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Abstract: For decades, biomaterials have been commonly used in medicine for the replacement of
human body tissue, precise drug-delivery systems, or as parts of medical devices that are essential for
some treatment methods. Due to rapid progress in the field of new materials, updates on the state of
knowledge about biomaterials are frequently needed. This article describes the clinical application of
different types of biomaterials in the field of otorhinolaryngology, i.e., head and neck surgery, focusing
on their antimicrobial properties. The variety of their applications includes cochlear implants, middle
ear prostheses, voice prostheses, materials for osteosynthesis, and nasal packing after nasal/paranasal
sinuses surgery. Ceramics, such as as hydroxyapatite, zirconia, or metals and metal alloys, still have
applications in the head and neck region. Tissue engineering scaffolds and drug-eluting materials,
such as polymers and polymer-based composites, are becoming more common. The restoration of
life tissue and the ability to prevent microbial colonization should be taken into consideration when
designing the materials to be used for implant production. The authors of this paper have reviewed
publications available in PubMed from the last five years about the recent progress in this topic but
also establish the state of knowledge of the most common application of biomaterials over the last
few decades.

Keywords: biomaterials; nanomaterials; antimicrobial action; osteosynthesis; tissue engineering;
voice prosthesis

1. Introduction

Biomaterial is any substance (other than a drug) or combination of substances, natural
or synthetic, that can be used for a period of time, independently or as part of a system
which treats, augments, or replaces any tissue, organ, or function of the body [1]. The first
application of biomaterial in history is most likely a case that was reported a few centuries
after the Common Era of ancient medicine for wound closure. Romans have described
urologic catheters, and Aztecs used gold dental fillings [2]. Nowadays, technological
progress allows the development of implants that are based on innovative biomaterials. We
can classify biomaterials by their applications, material physicochemical properties, or their
interactions with the patient’s tissue. The application of biomaterials in modern medicine is
very wide, for example, artificial joints, bone grafts, dental implants, cardiovascular stents,
artificial lenses, plastic surgery implants, trauma and reconstructive surgery materials, and
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surgical tools. Due to the variety of biomaterials’ functions, their mechanical properties
varied from very hard and stiff to very soft and flexible. According to the biomaterials’
nature, we distinguish the builds of polymers, metals, composites, and ceramics materials.
We can also classify biomaterials from their level of interaction with the host tissue as
bioinert, bioactive, and bioresorbable [3-5]. One of the greatest risks associated with placing
an implant within the living tissue of a patient is related to the colonization of the material
by opportunistic/pathogenic microorganisms and the formation of a bacterial /fungal or
mixed biofilm on an implant’s surface. There are some methods to prevent this process,
which are described in Section 4.

1.1. Polymers

Most common polymers used for the design and fabrication of biomaterials include
natural polymers, such as collagen, alginate, or chitosan, and synthetic ones, such as
polyethylene, polyethylene terephthalate, and polytetrafluorethylene. Polymers are classi-
fied by their permanent (biostable) or temporary (biodegradable) applications. Biostable
polymers are used for long-term exploitation. When working with biostable polymers,
the main challenge is to prevent the material degradation of the polymer by physiologi-
cal tissue processes as oxidation of polyether segments in polyurethane at the x-position
to the ether-oxygen [6], or the long-term hydrolysis of polyamides [7] or polyethylene
terephthalate [7,8]. In most situations, biofilm growth is also a destructive factor for
the polymers [9,10]. Biodegradable polymers are used as a base for local drug delivery
or as a temporary support for tissue regeneration. These polymers are degraded non-
enzymatically by hydrolysis or by specific enzymes [11]. The good biocompatibility makes
them a good material for many medical applications [12-15]. Among the few polymers ap-
proved by the FDA, there are poly(glycolic acid) or poly(glycolide) (PGA), poly(lactic acid)
or poly(lactide) (PLA), as well as poly(lactic-co-glycolic acid) or poly(lactide-co-glycolide)
(PLGA) (Figure 1).
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Figure 1. Chemical structures of poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and poly(lactide-
co-glycolide) (PLGA). (n: number of repeat units in PLA and PGA; x and y: number of lactic and
glycolic units in PLGA, respectively). * another unit of PGA/PLA.

In 1970, the US Food and Drug Administration approved these materials for biore-
sorbable surgical sutures, then, in 1986, the first bioresorbable drug delivery PLGA mi-
crospheres were approved [16]. PLGA co-polymers undergo degradation in the way of
hydrolysis. The ester bonds are cleaved by the hydrolytic degradation that occurs through-
out the whole PLGA microparticle matrix. PLGA degradation into monomers can be
divided into three phases. In this process of random chain scission, the polymer divides
into the oligomers and finally into soluble monomers. In the first phase, the weight loss and
soluble monomer formed are not appreciable, and, in the second phase, there is rapid loss
of mass. Once the monomers are formed, they are eliminated by physiological pathways.
Lactic acid enters the tricarboxylic acid cycle and is metabolized and eliminated in carbon
dioxide and water, while glycolic acid is excreted unchanged by the kidneys or metabolized
by the tricarboxylic acid cycle [16-18] (Figure 2). So far, 15 products based on PLA /PLGA
microparticles have been approved and marketed, and more than 35 products have been
successfully developed for medical use [19].
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Figure 2. Schematic illustration showing the degradation of PLGA co-polymer and the PGA and

PLA monomers. As a result, carbon dioxide and water are finally produced.

1.2. Metals and Metals Alloys

Titanium and its alloys, as well as iron-based alloys and cobalt-based alloys, are com-
monly used in medicine as materials for all kinds of implants and biomedical constructions,
such as orthopedic and bone fracture surgical treatment or as a scaffold of cardiologic self-
expanded stents [20,21]. These materials are the most popular metallic biomaterials applied
in the broad field of medicine. Stainless steel was applied in the 1920s as a biomaterial, and
the first cobalt-based alloy was introduced into dental practice in 1907 [22]. Titanium alloys
since the eighties have been model metallic materials used in various types of biomedical
constructions [20], unfortunately this material has significant flaws. For many years, toxic
alloying agents in titanium alloys, such as aluminum and vanadium, have raised doubts.
Studies prove the toxicity of these elements and induction of many diseases after long-term
periods of use [23,24]. The main disadvantage of some of these materials is also a very
common local inflammatory host reaction or toxicity, which can be decreased by coating
them by other biocompatible materials as for example polymers. However, sometimes the
local tissue reaction to the material is beneficial, such as stimulating new bones through the
use of magnesium alloys in the healing of bone fractures [25]. In recent years, new titanium-
based materials with non-toxic additives, such as molybdenum and niobium, which are
austenitic steels without the addition of toxic nickel, have been investigated [26-28].

