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Abstract: Endophthalmitis most likely originates from both planktonic bacteria suspended in the tear
film and bacteria adherent to the conjunctiva and the eyelid. This study aimed to expand the research
on the effectiveness of a colloidal silver solution (Silverix®) against ocular microorganisms. The

activity of Silverix®

was evaluated against methicillin-resistant Staphylococcus aureus, S. epidermidis,
ofloxacin-resistant Pseudomonas aeruginosa, and Candida albicans strains, previously characterized for
their antibiotic resistance and biofilm-forming capabilities. The microbial killing was estimated at
various times in the presence and absence of colloidal silver solution against planktonic and biofilm-
embedded cells. The results documented the efficacy of Silverix® on planktonic cells of S. aureus
and S. epidermidis (2.49-2.87 Log CFU/mL reduction) and P. aeruginosa strains (3—4.35 Log CFU/mL
reduction). On the contrary, C. albicans showed mild susceptibility. Regarding early biofilm, the
ocular isolates were harder to kill (2-2.6 Log CFU/mL reduction) than the reference strains, whereas
a similar decrease (3.1 Log CFU/mL reduction) was estimated for P. aeruginosa strains. The light
microscope images of biofilms treated with colloidal solution confirmed the ability of Silverix® to
destroy the biofilm.

Keywords: colloidal silver; antimicrobial activity; antibiofilm activity; ocular infections

1. Introduction

Endophthalmitis is an inflammatory condition of the intraocular cavities, usually
caused by infection. It most likely originates from both planktonic bacteria suspended in
the tear film and bacteria adherent to the conjunctiva and the eyelid [1,2]. The margin of
the eyelid can be colonized by microorganisms with a sessile-growth lifestyle able to build
biofilm communities with a key role in the development of chronic infections. One of the
most common eye infections that usually affects both eyes along the edges of the eyelids is
represented by blepharitis. Blepharitis is often a condition difficult to treat, characterized
by edema, redness and inflammation of the ciliary edge which affects the lid and its dermis,
eyelashes, conjunctiva and the meibomian glands. The etiology is complex, including
chronic bacterial infections, infestations with certain parasites such as Demodex, and inflam-
matory skin conditions such as seborrheic dermatitis. Among various bacterial pathogens
that impact blepharitis, emerge Staphylococcus aureus, S. epidermidis, Propionibacterium acnes
and Corynebacteria sp.. Recently, microbial biofilms have been implicated in a wide array of
ocular diseases, including recurrent or chronic blepharitis leading to dry eye, a pathology
particularly widespread and often underestimated [3]. The microbial biofilms are cause of
a worsening of the pathological picture with lowered vision and chronic inflammation of
connective tissue. Today, blepharitis and dry eye disease are considered a single disease
referred to as “Dry Eye Blepharitis Syndrome” (DEBS) [3]. Biofilms have become a clinical
and therapeutic problem, as microorganisms embedded in a self-produced polymeric ma-
trix constitute impenetrable microbial communities, plugging the meibomian glands or
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blocking the lash follicles, less susceptible to conventional treatment than their planktonic
counterparts [4]. Furthermore, a biofilm extracellular polymeric substance is composed
of DNA, proteins, and polysaccharides; it can also constitute a nutrient source for the
growth of Demodex mites. These eyelash mites are parasites that live in or around human
hair follicles, in symbiosis with many bacterial species, and are involved in blepharitis
with cylindrical dandruff [3]. In light of the above, together with the serious concern
raised by the increasing phenomenon of antibiotic resistance, it is necessary to shift toward
alternative therapies to achieve better success in infection treatment.

