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Abstract: Chronic rhinosinusitis (CRS) is a chronic health condition affecting the sinonasal cavity.
CRS-associated mucosal inflammation leads to sinonasal epithelial cell death and epithelial cell barrier
disruption, which may result in recurrent bacterial infections and biofilm formation. For patients
who fail medical management and elect endoscopic sinus surgery for disease control, bacterial
biofilm formation is particularly detrimental, as it reduces the efficacy of surgical intervention.
Effective treatments that prevent biofilm formation in post-operative patients in CRS are currently
limited. To address this unmet need, we report the controlled release of silver nanoparticles (AgNps)
with silk-elastinlike protein-based polymers (SELPs) to prevent bacterial biofilm formation in CRS.
This polymeric network is liquid at room temperature and forms a hydrogel at body temperature,
and is hence, capable of conforming to the sinonasal cavity upon administration. SELP hydrogels
demonstrated sustained AgNp and silver ion release for the studied period of three days, potent
in vitro antibacterial activity against Pseudomonas aeruginosa (**** p < 0.0001) and Staphylococcus aureus
(**** p < 0.0001), two of the most commonly virulent bacterial strains observed in patients with
post-operative CRS, and high cytocompatibility with human nasal epithelial cells. Antibacterial
controlled release platform shows promise for treating patients suffering from prolonged sinonasal
cavity infections due to biofilms.

Keywords: chronic rhinosinusitis; biofilm; in situ gel; sustained release; silver nanoparticle; SELPs

1. Introduction

Chronic rhinosinusitis (CRS) is a chronic health condition that affects the paranasal
sinuses. CRS impacts approximately 5% of the global population and 11.5% of adults in the
United States [1]. Patients with CRS typically exhibit two or more sinonasal symptoms, such
as nasal congestion, nasal discharge, facial pain, and a loss of smell for at least 12 weeks,
leading to significant declines in their quality of life [2,3]. In addition to these sinonasal
symptoms, individuals with CRS often present with comorbidities, including asthma,
depression, migraines, cognitive deficits, and sleep dysfunction [4–7]. The sinonasal
mucosa of CRS patients is characterized by the presence of epithelial layer damage, edema,
and infiltration of immune cells [8]. Initial treatment for CRS primarily involves medical
management, which includes saline irrigation, topical intranasal corticosteroid sprays,
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and, depending on the clinical phenotype, antibiotics and/or oral steroids [2,3]. However,
these therapies provide limited symptomatic relief to recalcitrant CRS patients [2,3,9].
For patients who do not experience significant improvement with medical management,
endoscopic sinus surgery (ESS) is often considered as a secondary intervention to achieve
better outcomes [10,11]. For these patients, the presence of bacterial biofilms can worsen
post-surgical outcomes, leading to the persistence of symptoms, mucosal inflammation,
and recurrent infections [12]. Notably, within six months following ESS, biofilms have
been shown to significantly deteriorate the patients’ quality of life [12]. Bacterial biofilms
are clusters of polymicrobial bacteria that adhere to surfaces and are embedded within
a self-produced extracellular matrix. Bacteria residing within a biofilm network exhibit
remarkable resilience, being up to 1,000 times more resistant to antibiotic treatments than
their planktonic counterparts [13,14]. Moreover, biofilms effectively evade the host’s
defense mechanisms while simultaneously triggering the innate and adaptive immune
systems, resulting in persistent inflammation [15,16]. Various bacterial species have been
identified in the biofilm formed in CRS patients. Among those, Staphylococcus aureus (S.
aureus) and Pseudomonas aeruginosa (P. aeruginosa) biofilms are most commonly observed
and directly influential in shaping the severity of CRS [13,17–21].

ESS has been shown to disrupt the biofilm cycle and can prevent its formation in pa-
tients for up to three months post-surgery. However, the presence of residual bacteria in the
sinonasal mucosa originating from previous bacterial biofilms contributes to unfavorable
post-operative outcomes [22,23]. Despite the urgent clinical need, there is currently no
approved or effective treatment to prevent the recurrence of bacterial biofilm formation
in post-operative CRS patients [3]. While systemic and topical antibiotics are periodically
administered to CRS patients and efficiently control symptomatic infections, they do not
completely eradicate bacterial biofilms, leading to resistance and relapse [24,25]. Various
strategies have been employed to neutralize and disrupt biofilms in these patients, includ-
ing nasal saline irrigations, surfactants, probiotics, antimicrobial photodynamic therapy,
pulsed ultrasound, and hydrodynamic flushing. However, these approaches have shown
only partial effectiveness [14,26]. Thus, there is a crucial need for therapeutic strategies
that can inhibit biofilm growth while avoiding the development of bacterial resistance,
ultimately reducing the high revision surgery rates, which stand at 36.8% for patients with
CRS [27].

Silver and, more recently, silver nanoparticles (AgNps) offer several bactericidal mech-
anisms that distinguish them from antibiotics. These mechanisms have demonstrated their
effectiveness against a wide range of antibiotic-resistant bacteria, with a low probability
of bacterial resistance development [28–32]. AgNps have been tested in sheep [33] and
rabbit [34] models of CRS S. aureus biofilm, and both models showed complete elimination
of biofilm [34]. However, when applied in clinical settings, colloidal silver and AgNps, de-
livered through sprays and nasal irrigation, did not exhibit the same level of efficacy [35,36].
The short residence time of AgNps in the nasal cavity is a key factor contributing to the
lack of efficacy of these formulations in the clinic. To address this issue and enhance the
effectiveness of antibacterial therapy, it is crucial to implement controlled delivery methods
that extend the residence time of AgNps.