1.3. Ceramics

Ceramics are a group of biomaterials with very good biocompatibility features. This
group generally does not cause an allergic reaction and a cytotoxic effect [29]. But on the
other hand these materials are brittle and low impact resistance [30]. Ceramics biomaterials
are commonly use in bone replacement, dental and maxillo-facial reconstructions. Alu-
minum trioxide is still used for dental implants but zirconia, which was introduced as a
dental implants material in 1970s is nowadays commonly used because of its similar color
to human teeth [31,32].

1.4. Composites

Composite materials are made of at least two constituents to decrease their disad-
vantages. Composite materials are used for bulk soft tissues replacements, space fillers,
catheters, ureter prostheses, tendons and ligaments, and vascular grafts. Fiber-reinforced
polymer composites are the most commonly used composites in orthopedics [33].

2. Methods

Innovative biomaterials for otolaryngology have already been developed. This article
aims to review recent publications in this area. Available bibliographies in PubMed were
searched, and the latest or the most significant papers, in the authors’ opinions, were
quoted. Publications from the last five years (2015-2020) were reviewed in PubMed. Some
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publications included in this review were published more than five years ago or not found
by the queries mentioned below but, in the authors” opinions, these publications were
significant and important. There were 163 articles quoted in this review, following the
authors’ research. The following amounts of articles (January 2022) were found after typing
some keywords in PubMed: polymers + otolaryngology (828), polymers + head and neck
cancers (476), polymers + sinus surgery (263), polymers + head and neck tissue engineer-
ing (149), polymers + head and neck implants (125), polymers + cochlear implants (38), and
polymers + nasal packing (37).

3. Biomaterials Used in Otorhinolaryngology
3.1. Cochlear Implants

Cochlear implants are commonly used for the successful treatment of deaf-born
children and deafened adults. The idea of this technically advanced method is to implant
a cochlear implant’s electrode into the cochlea to allow the electrical stimulation of the
auditory nerve [34]. The interaction between the electrode and the auditory neurons is
essential for long and effective treatment. The cochlear implant—electrode array consists
of platinum-iridium and silicone. Despite its materials’ good biocompatibility, cochlear
implants are recognized as foreign bodies. The efficiency of cochlear implants is affected by
postoperative connective tissue growth around the electrode array. This results in tissue
fibrosis around the electrode, which happens due to fibrocyte migration after the electrode
implantation. This process is undesirable because of the increase in impedance that it results
in. Glucocorticoids—mainly dexamethasone—are locally applied to decrease fibrosis. One
of the methods of its application is drug depot accommodation in the silicon carrier of the
electrode [35] (Figure 3). This approach has a more continuous and longer profile of drug
release, which is more effective than other methods of dexamethasone application [2,36].
It is desirable to minimize the space between electrodes and auditory neuronal dendrites.
For this reason, neurotrophic factors, such as the glial cell-derived neurotrophic factor
(GDNF) and the brain-derived neurotrophic factor (BDNF), are also used. Local application
of these factors to the cochlear implant electrodes is one of the methods that have a proven
positive effect on the anti-fibrosis process, the regeneration of auditory neuron dendrites,
and the in vivo preservation of neurons in animals [36-39]. Lehner et al. have tested a
new type of Poly-(D,L-lactic-co-glycolic acid) (PLGA)-based biodegradable implant for
intracochlear delivery of drugs on animals to find the appropriate size and mechanical
properties, as well as to prove the general feasibility of its administration. They found
that the use of Polyethylene glycol (PEG) as an additional excipient was beneficial in two
aspects. PEG softens the extrudates and prevents cracking during bending, and PEG
accelerates the initial drug release rate so that it matches the desired profile [37]. The release
of dexamethasone from the PLGA without PEG was measured at 6.5% within the first
week, this then accelerated to reach almost 50% after two weeks and 80% after three weeks.
It is connected to initial slow water penetration and the autocatalytic degradation of the
polymer [38].

Figure 3. (A): pure silicone electrode array without DEX (0%); (B): electrode array containing 1%
DEX (16 ng/day delivery rate); (C): electrode array containing 10% DEX (49 ng/day delivery rate).
Adapted from an open-access source: [36].

The developed intracochlear drug-loaded implant can be administrated with or with-
out a neuroprosthetic cochlear implant. Some experimental studies also showed the positive
application of biodegradable drug delivery systems as a salvage therapy for idiopathic
sudden sensorial hearing loss (ISSHL) [37,39]. A carrier of dexamethasone was used along
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with a PLGA polymer matrix containing a mixture of polymer chains with free and esteri-
fied carboxylic end groups without a preservative. The PLGA matrix slowly degrades to
lactic acid and glycolic acid.

3.2. Tympanostomy Tube

The implantation of a tympanostomy tube in the eardrum allows the drainage of fluid
from the middle ear. This procedure is usually performed in patients with otitis media.
Biofilm formation on this device is the main factor of post-tympanostomy complications,
such as otorrhea, tube occlusion, and discomfort. There are some studies where authors
have faced this problem. In some in vitro studies, the use of a vancomycin coating or
a piperacillin-tazobactam coating of the tympanostomy tube were tested with positive
promising results [40,41].

Another approach is to change the tube-surface properties of resisting bacterial col-
onization and biofilm formation. The model implemented by Saidi et. al suggests that
the adherence properties of the tube may be more important than antibacterial coatings in
terms of the prevention of persistent otorrhea [42]. Jang et al. suggest that the surface mod-
ification by an ion bombardment is not enough on its own to resist ciprofloxacin-resistant
Pseudomonas aeruginosa biofilm formation [43]. Joe et. al designed a novel tympanos-
tomy tube type, i.e., a tympanostomy stent (TS), which had a smooth and minimized
surface area to prevent the adherence of biofilm by preserving its own function of drainage.
Furthermore, it was coated with TiO;. The authors reported the promising outcomes of
their study [44].