Renewed attention has been focused on silver (Ag) because of its broad-spectrum
antimicrobial activity against Gram-positive [5] and Gram-negative [6] organisms, fungi [7],
protozoa [8], and some viruses [9]. It is known that Ag interacts with multiple target sites,
such as cell membranes and microbial proteins, affecting permeability and respiration and
causing cell death [5-11]. Current studies on the experimental biofilm models suggest
that it also interferes with bacterial adhesion, destabilizes the biofilm matrix, and kills the
bacteria embedded in the biofilm [12-14]. However, silver ions (Ag*) or salts have only
limited usefulness as antimicrobial agents. As provided from current literature available
on silver, there is still a lot to know about the clinical potential of this element. It is pivotal
to take in consideration possible side effects for human health. Today, one of the most
common forms of Ag is represented by colloidal silver (CS) in nanoparticles (NPs), as the
Ag in nanoform is far better and more biocompatible agent. Nanoparticles have higher
antibacterial activity than free Ag* due to both the physical properties of nanoparticles
and the elution of Ag* [15]. AgNPs have multiple modes of action that lead to cell killing,
cause structural and physiological alterations in microbial cell membranes, such as changes
in permeability and membrane potential, as well as penetrate into the cell, resulting in
binding interactions with proteins and DNA. The AgNPs have a surface/volume ratio
much greater than the corresponding bulk material; therefore, interactions with microbial
surfaces are facilitated, allowing a better ability to release/produce Ag* /reactive oxygen
species [16-18]. It should be emphasized that, due to the non-specific nature of these
mechanisms, AgNPs do not exert selective pressure on bacteria and have a much lower risk
of developing resistance than conventional antibiotics. Silver nanoparticles have been also
incorporated into different matrices and formulations, such as gels, coatings, composites,
membranes, and thin films, to use in biomedical applications, food production, cosmetics,
and numerous household products [15,19-21]. A form of gelatin-capped AgNPs has been
studied as a promising antimicrobial and antiangiogenic nanotherapeutic for preclinical
treatment of bacterial keratitis and eye-related microbial infections [22]. Specifically, the
stabilized AgNPs showed efficient dispersion in aqueous media and interaction with
S. aureus, improving antibacterial properties [22].

Starting from the preliminary data presented as a poster at the EVER Annual Congress [23],
the current study expands the research on the activity of a colloidal silver solution (CST),
providing new results on its efficacy against ocular isolates of S. aureus, S. epidermidis,
Pseudomonas aeruginosa, and Candida albicans, chosen as representative microorganisms im-
plicated in eye infections. Furthermore, microscopic biofilm analysis were also performed.

2. Materials and Methods
2.1. Materials

CST is used to soak gauzes for periocular hygiene (Silverix®, Alfa Intes already on
the Ttalian market; Ocusilver® available on other markets, Italy) containing the following
active ingredients: CS of 20-30 nm (0.001%) as an antimicrobial agent, sodium hyaluronate
(0.05%) as a hydrating agent, and glycol extracts of Matricaria chamomilla L. (0.22%) and
Euphrasia officinalis L. (0.22%) as soothing and emollient agents. Specifically, the CS used
as a raw material has an Ag content of 70% to 80% of Ag dried substance, as required
in accordance with the European Pharmacopoeia (EU) for CS for external use. As per
chemical and physical properties, it is soluble in water and insoluble in ethanol (96%) and
methylene chloride. The appearance of the CST is liquid, with a limpid yellowish color.
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The pH range is 6.30-8.30, with a characteristic floral scent due to the presence of natural
extracts of Matricaria chamomilla and Euphrasia officinalis.

2.2. Microorganisms and Inoculum Preparation

The microbial strains, belonging to the private collection of the Microbiology Sec-
tion, Department of Chemical, Biological, Pharmaceutical, and Environmental Sciences,
University of Messina, and previously characterized for antibiotic resistance [24-27] and
biofilm-forming ability [28-31], were used. Methicillin-resistant Staphylococcus aureus 815
and S. epidermidis 813 have been selected for their well-characterized biofilm-related proper-
ties such as the presence of the icaA/icaD genes evaluated by PCR analysis, slime production
evaluated by the Congo red agar assay and ability of forming biofilm on polystyrene sur-
face [24]. Moreover, S. aureus 815 was also characterized for its haemolytic activity and agr
system by PCR analysis, properties correlated with a background of biofilm producers [28].
Ofloxacin-resistant P. aeruginosa 1 and C. albicans 4 strains have been selected for their
biofilm formation on polystyrene surface [29-31]. The following international reference
strains from American Type Culture Collection (ATCC) were also included: S. aureus ATCC
6538, S. epidermidis ATCC 35984, P. aeruginosa ATCC 9027, and C. albicans ATCC 10231.

