings were deposited on
polyglactin 910 absorbable braided sutures through a photochemical process that provided
the in situ synthesis and deposition of silver particles onto the surface of the device. The
silver-treated sutures were characterized by scanning electron microscopy (SEM) in order
to confirm the presence of silver on the material. Most importantly, a microbiological
analysis was performed to investigate the efficacy of the silver coating in preventing bacte-
ria adhesion and biofilm formation by two representative bacteria strains responsible for
SSIs, namely Staphylococcus aureus and the antibiotic-resistant Pseudomonas aeruginosa; this
demonstrated the good potential of the proposed approach in terms of preventing bacterial
contamination and surgical site infections.

2. Results
2.1. Morphological Characterization

The efficacy of silver treatment on sutures was evaluated by scanning electron mi-
croscopy (SEM). SEM analyses evidenced the typical braided structure of these sutures

(Figure 1A) and confirmed the presence of silver particles distributed on the surface of the
material (Figure 1B), indicating a successful deposition treatment.
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Figure 1. SEM images of the untreated suture (A) and the silver-treated sample (B). The arrows
indicate the presence of silver particles on the surface of the material.

2.2. Microbiological Characterization

The growth curves of the bacteria were calculated and analyzed to define the con-
version factor from OD to CFU/mL. The relation between OD and CFU/mL is reported
in Figure 2. The resulting equations were used to convert the OD to CFU/mL, with
10D =1 x 10° CFU/mL in the case of S. aureus, and 10D =2 x 108 CFU/mL in the case of
P. aeruginosa.
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Figure 2. Relationship between the concentration of colony-forming units and optical density for
S. aureus (A) and P. aeruginosa (B).

The microbiological characterization, addressed to evaluate the capability of the
coating in reducing bacterial adhesion and proliferation for the prevention of biofilm
formation, was performed according to different protocols. In particular, qualitative tests
were performed through agar diffusion tests against the selected bacterial strains. The
results reported in Figure 3 demonstrated the presence of a bacterial growth inhibition
area that was larger than 1 mm in the presence of silver-treated samples (Figure 2) that,
according to the Swiss Standards SN 195920:1992 [17], also indicated good antibacterial
efficacy after the degradation tests. The results obtained by quantitative tests through
spectrophotometric analyses are reported in Table 1, where a reduction in bacteria viability
can be observed between the untreated and silver-treated samples at the initial time point
and during the degradation experiment.



Antibiotics 2025, 14, 49

40f11

Figure 3. Agar diffusion tests on untreated (UT) and silver-treated (T) samples against antibiotic-
resistant Pseudomonas aeruginosa (A—C) and Staphylococcus aureus (D-F) at different degradation time
points, namely t =0 (A,D), t = 1 day (B,E) and t = 3 days (C,F).

Table 1. Quantification of the antibacterial efficacy (ABE; %).

Bacteria Deg];aac;astlon Materials CFU/mL After 5h ABE (%)
S, aureus 0 days Untreated 2.37 x 108 -
Ag/suture 2.90 x 107 88
1 days Untreated 241 x 108 -
Ag/suture 3.50 x 107 85
3 days Untreated 245 x 108 -
Ag/suture 4.25 x 107 83
P, acruginosa 0 days Untreated 3.50 x 107 -
Ag/suture 2.25 x 106 94
1 days Untreated 3.49 x 107 -
Ag/suture 3.45 x 10° 90
3 days Untreated 3.34 x 107 -
Ag/suture 4.05 x 10° 88

2.3. Fluorescent Imaging of Biofilms

A qualitative evaluation of the biofilm formation on untreated and silver-treated
sutures was performed through fluorescence microscopy on P. aeruginosa and S. aureus
(Figure 4). In both bacterial strains, a reduction in the adhesion of bacteria to the treated
samples was observed in comparison with the untreated sutures, suggesting efficacy of the
coating in inhibiting the development of the biofilm.
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Figure 4. SYTO 9 images of Pseudomonas aeruginosa and Staphylococcus aureus biofilms matured
respectively on the surface of untreated (A-C) and silver-treated (B-D) sutures.

2.4. Quantification of Biofilms

A quantitative evaluation of the biofilm was also performed through the Crystal Violet
assay. Figure 5 reports the percentages of biofilm inhibition calculated for both bacterial
strains at different time points in comparison with the untreated samples.

100

90 A
80 o
70 A s
60
50 o el =

40

Biofilm Inhibition (%)

30 A

20 A

10 A

0

S.aureus P.aeruginosa

WmO0days Wlday = 3days

Figure 5. Biofilm inhibition percentage calculated in comparison with the untreated samples at t = 0,
t=1dayand t = 3 days.