3.3. Middle-Ear Prosthesis

The ossicular chain reconstruction of the middle ear may be carried out with either
a partial ossicular replacement prosthesis or a total ossicular replacement prosthesis. Im-
plantable middle-ear hearing aids are used in the treatment of mild—moderate, mixed or
conductive hearing loss and, in some cases, to treat sensorineural hearing loss [45]. There is
a variety of materials used by surgeons for ossicular reconstruction. Some studies indicate
that titanium ossicular prostheses are the most popular among surgeons, because of their
efficiency in sound transmission and the fact that they are delicate and easy to handle.
Titanium is the most lightweight and biocompatible material among all allogenic materials
used for ossicular reconstruction [46,47]. Moreover, titanium clip prostheses have proven
long-term results in ossiculoplasty [48]. A ceramic (hydroxyapatite) prosthesis commonly
used for ossicular reconstruction also exists; however, it has high incidence of extrusion
when it is placed in contact with the tympanic membrane [49,50]. A retrospective study
comparing hearing and anatomical outcomes after ossicular chain reconstruction with
titanium or hydroxyapatite prostheses concluded that both types of prosthesis had satis-
factory functional and anatomical results, and no preponderance could be stated, except
for the hearing results of partial titanium prostheses [51]. One of the materials used for
middle ear surgery is a composite HAPEX (Smith and Nephew). It is composed of 40%
synthetic hydroxyapatite (HAp) and 60% high-density polyethylene (HDPE). In a clinical
study, HAPEX has proven to be a stable implant/bone bonding material. It was observed
that middle-ear prostheses became overgrown by fibrous tissue inside a thin epithelial
layer [52]. Problems with extrusion, migration, and reactivity occur with some alloplastic
materials, such as Polyethylene, high-density polyethylene sponge (HDPS), polytetraflu-
oroethylene (PTFE), and Proplast (PTFE—carbon composite), which are also regarded as
ossicular prostheses [53]. There are many reports of different artificial materials used in
ossicular surgery, but the histocompatibility and long-term outcomes still remain uncertain.
Moreover, none of the materials mentioned above possess bactericidal properties [54]. Such
activity is looked for as it indicates the same information as the detection of biocompatibility
or physical properties. There are some studies about new antimicrobial system, which are
fully described in Section 4.
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3.4. Nasal Packing Materials

Endoscopic sinus surgery (ESS), conchotomy, or septoplasty procedures are currently
very common surgical treatments. They are often associated with such postoperative
complications as nasal bleeding, adhesions, and stenosis, which could be prevented by
nasal packing [55]. The efficiency of and the patient’s tolerance for nasal packing products
vary [56]. The currently used packing materials can be classified into nonbiodegradable
(e.g., vaselinized gauze, Telfapads, cotton-stuffed latex finger cots, Silastic sheeting, Merocel
sponges) and biodegradable types (e.g., gel film, MeroGel, hyaluronic acid gels, FloSeal,
cellulose gels, Nasopore, NASASTENT) (Figure 4). Nasopore is a fully synthetic biodegrad-
able, fragmenting foam that absorbs water while supporting the surrounding tissue. This
process provides local hemostasis by compressing bleeding vessels in the nasal cavity. After
several days, it dissolves and can be suctioned from the nasal cavity. Research indicates
that biodegradable packing is more comfortable because it results in less pain, bleeding,
nasal blockage, and facial edema in the early postoperative period. However, there is no
significant difference in the long-term post-operative outcomes of ESS [57]. Wang et al.
performed the meta-analysis of 459 articles and concluded that Nasopore (absorbable)
is superior to Merocel (non-absorbable), with regard to pain upon removal, bleeding, in
situ pain, pressure, and general satisfaction, and equal to Merocel, with regard to nasal
obstruction, tissue adhesion, and mucosal healing [58].

A B

Figure 4. Nonabsorbable nasal packing Merocel (Medtronic Inc., Minneapolis, MN, USA). Panel
(A) presents compressed, dehydrated sponge. Panel (B) shows the sponge decompressed, 30 s after
hydration with saline. Material from the authors’ collection.

3.5. Corticosteroid-Eluting Sinus Stents

As nasal packing materials have a positive impact on short-term postoperative out-
comes, corticosteroid-eluting sinus stents could increase long-term outcomes. The European
Position Paper on Rhinosinusitis and Nasal Polyps (EPOS 2020) guidelines recommend
Corticoid-Eluting Sinus Stents as a therapeutic option in patients who have undergone sur-
gical treatment of chronic rhinosinusitis (CRS) to decrease the percentage of re-operations
in the future [59]. Recent advancements in bioabsorbable and drug-eluting stents pro-
vide an option for improving the long-term outcomes of postoperative endoscopic sinus
surgery (ESS). Some patients had sinus neo-ostium stenosis or synechiae formation, mid-
dle turbinate (MT) lateralization, after surgery. To prevent this situation and to improve
longer-term outcomes, surgeons have used nonabsorbable frontal stents that were typically
placed immediately after surgery and removed in the clinic between four and six weeks
later because of significant crusting and/or symptomatic pressure. For these reasons, sinus
stents have been used sparingly [60]. In 2011, the first corticosteroid-eluting sinus stent
(Inter- sect ENT) was approved by the FDA for patients after ethmoid sinus surgery. Then,
in 2016 and 2017, the FDA approved similar devices for frontal and maxillary sinus surg-
eries. [61] Nowadays, there are plenty of bioresorbable stents releasing mainly mometasone
for patients with CRS after ESS. There are two models of steroid-eluting sinus implants that
have been U.S. Food and Drug Administration (FDA)-approved for use in CRS patients:
short-duration Propel family devices (Propel, Propel Mini, Propel Contour; Intersect ENT,
Menlo Park, CA, USA) and long-duration Sinuva devices (Intersect ENT, Menlo Park, CA,
USA). (Figure 5).
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Figure 5. Mometasone-loaded (A) spring-like Propel™ sinus implant expands when placed into the

sinus mucosa (B), thus keeping the middle meatus open and, hence, promoting mucous drainage
and wound healing. Adapted from an open-access source: [15].

These novel devices have had promising outcomes in some clinical trials [62-65].
Drug-eluting nasal implants ensure continuous drug release over longer periods of time
to the nasal mucosa, in contrast to the nasal sprays (Figure 6). The corticosteroid was
encapsulated in a biodegradable polymer matrix in the form of micro- and nano-particles,
and then attached to the biodegradable scaffolds of implants to achieve longer periods of
drug release. The most commonly used materials for these implants are biodegradable
polymers such as polylactic acid (PLA) and polylactic-co-glycolic acid (PLGA). These
materials have good biocompatibility and good tolerance and have been biodegraded by
the hydrolysis of their ester linkages. [66,67]. This feature results in the main advantage
of these materials, i.e., bioresorption, which means that these products do not require
additional surgery to remove.

o=
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Figure 6. Nasal drug concentration versus time, obtained after administration of nasal sprays and
drug-eluting implants. Nasal sprays show rapid clearance of the drug from the nasal mucosa (panel
(A)) as compared to locally acting implants (panel (B)). Adapted from an open-access source: [15].

