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Abstract 

Hearing loss is a very frequent sensorial deficit which might imply auditory rehabilitation 
through an implantable hearing aid. Natural anatomy of the middle ear, with high humidity and its 
communication with a potential infected cavity (the nose) predispose to recurrent and chronic 
infections, bacterial in most cases, because proteins from blood and transudates associated with 
inflammation or infection makes the prostheses’ surface permissive for bacterial adhesion and biofilm 
development. Surface properties of the material of the implantable hearing aid are very important – 
texture, nanostructure and porosity significantly influence the infection risk. Antimicrobial coating of 
these materials seems to be a promising solution against biofilm formation and its resistance to 
antibiotics. This mini-review focuses on issues related to chronic ear infections with microbial cells 
growth in biofilms and aspects regarding implantable hearing aids used for patients suffering of 
hearing loss.  
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1. Introduction 

Biofilms are aggregates of microorganisms in which cells that are frequently embedded 
within a self-produced matrix of extracellular polymeric substance (EPS) adhered to each 
other and/or to a surface and represent a severe complication of infectious diseases, and also 
of surgeries for implantable medical prostheses implantation. Biofilm resistance to antibiotic 
treatment and its destroying potential on medical prostheses are very important issues for the 
appropriate management of different diseases, ear included. Hearing loss represents a health 
problem due to its high incidence in general population: 1 to 3‰ of new-borns have a 
detectable hearing loss (CDC [1],VOHR[2]) and 10 to 15% of adults have a hearing 
impairment (BLACKWELL& al. [3], NATIONAL CENTER FOR HEALTH STATISTICS 
[4]). 
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2. Biofilms in middle ear infections 
Biofilms represent a community of microorganisms adhered to an inert or cellular 

surface, and encased in an extrapolysacharidic matrix (KANIA & ARS [5]). Bacteria adhered 
to a surface and subsequent produced a “faintly staining” film which “increases with age” 
(ZOBELL[6]). Unfortunately, antibodies are active just on planktonic bacteria and less able to 
control chronic and recurrent infections provoked by biofilms. Biofilm is very difficult to 
remove either from the organism or from the implanted medical devices, so regaining the 
healthy condition of the affected area or the proper functionality of the prostheses is very 
challenging and often impossible without surgical removal and exchange of the medical 
device. Biofilms have many pores, acting as water channels (FLEMMING& WINGENDER 
[7]). Through them, nutrients and oxygen are brought into the biofilm and metabolic waste is 
excreted from the biofilm) (STOODLEY & al. [8]). There are several steps in formation and 
development of the biofilm: 
1. Adhesion – bacteria bind to organic and inorganic surfaces, initially in a reversible 
mode. Biofilm formation depends on the temperature, osmolarity, pH, iron, oxygen of the 
environment and also depends by bacterial species included.  Bacteria prefer areas with high 
shear stress, where the cells are pressed against surfaces. Biofilm formation is a dynamic 
process in response to the environment, is a quick process – it can take place in few hours. 
(O’TOOLE & al, [9]). 
2. Colonisation and microcolonies formation – intercellular adhesion appears, as starting 
point of the biofilm. This reversible phase of biofilm formation is based on cell-cell 
interactions, probably mediated by intercellular adhesions. Cells start to generate large 
quantity of extracellular polymeric substances: polysaccharides, proteins, nucleic acids, and 
phospholipids that will form the biofilm matrix.  
3. Maturation – depending on communication signals able to regulate distribution of the 
individual bacterial species, protein expression in surrounding cells and gene expression 
inside the biofilm. Thus, bacteria in the biofilm replicate and reach the concentration where 
they begin to regulate virulence and pathogenicity genes. 

Each cell in the biofilm has the ability to differentiate in a protected phenotype status 
which can tolerate the antibiotics. Additionally, repetitive exposure to antibiotics modifies the 
biofilms, leading to increased resistance to antibiotics. Biofilms also exhibit resistance to 
ultraviolet light. High resistance of biofilms to antibiotic, chemical or physical treatments is 
based on the physical barrier created by the bacterial overcrowded, low replication rate of the 
internal layers (metabolically passive) and hard, continuously reshaping external barrier 
created by polymeric substances. Biofilm’s own barrier blocks antibiotic diffusion into the 
biofilm, and also blocks the effects of immunoglobulins, superoxides and opsonines 
(antibodies bind with bacteria which facilitates white blood cell phagocytosis). Maturation 
converts microcolonies to large structures, resistant to host immune defences, antibiotic and 
industrial sterilizing substances. 
4. Dispersion and detachment. In this last stage, bacterial cells detached from the biofilm 
structure and could disseminate and colonize other surfaces or tissues from the hosts. 
Environmental changes as nutrient starvation or availability triggers this process. 
 

