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Background: Staphylococcus aureus biofilms contribute significantly to the recalcitrant nature
of chronic rhinosinusitis. In previous studies, it has been shown that silk fibroin—nano silver
solution can eliminate S. aureus biofilms in vitro, which suggests a potential role of this novel
agent in the treatment of biofilm-associated diseases, such as sinusitis.

Objective: The aim of this study was to investigate the efficacy of silk fibroin—nano silver
solution as a topical anti-biofilm agent in a rabbit model of sinusitis.

Methods: Biofilm-associated sinusitis models were established in 24 New Zealand White
rabbits by gelatin sponge placement and S. aureus inoculation through a hole drilled into
the anterolateral wall of the right maxillary sinus. After 4 weeks, indwelling catheters were
placed into the maxillary sinus. Different concentrations of silk fibroin—nano silver solution
or normal saline were irrigated slowly into the maxillary sinus via the indwelling catheters.
After 7 days of irrigation, the rabbits were sacrificed. The sinus mucosa was harvested and
examined for biofilm biomass as well as morphological integrity of the epithelium by scanning
electron microscopy.

Results: Silk fibroin—nano silver solution was found to be most effective in reducing the
biomass of the S. aureus biofilms at a concentration of 384 mg/L, followed by the concentration
of 153.6 mg/L, when compared with saline. After treatment with 384 mg/L silk fibroin—nano
silver solution, the biofilms were completely eliminated and the injured epithelium was almost
restored with regenerated cilia on the surface.

Conclusion: Silk fibroin—nano silver solution was found to be an effective topical agent
against S. aureus biofilms in the rabbit model of sinusitis, and its effect was concentration-
dependent.

Keywords: chronic rhinosinusitis, nasal irrigation, maxillary sinus, biomass, scanning electron

microscopy, animal

Introduction
Bacterial biofilm refers to aggregates of microorganisms embedded in a self-made
protective matrix of exopolymers. The bacteria within the biofilms are resistant to
antibiotics; in some cases, the resistance may increase a thousand fold.! Therefore,
conventional antibiotic therapy is frequently ineffective in eradicating bacteria in the
biofilm. It is generally believed that biofilm is a common cause of persistent infections
and chronic inflammatory diseases that are difficult to be cured.?*

In recent years, biofilms have been consistently detected on the nasal mucosa of
patients with chronic rhinosinusitis (CRS).*!! These are typically associated with more
severe disease and with poor outcomes of endoscopic sinus surgery.'>!* Staphylococcus
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aureus biofilm is increasingly implicated in the pathogenesis
of CRS.!1#16 Eyaluation of therapeutic interventions that
specifically target S. aureus biofilms in patients with CRS
is a key imperative.'”'®

Given that the mucosa of the sinus cavities is accessible to
topical therapys, it is intuitive to evaluate the effect of topical
antibiotics for treatment of biofilm infections. Earlier, the
efficacy of silk fibroin—nano silver (SF-NS) solution in dis-
rupting S. aureus biofilms has been demonstrated in vitro."
This study tested the use of topical SF-NS solution in a
rabbit model of S. aureus biofilm-associated sinusitis. The
stable existence of S. aureus biofilms on the maxillary sinus
mucosa was verified after 4 weeks of bacterial inoculation,?
which gave an opportunity to test this novel therapeutic agent
against biofilm under in vivo conditions.

Materials and methods

Animals
Twenty-four New Zealand White rabbits (weight: 2.5-3.5 kg)
were obtained from the Laboratory Animal Center at the
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Figure | Synthesis mechanism and characterization of SF-NS composite.

Fudan University (Shanghai, China). All the experimental
protocols were approved by the Animal Care and Use
Committee of Fudan University, and the animal study was
carried out in accordance with the Ethical Guidelines for
Animal Experiments established by Fudan University.

SE-NS solution

The SF-NS solution used in this study was supplied by the
State Key Laboratory of Molecular Engineering of Polymers
and was made by in situ reduction reaction between natural
polymer Bombyx mori silk fibroin and silver nitrate under
light. The principles of synthesis of SF-NS and its key
characteristics are shown in Figure 1; a more detailed descrip-
tion is available in a previous study.'” The average size of
the silver nanoparticle was 12.0+2.1 nm. The minimum bac-
tericidal concentration (MBC) for S. aureus strain (clinical
isolate Sa006) was 76.8 mg/L, which was determined accord-
ing to the Clinical & Laboratory Standards Institute (CLSI,

2011) guidelines for macrodilution in broth."
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Notes: (A) Possible mechanism of the reduction of Ag" ion by tyrosine residues in silk fibroin chain. (B) Transmission electron microscopy images of the synthesized SF-NS
particles. (C) High-resolution transmission electron microscopy image of an individual nanoparticle and the electron diffraction pattern. (D) Energy dispersive X-ray spectrum

at a single nanocrystal level of the synthesized SF-NS composite.
Abbreviation: SF-NS, silk fibroin—nano silver.
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Bacterial preparation