3.6. Materials for Osteosynthesis

Plate osteosyntheses allow three dimensional reconstructions of complex face fractures
and the skull base. The general standard treatment uses a titanium plate system because of
its resistance to corrosion, strength, ease of handling, lack of dimensional changes, mechan-
ical properties closest to the bone compared with the other metallic bioinert biomaterials,
minimal scatter on computed tomography (CT) scanning, and compatibility with radiogra-
phy and magnetic resonance imaging [68,69]. Titanium screws marketed in the internal
fixation systems are commonly produced from a titanium alloy, Ti-6Al-4V alloy, which
is the most widely used alloy. On the other hand, osteosynthesis plates are generally pro-
duced from CP-Ti (commercially pure titanium, usually grade 2) [70,71]. These materials
have some disadvantages, such as poor resistance to wear, which results in the deposition
of friction in the surrounding tissue, infections, and sensitivity perturbations [72]. The other
issue is the secondary surgery needed for implant removal in 5-40% of cases [68], because
of its translocation thermal sensitivity, interference with diagnostic imaging, osteopenia
of cortical bone induced by stress, and corrosion [73,74]. Moreover, titanium particles,
as products of wear, have been found in scar tissue covering these plates, as well as in
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locoregional lymph nodes [68]. Therefore, in some cases, titanium osteofixation implant
materials should be removed after fulfilling their functions. Pinto et al. do not see the need
for routine removal of these osteosynthesis implants after installation, except when there is
a clinical indication that this should be done. There is, however, no consensus in the oral
and maxillofacial surgery literature regarding the removal of bone plate in asymptomatic
cases [71]. To minimize the above limitations, biodegradable bone fixation materials based
on polyhydroxy acids (polyglycolide acid (PGA), polylactide (PLLA and PDLA)) have been
developed [72,75-79] (Table 1).

Table 1. Characteristics of bioresorbable materials and commercially available systems for maxillofa-

cial osteosynthesis.

clearance time is
6-12 months [79]

Pure PGA, due to its
durability, which is
insufficient to allow for
complete bone healing,
has rather minimal
usefulness in
maxillofacial
surgery [68].
Biofix® SR-PGA
(self-reinforced PGA).

in vivo, -
in vitro about
2 years [79]

There is no study

using pure PDLA
GrandFix® for osteofixation
FixSorb-MX® in the
maxillofacial
surgery.

glycolide content
leads to a faster
rate of
degradation.
SonicWeld Rx®
(PDDLA 100%)
LactoSorb® (PLLA
(82%) + PGA
(18%))
RapidSorb® (PLLA
85% + PGA 15%)
Delta® PLLA (85%)
+ PGA (10%) +
PDLA (5%)
PolyMax®
(PLLA70% +
PLDLA (30%)

uHA/PLLA
Copolymers of Composites of
PGA Polyglycolic Acid PLA Polylactic Acid PGA, PLLA, Unsintered
PDLA Hydroxyapatite and
Material Poly-L-Lactide
PLLA PDLA
Poly-L-Lactide Poly-D-Lactide
1st Generation 2nd Generation 3rd Generation
ng}xtvr:ioiftc' ular Contains 30-40%
High molecular sh Their properties ~ weight fractions of raw
. . . lower .
High molecular weight; weight S can be controlled hydroxyapatite,
. . O . crystallinity; less . . :
highly crystalline; due to its . by varying the neither calcined nor
; . resistant to . . . .
rapidly degradable; crystallinity and hvdrolvsis: ratio of glycolide sintered material.
radiotransparency; hydrophobicity; yhi hi] ! to lactide for Osteoconductive
first bioresorbable resistant to ey different capacity (can be
iy . biocompatible o
polymer clinically used. hydrolysis; compared to compositions. complete replacement
radiotransparency. P}iL A Radiotransparency. by bone tissue);
. radiopacity.
radiotransparency.
Resorption time of The PLLA matrix is
. Total resorption 12-18 months. completely absent
o Early loss of mechanical | 35 I 1. a hich ¢ th it
Application strength after 47 weeks, is over 3.5 years n general, a higher rom the composites

after 4 years and
almost all u-HA
particles are replaced
after 5.5 years [77]

Osteotrans MX® (plate:
PLLA 60 wt% + u-HA
40 wt%, screw: PLLA
(70 wt%) + u-HA
(30 wt%))

The idea of biodegradable plates may have emerged from absorbable sutures [75]. The
use of biodegradable materials to stabilize fractured facial skeletons was first reported in
1971 [74]. Since then, resorbable polymeric plates and screws have been used widely in
pediatric patients with maxillofacial traumas, so as to reduce any interference with craniofa-
cial growth in children [69,76]. The biodegradation process depends on many factors, such
as: contact with body fluids, temperature, motion, molecular weight, the crystal form and
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geometry of the material, and the nature of the tissue where the implant is implanted. The
ideal biodegradable osteofixation material provides appropriate strength while degrading
in a predictable fashion throughout the healing process without causing adverse reactions.
Recently, the concept has changed from simply “resorbable materials” to “bioabsorbable
materials”, which means the materials have the characteristics of biodegradation plus
stimulation of osteoconduction [75]. Unfortunately, they are weaker than conventional
titanium plates and can provoke an inflammatory, bacterial foreign-body reaction [1,72,80].
However, Cural et al. found that resorbable (PDLLA) and titanium plates and screws
did not differ in terms of biomechanical behaviors after stabilization of the fracture of the
mandible angle [77], but the thickness of conventional bioresorbable plates is, on average,
two to three times that of metal plates of comparable flexural strength [69]. Larger and
thicker plates can lead to greater patient discomfort, as they may be palpable through the
skin [78]. Furthermore, the thickness of the plates causes limitations in use—this can be a
factor that influences the complication of plate exposure and wound dehiscence, especially
in regions with very thin oral mucosa.

