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Abstract
Introduction: Biofilm formation on voice prostheses is the 
primary reason for their premature implant dysfunction. 
Multiple strategies have been proposed over the last de-
cades to achieve inhibition of biofilm formation on these de-
vices. The purpose of this study was to assess the results of 
the available in vitro biofilm inhibition modalities on silicone 
rubber voice prostheses. Methods: We conducted a system-
atic search in PubMed, Embase, and the Cochrane Central 
Register of Controlled Trials databases up to February 29, 
2020. A total of 33 in vitro laboratory studies investigating 
the efficacy of different coating methods against Candida, 
Staphylococcus, Streptococcus, Lactobacilli, and Rothia bio-
film growth on silicone rubber medical devices were includ-
ed. Subgroup analysis linked to the type of prevention mo-
dality was carried out, and quality assessment was per-
formed with the use of the modified CONSORT tool. Results: 
Data from 33 studies were included in qualitative analysis, of 
which 12 qualified for quantitative analysis. For yeast biofilm 

formation assessment, there was a statistically significant 
difference in favor of the intervention group (standardized 
mean difference [SMD] = −1.20; 95% confidence interval [CI] 
[−1.73, −0.66]; p < 0.0001). Subgroup analysis showed that 
combined methods (active and passive surface modifica-
tion) are the most effective for biofilm inhibition in yeast 
(SMD = −2.53; 95% CI [−4.02, −1.03]; p = 0.00001). No statisti-
cally significant differences between intervention and con-
trol groups were shown for bacterial biofilm inhibition  
(SMD = −0.09; 95% CI [−0.68, 0.46]; p = 0.65), and the results 
from the subgroup analysis found no notable differences be-
tween the surface modification methods. After analyzing 
data on polymicrobial biofilms, a statistically significant dif-
ference in favor of prevention methods in comparison with 
the control group was detected (SMD = −2.59; 95% CI [−7.48, 
2.31]; p = 0.30). Conclusions: The meta-analysis on biofilm 
inhibition demonstrated significant differences in favor of 
yeast biofilm inhibition compared to bacteria. A stronger in-
hibition with the application of passive or combined active 
and passive surface modification techniques was reported.

© 2021 S. Karger AG, Basel
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Introduction

The insertion of a silicone rubber voice prosthesis into 
a surgically created tracheoesophageal fistula is the main 
strategy for voice rehabilitation in laryngectomized pa-
tients [1]. Currently, there are 2 different types of voice 
prostheses: the non-indwelling voice prosthesis, which is 
removable in order to be cleaned by the patients, and the 
indwelling voice prosthesis, which usually stays for an ex-
tended period in the tracheoesophageal fistula [2]. The 
material of choice for their production is silicone rubber 
because of its excellent mechanical and molding proper-
ties [2]. However, the hydrophobicity of silicone rubber 
surfaces [3] in combination with the continuous expo-
sure to saliva, food, drinks, and oropharyngeal microflora 
[4] contributes to the rapid colonization of the prostheses 
by bacteria and yeasts [5] and leads to biofilm formation 
[6], which induces structural damage to the medical de-
vice. Leakage of esophageal contents (through and around 
the prosthesis valve) and increased airflow resistance are 
signs of biofilm formation, leading to frequent replace-
ment of indwelling voice prostheses, limiting their clini-
cal lifetime to 4–6 months [7]. Even though a replacement 
of a voice prosthesis potentially leads to problem-solving, 
narrowing or insufficiency of the tracheoesophageal fis-
tula, local inflammation, and formation of granular tissue 
are possible complications of biofilm formation and may 
require additional surgical revision [8].

Among the different microorganisms that can easily 
colonize vocal implants, fungal species are the most com-
monly isolated, with a prevalence of 72.9% [9]. The pre-
dominant genera of yeasts found to form biofilms are 
Candida strains. In most cases, biofilms on silicone rub-
ber prostheses extracted from patients are polymicrobial 
communities, in which different populations are present; 
in those mixed biofilms, Staphylococcus, Streptococcus, 
Lactobacilli, and Rothia species (both oral and cutaneous) 
are frequently isolated [10].

