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Abstract

Objectives: Chronic rhinosinusitis (CRS) is a multifactorial disease affecting up to
16% of the United States population and disproportionately affecting the cystic
fibrosis (CF) patient population. Despite treating the underlying infection, the use of
systemic antibiotics has shown little efficacy in alleviation of symptom burden. This
review seeks to discuss recent research on novel antibiotic eluting stent therapy
in vitro and within animal models as well as the factors that contribute to its efficacy.
Data Sources: PubMed literature review.

Review Methods: A review of all published literature related to antibiotic eluting
sinus stents was conducted to integrate and summarize this innovative approach to
chronic sinus infections.

Results: Placement of the ciprofloxacin sinus stent (CSS) and ciprofloxacin-ivacaftor
sinus stent (CISS) exhibited improvement in endoscopic and radiographic findings in
rabbit CRS models. While the CSS showed an overall trend toward improvement in
microscopic findings and a reduction in biofilm mass, there remained a significant
quantity of planktonic bacteria due to antibiotic depletion from an initial burst release
in the first 48 hours of stent placement. The CISS and ciprofloxacin-azithromycin
sinus stents (CASSs) exhibited controlled antibiotic release over the study period
leading to greatly reduced planktonic bacterial load and biofilm mass. In vitro studies
indicate that CASS may be just as efficacious at reducing biofilm mass.

Conclusion: Antibiotic eluting sinus stents show significant promise as a novel thera-
peutic strategy for CRS. The CISS may have particular promise for the CF patient
population by addressing both the infectious and genetic components of disease.
Animal studies demonstrate significant promise for translation into human studies.
Human clinical trials are warranted to determine the efficacy of antibiotic sinus stents
in human patients.

Level of Evidence: NA
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1 | INTRODUCTION

Chronic rhinosinusitis (CRS) is defined as a clinical syndrome of muco-
sal inflammation of the paranasal sinuses leading to a number of cardi-
nal sinonasal symptoms including nasal congestion, nasal drainage,
facial pain/pressure, and anosmia.? It is estimated to affect up to
16% of the population and cost the United States upward of $12.6 bil-
lion per year.®* Medical therapies for CRS have included a broad array
of tactics and mechanisms of delivery with varying degrees of success.
Despite this variety in therapeutic attempts, outcomes for medical
management alone for CRS remain poor with 28% requiring continued
therapy after 2vyears and 46% of patients requiring surgical
management.’

CRS is currently believed to be a multifactorial condition involving
numerous endotypes and phenotypes with genetic, environmental,
and infectious etiologies implicated in its development.® Two patho-
genic factors of particular interest are cystic fibrosis (CF) and biofilm
formation. Patients with CF have one of numerous mutations involv-
ing the cystic fibrosis transmembrane regulator (CFTR). These muta-
tions lead to impaired mucociliary clearance causing chronic infection
and often death secondary to pulmonary complications. Involvement
of the sinuses in these patients is near universal with common organ-
isms of infection being Pseudomonas aeruginosa and Staphylococcus
aureus. In particular, chronic upper respiratory P. aeruginosa coloniza-
tion with biofilm formation is believed to be a key pathogenic factor
in the development of lower respiratory disease in patients with
CF.17-13 Furthermore, biofilm formation has been shown to play a
major role in the development and severity of CRS and negatively
affects surgical outcomes and symptom severity.'*%® This review
seeks to discuss the development and rationale for the use of antibi-
otic eluting sinus stents in CRS.

2 | PATHOGENESIS AND CLINICAL
IMPLICATIONS OF BIOFILMS IN CRS

The process of biofilm formation involves a complex development of
colonization and bacterial metabolic differentiation. Development
begins with bacterial adherence and formation of microcolonies.
These colonies then produce a complex of polysaccharides, proteins,
and nucleic acids which forms a protective matrix around the organ-
isms.2”*® As the biofilm develops, the bacteria begin to differentiate
into planktonic and intrabiofilm subgroups. The biofilm subgroup
functions to regulate expansion of the matrix, while free-floating,
planktonic organisms are released from the edges of the biofilm and
form new microcolonies within the sinus cavity, thus perpetuating fur-

ther biofilm formation.'”