The mechanical properties of bioresorbable materials are close to that of the human
bone, thereby preventing stress-shielding atrophy and weakening of the fixed bone caused
by rigid metallic fixation [79]. Sukegawa et al. did not observe a border between the bone
and u-HA /PLLA screws during their histological examination, indicating that the material
directly bonded with the human bone [80]. Poly-L/D lactide plates and u-HA/PLLA
composite plates are easily bendable with fingers at room temperature, combining wave-
forms with angles and torsion, and can be maintained in the desired position without
heating if slower bending and less force are applied [75]. However, long-term stability and
relapse frequency in bioabsorbable osteofixation are still insufficiently studied, especially
in cases concerning segmental movements of great magnitude or segmental movements to
a position where bony resistance exists.

In contrast to metallic osteosynthesis, bioresorbable implants cannot be sterilized in
the operating room through autoclaving. Manufacturers thus use either y-irradiation or
ethylene oxide gas (EtO) for sterilization of implants [81].

Magnesium has also been highlighted as a new material to replace polymer-based
osteofixation material in maxillofacial bone surgery. The use of magnesium for bone
implants was first described by Lambotte in 1932 [82]. The rapid corrosion of Mg and
Mg alloys is a significant limitation regarding the use of these materials. Magnesium
alloys possess good mechanical stability, which provides total degradability, but their
biocompatibility is still questionable [81]. There is only one case report using Mg-based
osteofixative materials in the maxillofacial area in humans [83]. Further research will be
necessary to eliminate potential risk and to exclude the risk of non-biocompatibility.

3.7. Bone Substitution Materials

Bone is the second most transplanted tissue after blood [84]. Each bone defect within
the maxillofacial skeleton resulting from trauma, disease (i.e., tumors, cysts), or congenital
malformation is a significant health problem. Biomaterials used as bone grafts must meet
specific requirements to achieve new, healthy, well-vascularized bone tissue formation.
Autologous, allogenic, alloplastic, or xenogenic materials are used in bone regeneration [85].
Although autologous bone is still the gold-standard graft material and is not a biomaterial
per se, other grafts are used very often (alone or in combination) [86]. A large variability
exists between the bone-forming capabilities of various bone grafts, and the osteoinductive
potential remains one of the key features to improve the integration of implanted bone
grafts. For the regeneration of small osseous defects, bone-substitute biomaterials covered
by a membrane are commonly used.

DBBM (deproteinized bovine bone mineral) is the biomaterial with the most docu-
mentation in the scientific literature for bone grafting [87]. Deproteinized bone matrix of
cortical or cancellous xenogenic bone used as a bone graft material shows biocompatibility,
provides a supportive osteoconductive structure, and releases calcium and phosphate ions,
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thus stimulating osteogenesis. However, when the proteins in its structure are not fully
eliminated prior to use, it may provoke foreign body reactions. In addition, there is a
potential for cross-infection [88,89]. Although the authors have not found a case of infection
from xenotransplantation in maxillofacial surgery, despite them having been reported,
there is a potential risk and certain precautions must be taken.

Commercially available xenogenic osteoconductive biomaterials are made of bovine
bone (e.g., Bio-Oss®, Gen-Ox®, Cerabone), porcine bone (e.g., Gen-Os), or horse bone
(e.g., Bio-Gen). The deproteinization processes for xenogenic grafts can be performed by
chemical or heat treatments. Uklejowski et al. showed that the thermal deproteinization
process leads to numerous cracks on the surface of the trabeculae of cancellous bone but is
much shorter, while bone specimens after the deproteinization process with the chemical
agents are generally smooth [90]. According to their study, the most complete and most
effective chemical deproteinization process is obtained when using 7 wt% H,O; solution
—Dbone specimens are deproteinized by 90% after 14 days of process. Due to the mechano-
structural properties and effectiveness, the chemical deproteinization processes are more
suitable for bone tissue replacements [90].

Synthetic materials are not as widely accepted as the allograft materials, despite
their obvious benefits; they still lack a significant amount of documented clinical stud-
ies supporting their effectiveness. The most investigated calcium phosphate (CaP) bone
graft substitutes are hydroxyapatite (HA), B-tricalcium phosphate (B-TCP), and their com-
bination, also called biphasic calcium phosphate (BCF) [71,90]. Their bioactivity and
degradation time can be controlled by changing their chemical compositions and sintering
temperatures. When compared to synthetic polymers, synthetic bioceramics are superior
for bone repairs due to their improved biocompatibility, bioactivity, and strength [71,91].
Yahav et al. show that biphasic calcium sulfate sets hard, acting like a “bone cement”, no
membrane is required, and primary closure is not mandatory. The material has a complete
conversion to bone over a period of four to six months. They achieved similar clinical
results as with other grafting products [92]. Miron et al., in a study of the osteoinductive
potential of bone grafting material, showed that the xenograft (DBBM) has no potential to
form ectopic bone formations, but BCP (biphasic calcium phosphate fabricated from a 10:90
ratio of hydroxyapatite and (3-tricalcium phosphate) was able to stimulate ectopic bone
formation [93]. Donos et al. obtained similar results in relation to DBBM [94]. Guillaume
obtained satisfactory results for bone regeneration with B-TCP for pre-implant surgery,
sinus floor elevation, and lateralization of the inferior alveolar nerve (IAN) [95].

Besides the “traditional” use for osseous defect repair, a variety of innovative ap-
plications are emerging; for instance, recent studies have interestingly highlighted the
suitability of bioactive glasses and glass-ceramics for wound healing applications and soft
tissue engineering.

Even though the ideal properties of bone grafts were defined in the literature three
decades ago, the market still has no ideal biomaterial which has all of these properties [71].
In a consensus report of Group 2 of the 15 h European Workshop on Periodontology on
Bone Regeneration we can read that the future of craniomaxillofacial bone regeneration
will probably entail the manufacturing of personalized biomaterial from 3D digital data
obtained from patients [90]. Manufacturing customized scaffolds or bones with 3D printing
that will perfectly fit to the bone defect shape is a dream of many scientists and surgeons. So
far, surgical templates printed using a 3D printer have been increasingly used to facilitate
and speed up the surgical procedure (Figure 7).



Int. J. Mol. Sci. 2022, 23, 2575

11 of 23

Figure 7. Surgical templates printed using a 3D printer personalized to the patient’s anatomical
features, fitted on CT scan and oral scanner. Used to facilitate and speed up the surgical procedure of
dental implants. Material from the authors’ collection.