The biofilm-forming Sa006, determined by the traditional
crystal violet biofilm assay,?*? was chosen owing to its rela-
tively strong biofilm formation capacity. The night before the
modeling surgery, a single colony of Sa006 was inoculated in
tryptic soy broth supplemented with 0.5% glucose (TSBg) and
incubated overnight at 37°C with shaking. Then the bacterial
suspension was diluted 200-fold with TSBg to achieve a concen-
tration of ~1x10° Colony-Forming Units (CFU)/mL and kept
on ice for further use.

Modeling surgery

A rabbit model of S. aureus biofilm-associated sinusitis was
established surgically as previously described by our group.?
Briefly, under adequate anesthesia, the skin was incised
vertically along the median line of the dorsum. A laterally
based flap of periosteum was elevated from the midline to
the right side, and then a small hole (diameter: 1.5 mm)
was drilled to enter the right maxillary sinus. A piece of
compressed absorbable gelatin sponge was inserted into the
maxillary sinus, and subsequently inoculated with 0.5 mL of
bacterial suspension through the hole. Then, the periosteal
and skin incisions were closed with interrupted suture, and
the rabbits were caged individually in an air-conditioned
room with 12-hour dark—light cycles and free access to
water and food.

Indwelling irrigation catheter
Four weeks after modeling surgery, indwelling maxillary
sinus irrigation catheters were placed into the right maxillary

sinus as described by Chiu et al*® with some modification.
Briefly, a plastic catheter connected with an end-enlarged
stainless steel needle was used as the irrigating catheter and
tunneled under the skin from the vertex to the dorsum incision
(Figure 2A). The hub of the metal needle was exposed outside
the vertex and secured to the skin with a purse string suture,
to avoid its displacement by the animals. The enlarged end
of the metal needle under the skin was fixed between the
skin and periosteum with interrupted suture to secure the
catheter (Figure 2B). Approximately 4 mm of the plastic end
was inserted into the maxillary sinus through the hole made
in the modeling process (Figure 2C).

Topical irrigation

The rabbits were randomly divided into four groups (six
animals in each group): a blank control group (animal models
without irrigation), a negative control group (treated with
saline), and two experimental groups (treated with 153.6
and 384 mg/L of SF-NS solution [2x MBC and 5x MBC,
respectively]'). The right maxillary sinus was irrigated at
a slow pace with test solution, SF-NS solution or normal
saline via the indwelling catheter (2 mL twice a day; flow
rate: 0.2 mL/s), starting at 1 day after implantation of the
indwelling catheter.

Tissue harvest

After 7 days of irrigation, the rabbits were anesthetized
with intraperitoneal administration of 10% chloral hydrate
(350 mg/kg) and sacrificed with air injection through
ear vein. The maxillary sinuses were resected and opened

Figure 2 Methodology for implantation of indwelling catheter and sinus irrigation.

Notes: (A) A plastic catheter connected with an end-enlarged stainless steel needle (arrow) is being tunneled under the dorsum. (B) The catheter is secured in place by
fixation of the enlarged needle end under the skin (*). (C) The plastic end is inserted in the right maxillary sinus. (D) Topical nasal irrigation method.

Abbreviation: SF-NS, silk fibroin—nano silver.
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with a pair of scissors. The sinus mucosa was carefully
removed, washed thoroughly with saline, and placed in 2.5%
glutaraldehyde for scanning electron microscopy (SEM)
specimen preparation.

SEM specimen preparation and analysis
The specimens were initially fixed for 24 hours in 2.5%
glutaraldehyde at 4°C, then rinsed three times with 1x
phosphate-buffered saline (PBS) and fixed with 1% osmium
tetroxide for 2 hours. They were then rinsed again three
times with PBS, and dehydrated through a graded ethanol
series (50%, 70%, 90%, 100%, 15 minutes each). The spec-
imens were then immersed in a mixture of 100% ethanol
and isoamyl acetate (2:1), and then in pure isoamyl acetate,
for 15 minutes each solution. All specimens were dried
in carbon dioxide critical point dryer, sputter coated with
gold, and examined with an SU8010 SEM (Hitachi, Tokyo,
Japan) at an accelerating voltage of 10 kV. The images
were obtained at 2,000x to 5,000x magnification. Structures
characterized by water channels, 3D structure, and matrix-
embedded spherical bodies were evaluated for evidence of
bacterial biofilms.’