These subgroups present a therapeutic challenge, as biofilm-forming
bacteria have been shown to have increased antibiotic resistance by up
to 1000-fold and protection against the host immune response.}”*? The
biofilm and planktonic organisms exhibit separate proteomic and geno-
mic expression profiles which lead to separate resistance mechanisms
within the subgroups.?°?2 For these reasons, patients with biofilm pro-
duction have been consistently shown to have poor clinical outcomes
compared to nonbiofilm controls. 24162325

On initial presentation, patients with biofilm production present
with greater symptom burden and worse objective clinical indicators
of disease.?®2> While both biofilm and nonbiofilm controls tend to
have symptomatic improvement after endoscopic sinus surgery (ESS),
patients with biofilm tend to be less responsive with increased antibi-
otic utilization and higher rates of revision ESS.2+1¢2%25 This is partic-
ularly worrisome for at-risk patient populations such as those with CF
who have a greater disease burden at baseline.

Biofilms have been implicated as a major pathogenic factor in
CF. Colonization of the upper respiratory tract with biofilm-forming
organisms, especially P. aeruginosa, is believed to be a precipitating
factor in lower respiratory tract disease via direct seeding of organ-
isms. Interestingly, surgical management of sinus disease in CF
patients has been shown to lead to reduced hospitalization and symp-
tom burden indicating that alleviating sinonasal disease burden has
broader implications in the treatment of this patient population.”®®
For these reasons, there is a growing need for novel therapy for sinus
disease in at-risk populations, such as those with CF, particularly

directed at decreasing bacterial load and biofilm production.

3 | ARATIONALE FORTOPICAL
THERAPIES

To overcome bacterial pathogenic factors such as biofilms, prolonged
courses of antibiotics, such as fluoroquinolones, have traditionally
been required, but systemic antibiotics have shown little efficacy in
the treatment of CRS.252% A major mechanism in the therapeutic inef-
ficiency of antibiotics is multidiffusion barriers. Restrictive diffusion
limits the type of antibiotic that can penetrate the biofilm with
fluoroquinolones being one of the few antibiotics to consistently
overcome this mechanism.??C Retarded diffusion in biofilms reduces
the concentration of the antibiotic directly proportional to the thick-
ness of the biofilm. The simplest way to overcome this barrier is to
provide sustained, high concentrations of the antibiotic of choice
mandating high doses of systemic therapy for biofilm penetration at
the sinonasal mucosa.??-3! Unfortunately, recent safety concerns from
the United States Food and Drug Administration (FDA) involving sys-
temic fluoroquinolone therapy and an increased risk of tendinitis and
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tendon rupture have created a need for further investigation into non-
systemic therapeutic options for CRS sufferers.2632

In particular, topical therapies (eg, nasal rinses, sprays, and
implants) are promising avenues of treatment with the capability to
deliver high doses of drug to the site of interest with minimal systemic
absorption.?” Nasal rinses have shown efficacy and are the current
first-line recommendation for medical management of CRS by the
American Association of Otolaryngology—Head and Neck Sur-
gery.283334 |n addition, rinses can be done alone or in combination
with topical steroid use, which has been shown to improve symptom
burden.®>*® However, recent research has shown that patient adher-
ence to saline irrigation and intranasal steroids are typically less than
25% and 50%, respectively.3’ Additionally, the duration of drug-
mucosa interaction of nasal sprays is typically less than a few hours
secondary to ciliary clearance of the drug.*® Low patient adherence
combined with innately low mucosal-drug contact time dictates the
need for alternative topical therapies that allow for prolonged thera-
peutic intervention without concern for patient nonadherence.

4 | POTENTIAL NONSTENT TOPICAL
THERAPIES

When considering viable topical therapies, the clinician must take into
account all of the factors previously mentioned: length of time the
drug is delivered, the concentrations at which the drug is delivered
over this length of time, the specific drug being delivered and its effi-
cacy against biofilm resistance mechanisms, and patient adherence to
the drug. Numerous topical therapies have been advanced in recent
research that has attempted to meet these demands.384142