Bacteria were cultured in Muller Hinton broth (MHB) at 37 °C for 24 h, while C. albicans
was grown on RPMI-1640 at 37 °C for 48 h. For microbial inocula, the centrifuged cells were
standardized in phosphate-buffered saline (PBS), pH 7.4, using turbidimetry absorbance to
a concentration of 1 x 10° CFU/mL, approximatively.

2.3. Killing Activity

Aliquots of colloidal solution (1 mL) were dispensed into tubes containing the stan-
dardized microbial strain and incubated at 37 °C. After 0, 5, 10, and 15 min, the samples
were serially diluted in PBS and seeded on Tryptic Soy Agar (TSA) or Sabouraud agar. All
plates were then incubated at 37 °C for 18-24 h up to 48-72 h. CFU was counted [31]. All
determinations were performed in triplicate, including the growth controls.

2.4. Effectiveness on Biofilm-Embedded Cells

As reported previously, microbial cultures were grown as biofilms on polystyrene
flat-bottomed microtiter plates (Costar; Corning) [32]. Briefly, overnight culture in Tryptic
Soy Broth (TSB, P. aeruginosa and C. albicans) or TSB + 1% glucose (TSBG, S. aureus and
S. epidermidis) was adjusted to 10° CFU/mL and dispensed individually to 96-well cell
culture polystyrene microtiter plates. The plates were incubated at 37 °C for 6 h (early
biofilms) and 24 h (late biofilms). After incubation, the planktonic phase was gently
removed, and the biofilm was carefully washed twice with sterile PBS. Biofilms were then
treated with CST or PBS (control). The effect of CST on cell viability was evaluated after
different exposure times of 5, 15, 30, and 120 min. The colloidal solution was removed, the
remaining biofilm was resuspended in PBS and the wells were scraped with sterile pipette
tips as previously reported [32]. The microbial counts were assessed by plating serial
dilutions onto TSA. After an incubation period of 48 h at 37 °C, the CFU were detected. All
determinations were performed in triplicate.

2.5. Light Microscopy

Microbial early (6 h) biofilms of S. aureus ATCC 6538, S. epidermidis ATCC 35984,
P. aeruginosa ATCC 9027 and C. albicans ATCC 10231 formed on polystyrene flat-bottomed
microtiter plates (Costar; Corning), as described above, were washed three times with
sterile PBS and treated with CST. Sequentially, PBS was added, serving as the control. After
an exposure time of 15 min, the CST was removed; the plates were washed with PBS and
stained using 0.4% crystal violet for 10 min [33]. The biofilms were observed with a light
microscope X 200 (Leica DMLB).
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2.6. Statistical Analysis

ANOVA was employed to evaluate any significant differences between the values
obtained with and without the solution. A p-value < 0.05 was considered significant.

3. Results
3.1. Killing Activity

The antimicrobial activity of CST was tested on Gram-positive and Gram-negative
bacteria and yeasts. The Log CFU/mL of planktonic microbial cells following the exposure
to CST is presented in Table 1. It can be observed that the microbial load decreased as the
time exposure increased. After 5 min of exposure, a mild decrease in the bacterial count was
observed for both ATCC and ocular isolates of S. aureus and S. epidermidis (1.65-1.92 Log
reduction) and P. aeruginosa (1.5-1.95 Log reduction) strains.

Table 1. Effectiveness of colloidal solution against microbial strains in planktonic phase. Data are the
means of Log CFU/mL =+ SD of three independent experiments carried out in triplicate.