In the last decades, various biofilm methods have been 
described with the aim to prolong the lifespan of these 
devices. Antimycotic or antibiotic agents [11] are ineffec-
tive prevention of biofilm formation due to the risk of 
resistance [12]. It is known that in this environment, mi-
croorganisms undergo physiological and metabolic alter-
ations that make them more resistant and recalcitrant to 
antimicrobials and consequently notoriously difficult to 
eradicate [13]. Thus, alternative approaches improving 
the antifouling properties of the silicone rubber material 
and preventing biofilm-associated biomaterial infections 
are urgently needed.

The initial step of biofilm formation involves adhesion 
of microorganisms to a surface [14] and depends not only 
on the nutrient environment, pH, and temperature but 
also on the physicochemical properties of the surface 
[15]. The modification of these properties of silicone 
voice prostheses could help in reducing biofilm forma-
tion and therefore improve the lifetime of these devices. 
The use of antimicrobial agents as coating substances has 
been indicated as the primary focus of researchers. The 
surface modification methods include among others met-
al coating techniques [16], coating with biosurfactants 
[17–21] or natural products such as essential oils [22], 
plasma surface treatment [23], metal nanoparticles coat-
ings [24, 25], chitosan coatings [26], grafting hydrophilic 
monomers by laser [27], covalently coupled quaternary 
ammonium silane coatings [28], covalently coupled di-
methylaminoethyl methacrylate and polyethylenimine 
coatings [29], parylene coatings [30] or polyacrylamide 
coatings [31]. However, surface modification has failed to 
significantly extend the lifespan of voice prostheses as of 
yet, predominantly because the active surface gets cov-
ered by a layer of proteins and dead cells, thus inhibiting 
its antifouling prosperities [32]. An alternative strategy 
could be the impregnation of silicon rubber with antimi-
crobials, allowing controlled release over time [29, 33]. In 
this systematic review and meta-analysis, we sought to 
explore the potential of the available in vitro methods in-
hibiting the biofilm formation on silicone rubber surfac-
es and discuss their future perspectives on elongating the 
survivorship of the implants.

Methods

For this systematic review and meta-analysis, we used the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) [34]. We utilized the following search terms: “biofilm,” 
“silicone,” and “inhibition.”

Eligibility Criteria
We exclusively enrolled studies focused on biofilm inhibition 

methods on silicone rubber surfaces in vitro. Experimental studies 
conducted in vivo, on surfaces different from silicone rubber, or 
against preformed biofilms were excluded. Furthermore, we 
sought to include only studies involving both bacteria and yeasts 
from the oropharyngeal tract [9, 10].

Outcome Assessment
The outcome measured in the quantitative synthesis was the 

number of biofilm cells by colony-forming unit counting. Further-
more, outcomes including inhibition of the initial deposition rate, 
inhibition of microbial adhesion, cytotoxicity, minimum inhibi-
tory concentration, and minimum fungicidal concentration were 
incorporated in the qualitative synthesis.
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Literature Search
Two independent reviewers (A.T. and C.F.) performed a litera-

ture search for potentially relevant published and unpublished 
studies using electronic databases, clinical trial registries, confer-
ence abstract books, and reference lists of relevant studies. The 
databases of PubMed, Embase, and Cochrane Central Register of 
Controlled Trials were comprehensively searched with no lan-
guage restrictions from January 1, 1997, up to February 29, 2020. 
In addition, the registries of ClinicalTrials.gov, Australian New 
Zealand Clinical Trials Registry (ANZCTR), and International 
Standard Randomized Controlled Trial Number (ISRCTN) were 
searched for completed unpublished studies up to the same date. 
The search strategy for PubMed included the use of the following 
terms: “silicone,” “biofilm,” and “inhibition.” This strategy was 
adapted to each included electronic database, and no specific da-
tabase filters were applied.

Study Selection
Two reviewers (A.T. and C.F.) identified potentially relevant 

records in a blinded fashion. Then, article deduplication took 
place, and the remainder of the articles was examined using title 
and abstract screening. Subsequently, the full text of the remaining 
articles was assessed for eligibility. Any discrepancies between the 
2 investigators were discussed, and a consensus was reached.