One method has been through placement of postoperative nasal
packing material soaked in antibiotics or steroids. Recent studies have
shown some success in short-term use of nasal packing materials with
antibiotic groups demonstrating improved endoscopic scoring com-
pared to control. But when expanded to time periods greater than
90 days, significant differences are not observed between groups.*®
Due to the chronic nature of CRS, consistent, long-term results are
necessary to achieve appropriate improvement. Additionally, the nasal
packing material has yet to show significant promise as a potential
therapeutic intervention due to the lack of reliability in drug release.*°
Similar issues arise with mesh implants that are commonly used in
orthopedic procedures to prevent postoperative infection. While drug
is released over 4 weeks, a difficult to control burst release is identi-
fied within the first few days of implantation that contains up to 70%
of the loaded drug.** There is some promise in multilayer meshes, but
current research has not shown release of antipseudomonal drugs
(especially ciprofloxacin) for time periods greater than 4 days.*>*¢

A second potential method has been through the use of
nanoparticle-loaded hydrogels. Numerous polymeric hydrogels have
been developed that are loaded with polyester, polylactic-co-glycolic
acid (PLGA) nanoparticles that release over a variety of time frames.
For long-term drug release, the PLGA nanoparticles are modified into

two populations with one immediate release population delivering

drugs as the gel dissolves over the first month and the second popula-
tion delaying release until after the first month and extending up to
90 days after gel placement. Unlike the nasal packing/mesh, these
implants have been shown to release consistent, controlled levels of
drug.***” Finally, the gels have the benefit of prior FDA approval.*®
Despite these advantages, hydrogels have limited history of use in the
nasal cavity. There remain concerns that expulsion or disintegration of
hydrogels may be expedited by routine pre- and postoperative CRS
treatment such as nasal sprays and irrigation. Due to the pitfalls seen
in mesh, nasal packings, and hydrogels, other potential avenues of
exploration are required to achieve prolonged, sinonasal topical
therapy.

5 | STEROID STENTS AS ATOPICAL
THERAPY

A mometasone furoate-releasing implant was introduced in 2011 and
received FDA approval for use in the sinus cavity.*’ This implant is of
particular interest due to its open-lattice configuration that allows expan-
sion in the nasal cavity. Its unique design is able to prevent the collapse
of healing sinonasal tissues from middle turbinate lateralization and syn-
echiae formation. The stents are made of a PLGA monofilament without
any additives and incorporated with polyethylene glycol (PEG) to allow
for coating of the sinus implant with mometasone. PEG is capable of
holding water from the surrounding tissue and preventing noncovalent
adsorption of proteins so that mometasone can be released in a
sustained manner for 90 days. Additionally, Li et al reported that this
sinus implant can supply mometasone steroid in the local sinus mucosa
in a rabbit model without systemic absorption.>®

Steroid-eluting sinus stents (SESSs) have shown impressive clinical
success while also removing issues with patient adherence. The data
show that placement of SESS after ESS reduces polyp development, lysis
of adhesions, and future interventions. Additionally, placement of SESS is
a more cost-effective intervention than traditional management.51'52 This
clinical success in an FDA approved delivery system makes it a promising
avenue for use with other drugs of interest. One major concern with cur-
rent stent interventions, such as the SESS, is that they fail to address the
pathogenic bacterial biofilm component of CRS. This is of particular con-
cern, as prior studies have shown that stents serve as a reservoir for bio-
film formation within the sinus tracts and at other mucosal surfaces.>>>*
An antibiotic eluting stent should theoretically provide prolonged release
of the antibiotic of interest while also preventing biofilm formation on

the stent and within the sinus cavity.

6 | ANTIBIOTIC ELUTING SINUS STENTS
IN ANIMAL MODELS
6.1 | The ciprofloxacin sinus stent

Initial in vitro studies involving the ciprofloxacin sinus stent (CSS)

showed an initial burst release phenomenon with 30% of ciprofloxacin
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released from the CSS within the first 48 hours with approximately
50% being released within 14 days. This excessive release of drug
was concerning due to the potential for failure to treat in future pre-
clinical studies, so stents in preclinical studies in rabbits were coated
with higher drug content.>>%¢