Bone regeneration techniques need resorbable or non-resorbable membranes as well.
The barrier membranes prevent the invasion of surrounding soft tissue, provide stability to
the bone graft, prevent soft tissue from collapsing into the defect, accumulate growth factors,
and permit osteogenic cells to repopulate bone defects. [96-98]. At present, resorbable
materials of xenogeneic origin, such as collagen, are the most commonly used option
in guided bone regeneration [98]. However, PTFE membranes also have many uses.
Compared with biodegradable membranes, they have a superior space-making capability,
mainly when they have titanium reinforcement, which makes them the ideal membranes
for vertical bone regeneration [90]. Garcia et al. systematically reviewed the available
literature to ascertain the clinical outcomes of two different resorbable collagen membranes
and concluded that GBR procedures, through resorbable collagen membranes, achieve
volumetric bone gains with no statistical significance between the cross-link and the non-
cross-link membranes. However, in terms of biocompatibility, tissue integration, and
postoperative complications, the results suggest that non-cross-link membranes present
better results [99]. Sbricoli et al. reached a similar conclusion, i.e., that collagen membranes
show advantageous biological and clinical features compared to both non-resorbable and
other resorbable membranes, but they are not free from possible complications [100].

Martin-Thomé et al. undertook a case series study of a bi-layered synthetic resorbable
PLGA membrane (Tisseos®, Biomedical Tissues SAS, 129 Nantes, France). This membrane is
made of poly-D,L-lactic/glycolic acid 85/15 (PLGA) and completely degrades by hydrolysis
after 4-6 months without signs of inflammation and has a bi-layered structure with a
dense film to prevent gingival epithelial cell invasion and a micro-fibrous layer to support
osteogenic cells and bone healing. Re-epithelialisation and normal wound closure were
observed in patients, where the membrane was exposed after surgery [101].

3.8. Voice Prosthesis

The most common and effective method of voice rehabilitation among post-laryngectomy
patients is a tracheoesophageal puncture with voice prosthesis (VP) implantation [102].
The most serious disadvantage of silicone-polymer-based voice prosthesis devices is their
colonization and damage by fungi and bacterial biofilm [9,10] (Figure 8). The most common
yeasts isolated from VPs’ biofilms are Candida spp., which forms a tridimensional network
leading to device malfunction [103]. There are few voice prostheses manufacturers in the
market, but, beyond the prosthesis shape and insertion procedure technique, the polymer
material is generally still the same as it has been for years. The new polymeric material
should be improved to prevent or slow down the VP degradation process. A modification
that will result in antimicrobial properties would be highly desirable. To achieve such a goal,
commonly used polymers should be modified with antimicrobial nanosystems or chemical
compounds [104-108] that might reduce the ability of microorganisms to adhere to and
develop biofilms on the prosthesis’ surface. Another approach is to find materials that will
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have relatively better physical and/or antimicrobial features and/or bacterial and fungal
anti-attachment properties. Among popular polymers, some authors selected nine because
of their relatively good features, such as the polymers’ costs, chemistries, and toxicities.
They have found that AODMBA [(R) « acryloyloxy 3, dimethyl v butyrolactone] was
demonstrated to be 3D printable and exhibited strong anti attachment properties, which
were retained in its AODMBA printed forms. These tests showed that anti attachment
by AODMBA is just as effective against the drug-resistant isolates as against a standard
C. albicans strain [109]. Further investigations should be performed in this area. Looking
for methods that will prevent the initial adherence of hyphae (an essential step in biofilm
formation) should be considered essential in the development of future VP material.

Figure 8. Figure presents Provox voice prostheses. Panel (A) shows a completely new prosthesis.
Panel (B) shows the voice prosthesis after 26 months of use. Its surface is covered with microbial
biofilm. Material from the authors’ collection.

3.9. Tissue Engineering

Tissue engineering (TE) has the potential for reconstruction with autologous tissue
that is not limited by availability of patient donor-site tissue. TE is applicable in otolaryn-
gology in nose, external ear, laryngo-tracheal, and facial skeleton reconstruction [110].
Otolaryngology has a symbolic association with TE because of the memorable picture of
the Vacanti mouse bearing a human ear on its back from 1996 [111]. Nowadays, for nasal
reconstruction, tissue-engineered cartilaginous constructs are alternatives for synthetic or
allogenic materials. The method is based on the implantation of biodegradable collagen
scaffolds with seeded chondrocytes and progenitor cells instead of nasal cartilages. The
literature reports cases of reconstructions of the two-layer alar lobule or the nasal dorsum
in patients after tumor resections or cleft lip—nose deformities. They have achieved good
aesthetic and functional outcomes using autologous nasal septal chondrocytes seeded on
utilized collagen membranes or scaffolds [112,113]. As with the nasal TE, the otologic
appliance has focused on auricular reconstructions. Investigators expanded harvested mi-
crotia chondrocytes, seeded these on a 3D-printed biodegradable scaffold, and cultured the
construct in vitro. They reported satisfactory post-implantation aesthetic outcomes [114].
On the other hand, bacterial nanocellulose (BNC), which is non-degradable biocompatible
material that promotes chondrocyte adhesion and proliferation, also exists. Nimeskern
et al. presented BNC as having the capability to reach mechanical properties of relevance
for ear cartilage replacement; it can be produced in patient-specific ear shapes [115].

There are also investigations into the regeneration of inner- and middle-ear structures.
Chitosan patches (E-CPs) that release epidermal growth factor (EGF) as a patch therapy
to replace surgical methods of the perforated tympanic membrane reconstructions have
also been developed [116]. The inner-ear treatment by TE is focused on in vitro models
of decellularized cochleae and the establishment of pluripotent stem cell lines with the
goal of generating functional inner-ear hair cells [117]. Regenerative medicine for laryn-
gotracheal replacements has, in recent years, focused on investigations concerning ideal
scaffold materials for tracheal reconstruction [110]. Commonly used scaffold materials
include decellularized tissue, poly-lactic-co-glycolic acid (PLGA), poly-e-caprolactone
(PCL), polyethylene terephthalate (PET), and polyurethane (PU). There is still no answer as
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to which material is optimal for this procedure [118-121]. Simultaneously, investigators
are examining the ideal cellular source for graft seeding. Moreover, some in vivo animal
model studies with stem cell-seeded constructs were performed with positive outcomes in
restoring larynx phonation function [122,123].