Strains Time (min)
0 5 10 15
Log CFU/mL
S. aureus 815 (MRSA) 6.17+ 031 425+033 417+£0.35 3.30£0.12
S. aureus ATCC 6538 528 £0.24 348+022 3.08+0.15 2.52 +0.08
S. epidermidis 813 6.06 +0.22 43+0.18 4.0+0.14 3.50 £+ 0.10
S. epidermidis ATCC 35984 505+ 025 344+0.15 29+ 0.10 256 +£0.12
P. aeruginosa 1 (ofloxacin-resistant) 8.0 +0.41 6.5 + 0.40 5,5+ 0.26 5.0 £0.30
P. aeruginosa ATCC 9027 705+035 51+0.19 3.8 +0.08 2.70 + 0.05
C. albicans 4 425+020 4144+025 4.0+£022 3.6 +£0.15
C. albicans ATCC 10231 4.0+023 26+023 24240.14 2.0+ 0.11

Interestingly, after 15 min contact, the CST has proved to be more effective achiev-
ing a significant (p < 0.05) load decrease ranging from 2.49 to 2.87 Log CFU/mL (about
99.7%-99.8%) for S. aureus and S. epidermidis strains (both ATCC and ocular isolates) and
equal to 3-4.35 Log CFU/mL (99.9%-99.99%) for P. aeruginosa strains ATCC and ocular iso-
late, respectively. Except for C. albicans ATCC 10231, which showed a decrease of 1.4-2 Log
units, the C. albicans ocular isolate was the least susceptible strain.

3.2. Effectiveness on Preformed Biofilm

The effect of the colloidal solution on the viability of the cells embedded in early (6 h)
and late (24 h)-established biofilms is reported in Figures 1-4. The results demonstrated that
the inhibitory activity of the solution was more pronounced on early biofilm (Figures 1-4)
than on late biofilm (Figures 1-4). Furthermore, different levels of susceptibility were
found between the biofilm formed by ocular isolates and ATCC strains of S. aureus and
S. epidermidis. Specifically, after 15 min of contact, a reduction of 2.63 Log for S. aureus and
2.4 Log for S. epidermidis ocular isolates and a reduction of 3.7 Log and 4 Log for S. aureus
and S. epidermidis ATCC strains were detected (Figures 1 and 2). Regarding the effect of the
colloidal solution on P. aeruginosa biofilm, a reduction of 3.1 Log was displayed for both
the ocular isolate and ATCC strain at 15 min of exposure (Figure 3). For C. albicans, the
biofilm cell count decreased at a much slower rate. After 120 min, a 3.7 Log reduction was
achieved for C. albicans ATCC, while a 1.5 Log reduction was observed for the C. albicans
ocular isolate (Figure 4).
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Figure 1. Quantitative measurement of S. aureus biofilm-embedded cells after treatment with CST.
Data are expressed as means £ SD of three independent experiments carried out in triplicate and
relative Log reduction. *, p-value < 0.05 shows the statistical difference between treated groups and
control groups.
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ATCC 35984 31 4 415 4 ATCC 35984 135 149 219 2.69
Ocular isolate 813 2 24 29 34 Ocular 1solate 813  0.59 0.59 089 1.75

Figure 2. Quantitative measurement of S. epidermidis biofilm-embedded cells after treatment with
CST. Data are expressed as means + SD of three independent experiments carried out in triplicate
and relative Log reduction. *, p-value < 0.05 shows the statistical difference between treated groups

and control groups.



Coatings 2023, 13, 265

60f 11

EARLY BIOFILM (6 h) LATE BIOFILM (24 h)
US W15 W30' W120° mControl WS W15 W30° W120° mControl
10 4 10 4
8 1 8 1 I
2 E 1 »
S 61 S 61 |
31 |31
< g ‘
@ 4 @ 4
= = 1
0 - 0 !
ATCC 9027 Ocular isolate 1 ATCC 9027 Ocular isolate 1
Log reduction Log reduction
Strains st 18" 300 1200 Strains 5 15' 30" 120
ATCC 9027 135 31 32 44 ATCC 9027 09 11 18 23
Ocular 1solate 1 133 31 33 417 Ocular 1solate 1 1 12 2 25
Figure 3. Quantitative measurement of P. aeruginosa biofilm-embedded cells after treatment with CST.
Data are expressed as means £ SD of three independent experiments carried out in triplicate and
relative Log reduction. *, p-value < 0.05 shows the statistical difference between treated groups and
control groups.
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Figure 4. Quantitative measurement of C. albicans biofilm-embedded cells after treatment with the
solution. Data are expressed as means =+ SD of three independent experiments carried out in triplicate

and relative Log reduction. *, p-value < 0.05 shows the statistical difference between treated groups
and control groups.
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In contrast, the late-established biofilms were less susceptible to the colloidal solution
than the early biofilms. Discrete inhibition was achieved only after prolonged exposure
times (30120 min) for all microorganisms (Figures 1-4).