Bacterial infection in the middle ear space can occur. Natural open communication 
between middle ear cavity and nose/nasopharynx, the Eustachian tube, increases the risk of 
middle ear infection (otitis media), especially in children, where the auditory tube is more 
horizontal than in adults, favouring transudate stagnation in the middle ear. Besides the acute 
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episode of infection when free swimming (planktonic) bacteria replicate and proliferate 
rapidly, bacteria can also form minicolonies/biofilms in the middle ear cavity and Eustachian 
tube. In inflammatory or infectious diseases in middle ear mucosa exudate is present. Any 
surface in frequent or permanent water-contact will be covered by a biofilm. This condition 
by itself favours chronic and recurrent otitis media and biofilm formation. For these reasons, 
middle ear pathology and surgery have a high risk of biofilm pathology and specific protocols 
should be taken into consideration. Persistent, chronic, or recurrent otitis media can affect 
hearing structures by themselves, and also the implanted hearing aids (prostheses) due to the 
biofilm coverage. Complex biofilm’s structure modifies the characteristics and properties of 
the affected surface of the prostheses, leading to device failure. For this reason, any risk factor 
of the infection is taken into account before and during surgery. The cells from biofilm are 
dormant cells, metabolically inactive, which makes them resistant to antibiotics and biocide. 
Whitely and al. showed that even if a bacterial strain is sensible to an antibiotic, the same 
bacterial strain grown in biofilm may be highly resistant (WHITELEY & al. [10]). For this 
reason, “sterile” surgery of the middle ear is mandatory and also antibiotics are recommended 
intraoperatively and shortly in postoperative period, in order to eliminate any bacterial 
contamination and leave no bacteria in place. 
 
3.  Type of implantable hearing aids 

Depending on the type and severity of the hearing loss, various rehabilitation methods 
are available, including a large variety of implantable hearing aids. All of them have a 
surgical-implantable component to be placed in the mastoid bone, middle or inner ear: i) bone 
conduction hearing aids are recommended for specific conductive hearing loss– they are 
surgical placed and fixated into the mastoid bone. Thus, they transmit directly to the cochlea 
the vibration of the sound by skull’s vibration; ii) middle ear implants can be used in 
moderate sensorineural hearing loss– it is fixated either through one of the ossicles of the 
middle ear, either on the round window, thus transmitting the vibration of the sounds to the 
inner ear fluids and stimulating the hearing sensorial cells; iii) cochlear implant represents the 
only appropriate treatment option for severe to profound hearing loss– they are surgically 
placed directly into the damaged inner ear and stimulate the auditory nerve. 

Implantable hearing aids are designed for life-time use and technology continuously 
develops to accomplish this goal, mainly addressing to biocompatibility issue. 

Prevention of biofilm formation is linked to the prosthesis manufacturing process and 
also to medical protocol (surgery associated with perioperative antibiotic prevention). Surface 
properties of the material are very important – texture, nanostructure and porosity 
significantly influence the infection risk (DESROUSSEAU & al. [11]). Smoother implant 
surface, with no dead-spaces (ZIMMERLI [12]) are the best choice to avoid bacterial 
adhesion. New approaches to biofilm prevention include anti-microbial coating of the 
implantable hearing-aid.  

From medical point of view, surgery on a non-infected middle ear is preferred. Low-
bleeding procedures are recommended, since proteins from blood and transudates induced by 
increased vascular permeability and inflammation, infection or trauma transforms the 
prostheses’ surface in a more permissive one for bacterial adhesion (ANDERSON [13]).  
 

Cochlear implants  
Cochlear implants are, maybe, the most frequent topic for biofilm research since they 

are used mainly in small children (1 to 4 years old) and they should be functional for their 
entire life. Biofilm formation has a high-risk formation in cochlear implanted children 
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because during childhood recurrent otitis media is frequently met (75-80% of children under 3 
years age had at least one episode of otitis media (GREVERS[14]).  

Haemophilus influenzae as well as Pseudomonas aeruginosa and Staphylococcus 
aureus, main etiologic agents of otitis media, are well known as components of upper 
respiratory tract and middle ear biofilms. Anatomical particularity of the Eustachian tube in 
children, previously discussed, explains the high incidence of otitis media in small children. 
These predisposing conditions in children are an additional argument for rigorous medical 
protocols prior and during cochlear implantation. Some precautious are mandatory in cochlear 
implant (CI) surgery - internal part of the cochlear implant should be placed in a proper 
position, on smooth skull surface, flap have to be closed tight, sterile sutures are used to avoid 
stitch abscess and H2O2 dressing is used to destroy preoperatively possible biofilms.  

Major infectious complications (3% of cases) are acute suppurative otitis media or 
mastoiditis, surgical wound (flap) infection (dehiscence or necrosis), retroauricular abscess or 
meningitis.  