4. Improving the Safety of Biomaterials by Preventing Their Microbial Colonization
and Host Immune Response

Despite the extremely important role of newly formed biomaterials in improving the
health and quality of the lives of patients with dysfunctions within the head and neck
region, not all safety issues related to their functions within the patients’ bodies have been
resolved. One of the greatest risks associated with placing an implant within the living
tissue of a patient is related to the colonization of the material by opportunistic/pathogenic
microorganisms and the formation of a bacterial/fungal biofilm on the implant’s surface.
This is an important issue, because the presence of microorganisms on the surface of
the implant not only changes its mechanical properties, accelerates its wear [10], and
increases the risk of explanation [124], but also, above all, can be a source of life-threatening
infections leading to the development of sepsis [125,126]. Under the conditions of the
human body, excessive colonization of tissue surfaces by pathogenic microorganisms is
limited due to specific, mucilaginous barriers, the presence of natural microflora, and
the synthesis of a number of endogenous substances characterized by antibacterial and
immunomodulatory activity. In the case of implanted biomaterials, such protection does
not occur, which forces the search for protective methods limiting the formation of biofilm
on their surface to take place. In other words, the restoration of the live tissue’s ability to
prevent microbial colonization should be taken into consideration within the design of
materials for implant production.

The group of methods limiting microorganism growth and hampering microbial
adherence includes the fabrication of materials with anti-fouling features [127], covering the
surface of implants with anti-adhesive substances [128], surface charge modifications [129],
coating with antibiotics and antimicrobial peptides [130], or the use of nanoparticles as
antimicrobial covering. Particularly, the use of nanotechnological methods has recently
attracted more interest due to their lower potential to induce microbial drug resistance and
both potent, broad-spectrum antimicrobial activity and immunomodulatory features. The
above-mentioned methods and their applications are presented in Table 2.

Table 2. Various methods to synthetize materials with antimicrobial properties and their uses.

Method of Material Antimicrobial

Functionalization Application

anti-fouling cochlear implants [127,131]

dental resin and polydi-methylsiloxane

anti-adhesive elastomer (PDMS) [128]

surface—charge modification titanium micro-screws [129]

bone implants [132], tympanostomy tubes [41],

ating with antibioti .
coating oues paranasal sinus stents [133],

nasal mucosa splints [134], inner ear implants
[135], middle ear implants [54], bone tissue
scaffolds [86,90,91]

coating with antimicrobial agent such as
nanoparticles

4.1. Methods of Biomaterial Modifications to Increase Their Antimicrobial Properties

Antibacterial coating. There are three main methods for fixing antibacterial agents
on the material surface: (i) covalent grafting, (ii) material blending, and (iii) layer-by-
layer (LBL) assembly. Covalent grafting is more stable than other methods, such as non-
covalent bonding (electrostatic attraction and hydrogen bonding). There are some very
detailed publications describing two categories of covalent grafting—’grafting to” and
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‘grafting from’ [136-139]. Moreover, the technology of photo-initiation of some monomers
or polymers by UV also exists. This technique can be very efficient to prevent the formation
of bacterial biofilms on medical devices [140].

The LBL assembly is considered to be a universal technique for making antimicrobial
coatings on medical devices. It relies on the adsorption of electrolytes or complementary
compounds on the substrate surface [141]. The applications of this method are very
wide-ranging, there are some works that report the modification of different materials
by LBL assembly as: polyacrylic acid (PAA, as the polyanion) and polyetherimide (PEIL
as the polycation) used to obtain a multilayer PAA /PEI assembled film [142], chitosan
and heparin [143], chitosan and collagen [144], polydimethylaminoethyl methacrylate
(polycation) and cellobiose dehydrogenase (CDH, polyanion), and polybenzenesulfonic
salt (polyanion) [145].

Material blending is a method of mixing different types of polymers. The final antimi-
crobial effects depend on the features of the used substrates and their proportions. This
technology was used in polyhexamethyleneguanidine dodecylbenzenesulfonate (PHMG-
DBS)-coated tracheal intubation tubes (good antimicrobial outcomes were reported) [146].
Indeed, a polyurethane (PU) catheter modified with poly(diallyldimethylammonium chlo-
ride) (pDADMAC) demonstrated good bactericidal features [147].

Antibiotic delivery systems. In some cases, polymers could serve as an antibiotic-
controlled release systems. Rossi et al. described their method of incubation of
poly(hydroxybutyric-co-hydroxyvalerate) (PHBV) in a solution of chloroform and gen-
tamicin in a shaking water bath at 55 °C for 24 h. The authors reported a good profile of
drug release and good bactericidal effect [148]. Another study reported that the release of
antibiotics from different material formats of silk (films, microspheres, hydrogels, coatings)
and biodegradable chitosan had good functional profiles and the potential to achieve the
needed local concentrations while also minimizing systemic exposure [149,150].

Polymers with nanoparticles. Silver nanoparticles alone have a proven bactericidal
effect in the treatment of local infections. The mechanism of their action is based on the
ability to damage the bacterial cell membrane. There are some studies that report the
method of silver nanoparticles’” incorporation into polymer materials to achieve antifungal
and bactericidal features. Polymer systems containing silver nanoparticles can be syn-
thesized in situ using the polymer matrix as a reaction medium or ex situ when silver
nanoparticles are incorporated into the polymeric matrix already synthetized [151,152].
The latest studies report the use of silver nanoparticles modified with zwitterionic poly
(carboxybetaine-co-dopamine methacrylamide) copolymer (PCBDA@AgNPs), which was
firmly fixed onto soft contact lenses through the mussel-inspired surface chemistry [153] or
hybrid nanocoatings [154]. Ye et al. described the method of connection between antimicro-
bial peptides, GL13K and AgNPD, to create a hybrid nanocoating on a Ti implant. Due to
the combined application of these two antimicrobial agents with different antimicrobial
mechanisms, they achieved more potent synergistic effects.

4.2. Selected Biomaterials with Antimicrobial Modifications for Use in Otorhinolaryngology

In one of the more interesting studies, Duda et al. presented the possibility of coating
Bioverit® II middle ear prostheses using silver containing silica. In their study, rabbits
were implanted with silver-functionalized middle-ear prostheses, and this group was
compared with pure silica coatings and 1% silver sulfadiazine cream applied on a silica
coating. The authors demonstrated the clinical justification of the study, and the usefulness
of the developed implants for reconstructive middle-ear surgery and reduced fibrosis was
observed. Nevertheless, some signs of acute toxicity of the silver coatings on the mucosal
ear tissue (particularly single necrotic and apoptotic cells) were observed, which prompted
further studies into the safety of such an approach [155]. Another problem is the formation
of bacterial biofilm on medical devices, such as cochlear implants (CI), that can lead to
chronic infections. In response to this, a vancomycin-releasing PCL/polyethylene oxide
(PEO) nanofiber mat was proposed to prevent MRSA biofilm formation on the surface of
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ossicular prostheses and in the environment of otitis media, due to effective delivery of
vancomycin for prolonged time [156].