In situ forming thermoresponsive hydrogel networks offer a promising solution for
the localized and controlled delivery of AgNps within the sinonasal cavity. These hydrogels
exist in a liquid state at lower temperatures and transform into a three-dimensional poly-
meric network at body temperature, providing an opportunity for controlled therapeutic
release in the sinonasal cavity [37–39]. These systems have already demonstrated their po-
tential in preclinical models of CRS, successfully delivering corticosteroids and sustaining a
reduction in inflammation for up to 4 weeks [40]. One notable class of hydrogels, known as
silk-elastinlike protein polymers (SELPs), are genetically engineered recombinant protein-
based polymers with thermoresponsive properties [41,42]. SELP hydrogels have been used
for controlled release of therapeutics in the local environment [43–47]. SELPs combine
the properties of silk-like (GAGAGS) and elastin-like (GVGVP) motifs. Through precise
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linear polymer sequence design and concentration adjustments, various physicochemical
properties of SELPs, such as temperature-sensitivity, gel formation kinetics, rheology, pore
size, and release rates, can be effectively controlled [41]. SELP-815K is a SELP analog with
six repeats of a monomer that contains 8 units of silk, 15 units of elastin, and 1 unit of elastin
substituted with lysine in a specific sequence [41]. Among different analogs, the specific
sequence of silk and elastin units enables SELP-815K to act as a thermoresponsive polymer
that is liquid at room temperature and forms a hydrogel at body temperature [41,43–46,48].

Hyaluronic acid (HA), a non-sulfated glycosaminoglycan and a major component of
the extracellular matrix, has demonstrated its effectiveness in wound healing, mucosal
regeneration, anti-inflammatory actions, and adhesion prevention following sinus surgeries
in patients with CRS [49,50]. Consequently, incorporating HA into therapeutic formulations
for CRS holds the potential to reduce inflammation and enhance wound healing in the
sinonasal cavity, especially after ESS.

We aimed to incorporate AgNps into the SELP-815K matrix, thereby prolonging its
residence time and achieve sustained AgNp release for effectively preventing biofilm for-
mation in patients with CRS. We also incorporated HA in our formulation in order to confer
wound healing and mild anti-inflammatory properties to our formulation. The in situ
gelling property of SELP-815K can enable the physician to apply this novel antibacterial
dressing directly to the sinonasal cavity via a catheter, where the dressing can then conform
to the anatomical shape of the sinus cavity, forming a homogeneous coating. Herein, we
report the development and full in vitro characterization of our novel antibacterial dressing
containing AgNps loaded in SELP-815K delivery matrix. We show the cytocompatibil-
ity, bactericidal, and biofilm prevention properties, in vitro AgNp release kinetics, and
rheological properties of the novel antibacterial dressings.

2. Materials and Methods
2.1. Material

P. aeruginosa (ATCC 27853), S. aureus (ATCC 25923), and human leukemia monocytic
cell lines (THP-1 cells) were purchased from ATCC (Manassas, VA, USA). AgNps were
purchased from nanoComposix (San Diego, CA, USA). HA was purchased from Lifecore
Biomedical (Chaska, MN, USA). Lipopolysaccharide (LPS) from Escherichia coli O111:B4 and
antibiotics were purchased from Sigma Aldrich (St. Louis, MO, USA). Human nasal epithe-
lial cells (HNEpC) were purchased from Celprogen, Inc. (Torrance, CA, USA). SELP-815K
(MDPVVLQRRDWENPGVTQLVRLAAHPPFASDPM-[GAGS(GAGAGS)2(GVGVP)4GKGV
P(GVGVP)11(GAGAGS)5GA]6-GAMDPGRYQDLRSHHHHHH) was produced via fermen-
tation, purified, and sheared, as previously described [41,48,51].

2.2. Characterization of AgNps

AgNps obtained from nanoComposix were coated with poly(vinyl pyrrolidone) (PVP)
and dispersed in distilled water at a 5 mg/mL concentration. The surface plasmon reso-
nance of AgNps was measured using UV-Vis spectrophotometry to confirm storage stability.
The AgNps stock solution was sterile-filtered by passing is through a 0.2-µm filter (VWR,
Radnor, PA, USA). The AgNps stock was diluted to 1:600 in deionized water, and ab-
sorbance was measured between 300 to 700 nm in 1-nm increments. The size and size
distribution of AgNps were measured by transmission electron microscopy (TEM). Samples
were drop-casted on TEM grids and analyzed using a JEOL JEM-1400 Plus Transmission
Electron Microscope (Peabody, MA, USA). The hydrodynamic diameter and charge of
AgNps were measured in 10 mM NaCl using dynamic light scattering in Malvern zeta-sizer
Nano-ZS (Malvern, Worcestershire, UK). The concentration of Ag+ ions was quantified
using inductively coupled plasma mass spectroscopy (ICP/MS) (Agilent 8900, Santa Clara,
CA, USA) at the ICP/MS lab, Department of Geology and Geophysics, University of Utah.
In brief, about 0.1 mL of AgNps was weighed in a polypropylene tube and diluted with
0.3 mL of water. Then, 0.6 mL of concentrated nitric acid was added, and once the reaction
was complete, the solution was diluted to 10 mL with water. An external calibration curve
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was prepared from a 1g/L standard solution for silver (Inorganic Ventures, Christiansburg,
VA, USA) with concentrations of 1, 2, 5, 10, and 20 ng/mL for Ag+. Diluted samples, cali-
bration solutions, and blanks were added to 10 ng/mL Indium as the internal standard and
quantified by ICP/MS. Trace metal grade pure chemicals were used for these experiments.
The experiment was conducted in triplicate.