Postoperative infection is rare in cochlear implant surgery (1.7 to 3.3%) 
(CUNNINGHAM [15]). Usually, skin-flap infection is the origin of persistent infection which 
may lead to biofilm formation on the hearing prostheses and secondary surgery for 
explantation of the infected hearing aid. Also, head trauma, very frequently met in children, 
can lead to cranial haematoma in the vicinity of the cochlear implant. Haematoma has a high 
risk of bacterial infection and biofilm formation due to the high protein concentration which 
leads to bacterial adhesion. 

Chronic middle ear infections are caused by Streptococcus pneumoniae, Haemophilus 
influenzae and Streptococcus pyogenes and mastoiditis by Streptococcus pneumoniae. 
Delayed infection usually appears due to Pseudomonas aeruginosa infection. 

Middle ear infections and meningitis are more frequently met in patients with chronic 
ear disease (CUNNINGHAM [15]). 

In order to prevent these severe complications, CI protocols include active 
immunization against Streptococcus pneumoniae and Haemophilus influenzae type B, 
combined with perioperative antibiotic prophylaxis. 

Flap infections have another pathogenic mechanism, skin contaminant at the time of 
surgery (DAROUICHE [16]), since the most common pathogen found in CI patients with 
skin infection is Staphylococcus aureus and epidermidis (DANCER [17]). 

Methicillin-resistant Staphylococcus aureus (MRSA) is resistant to multiple antibiotics 
and explains persistent infection in CI patients. This organism, as well as Pseudomonas 
frequently causes biofilms on implants, which may reduce the susceptibility of 
microorganisms to antibiotics. High virulence of the MRSA infection was explained by 
specific molecular changes detected in MRSA infection, such as quorum sensing, adhesion, 
bacteriophage mobilization, exotoxin production, intracellular persistence, and biofilm 
formation (OTTO [18]). These particularities lead to a potential synergy between biofilm 
formation and MRSA infection, with severe sequelae in CI patients. Inappropriate antibiotic 
use increased MRSA infection rate, as well as its pathogenicity. 

Implant’s surface, with its irregularities, plays an essential role in the establishment of 
bacterial biofilms. Once host matrix proteins cover the abiotic surface of the CI, biofilms can 
grow and mature much faster (JANG& al. [19]). Together to sterile surgery and incision care, 
further preventative measures should be taken, including coating devices or magnets with 
antibiotics or an inert material (PAWLOWSKI& al. [20]). 

Clinical studies regarding complications of CI surgery demonstrated substantial 
presence of biofilms in depressions mainly on the magnet part and less common on the CI 
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array. This comes not from a perfectly smooth surface of the electrode-array, but from tight 
seal of the cochleostomy or round window entrance of the array in the cochlea (LOEFFLER 
& al. [21], IM& al. [22]). 

The central region of the magnet is the most exposed part and biofilms are thickest at 
this level than in the periphery of the internal part, due to its proximity to the periosteal 
pocket. 

Complex three-dimensional structures with water channels in the middle region were 
observed under high magnification, providing optimal conditions for bacterial growth 
(LEWIS [23]). 

Mature biofilm forms a plate-like barrier by its outer wall, a unique pattern of over-
maturation, because biofilm on a CI grows in a confined space and cannot detach or 
disseminate. 

Biofilms are a possible cause of implant failure, especially after MRSA infection. 
Failure comes by different ways: i) biofilms protect bacteria from antibiotics, leading to a 
latent and persistent infection; adverse effects of biofilms include facilitation of bacterial 
metabolism and growth, blockage of antibiotic penetration, and increased resistance to 
antibiotics (LANGELAAR &al. [24]); ii) biofilms might induce an allergic reaction, with 
secondary persistent inflammation 

Unfortunately, persistent infection of a CI leads to surgical removal of the infected 
biofilm covered internal part of the cochlear implant. The electrode array, usually spared by 
the biofilm formation, is left in place in the scala tympani for second stage re-implantation, in 
order to prevent cochlear ossification, even in cases of MRSA infection. 

 
4. Conclusion 

Auditory rehabilitation by mean of implantable hearing aids requires minimal risk 
factors for developing middle ear infections, in order to prevent biofilm formation. Once 
formed, biofilm leads to hearing prostheses’ failure, by maintaining chronic infection and 
deteriorating the characteristics and properties of the materials of the hearing aid. This 
complication should be avoided especially in cochlear implanted patients, since its 
replacement implies a more complex surgery than for other hearing prostheses.  

Besides the surgery aspect, biofilm from the affected components (mainly the magnet, 
not the electrode) must be completely removed before opening the cochlea in order to avoid 
secondary meningitis.  Due to high antibiotic resistance of the biofilms, the clearance of 
infection is a major challenge and needs further research. Antimicrobial coating of the 
implantable hearing aids seems promising for biofilm formation avoidance. 
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