2.5. Hemolytic Activity

Hemolytic rates of the untreated samples and the treated sutures in vitro were 1.7%
and 2.1%, respectively, which, in both cases, were lower than the recommended value of
5% reported in the literature [18].

3. Discussion

Surgical sutures, known since 3500 BC as an integral part of surgical procedures,
are manufactured today as different types, such as absorbable/non-absorbable, syn-
thetic/natural, monofilament/braided, etc. [8]. Despite the various commercial sutures
available in clinics, improving the biological performance of the currently available su-
tures still remains a huge challenge, particularly in terms of the prevention of wound
infections [19]. Bacterial accumulation at the surgical site determines a hypoxic wound
environment, inhibiting the activity of fibroblasts and resulting in delayed healing [20].
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Surgical site infections (SSIs) have been recognized as a frequent complication in dermato-
logic surgery, with increased morbidity, impaired wound healing and increased treatment
costs [21]. Every year, millions of patients are affected by SSIs worldwide, even in devel-
oped nations. In the United States, for example, this type of infection has been estimated to
cause an extra 0.4 million hospital days and an added USD 10 billion in yearly expenses [22].
In Europe, the most common pathogen associated with SSIs with prolonged hospitalization
and higher death rates and treatment costs is Staphylococcus aureus [1]; other microbial
pathogens associated with SSIs include Escherichia coli, Pseudomonas aeruginosa, Acineto-
bacter species and Enterococcus species [22]. Drug-resistant polymicrobial biofilms often
colonize suture materials, and although many antibacterial sutures are available today;,
their capability in preventing biofilm colonization by polymicrobial communities is still
underexplored [23]. Biofilm formation on polymeric devices is a serious issue [24], and
considering that antimicrobial resistance is a global threat, mutual international efforts are
required to reduce the incidence of SSIs [1].

The complex mechanisms of biofilm formation begin by the bacterial colonization of
the material, followed by the production of an extracellular substance by bacteria that pro-
vides them with protection from the outer environment and from antimicrobial agents [24].
Many efforts have been made by researchers for the development of novel, safe and efficient
antibiofilm strategies as alternative methods to conventional approaches [7]; in this regard,
antibiotics, salts, compounds and silver nanoparticles have been incorporated into the
surface or the bulk material [24]. Moreover, depending on the type of material, different
sutures have demonstrated different degrees of absorbability to bacteria, and in particular,
polyglycolic acid has shown higher bacterial adhesion than monofilament polypropylene
sutures [20]. The macrostructure of a braided strand is also more prone to the entrapment
of bacteria and to bacterial colonization [6]. Masini et al. have evaluated the bacterial
adherence to different sutures materials through a bioluminescent in vitro model focusing
on poliglecaprone, polypropylene, silk, polyglycolic acid and triclosan-treated polyglycolic
acid sutures. After biofilm formation, the highest bacterial count and the most statistically
significant data in terms of bacterial adherence were associated with polyglycolic acid
with respect to the other sutures [25]. Based on these considerations, this research work
addresses the definition of antimicrobial coatings on polyglactin 910 absorbable braided
sutures for the prevention of surgical site infections. As an antimicrobial agent, silver
has been selected due to its well-recognized broad-spectrum antimicrobial activity, which
has also been demonstrated against drug-resistant strains; in particular, at a nanometric
scale [26,27]. Nanostructured silver coatings have been deposited in this work according to
a technology based on the photoreduction of a silver precursor directly onto the surface
of the material, followed by the conversion of the silver salt to metal silver and the in
situ deposition of silver particles. This process has been successfully applied to different
types of substrates for biomedical applications, and in each case, the process parameters
were properly defined according to the specific application of the device by verifying the
antibacterial activity, even after aging of the material and in simulated working condi-
tions [26-28]. Moreover, the presented technology allows for the possibility of treating only
the surface of the device rather than treating the bulk material, with important advantages
in terms of costs. Indeed, optimization of the process parameters in relation to the specific
application consists of defining the minimum amount of silver precursor, the proper de-
position method and the minimum UV exposure time. The silver deposition technology
adopted in this work and the selected process parameters provided the specific substrate
with long term antibacterial properties without altering the properties of the material.
Particularly, due to the specific nature of the braided sutures and their degradability, the
effect of the silver treatment was investigated in terms of biofilm prevention as well as
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by evaluating the bacterial response to the silver coating at different degradation times to
simulate the potential aging of the material. Interestingly, the antibacterial capability of
the silver-treated sutures was confirmed through qualitative and quantitative assays at all
time points, indicating good efficacy of the coating against both the tested bacterial strains,
with similar results between S. aureus and P. aeruginosa. Moreover, a reduction in bacterial
adhesion to the sutures was observed through fluorescence microscopy and the Crystal
Violet assay against selected bacteria strains, including an antibiotic-resistant strain of P.
aeruginosa. The quantification of the bacterial biofilms indicated a similar effectiveness of
the coating against the tested bacterial strains, which will be further investigated in future
works involving more representative microorganisms in SSIs. Moreover, the silver-treated
samples did not evidence any hemolytic effects in vitro, suggesting a safe contact between
the device and blood.