Kirchhoff et al. found in vitro that bioactive glass (BAG of type S53P4) consisting of
silicon dioxide, sodium oxide, calcium oxide, and phosphorus pentoxide induces significant
changes in the biofilm morphology of the most common bacterial strains responsible for
biofilm-related implant infections. Its antibacterial activity was tested with three types
of materials commonly used in cochlear implants: silicone, titanium, and platinum. In
each case, significant alterations in biofilm morphology could be detected via SEM. Hoing
et al. also found that bioactive glass S53P4 can reduce biofilm formation on CI materials
in vitro [131].

The formation of fungal biofilm can be seen as a separate problem in the implemen-
tation of medical devices. Filastatin inhibits the adhesion of multiple pathogenic Candida
species. Vargas-Blanco et al. report that treatment with Filastatin significantly inhibited
the ability of C. albicans to adhere to bioactive glass (by 99.06%), silicone (by 77.27%), and
dental resin (by 60.43%) in vivo.

The first middle-ear implant that has the bactericidal activity and hearing improvement
confirmed in the clinical trial conducted by Ziabka and Malec [157] (Figure 9).

Figure 9. Middle-ear prosthesis for ossicular reconstruction made of ABS polymer. Adapted from an
open-access source: [158].

Recent experimental ossicular chain implants made of ABS polymer material
(poly)acrylonitrile butadiene styrene (INEOS SyrolutionEurope GmbH, Frankfurt, Ger-
many) and modified with silver nanoparticles, AgNPs 45T, have shown promising antimi-
crobial efficacy [57,159,160]. Such activity is regarded as being the same as biocompatibility
or physical properties.

Silver nanoparticles, used to provide antimicrobial activity, were also used as coatings
for nasal tampons [134]. Research carried out using rats to test such tampons when applied
for 48 h demonstrated that silver nanoparticle-embedded tampons were far more efficient in
limiting Haemophilus parainfluenzae colonization when compared to silicone- or PEG-based
nasal splints. A decreased inflammatory response was also noted, which suggest the utility
of AgNPs in the prevention of secondary infections [134]. A nanotechnology approach was
also used for the preparation of ciprofloxacin and azithromycin nanoparticle suspension
for the coating of sinus stents with anti-Pseudomonas aeruginosa properties [133].

In the context of bone substitution materials, nanohydroxyapatite can be loaded with
chlorhexidine digluconate using electrostatic interactions between the cationic group of
CHX and the phosphate group of nanoHA in order to prevent surface bacterial accumu-
lation [159]. Nevertheless, in the case of bone infections, poor bone/plasma ratios of
parenterally administrated antibiotics, along with the ability of bacteria to form biofilm
inside the bone, considerably hampers the fighting of bacterial infections. To increase
the amount and efficiency of antibiotics against bone infection-causing pathogens, Parent
et al. proposed the incorporation of vancomycin in tri-dimensional hydroxyapatite-based
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scaffolds for local, prophylactic delivery of antibiotics [132]. Similarly, Weng et al. demon-
strated recently that a local three-dimensional scaffold strategy strongly contributes to the
improvement of anti-MRSA therapies, as a result of coating the bone biomaterial with a
significant amount of silver nanoparticles [160].

Another promising approach for decreasing bacterial adherence to the implants is
surface—charge modification. Kao et al. found in in vivo models, that charge modification
decreased the colonization by P. aeruginosa of titanium screw implants.

Another method to improve the function of biomaterials and protect implants from
microbial exposure is to modulate the inflammatory response of the host. Nevertheless,
this effect should be balanced between a beneficial, antimicrobial effect and a redundant,
toxic effect that damages tissues and increases the risk of inflammation.

Although the number of studies examining the immunomodulatory activity of bio-
materials coatings has decreased when compared to studies examining antimicrobial ones,
some interesting studies have been undertaken recently. In one of the newer studies,
lithium niobate nanoparticles were proven to exert an immunomodulatory effect, possess
the ability to stimulate beta-defensin in epithelial cells, and shown to be effective against
Pseudomonas aeruginosa bacteria, which supports their utility for inner-ear-device fabrica-
tion [135]. In another study, magnetic hexagonal ferrite nanoparticles were incorporated
into bone hydroxyapatite/chitosan scaffolds to recruit endogenous stem cells [161]. The
promising results were also obtained using a mouse soft-tissue implant-associated infection
model, where anti-biofilm and the immunomodulatory activities of zinc oxide nanopar-
ticle (ZnO NPs) were investigated. According to Wang et al., this effect was achieved by
a combination of factors, including (i) the antimicrobial efficiency of ZnO NPs, (ii) the
nanoparticle-mediated induction of inflammatory cytokines release, and (iii) promoting
phagocytosis [162]. Although the results of these studies are not application specific, they
can certainly be thought of in terms of their subsequent use in the production of implants
in otorhinolaryngology. Zinc-incorporated titanium oxide nanotubes were also noted to
accelerate bone formation when fabricated on titanium implant materials [163].

The above research confirms that the development of implantable biomaterials with an
appropriate safety—effectiveness ratio is extremely important and worthy of further research.

5. Conclusions

In general, the most widely used materials in the field of otorhinolaryngology are
polymer-based synthetics. They have the potential to be an ideal material in this case, if
it is possible to achieve modification of their properties, such as the ability to prevent the
growth of microorganisms. As we currently face the challenge of an increasing number
of infections caused by antibiotic-resistant strains of bacteria, there is an urgent need to
find a new class of antibacterial agents. AMPs, their synthetic mimics, and nanosystems
containing metallic nanoparticles have a promising potential as a more efficient alternative
to conventional antibiotics, due to their microbiocidal properties that cover large spectrum
of microorganisms, as well as their low ability to induce drug resistance. There is no doubt
that the development of these molecules for the antibacterial modification of materials used
in medical devices in otorhinolaryngology will be beneficial. At the same time, we should
look for new materials that will have better biocompatibility and mechanical properties.
The ability to customize the shapes of this biomaterial with 3D printers will also be of
benefit to patients in need.
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