For quantitative analysis of biofilm formation on the sinus
mucosa in each rabbit, three fields of vision were randomly
selected for each specimen. Each field of view (2,000x) was
equally divided into nine regions and graded according to the
number of biofilm affected regions (average of the three visual
fields): lack of involvement of any region was recorded as 0,
involvement of 1-3 regions as 1, involvement of 4-6 regions

as 2, and involvement of 7-9 regions as 3. Statistical analysis
was performed using Kruskal-Wallis rank sum test, and
P-value <0.05 was considered as statistically significant.

Results

Overall, the animals tolerated the surgical procedures and
catheter implantation well. The irrigation solutions were
dripping out of the right nares of all rabbits (Figure 2D).
Two of the 24 animals died prematurely during the period of
nasal irrigation (one each in the saline group and the 5x MBC
group) of pneumonia with empyema, presumably caused by
aspiration of the test solutions into the lower respiratory tract.
None of the other animals showed signs of systemic illness
during the course of the experiment.

The sinuses of the model rabbits in the blank control
group were filled with thick mucopurulent secretions, and
the mucosa was friable and swollen. The sinuses in the
negative control and 153.6 mg/L SF-NS experimental group
showed mild to moderate edema of the mucosal linings
with mild pus formation. The mucosa in 384 mg/L SF-NS
experimental group was very thin and smooth, with no pus
in the sinuses.

On SEM, significant differences were observed between
specimens from the different groups. For the rabbits with-
out topical irrigation, SEM showed destruction of cilia of
the sinus mucosa and clusters of organisms attached to
the mucosa with morphological features of biofilms, such
as water channels, 3D structure, and matrix-embedded
spherical bodies (Figure 3A1 and A2). This phenomenon

Figure 3 Representative scanning electron microscopy images of sinus mucosa from each group.
Notes: (A) Animal model without nasal irrigation. (B—D) Animal models after 7 days of nasal irrigation with (B) normal saline, (C) SF-NS solution (153.6 mg/L), and (D)

SF-NS solution (384 mg/L) (A1-D1, 2,000x; A2-D2, 5,000x).
Abbreviation: SF-NS, silk fibroin—nano silver.
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was observed in all six rabbits in the group. Saline irrigation
in the negative control group reduced the bacterial biofilms
of the sinus mucosa to a certain extent. However, severe
injury of the epithelial layer showed no sign of ciliary
regeneration. A considerable portion of the biofilm still
existed between the epithelial cells (Figure 3B1 and B2).
For the experimental group treated with 153.6 mg/L
SF-NS solution, the epithelium was found to have par-
tially repaired with some ciliary buds and short cilia. The
biofilms were almost impossible to detect at low magnifi-
cation (Figure 3C1). However, the cell damage was still
visible and a small portion of biofilms still existed; some
damaged epithelial cells were observable at high magnifica-
tion (Figure 3C2). In the experimental group treated with
384 mg/L SF-NS solution, the integrity of the epithelium
was almost completely restored with relatively normal cilia;
however, some naked epithelial cells were still present, and
there was no evidence of bacterial biofilm on the mucosal
surface (Figure 3D1 and D2), which was significantly lower
than that in the negative control group or 153.6 mg/L of
SF-NS-treated experimental group.

Quantitative analysis of bacterial biofilm revealed
statistically significant between-group differences (Table 1).
Although the bacterial biofilms on the sinus mucosa of the
negative control group were reduced to a certain extent,
statistical analysis showed that there was no significant
difference in the range of biofilm involvement when com-
pared with that in the blank control group. Although the
bacterial biofilm involvement in the 153.6 mg/L SF-NS
experimental group was significantly lower than that in blank
control group, no significant difference was observed when
compared with the saline group. However, the 384 mg/L
SF-NS group showed the least biofilm involvement; the
between-group difference with each of the other three groups
was statistically significant.

Table | Comparison of bacterial biofilm involvement in each
group

Level Noin each Total Rankrange Average Rank of each

group Rank group

ABCD A B CD
0 0 0 0 4 14 2.5 0 0 0 10
| 0 04 1 5 5-9 7 0 0 287
2 4 42 0 10 10-19 14.5 58 58 29 0
3 2 1 0 0 3 20-22 21 42 210 0
Total 6 5 6 5 100 79 57 17

Notes: Group A, blank control group; Group B, negative control group treated
with saline; Group C, experimental group treated with 153.6 mg/L SF-NS solution;
Group D, experimental group treated with 384 mg/L SF-NS solution.
Abbreviations: No, number; SF-NS, silk fibroin—nano silver.

Discussion

Topical nasal irrigation has been used for thousands of years
for nasal health. The obvious advantage of topical admin-
istration is the higher local concentration of the therapeutic
agent with minimal systemic side effects. In recent years,
management of biofilm-associated CRS has largely been
confined to topical administration of antimicrobials.?* %’
This study evaluated the efficacy of SF-NS solution as a
topical anti-biofilm agent in a rabbit model of sinusitis. The
results showed that topical nasal irrigation, even with saline,
has certain benefits in decreasing the biomass of the S. aureus
biofilm in the sinuses of the rabbits.