The activity of the silver coating in reducing bacteria proliferation and adhesion, with
relevant advantages in terms of biofilm formation, suggests a potential beneficial effect of
the silver-treated sutures in preventing surgical site infections.

4. Materials and Methods
4.1. Silver Treatment of Surgical Sutures

Polyglactin 910 absorbable braided sutures were selected as a substrate for the deposi-
tion of antibacterial silver coatings. The technology adopted for the silver treatment was
based on a photoreduction process, which provides for the in situ synthesis and deposition
of silver nanoparticles onto the surface of the material without the use of any binder. Briefly,
the process consists of the deposition of a silver solution through dip coating or spray
coating, followed by the exposure of the substrate to an ultraviolet (UV) source which
promotes the conversion of silver salt to metal silver particles. Indeed, the silver solution
was prepared by mixing silver nitrate (ACS reagent, >99.0%; Sigma Aldrich, St. Louis,
MO, USA) as a precursor for metal silver, methanol (ACS reagent, >99.8%; Sigma Aldrich,
St. Louis, MO, USA) as a photoreducing agent and water as solvent, and the selected
percentages were 0.5 wt/wt%, 10 wt/wt% and 89.5 wt/wt%, respectively. The sutures
(1 cm length) were immersed in the silver solution for 5 min and then exposed to a UV
lamp (365 nm, 500 Watt; Jelosil, Milan, Italy) for 15 min. Then, silver-treated sutures as
experimental samples and untreated sutures as controls were characterized at the initial
time point (t = 0) and after 1 day (t = 1) and 3 days (t = 3) of degradation in 1 mL of
phosphate-buffered saline (PBS).

4.2. Scanning Electron Microscopy

In order to evaluate the presence of the silver coating on the surface of the sutures
and the distribution of the silver particles, scanning electron microscopy (SEM; Zeiss EVO,
Oberkochen, Germany) was performed on the untreated and the silver-treated samples.

4.3. Microbiological Characterization

The microbiological characterization was performed on an antibiotic-resistant bacterial
strain of Pseudomonas aeruginosa (ATCC BAA-3285) and Staphylococcus aureus (ATCC 29213).
The growth curves of the bacteria were determined using the optical density (OD) method
at 600 nm and colony-forming unit (CFU) calculations. Specifically, 25 mL of sterile tryptic
soy broth (TSB) was inoculated with each bacterial strain to achieve an initial inoculation
density of 0.1 OD. The inoculated suspensions were incubated at 37 °C in a shaking
incubator (VDRL, 711/CT; ASAL, Cernusco sul Naviglio, Italy). The optical density at
600 nm (OD600) was measured using a spectrophotometer (V-1200, VWR; Radnor, PA,
USA) every 1 h for 15 h to monitor bacterial growth. At each timepoint, the CFUs were
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calculated by the serial dilution method. Each aliquot was diluted through serial dilutions
of 1:10 by transferring 100 pL of the previous dilution into the subsequent tube containing
100 pL of sterile distilled water. A volume of 100 uL of each dilution was spread onto
agar plates, and after incubation, the colonies were counted to calculate the CFU/mL. The
relationship between the OD and the CFU/mL was analyzed to obtain the conversion
factor. The conversion factors calculated for each strain were used to convert the results of
the antibacterial activity from OD to CFU/mL.

The antibacterial activity of the silver-treated sutures was determined through both
qualitative and quantitative assays performed immediately after the silver treatment (t = 0)
and at subsequent time points (at t = 1 day and t = 3 days) during the degradation experiments.

The qualitative assay was performed using the agar diffusion test according to Stan-
dard “SNV 195920-1992” [17], which evaluates the antibacterial activity of the sample in
relation to the width of the bacterial growth inhibition area and defines the different levels
of antibacterial activity from “insufficient” (agar plate completely covered by bacteria)
to “good” (inhibition zone > 1 mm) [29,30]. In this experiment, 200 uL of the bacterial
suspension was plated onto an agar plate, and the experimental and control samples were
placed on the surface and incubated for 24 h at 37 °C (Incubator IG5100; Thermo Scientific,
Waltham, MA, USA).