2.3. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC) Assays

The MIC and MBC concentrations of AgNps were determined using a macro dilution
method [52]. Two mL of tryptic soy broth (TSB) containing different concentrations of
AgNps were prepared in 5 mL culture tubes and inoculated with an overnight culture of
P. aeruginosa or S. aureus adjusted to approximately 5 × 105 colony forming units (CFU)/mL.
The culture tubes were incubated at 37 ◦C for 24 h at 225 rpm. TSB was used as a positive
control, and TSB containing ampicillin and polymyxin B were used as negative controls for
bacterial growth. After 24 h incubation, visual observations were recorded, and the culture
tubes were then serially diluted and plated on agar plates to determine the CFU/mL. MIC
was determined as the lowest AgNp concentration in which no visual bacterial growth was
observed. MBC was recorded as the lowest AgNp concentration in which a 3-log reduction
of bacterial CFU occurred from the initial inoculum [53]. Biological replicates (N = 2) and
technical replicates (n = 3) for each experiment were performed.

2.4. HA Concentration Optimization

The concentration of HA was optimized based on the concentration of cytokines
released from THP-1 cells after activation with lipopolysaccharide (LPS). THP-1 cells
were seeded in 24-well plates at a density of 450,000 cells per well. Phorbol 12-myristate
13-acetate (50 ng/mL) was used to differentiate THP-1 cells into macrophages. After two
days of resting, the cells were exposed to LPS (1 µg/mL) and different concentrations of
HA (0.5, 1, 2, 5, and 10 mg/mL) for 24 h. Sterile HA was used in all experiments. The
supernatant was collected, and cytokine release (IL-6 and IL-8) was determined using an
ELISA kit (Biolegend, San Diego, CA, USA).

2.5. Cytocompatibility Assessment—Cell Counting Kit-8 (CCK) Assay

HNEpCs were cultured on 6.5-mm diameter transwell plates with a 0.4-µm pore
membrane in 24-well plates. Approximately 0.2 mL of media was added to the apical
side and 0.6 mL media was added to the basal side. Culture media were replaced every
day until 80% confluency was achieved. At 80% confluency, media on the basal side were
replaced with fresh media. Media from the apical side were removed and 10 µL of either
(1) SELP-815K (11%), (2) SELP-815K (11%) with HA (0.2%) (SELP/HA), (3) SELP-815K
(11%) with HA (0.2%) and AgNps (SELP/HA/AgNps) (125, 625, and 1250 µg/mL), or
(4) AgNps (125, 625, and 1250 µg/mL) was added, and the plates were incubated in a
cell culture incubator for 10 min. Then, 0.2 mL of media was added to the apical side
and incubated in a cell culture incubator for 24 h. Cells with no treatment were used as
positive control, and 10% DMSO was used as negative control. After incubation, the cells
were washed twice with cell culture media and viability was determined by comparing the
metabolic activity of treated and non-treated cells using the cell-counting kit-8 (CCK) assay
(Dojindo, Rockville, MD, USA), according to vendor’s instructions. Biological replicates
(N = 2) and technical replicates (n = 3) for each experiment were performed.

2.6. Antibacterial Effect Assessment—Viable Count Assay

The antibacterial effect of the entire formulation was determined using a viable count
assay. SELP/HA and SELP/HA/AgNps (625 µg/mL) were freshly prepared, added to
96-well plates, and incubated at 37 ◦C for 30 min to gel. Then, 100 µL of overnight S. aureus
and P. aeruginosa cultures were adjusted to 5 × 105 CFU/mL with fresh media, added to
each well, and incubated in a humidified chamber at 37 ◦C for 24 h under static conditions.
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Wells without any treatment and ciprofloxacin (50 µg/mL) treatment were used as negative
and positive controls, respectively. After incubation, 10 µL of sample from each well was
serially diluted and plated to determine the viable CFU/mL. The log reduction in the
bacterial count was determined by manually counting the colonies. Biological replicates
(N = 2) and technical replicates (n = 3) for each experiment were performed.

2.7. Biofilm Prevention Assay—Colony Biofilm Assay

The biofilm prevention property of the entire formulation was determined using
colony biofilm assay, as outlined by Merritt et al. [54], with slight modification. The
concentration of overnight bacterial cultures of S. aureus and P. aeruginosa strains were
adjusted to 5 × 105 CFU/mL. Then, 20 µL of adjusted bacterial cultures were added to
a 100 nm polycarbonate membrane placed on an agar plate. The bacterial culture was
allowed to dry. SELP/HA, SELP/HA/AgNps (625 µg/mL), and ciprofloxacin (50 µg/mL)
were freshly prepared, added to the dried bacterial culture, and the plates were incubated
at 37 ◦C for 24 h. Polycarbonate filters without any treatment and ciprofloxacin (50 µg/mL)
treatment were used as negative and positive controls, respectively. After incubation, the
bacterial biofilm was removed from the polycarbonate membrane by vortexing (1 min),
sonicating (5 min), and vortexing (30 s) in 10 mL of Lauria–Bertani broth media. The
bacterial cultures were further serially diluted, and the CFU/mL from each polycarbonate
membrane was measured using the plate spread method. The log reduction in the bacterial
count was determined by manually counting the colonies. Separate polycarbonate filters
with different treatments were prepared to analyze the biofilm formation through scanning
electron microscopy (SEM), as described in Section 2.9. Biological replicates (N = 2) and
technical replicates (n = 3) for each experiment were performed.

2.8. In Vitro Release Study

The release rate of Ag+ ions from the formulation was determined using a previously
established method [45], with slight modification. Briefly, the appropriate amount of
AgNps and HA was previously mixed in PBS and then added to SELP-815K and mixed
well. The formulation was then loaded into 1 mL tuberculin syringe and allowed to gel
overnight at 37 ◦C in a humid environment. The tip of the syringe was then cut, and
cylindrical pieces of formulation were sectioned, accounting for approximately 30 mg by
weight. The sectioned formulation was added to 24-well plates, and 2 mL of simulated
nasal fluid (SNF) was added to each well. At various time points (1, 3, 6, 12, 24, 48, and
72 h), complete release media were collected and replaced with 2 mL of fresh release media.
The collected release media from different time points were digested with nitric acid, and
Ag+ content was measured using ICP/MS as described in Section 2.2. The influence of SNF
on AgNps was studied through UV-Vis spectroscopy and TEM analysis. These experiments
were conducted in triplicate.