Data Extraction
Two reviewers (A.T. and C.F.) independently abstracted data. 

We extracted information including the author, the year, and the 
country of publication, the microbial species investigated, the pre-
vention method in the intervention groups, and the test material. 
Data extraction also included information about the applied in vi-
tro model, time of biofilm incubation, infection-related outcome 
assessment, and infection-related outcomes.

We only presented the extracted data associated with the pur-
pose of this systematic review. Thus, we considered data from the 
studies only referring to in vitro experiments investigating the bio-
film inhibition methods on silicone surfaces with microbes related 
to oropharyngeal flora. In case, the biofilm inhibition was tested 
under both in vitro and in vivo conditions in the same study, data 
from in vitro experiments only were enrolled. Additionally, we 
sought to assess only the outcomes regarding the inhibition of bio-
film formation and not the treatment of biofilms. Furthermore, if 
the same paper focused on additional materials other than silicone, 
we examined only the outcomes regarding silicone surfaces. Simi-
larly, from studies that incorporated microbes both related or not 
to the oropharyngeal flora, we evaluated only the microbes of our 
interest.

Quality Assessment
The quality of the enrolled studies was independently assessed 

by 2 investigators (A.T. and C.F.) using the modified Consolidated 
Standards of Reporting Trials (CONSORT) risk of bias instrument 
[35], which represents an adapted version of the CONSORT risk 
of bias tool specially created for the bias assessment for in vitro 
studies. By and large, in the absence of similar tools for in vitro 
studies, this instrument was adapted to the current in vitro study. 
For the quality appraisal, the following sections were considered: 
Background and Objectives, Methods and Interventions, Out-
comes, Sample size, Randomization, Allocation Concealment, Im-
plementation, Blinding, Statistical Methods, Outcomes and Esti- Ta
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mations, Limitations, and Funding and Protocol. The quality of 
reporting in vitro studies was assessed by checking whether the 14 
checklist criteria were met in the papers selected. For each section, 
a judgment relating to the reporting was assigned by taking into 
consideration a prespecified binary question, that is, yes (report-
ed)/no (not reported).

Statistical Analysis
Pair-wise meta-analysis of standardized mean differences 

(SMDs) was performed using the Review Manager (RevMan) Soft-
ware (version 5.3) [36]. A random effects model was preferred in 
all cases, given the expected heterogeneity across trials. For con-
tinuous outcomes, random effects quantitative synthesis utilizing 
the effect size of SMD was conducted and 95% confidence intervals 
(CIs) were calculated.

Statistical heterogeneity issues were handled using the Co-
chran’s Q statistic and quantified using the I-squared measure. A 
p value of <0.05 indicated statistical significance. We considered 
the following classification of statistical heterogeneity [37]:
•	 I2 = 0–40%: not important heterogeneity
•	 I2 = 30–60%: moderate heterogeneity
•	 I2 = 50–90%: substantial heterogeneity
•	 I2 = 75–100%: considerable heterogeneity

Cochrane guidelines were followed for the assessment of pub-
lication bias in the present meta-analysis [38].

Synthesis of the Results
The outcome measure in the quantitative synthesis was the 

number of biofilm cells by colony-forming unit counting, convert-
ed to log10 before the inclusion in the meta-analysis. Further out-
comes, including inhibition of initial deposition rate, inhibition of 
microbial adhesion, and cytotoxicity were incorporated in the 
qualitative synthesis.

Clinical Interpretation of the Results
For the classification of effect sizes in this meta-analysis, the 

clinical interpretation of meta-analysis results was undertaken ac-
cording to Cohen’s classification. Thus, an SMD value of 0.2 dem-
onstrated a small effect, a value of 0.5 represented a moderate ef-
fect, and a value of 0.8 showed a large effect [39].

Subgroup Analysis
We conducted a predetermined subgroup analysis, in which we 

classified the studies according to their strategy of action into 3 
groups [40], adapting it on in vitro experimental studies on voice 
prostheses.