3.3. Light Microscopy

The results were substantiated by observing early biofilms under a light microscope
(Figure 5). The images showed the ability of a colloidal solution to reduce the biofilm of
S. aureus, S. epidermidis, and P. aeruginosa. After treatment for 15 min, the biofilm observed
in controls (Figure 5a—c) became partially destroyed, and the bottom of the well was only
covered by a few cells (Figure 5e-g). The effect was less evident for C. albicans (Figure 5d,h).

a) mx LEie ey Th) Mg
- "' . : .l £ -
IS Sy " ~
o2, t ‘ “ S 5
Control N g i
v': 4 ". ~
a ] ; ". . ; - ' .
- ?
€) P < H
CST solution ey
treatment
[N 2 2 4

Figure 5. Light microscope images of early biofilms. Biofilm control and biofilm after treatment with
CST for 15 min of (a,e) S. aureus ATCC 6538, (b,f) S. epidermidis ATCC 35984, (c,g) P. aeruginosa ATCC
9027, (d,h) C. albicans ATCC 10231.

4. Discussion

Bacteria are frequently associated with various ocular infections such as conjunctivitis,
keratitis, blepharitis and endophthalmitis [34]. Conjunctivitis is the most common ocular
infection and if became chronic can also affect the eye lid with potential risk for extra or
intraocular infections [34]. Keratitis is a serious eye infection and can also progress to
endophthalmitis. Both keratitis and endophthalmitis are potentially devastating ocular
infections if not diagnosed and treated early. Effective antimicrobial therapy is the most
important approach that should be promptly initiated for treatment of patients afflicted
with these eye infections. However, the continue emergence of antimicrobial resistance
and the close correlation between biofilm and antibiotic tolerance represent alarming
concerns. The identification of alternative strategies effective alone or as adjuvants to
common antimicrobials is highly desirable. In recent years, the introduction of AgNPs
profoundly impacted clinical settings including the treatment of ocular infections, even
those caused by resistant bacterial strains. Nanoparticles are effective in increasing the
retention time of active compounds on the ocular surface, protecting them from enzymatic
degradation and improving their corneal permeability. Colloidal silver nanoparticles have
been demonstrated to be relatively safe when administered to oral mucosa, eye and skin of
the animal models for short periods of time [35].

In this study, the CST solution (Silverix®) has been developed according to EU phar-
macopoeia for the topical use of silver and it is used to soak gauzes for periocular hygiene.
Silverix® is indicated for periocular hygiene of adults and children with ongoing infections
such as blepharitis, meibomitis and in patients in treatment with ophthalmic ointments to
provide a delicate cleaning while efficiently removing ointments’ residues. Thanks to its
unique composition, it can be used also by contact lenses users without any side effects
reported to date. Silverix® is also recommended before and after ocular surgery for a
cleaning of delicate periocular region. The findings of this study provide the scientific
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basis for the efficacy of CST against planktonic and sessile microorganisms. The results
documented that the activity against planktonic growth was more pronounced against
P. aeruginosa than against S. aureus and S. epidermidis. Accordingly, higher activity of AgNPs
on E. coli than on S. aureus has been reported [16]. It is known that the antimicrobial activity
of AgNPs is influenced by differences in the structure, thickness, and composition of the
cell walls of Gram-negative and Gram-positive bacteria. Notably, Gram-negative bacteria
possess an inner layer of peptidoglycan less thick than Gram-positive bacteria, and their
outer membrane consists of phospholipids, lipopolysaccharides (LPS), lipoproteins, and
surface proteins [36]. Therefore, the thinner peptidoglycan layer and the negative charge
of LPS that promotes the adhesion of AgNPs may explain the increased susceptibility of
Gram-negative bacteria [37]. As exposed above, the activity of AgNPs is also influenced
by the dimensions. By decreasing the particle size to nanometer range (between 1 and
100 nm), antibacterial activity of silver can be increased due to a larger surface area-to-mass
ratio [38]. The dimensions of the nanoparticles of the colloidal silver solution (Silverix ®)
ranged from 20 to 30 nm.