The capability of the CSS to reduce biofilm mass and improve
clinical findings in a rabbit model of Pseudomonas sinusitis was deter-
mined utilizing endoscopic and radiographic tools. The CSS was
shown to reduce a laboratory strain of biofilm-forming PAO1 strain of
P. aeruginosa bacterial load and improve endoscopic, microscopic, and
radiographic findings; however, the stent only reduced bacterial bio-
film mass to ~10% of control levels during the study period (Figure 1).
Additionally, scanning electron microscopy showed presence of plank-
tonic Pseudomonal organisms despite ciprofloxacin levels consistently
measuring at 20x the minimum inhibitory concentration.®” Given
these findings, a simple increase in ciprofloxacin dosage on the stent
was insufficient to show appropriate outcomes. It was believed that a
sinus stent requires delivery of sustained, high doses of ciprofloxacin
across several weeks to sufficiently eradicate Pseudomonal organisms
and biofilms. This would be best accomplished through suppressing

the initial burst release observed with the CSS stent.

6.2 | The ciprofloxacin ivacaftor sinus stent

The initial burst release observed in the CSS is a well-documented
phenomenon among stent therapy including the SESS, which showed
~90% of drug release over the first 13 days.”®>®>? Prior studies have
shown that hydrophobic molecules loaded onto nanoparticles, as
opposed to hydrophilic molecules such as ciprofloxacin, exhibit more
sustained release over time.”® It was thus hypothesized that develop-
ing a two layered stent with an inner, hydrophilic ciprofloxacin coating
and an outer, hydrophobic drug would control the burst-release phe-

nomenon. Ivacaftor was selected to be incorporated into the external
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(compared to control OD at 590 nm)

Control css 1.0 pg/mL Ciprofloxacin
FIGURE 1 In vitro effects of the ciprofloxacin sinus stent on
PAO1 biofilms. Utilizing crystal violet staining with optical density
spectrometer analysis at 590 nm, CSS was shown to reduce biofilm
mass to ~10% of the level of control. This is comparable to levels of
biofilm found when grown in the presence of 1.0 pg/mL of
ciprofloxacin. # = significance compared to control group. Adapted
from Reference 57. CSS, ciprofloxacin sinus stent

layer as it had the desired hydrophobic properties required while also
integrating additional therapeutic benefits.

Ivacaftor is a CFTR modulator used for the treatment of CF with
efficacy in patients with G551D CFTR mutations. Ivacaftor functions
through potentiation of CI™ secretion of the airway epithelium all-
owing for partial correction of CFTR function and improved clinical
outcomes.”1260-¢¢ | conjunction with CFTR potentiation, ivacaftor
has recently been discovered to have weak antibacterial properties
via a shared mechanism with the fluoroquinolone class of drugs
through inhibition of bacterial DNA gyrase and topoisomerase IV. Use
of ivacaftor in conjunction with antibiotics of an alternative mecha-
nism of action has exhibited a synergistic effect on the antimicrobial
properties of the drugs, including the ability to overcome drug resis-
tance. However, ivacaftor's antimicrobial synergism had not been
tested with antibiotics that have a similar mechanism of action.®”¢®
To this end, further exploration of ivacaftor's interaction with cipro-
floxacin was studied. Combination therapy was determined to have
robust efficacy at elimination of planktonic organisms as well as
reduction in biofilm mass (Figure 2).°? These data confirmed that
ivacaftor was an appropriate therapy to incorporate into the outer
stent layer.

The hydrophobic outer layer of ivacaftor exhibited promise in
early studies as the ciprofloxacin ivacaftor sinus stent (CISS) displayed
controlled release of ciprofloxacin and ivacaftor during in vitro analy-
sis, with 50% of product released by 10 days and 80% by 21 days
(Figures 3 and 4).7° Further in vitro evaluation showed that the CISS
was capable of not only reducing the total PAO1 bacterial load to
<1% of control levels, but it also reduced biofilm formation and pref-
ormed biofilm mass as compared to negative control stents without
loaded antibiotics.”®