2.9. Scanning Electron Microscopy (SEM)

Secondary electron images of the hydrogel were collected using a Quanta SEM system
(Thermofisher FEI; Hillsboro, OR, USA). A beam energy of 15 kV and a spot size of 4 was
used. Beam energy and current were optimized for high-resolution imaging. Samples were
mounted on an aluminum stub using double-sided carbon tape. Prior to imaging, samples
were coated with 20 nm Au/Pd using a Leica EM ACE 600 (Leica, Deerfield, IL, USA) to
minimize sample charging. Hydrogels were directly coated with Au/Pd and analyzed
to determine biofilm formation. Hydrogel sample preparation to study the interaction of
AgNps was prepared, similar to previously described method [46].

2.10. Rheological Properties

The rheological properties of the formulations were determined using Malvern Kinexus
Ultra+ Rheometer (Malvern Panalytical, Malvern, United Kingdom) equipped with cone
and plate geometry with a 2◦ angle and 20 mm diameter. Viscosity was determined at
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different temperatures, applying a temperature ramp from 4 ◦C to 34 ◦C (5 ◦C/min) using
an oscillatory procedure at an angular frequency of 6.283 rad/s. Following viscosity, the
storage (G’) and loss (G”) moduli were measured using oscillatory sweep at 34 ◦C, strain
0.01%, and angular frequency of 6.283 rad/s. Formulations were freshly prepared before
each run. Humidity was maintained with the help of an environmental chamber. The
experiments were conducted in triplicate.

2.11. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 9.5.0 (GraphPad
Software, San Diego, California, USA). Statistical comparisons were conducted using a
one-way analysis of variance followed by Tukey’s multiple comparison tests to identify
significant differences between the control and treatment groups. A p-value of less than 0.05
was considered significant. All data were represented as the mean ± standard deviation.

3. Results
3.1. AgNps Characterization

The AgNps characteristics measured via TEM, DLS, ICP/MS, and spectrophotometry
are outlined in Figure 1A. The surface plasmon resonance of AgNps measured at different
time points indicated that AgNps are stable in deionized water with no indication of
aggregation nor reduction in AgNp concentration during storage (Figure 1B). The particle
diameter measured via TEM was 6.2 ± 1.4 nm (Figure 1A), and the representative TEM
image is shown in Figure 1C. As expected, the size of the particles obtained via DLS was
slightly higher than the TEM measurement, as DLS measures the hydrodynamic radius
(Figure 1A,D), which is influenced by PVP coating.
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(B) UV−Vis surface plasmon resonance spectrum indicates that AgNPs are colloidally stable upon
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scattering (DLS), transmission electron microscopy (TEM), and inductively coupled plasma mass
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3.2. Identification of MIC and MBC of AgNps against S. aureus and P. aeruginosa

A macro dilution method was used to determine the MIC and MBC of AgNps against
S. aureus and P. aeruginosa, which are listed in Table 1. The MIC for both strains was
7.8 µg/mL, the lowest concentration tested. The MBC of P. aeruginosa was lower than
that of the MBC obtained for S. aureus (Table 2). Thus, the highest MBC concentration
obtained (125 µg/mL) was selected for formulation development. For the sustained release
formulation, two higher concentrations (625 µg/mL and 1250 µg/mL), corresponding to
5X and 10X of MBC, were also included for further optimization.

Table 1. MIC and MBC for S. aureus and P. aeruginosa.

MIC (µg/mL) MBC (µg/mL)

S. aureus (gram +ve) 7.8 125

P. aeruginosa (gram −ve) 7.8 7.8

Table 2. MBC streak plate method and CFU/mL.

S. aureus P. aeruginosa

MBC (Streak Plate
Method) MBC (CFU/mL) MBC (Streak Plate

Method) MBC (CFU/mL)

Presence of Growth Growth Reduction (%) Presence of Growth Growth Reduction (%)

Control + <99.9 + <99.9

Polymyxin B
(50 µg/mL) + <99.9 - >99.9

Ampicillin (50 µg/mL) - >99.9 + <99.9

AgNps (250 µg/mL) - >99.9 - >99.9

AgNps (125 µg/mL) - >99.9 - >99.9

AgNps (62.5 µg/mL) + <99.9 - >99.9

AgNps (31.3 µg/mL) + <99.9 - >99.9

AgNps (15.6 µg/mL) + <99.9 - >99.9

AgNps (7.8 µg/mL) + <99.9 - >99.9

Cells highlighted with green correspond to the absence of growth, confirming antibacterial activity, whereas red
corresponds to bacterial growth.

3.3. Optimization of HA Concentration for Anti-Inflammatory Effect

Macrophages play a vital role in contributing to the pathogenesis and disease severity
in CRS [55,56]. The minimum concentration of HA for inhibiting LPS-induced secretion of
interleukin 6 (IL-6) and 8 (IL-8) from THP-1 cells was determined. LPS, a gram-negative bac-
terial cell wall component and an agonist to toll-like receptor 4, was used to trigger THP-1
cells to release inflammatory cytokines [54]. The concentration of LPS to trigger THP-1 cells
without causing substantial cell death (cell viability > 70%) was selected for further study
(1 µg/mL) [55]. HA (0.5, 1.0, 2.0 mg/mL) was added to LPS-stimulated THP-1 cells and sig-
nificantly increased cell viability (Figure 2A). Furthermore, HA significantly reduced the se-
cretion of IL-6 and IL-8 from LPS-stimulated THP-1 cells (Figure 2B,C) in a dose-dependent
manner, and 2 mg/mL of HA was selected for further formulation development.
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Figure 2. Effect of HA on the viability and pro-inflammatory cytokine release from LPS-stimulated
THP-1 cells. HA significantly increased the (A) cell viability and decreased the secretion of (B) IL-6
and (C) IL-8. n = 3. Data are represented as mean ± SD. (* p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001). Lipopolysaccharide (LPS), hyaluronic acid (HA).