Passive Surface Modification
Passive surface modification methods include chemical and/or 

physical modifications of the surface layer of an existing biomate-
rial, resulting in a substantial change of its susceptibility to bacte-
rial colonization [40]. For the assessment of passive surface modi-
fication methods, data from 18 studies were synthesized (Tables 2, 
3). Various techniques were employed, including application of 
biosurfactants [18–20, 41–44]; modification of surface roughness 
[45]; application of anti-adhesive polymers such as 2-(dimethyl-
amino)ethyl methacrylate (DMAEMA) [29, 46]; creation of nano-
patterned surface through incorporation of nanophase titania in 
silicone [47]; application of coatings, such as quaternary ammo-
nium silane coating [48, 49], L199-parylene coatings [30], or a nov-A
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el nanoscale plasma coating [50]; and finally, creation of hydro-
philic surfaces through repeated argon plasma treatment [23, 51] 
or addition of crosslinker in silicone elastomers [52].

Active Surface Modification
Active surface modification methods include pharmacologi-

cally activated coatings changing the implant from a passive, phar-
macologically inert medical device to a drug agent [40]. For the 
assessment of active surface modification methods, data from 11 
studies were synthesized (Table 4). Various techniques were em-
ployed, including application of linked antibiotics on silicone sur-
faces, such as of filastatin [53] and caspofungin [54]; application of 
nonantibiotic antimicrobial compounds such as of Cymbopogon 
citratus essential oil [22] and Lactobacilli supernatant [55]; appli-
cation of chitosan derivatives [56, 57]; and finally, application of 
silver [24, 58] and selenium [25] nanoparticles or metal coatings 
[16, 59].

Combined Active and Passive Surface Modification
For the assessment of combined active and passive surface 

modification, data from 3 studies were synthesized (Table 5). The 
results of incorporation of 5 antimycotics in polydimethylsiloxane 
(PDMS) [60], immobilization of liposomal amphotericin B on 
PDMS [33], and the synergistic effect of a lipopeptide from Bacillus 
subtilis AC7 combined with the quorum-sensing molecule farne-
sol [61] were assessed against the formation of Candida albicans 
biofilms.

Results

The literature search yielded 181 potentially relevant 
studies. Duplicates were removed, and the remaining 
studies were screened according to the information pro-
vided in their title and abstract. We gained full access to 
76 articles, and we assessed them for eligibility. We ex-
cluded in vivo studies, studies investigating treatment of 
preexisting biofilms, studies focusing on biofilm develop-
ment on materials other than silicone, and studies inves-
tigating biofilms from microbes not related to oropha-
ryngeal flora. After the exclusion of 43 records, we en-
rolled 33 published studies in the qualitative synthesis. 
Finally, we statistically pooled the results from 12 in vitro 
laboratory studies (Fig. 1).

Study Characteristics
In this systematic review, we considered 33 compara-

tive studies for the qualitative analysis, of which 12 were 
eligible for inclusion in the quantitative analysis. The en-
rolled studies were published between 1997 and 2019. 
Three trials were conducted in the Italy [19, 20, 61], 1 in 
Poland [18], 2 in Austria [2, 55], 4 in Portugal [21, 33, 43, 

Records identified through
database searching

(n = 144)

Additional records identified
through other sources

(n = 37)

Records after duplicates removed
(n = 181)

Records screened
(n = 181)

Full-text articles
assessed for eligibility

(n = 76)

Records excluded
(n = 105)

Full-text articles
excluded with reasons

(n = 43)

Studies included in
qualitative synthesis

(n = 33)

Studies included in
quantitative synthesis

(meta-analysis)
(n = 12)
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Fig. 1. Flow diagram of the study selection 
procedure.
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44], 5 in the USA [47, 50, 53, 58, 62], 1 in Slovenia [57], 2 
in the UK [24, 52], 1 in Germany [16], 1 in Spain [46], 1 
in France [54], 2 in Belgium [29, 63], 1 in Australia [25], 
8 in the Netherlands [23, 41, 44, 45, 48, 49, 59, 64], and 1 
in China [30]. The biofilms were incubated in a parallel 
plate flow chamber (a modified Robbins device) or in mi-
crotiter plates. The microbial strains investigated were as-
sociated with the oropharyngeal flora, including Candi-
da, Staphylococcus, Streptococcus, Lactobacilli, and Rothia 
species. The infection-related outcomes were the colony-
forming unit counting, the inhibition of initial deposition 
rate, the microbial adhesion, the airflow resistance, and 
the cytotoxicity (Tables 1–5).