The CISS was transitioned to preclinical studies with in vivo effi-
cacy in a rabbit model determined through endoscopic examination,
radiographic findings, bacterial load, and measurement of sinus poten-
tial difference.>”7*7% Rabbit studies compared outcomes between
organisms with stents placed without loaded antibiotics (sham, n = 5)
and those with loaded antibiotics (CISS, n = 5). Endoscopic and radio-
graphic improvement was robust with treated animals exhibiting a
reduction in purulence on endoscopy and opacification using the
Kerschner's rabbit sinus CT scoring system (Figure 5). Importantly, the
CISS showed significant reduction in PAO1 bacterial load with 90% to
99% eradication of organisms while the sham group displayed a prolif-
eration of bacteria.”* An increased responsiveness to CI~ free ringers
+ forskolin was observed in the maxillary sinus in the CISS rabbit
cohort indicating, at least in part, improved CFTR-mediated CI~ trans-
port. Additionally, submucosal thickness was reduced in treatment
groups.”* These data overall indicate normalization of epithelial func-
tion in the rabbit Pseudomonas sinusitis model with the CISS and sup-
ports translation of this modality to evaluate safety and efficacy in
human clinical trials.

Although the inclusion of CFTR potentiators is an exciting pros-
pect and showed appropriate efficacy in the preclinical models, its use
in clinical practice is greatly limited by the FDA indications of the drug
and limited patient reimbursement for use outside of individuals with
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FIGURE 3 Scanning electron
microscopy of the ciprofloxacin-ivacaftor
sinus stent. A, Aerial view of stent
surface. B, Stent prior to use. C, Stent
after 21 days of in vitro use. *: Inner
(ciprofloxacin) layer of stent. **: Quter
(ivacaftor) layer of stent. Arrows:
Thickness of stent. Adapted from
Reference 70
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FIGURE 4 Comparison of the CSS (left) vs the CISS (right). The CSS exhibited an initial burst release phenomenon with 30% of ciprofloxacin
released by day 2. Release rate slowed to <50% after day 7. The CISS showed sustained release of ciprofloxacin and ivacaftor over 21 days
without an initial burst release. Adapted from References 55 and 70. CISS, ciprofloxacin-ivacaftor sinus stent; CSS, ciprofloxacin sinus stent
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FIGURE 5 Axial micro-CT findings of the CISS. Left: CT scan of the rabbit sinus with near complete opacification of the left maxillary sinus
prior to stent placement. Middle: Continued opacification after 3 weeks of sham stent placement. Right: Radiograph showing reduced
opacification after 3 weeks of CISS stent placement. Adapted from Reference 74. CISS, ciprofloxacin-ivacaftor sinus stent; CT, computed

tomographic

CF and specific mutations.””> For this reason, other hydrophobic drug
options were sought to fit these needs.

6.3 | The ciprofloxacin azithromycin sinus stent
Azithromycin is a commonly used antibiotic of the macrolide family
that is indicated in the treatment of a number of lower and upper
respiratory diseases, including sinusitis, otitis media, and strep throat.”®
Topical azithromycin has been routinely used in the ophthalmologic
sphere with minimal adverse outcomes, but topical use in the treat-
ment of airway disease remains an area of intrigue.”” In addition to its
antibacterial properties, azithromycin has significant anti-inflammatory
properties through immunomodulation of the neutrophilic response
via blockade of NF-kB and downstream interleukin (IL)-8, IL-6, and
tumor necrosis factor alpha inflammatory activity.”®8° The combined
antibacterial and anti-inflammatory mechanism of macrolides is
believed to be part of the underlying mechanism in its ability to reduce
polyp size, sinonasal outcome test scores, and IL-8 levels in CRS, par-
ticularly in individuals with a noneosinophilic variant.81#2 Additionally,
topical azithromycin has recently been demonstrated to have in vitro
ciliostimulatory effects on sinonasal epithelium.®* The combined
antibacterial, anti-inflammatory, and ciliostimulatory effects of mac-
rolides provided strong support for azithromycin as an ideal drug for
use as the hydrophobic outer coating in antibiotic eluting stents.
Following development of the ciprofloxacin-azithromycin
sinus stent (CASS), in vitro releasing assays determined that cip-
rofloxacin release kinetics were comparable to the CISS with
sustained release of the azithromycin as well (Figure 6).8° There
was also a significant reduction in the formation of PAO1 bio-
films as well as the ability to eradicate preformed biofilms. After
3 days of exposure to the stent, the CASS displayed a greater
than 50% reduction in biofilm mass measured with relative opti-
cal density, a robust reduction in percentage of living organisms
(CASS 0.00% vs control 66.19%), and an overall loss of biofilm
thickness measured utilizing confocal laser scanning microscopy
analysis (CASS 14.7 pm vs control 44.68 um).%> These data