3.4. Cytocompatibility of Free AgNps and Hydrogel Formulations

The cytocompatibility of free AgNps and hydrogel formulation with HNEpCs was
determined using the CCK-8 assay (Figure 3A). The free form of AgNps showed cytocom-
patibility only at 125 µg/mL concentration (cell viability 83.28 ± 5.63%) (Figure 3B). At
625 µg/mL and 1250 µg/mL, free AgNps reduced the HNEpCs’ viability to 7.36 ± 0.37%
and 8.21 ± 0.45%, respectively (Figure 3B). The addition of SELP/HA and SELP/HA/AgNps
(125 µg/mL) did not affect HNEpCs’ viability. Formulations containing 1250 µg/mL Ag-
Nps, significantly decreased HNEpCs’ viability (59.76 ± 10.05%; p = 0.0215), and formula-
tions containing 625 µg/mL AgNps showed a 77.89 ± 5.12% (p = 0.008) viability compared
to that of non-treated control cells (Figure 3B). According to the International Organization
for Standardization (ISO 1099-5:2009), more than 70% cell viability is considered non-toxic
for topical gel formulations [57]. Thus, a SELP/HA/AgNps formulation of 625 µg/mL
was selected for further development, and the formulation containing 1250 µg/mL AgNps
was excluded from the study.
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illustrating the cell viability experimental setup; (B) the percentage of viable cells after exposure to
different free AgNps and hydrogel formulations compared to non-treated control cells, measured
using the CCK-8 cell viability assay. Biological replicates (N = 2) and technical replicates (n = 3) for
each experiment were performed. Data are represented as the mean ± SD. (* p < 0.05; *** p < 0.001;
**** p < 0.0001). Human nasal epithelial cells (HNEpCs), cell counting kit-8 (CCK-8), silk-elastinlike
protein polymers (SELPs), hyaluronic acid (HA), silver nanoparticles (AgNps). Numbers in parenthe-
ses are micrograms per mL.
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3.5. Antibacterial Effect of Hydrogel Formulations Measured by Viable Count Assay

A viable count assay was conducted to determine the bactericidal effect of the hydrogel
formulation against planktonic bacteria (Figure 4A). The viable S. aureus count for control
and SELP/HA treatment was 7.43 × 108 ± 3.28 × 108 CFU/mL and 1.09 × 109 ± 5.23 × 108

CFU/mL. Similarly, the viable P. aeruginosa count for control and SELP/HA treatment for
was 6.00 × 108 ± 4.77 × 108 CFU/mL and 5.09 × 108 ± 2.79 × 108 CFU/mL. The hydrogel
formulation containing AgNps showed a complete bactericidal effect against S. aureus and
P. aeruginosa, being comparable to ciprofloxacin, which was used as a positive control for
antibacterial effect (Figure 4B). The hydrogel formulation without AgNps did not show
a reduction in CFU/mL of bacteria, indicating that the bactericidal effect was due to the
AgNps incorporated into the hydrogel matrix.
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Figure 4. SELP/HA/AgNPs (625 µg/mL) showed a bactericidal effect against S. aureus and
P. aeruginosa. (A) Schematic illustration of the cell viability assay. (B) The antibacterial effect is
represented as log CFU/mL reduction in bacterial counts by treatment with the hydrogels compared
to wide-spectrum antibiotic ciprofloxacin. Biological replicates (N = 2) and technical replicates (n = 3)
for each experiment were performed. Data are represented as the mean ± SD. (**** p < 0.0001).
Colony forming units (CFU), silk-elastinlike protein polymers (SELPs), hyaluronic acid (HA), silver
nanoparticles (AgNps).

3.6. Biofilm Prevention Assessment with Matrix-Mediated Delivery of AgNps

The feasibility of the hydrogel formulation to prevent biofilm formulation was de-
termined using a colony biofilm assay (Figure 5A) [54]. The negative control, with no
treatment, showed a thin film of bacterial growth that could be visualized with the naked
eye after 24 h incubation. The hydrogel formulation without AgNps showed bacterial
growth on the surface of the hydrogel even though the gel covered the entire bacterial
surface, indicating that the presence of gel alone did not hinder bacterial biofilm formation.
The treatment with SELP/HA/AgNps (625 µg/mL) as well as ciprofloxacin inhibited
biofilm formation (Figure 5B). The log CFU calculated for each filter showed that hy-
drogels incorporating AgNps significantly prevented biofilm formation with S. aureus
(p < 0.0001) and P. aeruginosa (p < 0.0001), similar to the positive control for antibiofilm
activity (Figure 5C). The polycarbonate filter analyzed by SEM confirmed the formation of
biofilm, which was evident from the higher density of bacteria, the fusion of individual
bacteria, and the presence of extracellular matrix observed in the high-magnification SEM
image (Figure 6) [58]. The SEM image shows the presence of bacterial biofilm in control and
SELP/HA treatments and the absence of biofilm and bacterial growth in SELP/HA/AgNps
(625 µg/mL) and ciprofloxacin treatments (Figure 6).
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Figure 5. SELP/HA/AgNps (625 µg/mL) significantly prevented biofilm formation. (A) A schematic
illustration of the colony biofilm experiment setup. (B) Images of polycarbonate filters after 24 h incu-
bation with different treatments. The dark brown color observed in SELP/HA/AgNps (625 µg/mL)
is due to the incorporation of AgNps. Notably, the AgNps stock solution is naturally dark in color.
(C) Influence on CFU/filter due to treatment with different formulations. Biological replicates (N = 2)
and technical replicates (n = 3) for each experiment were performed. Data are represented as the
mean ± SD (**** p < 0.0001). Colony forming units (CFUs), silk-elastinlike protein polymers (SELPs),
hyaluronic acid (HA), silver nanoparticles (AgNps), scanning electron microscopy (SEM).
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Figure 6. SEM images of polycarbonate filters showing the presence of biofilm in control and
SELP/HA treatment. The treatment with SELP/HA/AgNps and ciprofloxacin showed complete
biofilm prevention after a 24-h incubation. Silk-elastinlike protein polymers (SELPs), hyaluronic acid
(HA), silver nanoparticles (AgNps), scanning electron microscopy (SEM).