However, although the saline irrigation is beneficial in
reducing the microorganisms attached to the mucosal surface,
yet a significant portion of the biofilms still persisted between
the epithelial cells along with severe epithelial injury. This
suggests that the saline might just remove the superficial and
loose structure of the biofilms. This could be attributed to the
lack of nutrients in the superficial layers of the biofilm, which
results in fall off of the dead or dormant microorganisms.
However, the viable biofilms located in deep sites or between
the epithelial cells, which directly damaged the epithelium,
were not eliminated by saline irrigation alone.

In vitro experiments found that SF-NS solution at
2x MBC level destroyed S. aureus biofilms partially, and
when the concentration increased to 5xX MBC, the biofilms
were totally destroyed.' Although in vitro and in vivo condi-
tions are not the same, yet the purpose is the same, which is
to observe biofilm-disrupting properties of SF-NS after direct
contact with the biofilms. Hence, SF-NS solution was used
at the concentrations of 153.6 and 384 mg/L (2x MBC and
5x MBC, respectively) as anti-biofilm agents in this study.
Results showed that SF-NS solution at 2x MBC level is more
effective in reducing the biofilm biomass when compared
with saline. Although a small amount of biofilm still existed
in some damaged epithelial cells, the injured epithelium
exhibited signs of restoration, which indicated that it was the
SF-NS component of the solution which acted against the
biofilm and that the biofilm was not removed solely by
the flushing action. This suggested that better results may be
achieved if the duration of treatment is further extended.

Topical application of SF-NS solution at the 5x MBC
level eliminated S. aureus biofilms in the sinuses of the
rabbits after irrigation for 7 days. Furthermore, the integrity
of epithelium had been recovered and most of the epithelial
cells were normal with regeneration of cilia, which indicates
that the repair of the epithelial cells had been in progress for
some time.
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The association of ciliary beat defect with CRS is well
acknowledged. As noted in the experiment, a marked
destruction of the sinonasal epithelium was observed with
a complete absence of cilia, when the sinonasal mucosa
was colonized by bacterial biofilms. Thus, as stated by
Galli et al, biofilm formation represents the later phase of
the inflammatory process that leads to complete epithelial
destruction.? The results of the present study clearly showed
restoration of epithelium and cilia after treatment with SF-NS
solutions. This can easily be considered as the consequence
of biofilm removal by silver nanoparticles. Thus, although
the mechanism of nasal epithelial restoration is still poorly
understood, treatment of bacterial biofilms may be a key
factor for ciliary recovery in biofilm-affected nasal mucosa.
Although studies have found that silk fibroin has a role in
promoting reepithelialization,* the role of silk fibroin
in epithelial restoration in this severe inflammatory condition
needs to be studied further.

The antibacterial property of silver nanoparticles against
a broad spectrum of bacteria has been increasingly used in
various fields.*! Nonetheless, individual silver nanoparticles
are easily oxidized and/or aggregated in air, which hampers
their practical application.* This study used green product
SF-NS synthesized by the reaction of silk fibroin and silver
nitrate, detailed information on which can be found in our
previously published literature.!” The silk fibroin acted as
a soluble template for biomineralization and the tyrosine
residues in the silk fibroin backbone were thought to be
responsible for the reduction of Ag* into silver nanopar-
ticles in situ. Silk fibroin is a natural nonionic surfactant
that enhances the stability of silver nanoparticles in aqueous
dispersion.* Therefore, silk fibroin acts simultaneously as a
reducing, dispersing, and stabilizing agent of the synthesized
silver nanoparticles. In a previous study,' it was found that
synthesized SF-NS retained the antimicrobial properties
of silver nanoparticles and could dissolve in water without
aggregation, which makes it suitable for use as a solution
for treatment. This study demonstrated that SF-NS solution
is effective against mature biofilms formed by S. aureus
in vivo in a concentration-dependent manner. Although
2x MBC and 5x MBC levels of SF-NS solutions showed
no negative impact on the morphology of epithelial cells
and cilia, for clinical use the other characteristics of silver
nanoparticles still need to be considered, such as whether
they can be easily taken up in the cells, and their potential
toxic effects. Further studies will be carried out in the future
to establish these facts.

Conclusion

SF-NS solution at concentrations of 153.6 and 384 mg/L was
found to be an effective topical nasal antimicrobial agent,
which reduced the biomass of S. aureus biofilms in the rabbit
model of sinusitis. The clinical utility of SF-NS solution for
patients with biofilm-associated CRS is yet to be determined.
However, the anti-biofilm properties of SF-NS solution
provide another option for future therapeutic interventions
for biofilm-associated sinusitis.
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