However, it is noteworthy that other components of the colloidal silver solution, such
as Matricaria chamomilla L. and Euphrasia officinalis chamomilla extracts, have been studied
for their antimicrobial activity [39,40]. Specifically, M. chamomilla-extract-mediated AgNPs
exhibited highly effective antimicrobial activity against S. aureus, E. coli, and C. albicans [41].
Theoretically, the components present in the formulation act in combination, causing
considerable effects on the cell structural and functional properties.

Interestingly, the colloidal silver solution showed antimicrobial activity against MRSA
and ofloxacin-resistant P. aeruginosa 1. These strains are generally less susceptible to topical
prophylaxis regimens. Specifically, MRSA is a major public health problem all over the
world, frequently associated to serious ocular multi-resistant infections [42]. In accordance,
Panacek et al. [43] demonstrated the significant bactericidal potential of colloidal AgNPs
against MRSA and Gram-negative bacteria.

The colloidal silver solution showed minimum efficiency against C. albicans compared
with bacteria, and this probably stems from the differences between the bacterial and yeast
cells. On the other hand, it has been reported that the fungicidal activity of AgNPs is lower
than the bactericidal effects [44].

Although growing antibiotic resistance is one of the major causes of treatment failure,
the spread of biofilm-forming microorganisms contributes to serious public health threats,
including ocular infections [45-48]. Here, we reported the inhibitory activity of a colloidal
solution on preformed microbial biofilms, with a more pronounced effect on early biofilms
than late biofilms. Indeed, a significant reduction in the viability of cells embedded in
the early biofilm matrix and a disaggregation effect documented in microscopic images
were observed. Kalishwaralal et al. [14] described the action of AgNPs on microorganisms
organized in biofilms with a detachment of biofilms formed by pathogens causing keratitis,
such as P. aeruginosa and S. epidermidis. The Authors suggested that the inhibitory effect
of AgNPs on the mature biofilm may be due to the presence of water channels (useful for
nutrient transport) which would allow the direct diffusion of AgNPs through the glycocalyx
matrix layer, imparting the antimicrobial effect.

Silver nanoparticles have also been assayed for the effect on biofilm formation pro-
duced by the P. aeruginosa, P. putida, Shigella flexneri, S. aureus and Streptococcus pneumo-
nia [49,50]. The inhibitory effect of AgNPs was analyzed alone or in combination with
antibiotics [50]. Interestingly, AgNPs in combination with antibiotics increased the cell
death and increased ROS generation than antibiotics or AgNPs alone. The enhancing
effects for ampicillin and vancomycin against Gram-negative and Gram-positive bacteria,
respectively suggest that AgNPs can be used as an adjuvant for the treatment of infectious
diseases [50]. Although the mechanism of action is not yet known, it is plausible to hypoth-
esize that the components of the colloidal solution may destroy the polar polymeric matrix
and predispose the cells to specific interactions with the CST, thus having considerable
effects on the structural properties of the biofilm. It is also speculated that the differ-
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ent mechanisms employed by methicillin-susceptible Staphylococcus aureus (MSSA) and
MRSA strains for biofilm formation may be involved in the reduced biofilm susceptibility
of MRSA ocular isolates. MSSA strains predominantly form biofilms dependent on the
polysaccharide intercellular adhesin type, whereas MRSA strains promote the formation of
proteinaceous-type biofilms [51].

Effective antimicrobial strategies are needed in many preventive efforts in ophthal-
mology. The results of this study documented that the colloidal solution is active against
microorganisms in both planktonic and biofilm phases and, therefore, could be used to
assist in treating periocular surface infections.
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