3.7. Assessment of AgNps Release from Hydrogels

The release kinetics of Ag+ ions play a crucial role in achieving sustained bactericidal
effects. The kinetics of Ag+ ion release from SELP/AgNps (625 µg/mL) and the selected
hydrogel formulation, SELP/HA/AgNps (625 µg/mL), was measured by in vitro release
study in SNF. The cumulative release for both formulations at 6 h was 11.58 ± 1.82% and
8.31 ± 1.10% (Figure 7), indicating the absence of burst release. The AgNps and Ag+ ion
release from both formulations showed sustained linear release kinetics, and the cumulative
release until 12 h was not significantly different. Starting from 24 h, the release of AgNps
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and Ag+ ions significantly differed, indicating HA’s influence on release kinetics. The
cumulative release achieved at 72 h for SELP/AgNps (625 µg/mL) and SELP/HA/AgNps
(625 µg/mL) was 26.16 ± 4.68% and 18.29 ± 2.86%, respectively (Figure 7). The release
of Ag+ ions from AgNps was minimal during the first six hours of incubation in SNF
(Figure 8A). The particle size increased to 23.52 ± 19.06 nm (particles counted, n = 75) after
24 h of SNF incubation, indicating particle aggregation and precipitation (Figure 8B). The
SEM analysis of SELP/HA/AgNps (625 µg/mL) hydrogel after 24 h of incubation in SNF
showed nanoparticle interaction with the SELPs backbone (Figure 8B), leading to sustained
release of Ag+ ions.
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Figure 7. Release kinetics of Ag+ ions from SELP/AgNps (625 µg/mL) and SELP/HA/AgNps (625
µg/mL) in simulated nasal fluid. (* p < 0.05; ** p < 0.01). Silk-elastinlike protein polymers (SELPs),
hyaluronic acid (HA), silver nanoparticles (AgNps).
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Figure 8. Changes to AgNps in the presence of SNF. (A) Surface plasmon resonance spectrum of
AgNps after incubation in SNF, (B) TEM image of AgNp after 24 h incubation in SNF, (C) SEM image
of SELP/HA/AgNps (625 µg/mL) after 24 h incubation in SNF. Silver nanoparticle (AgNps), simu-
lated nasal fluid (SNF), silk-elastinlike protein polymers (SELPs), hyaluronic acid (HA), transmission
electron microscopy (TEM), scanning electron microscopy (SEM).
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3.8. Rheological Characterization of the Final Antibacterial Dressing

The rheological properties are crucial in determining the injectability and gelation
kinetics of the antibacterial dressing. Therefore, we studied the rheological properties of
three different formulations, SELPs, SELP/HA, and SELP/HA/AgNps (625 µg/mL). The
injectability and gel formation of the formulations were assessed by measuring the viscosity
as a function of temperature (Figure 9A). Viscosity was measured at 4, 23, and 34 ◦C to
represent refrigerated, ambient, and nasal temperatures, respectively. The increase in
viscosity indicated the initiation of gelation and the thermoresponsive property of the three
formulations as a function of temperature (Figure 9A,B). The viscosity of the formulation did
not change significantly with the addition of HA (2 mg/mL) and HA/AgNps (625 µg/mL)
at different temperatures. The viscosity of the SELP/HA/AgNps (625 µg/mL) increased
from (1.02 ± 0.86 Pa s) to (1.31 ± 0.41 Pa s) to (5.01 ± 0.87 Pa s) as the temperature increased
from 4 ◦C to 23 ◦C to 34 ◦C. The trend was similar for formulation with SELPs and
SELP/HA. The observed increase in the viscosity as a function of temperature was similar
to the previous trend observed with SELP-815K [43,45]. The viscosity of the formulation at
4 ◦C and 23 ◦C would allow it to be injected through an applicator tip (larger than 18-gauge
needle) used to access different sinuses in the clinic during ESS [59,60].
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time, (D) storage modulus at different time points.

The sol-to-gel transition of the formulations was monitored by measuring storage
modulus (G’) and loss modulus (G”) over 3 h via an oscillatory time sweep at 34 ◦C. The
storage modulus of the formulation SELP/HA/AgNps (625 µg/mL) was 8.29 kPa at 5 min,
86.87 kPa at 30 min, and 218.63 kPa at 180 min. A continuous increase in G’ until 180 min
indicated the formation of silk–silk interactions (Figure 9C,D). The gelation point is defined
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as the time when G’ crosses G” during the oscillatory sweep cycle. The gelation time for
SELPs, SELP/HA, and SELP/HA/AgNps (625 µg/mL) was less than 60 s after reaching
34 ◦C. The incorporation of HA or AgNps did not significantly alter the gelation time.
Thus, the inclusion of HA and AgNPs did not significantly affect the gelation kinetics and
the final gel properties, as measured by the rheological assessment.