Quantitative tests on silver-treated and untreated suture samples were performed in
duplicate using spectrophotometric analysis (Spectrophotometer V-1200, VWR), measuring
the OD at 600 nm. The samples were immersed in 6 mL of tryptic soy broth inoculated with
each bacterial strain at an initial OD of 0.0005 and incubated at 37 °C in a shaking incubator
for 5h (VDRL, 711/CT+; ASAL). Then, the OD at 600 nm was measured and converted
into CFU/mL. The antibacterial efficiency of the samples (ABE %) was calculated using the
following equation:

ABE% = ((D. — Dy)/D.) x 100 (1)

where D, and Dy are the CFU/mL values in the presence of the untreated and treated
sample respectively [31].

4.4. Fluorescent Imaging of Biofilms

In order to evaluate the effect of the silver coating on biofilm formation, the samples
were immersed in 6 mL of tryptic soy broth inoculated with each bacterial strain at an
initial OD = 0.0005 and incubated at 37 °C under shaking conditions for 48 h. After
incubation, the samples were washed with phosphate-buffered saline (PBS) to remove
non-adherent bacterial cells and then dried at 37 °C for 1 h. Pseudomonas aeruginosa and
Staphylococcus aureus biofilms matured on the surface of silver-treated and untreated sutures
were observed using fluorescence microscopy. The biofilms were stained using a green
fluorescent nucleic acid stain at a concentration of 3 uL. (SYTO9; Molecular Probes, Waltham,
MA, USA). After incubation for 15 min in the dark, the samples were washed with PBS,
dried at 37 °C and observed with a fluorescence microscope at 10x (Axio Vert Al Zeiss).

4.5. Quantification of Biofilms

Asin previous characterizations, after immersion in 6 ml of tryptic soy broth inoculated
with each bacterial strain (OD = 0.0005) and incubation at 37 °C under shaking conditions
for 48 h, the samples were washed in PBS to remove non-adherent bacterial cells and
dried at 37 °C for 1 h. Then, to quantify the antibiofilm activity of the silver coatings, the
Crystal Violet (Sigma Aldrich) assay was performed. The samples were stained at room
temperature with a 0.1% solution of Crystal Violet for 15 min. Then, the samples were
washed with PBS and immersed in 95% ethanol for 20 min. The concentration of Crystal
Violet was determined using a spectrophotometer by measuring the optical density at
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595 nm (V-1200, VWR). The experiment was performed in duplicate. The percentage of
biofilm inhibition was calculated as in Equation (1).

4.6. Hemolytic Activity

The hemolysis test was performed using an indirect contact method to evaluate
the hemocompatibility of silver-treated suture threads. The silver-treated and untreated
samples were immersed in a 0.9% saline solution for 24 h to obtain the extraction solution.
10 mL of sheep blood was centrifugated at 3000 rpm for 10 min to separate the red blood
cells from the plasma. The cell pellet was washed three times and resuspended in 10 mL
of saline solution. A 500 uL aliquot of the extraction solution and 500 uL of the blood cell
suspension were incubated for 1 h at 37 °C in a thermoblock (TD 150 P1; Falc Instruments,
Treviglio, Italy). The negative control group included saline solution and blood without the
sample, while the positive control group consisted of distilled water. After centrifugation at
15,000 rpm for 15 min (Laboratory Microcentrifuge D3024; Scilogex, Rocky Hill, CT, USA),
the supernatant was collected for absorbance (A) measurement at 540 nm. The hemolysis
rate was calculated using the following equation [18]:

Hemolytic rate = (Amaterial — Anegative control)/ (Apositive control — Anegative control) X 100 (2)

5. Conclusions

Biofilm-related surgical site infections represent a serious issue for healthcare systems
in terms of morbidity, mortality and costs. Some devices such as surgical sutures, in
particular, can become colonized by bacteria to varying extents depending on the specific
surgical procedure and the structure and the material of the device, thus contributing
to an increased risk of infections. In addition, the resistance to antibiotics demonstrated
by many bacteria has limited the number of therapeutic options. In this scenario, many
efforts have been made by the scientific research community to define novel and effective
strategies for preventing bacterial proliferation. Silver, a well-known broad-spectrum
antimicrobial agent, has been used in this work to obtain surgical sutures with antimicrobial
properties. Nanostructured silver coatings were developed and characterized against
representative bacterial strains in SSIs. The results demonstrated effectiveness in reducing
bacterial proliferation and biofilm formation on surgical sutures and could be considered
an interesting option against surgical site infections.
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