support evaluation of efficacy in preclinical animal models in the
future.
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FIGURE 6 Release profiles of ciprofloxacin and azithromycin in
the CASS vs CSS. A, Release profile of ciprofloxacin in the CASS vs
CSS showing a sustained release over the 4-week period in the CASS
vs an initial burst release in the CSS. B, Release profile of azithromycin
displaying sustained release over the 4-week period in the CASS.
Adapted from Reference 85. CASS, ciprofloxacin-azithromycin sinus
stent; CSS, ciprofloxacin sinus stent
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7 | DISCUSSION

Treatment of recalcitrant CRS continues to be challenging for otolar-
yngologists. There is a clinical need to design a topical drug delivery
approach that delivers drug to the target tissue while eliminating
adverse effects from systemic delivery.’” The studies described in this
review are the first to show efficacy of antibiotic eluting sinus stents
in an animal model of Pseudomonas sinusitis.

In addition to the favorable pharmacokinetic profile and micro-
scopic outcomes, the CASS and CISS are clinically promising due to
the capability of two drug delivery, which may prove useful in the
treatment of recalcitrant biofilm and/or multidrug resistant bacterial
strains common to CRS infections.®®8¢ The CISS is of particular inter-
est to patients with CF (with class Il gating or partial function muta-
tions) who would directly benefit from both ivacaftor activity and
reduced sinonasal disease burden.

Medical therapy remains first-line for treatment of CRS with surgical
treatment indicated in those that have failed prior medical intervention.®
Current use of steroid releasing sinus stents has shown significant bene-
fit when placed intraoperatively for those with medically refractory
cases.®”7° As the antibiotic stents progress to human trials, the authors
believe these would best be utilized in a similar fashion with
intraoperative placement with routine clinic postoperative follow-up and
monitoring of stent location. Alternatively, stents could be placed in the
clinic in patients with previous sinus surgery and access to the maxillary
and ethmoid cavities. Growing evidence indicates that CFTR dysfunction
is not limited to patients with CF but includes a broad array of causes
such as smoking and hypoxia.t3¢>?1%¢ Therefore, there are additional
benefits to non-CF patients as ivacaftor also potentiates wild-type CFTR
and will aid innate bacterial clearance of mucociliary function in a broad
array of patients.®®¢! Unfortunately, until further trials are performed to
assess ivacaftor therapy in these patient populations, it remains a niche
to a specific patient cohort. For this reason, the CASS provides an alter-
native intervention to address multiple pathogenic factors present in
CRS. Further research is needed to determine efficacy of the CASS in a
preclinical models as well as assess whether the anti-inflammatory
effects of azithromycin are persistent when used in combination with
ciprofloxacin.

PLGA is widely utilized in biomedical applications for tissue
engineering scaffolds and drug delivery systems due to its biode-
gradability and nontoxic metabolites.?”?® However, generation of
acidic degradation products can decrease physiological pH and
may cause an inflammatory response and fibrosis within the sur-
rounding tissue.”® Significant inflammation or fibrosis was not
observed following placement of the antibiotic eluting stents in
the invivo animal studies, but several investigators have
employed considerable efforts to reduce the inflammatory
responses of PLGA by using various biological molecules and anti-

inflammatory drugs.?”:98:100:101

Therefore, adding an anti-
inflammatory agent to the PLGA material is a reasonable strategy
until an ideal (nonimmunogenic, biocompatible, and biodegrad-

able) biomaterial is available. While corticosteroids are one such

anti-inflammatory drug already incorporated into sinus stent
delivery, some studies demonstrated that the drug downregulated
endogenous vascular endothelial growth factors in a variety of
cells leading to delayed healing and negatively impacting device
performance.’”1%%192 Fytyre investigations should focus on iden-
tifying biomaterials that do not cause tissue reaction and/or local

effects independent of drug.

8 | CONCLUSION

Drug-eluting sinus stents represent a promising avenue of therapeutic
development for recalcitrant CRS. Dual therapy stents overcome clini-
cal challenges such as burst release, drug resistance, and biofilm mass.
Future research should include transition to human clinical trials to

assess safety and efficacy in human CRS patients.
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