4. Discussion

Bacterial biofilms can lead to poor outcomes of ESS in CRS patients [12]. Biofilm-
positive patients with CRS undergo more revision surgeries than patients without biofilm-
colonized sinuses, with biofilms present in 75% of patients undergoing revision surg-
eries [22]. Although ESS effectively removes and disrupts biofilms, it leaves behind resid-
ual planktonic bacteria, which can develop into new biofilms, diminishing the efficacy of
surgery [23]. Oral antibiotics have limited penetration into the sinonasal mucosa [61] and
current topical antibacterial treatments have failed to show efficacy, due to poor residence
time [62]. Currently, no treatment prevents biofilm formation in CRS patients. There is an
urgent need to develop therapeutics that prevent biofilm formation in patients with CRS
that can be delivered following ESS to improve outcomes.

Herein, we developed an antibacterial dressing that prevents the formation of biofilms
by sustained release of AgNps, which are non-antibiotic antibacterial agents. The sinonasal
cavity of patients with CRS who undergo ESS is inherently inflamed and primed. Hence,
the selection of formulation components with a minimal inflammatory response is cardinal.
The formulation comprises SELP, recombinant protein polymers, and HA, an extracellular
matrix component. SELP hydrogels have been used for sustained drug and gene delivery
with no observable toxicity [43–45,63]. Aqueous solutions of SELPs can be easily applied
through a catheter with the ability to conform to the anatomical shape of the sinonasal
cavity to form a hydrogel.

The concentration of AgNps used in the polymeric solutions was optimized by a
macro dilution method. In this study, the MBC obtained for AgNps with an average
diameter of around 5 nm was higher for S. aureus than for P. aeruginosa. Gram-negative
bacteria contain a thin peptidoglycan layer and are more susceptible to AgNps than gram-
positive bacteria equipped with a thick peptidoglycan layer [28,64]. The biofilm-prevention
property of three concentrations of AgNps, 125 µg/mL, 625 µg/mL, and 1250 µg/mL,
corresponding to 1X, 5X, and 10X MBC, was tested using crystal violet assay. Even the
lowest concentration of AgNps significantly reduced the biofilm formation, compared to
non-treated controls (Supplement Figure S1). The mechanism by which AgNps attains
the bactericidal effect is through the combination of the effects observed from AgNps and
released Ag+ ions. AgNps can cause bacterial cell-wall destabilization (resulting in cellular
content leakage and death), penetrate the cytoplasm and interact with cell organelles
(thus affecting ATP synthesis and DNA replication), and generate reactive oxygen species
(that induce oxidative stress) [28–31]. Similarly, Ag+ ions have also been shown to disrupt
bacterial cell walls, damage cellular components, and cause oxidative stress [28–31]. AgNps
are also known for disrupting quorum sensing, an active mechanism in understanding the
environment and communicating within the bacterial species [65], thus directly affecting
biofilm formation [66]. AgNps demonstrate efficacy against a broad spectrum of pathogenic
bacteria, and the development of resistant bacterial strains to AgNps is rare compared to
antibiotics, due to its multi-bactericidal mechanism [32].

The direct contact method was employed to determine the cytocompatibility of the
entire antibacterial dressing with HNEpCs. Notably, only hydrogels containing high con-
centrations of AgNps (1250 µg/mL) showed toxicity to HNEpCs (Figure 3). In contrast,
those with lower AgNps concentrations, still exhibiting high antibacterial and antibiofilm
effects, remained at the accepted range of cytocompatibility for topical formulations. Im-
portantly, the AgNps delivered through the hydrogel formulations demonstrated greater
cytocompatibility than free AgNps (Figure 3B). This improved compatibility was primarily
attributed to the slow release of AgNps or Ag+ ions from the hydrogel matrix. Therefore,
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higher concentrations of AgNPs can be delivered via hydrogels without causing significant
inflammation or HNEpCs’ death. Formulations containing 625 µg/mL concentration of
AgNps displayed acceptable cytocompatibility [57]. The viable count assay showed that
the finalized formulation containing SELP/HA/AgNps (625 µg/mL) eliminated bacte-
rial growth of both strains (S. aureus and P. aeruginosa; Figure 4). SELP/HA composition
had similar bacterial counts to those of the negative control, indicating that the observed
bactericidal effect was due to AgNps and not influenced by SELPs or HA.

In vitro models closely mimicking in vivo conditions, such as the colony biofilm assay,
are valuable for optimizing formulation efficacy. Unlike other biofilm assays, in colony
biofilm assay, the bacteria are grown on a polycarbonate filter and the nutrients are supplied
from the agar below, similar to the in vivo condition in the sinonasal cavity. Biofilm
formation in the absence of treatment was confirmed by SEM analysis (Figure 6). Treatment
with the SELP/HA/AgNps (625 µg/mL) significantly prevented biofilm formation of
both strains, mainly due to the sustained release of AgNps/Ag+ ions, which enhances the
efficacy and reduces the toxicity associated with AgNps and Ag+ ions. The free form of
AgNps (625 µg/mL) also demonstrated biofilm prevention potential (Supplement Figure
S2); however, free AgNps are toxic to HNEpCs at this concentration (Figure 3B). Thus,
our antibacterial dressing has an effective bactericidal effect against the tested planktonic
bacteria, as well as biofilm prevention properties against bacteria attached to a substrate.

AgNps in other sustained-release formulations have shown bactericidal effects against
various bacterial and multi-bacterial strains [67–69]. In CRS, biofilms are formed by single
and polymicrobial bacterial strains [17], and the developed SELP/HA/AgNp antibacterial
dressing can effectively control biofilm formation by multiple pathogenic bacterial species.
The sustained release properties of our antibacterial dressing were evident from the in vitro
release kinetics. The release study showed linear kinetics with a maximum of 18.29 ± 2.86%
Ag+ ions released at 72 h from our final formulation. Based on previous studies with SELP
hydrogels, the release kinetics of hydrophilic drugs from SELPs hydrogel is governed by
diffusion through the pores, and the complete release of drugs occurs within 24 h [43,45].
The release kinetics of hydrophobic drugs is dictated by drug–drug and drug–polymer
interactions and showed a sustained release for more than a week [46].

We hypothesize that the sustained Ag+ ion released from our formulation was due to
AgNp-SELP-815K interactions, as demonstrated using SEM (Figure 8C). It is possible that
the PVP-coated AgNps might interact with SELP-815K through electrostatic interactions
and hydrogen bonding based on the structure of PVP [70]. The Ag+ ion released from
AgNPs readily reacts with chloride present in SNF and forms AgCl precipitant, which, in
turn, might interact with the hydrophobic domains of SELP-815K. The release of Ag+ ions
from AgNps was demonstrated by the plasmon resonance spectrum of AgNps (Figure 8A),
whereas precipitant formation was evident from TEM analysis (Figure 8B). The combination
of these interactions was likely responsible for the sustained release of AgNPs, Ag+ ions,
and AgCl. The influence of HA on release kinetics was minimal (Figure 7). In the in vivo
and clinical setting, the delayed release of AgNps, Ag+ ions, and AgCl may result in
the prolonged efficacy of ESS with substantially low toxicity associated with AgNps and
Ag+ ions. More detailed studies are warranted to better understand the mechanisms of
AgNps’ interactions with the SELPs backbone and HA vis-a-vis the controlled release
profile observed.

Rheological properties play a crucial role in the injectability and bioaccumulation of
our antibacterial dressing in the sinonasal cavity. The viscosity of all three formulations
increased as a function of temperature, which denoted the thermoresponsive nature of
SELP-815K. At 4 ◦C and 23 ◦C, the formulations exhibited lower viscosities, suggesting
flow-like properties. As the temperature was raised to 34 ◦C, viscosity increased, indicating
the initiation of the gelling process (Figure 9B). The addition of HA and AgNps did
not significantly alter the thermoresponsive property of SELPs, but it did result in a
slight reduction in viscosities, possibly due to a decrease in inter-silk interactions within
SELP-815K [43,45]. Nevertheless, the viscosities of all three formulations permit an easy
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administration at 23 ◦C (room temperature) through an 18 G catheter that is typically used
in the operation room during sinus surgeries [59].

The current products in the market for the treatment of CRS fail, mainly, due to variable
distribution and low residence time within the sinonasal cavity. The low viscosity observed
at the initial stages of gel formation ensures the ease of administration and spreading in
the sinonasal cavity. The continuous increase in viscosity at 34 ◦C enables the antibacterial
dressing to remain in the sinonasal cavity, prolonging residence time and enabling sustained
AgNps release. In a clinical setting, we envision applying aqueous SELPs solutions after
ESS, when the sinuses are open. Immediately after ESS, the mucociliary clearance would be
significantly reduced due to inflammation and damage to the sinonasal mucosa, enabling
the dressing to reside in the sinonasal cavity for an extended period. Thus, the developed
systems can be applied to the sinonasal cavity of patients with CRS via a catheter for
sustained release of AgNps to prolong the efficacy of the ESS through prevention of biofilm
formation. These systems can also be used for other applications in which bacterial biofilms
pose a challenge, such as burn wounds and chronic wounds [71].

We recognize several limitations in our study that should be considered while in-
terpreting these results. The bactericidal effects were obtained in single bacterial species
rather than in multi-bacterial species. For future work, the system should be tested with
other resistant, patient-derived, and multi-bacterial species. These systems can also be
used for biofilm disruption, which was not covered in this study. They can be further
optimized to improve the release kinetics by altering the SELPs and HA concentrations.
In the future, other potential non-antibiotic antibacterial agents, such as antimicrobial
peptides and dendrimers, can be included in our hydrogel matrix. The therapeutic effect of
HA, such as wound healing and mucosal regeneration, should be studied when applying
this formulation in an in vivo model. Detailed analysis of free HA release and its potential
interactions with the hydrogel network and silver nanoparticles needs to be conducted.
Despite these limitations, our proof-of-concept study demonstrated the potential to provide
a conforming injectable matrix for antibacterial and anti-inflammatory drug delivery for
more effective and less-toxic treatment of CRS.

5. Conclusions

In situ hydrogels provide a unique advantage in preventing bacterial biofilm in pa-
tients with CRS by overcoming the shortcomings in the current clinical products. A SELPs
hydrogel containing HA and AgNps was developed and characterized in vitro for its bac-
tericidal effects against S. aureus and P. aeruginosa. This antibacterial dressing demonstrated
appropriate thermoresponsive properties to enable uniform distribution and sustained
release of AgNps in the sinonasal cavity. The sustained release of AgNps can potentially be
translated to use in the clinic, ultimately improving post-operative outcomes for patients
with CRS.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15102426/s1, Figure S1. Biofilm disruption as-
sessments with silver nanoparticles (AgNp) and antibiotic controls using the crystal violet assay;
Figure S2. Agar plates showing the inhibition of bacterial growth; Figure S3. Staphylococcus au-
reus colony biofilm assessments after treatment with different antibacterial formulations; Figure S4.
Pseudomonas aeruginosa colony biofilm assessments after treatment with different antibacterial formu-
lations; Figure S5. Scanning electron microscopic image of SELP/HA/AgNp (625 µg/mL) after a
24-hour incubation period in simulated nasal fluid.
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