Quality Assessment
The results of the quality assessment of individual stud-

ies are shown in Tables 6 and 7. For all the enrolled studies, 
there were no available registration protocols. Addition-
ally, sample size calculation methods, determination of 
randomization, allocation concealment mechanisms, and 
details about implementation, blinding, and statistical 
methods for any study were not reported. On the contrary, 
background and objectives, determination of methods 
and interventions, presentation of outcomes and estima-
tions, and the presentation of the results for each study 
were provided. A structured summary in the abstract, the 
trial limitations in discussion, and information about the 
sources of funding are provided in most of the studies.

Qualitative Synthesis of the Results
For the purpose of the current study, the minimum 

biofilm inhibition concentration was defined as the con-
centration of a substance inhibited biofilm growth by 
80% as a minimum when compared with controls [65].

Passive Surface Modification
Especially effective proved to be the grafting of DMAE-

MA or the covalent bonding and quaternization of 
DMAEMA and polyethylenimine moieties to the surface 
of PDMS, leading to reduction of C. albicans and Staphy-
lococcus aureus biofilm formation by 99 and 92% respec-
tively [29, 46]. Equally effective results achieved the in-
corporation of nanophase titania in silicone, leading to 
reduction in the biofilm formation of S. aureus by 93% on 
it [47]. Furthermore, coating PDMS with trimethylsilyl 
and oxygen at a 1:4 ratio achieved a reduction in S. au-
reus biofilm by 92.7% [50]. Finally, as far as biosurfactants 
concern, the application of pseudofactin II on silicone 
rubber surfaces achieved a total growth inhibition of 
Staphylococcus epidermis, but only partial (18–37%) inhi-A
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bition of other bacteria and 8–9% inhibition of C. albicans 
growth to silicone with the highest concentration tested 
(0.5 mg/mL) [18]. Biosurfactants obtained from the pro-
biotic bacteria Lactococcus lactis 53 and Streptococcus 
thermophilus A decreased the amount of bacteria in the 
biofilm to 4 and 13% and the amount of fungal organisms 
to 15 and 26% of the control, respectively [43]. Addition-
ally, the application of sophorolipids on silicone surfaces 
at concentrations between 0.025 and 0.1% w/v in co-in-
cubation experiments using SLA 0.05% w/v led to 90–
95% reduction of S. aureus and C. albicans biofilm forma-
tion [19] (Tables 2, 3).

Active Surface Modification
Only few methods of active surface modification man-

aged to inhibit biofilm growth by 80%. With the excep-
tion of encapsulation of co-amoxiclav drug mixture into 
chitosan nanoparticles, which led to decrease in bacterial 
growth up to 93.98%, the rest of the methods exhibited 
weaker antibiofilm activity [57]. The application of lacto-
bacilli supernatant against fungal-bacterial multispecies 
biofilms on silicone surface achieved a reduction up to 
72.23% of mixed biofilm formation. Moreover, the appli-
cation of silver nanoparticles against Candida auris bio-
film formation [55] and the application of caspofungin 

Experimental Control
Study or subgroup Mean SD Total

2.1.1 Active surface modification
Dijk 2000 2.903 3.342
Subtotal (95% Cl)
Heterogeneity: Not applicable
Test for overall effect: Z = 0.54 (p = 0.59)

2.3013.623 10 6.8%
6.8%10

10
10

2.1.2 Passive surface modification
Buijssen 2017 5.722 5.407 4 5.944 2.301 4 5.3%
Cochis 2012 AC5 4.518 2 12 6.353 1.659 12 6.9%
Cochis 2012 AC7 4.835 1.147 12 6.353 1.659 12 6.8%
Cochis 2012 CHX 5.576 1.659 12 6.353 1.659 12 7.0%
Cochis 2012 OC5 4.624 1,218 12 6.353 1.659 12 7.0%
De Prijck 2010 polyDMAEMAq 5.69 0.58 8 6.79 0.48 8 5.7%
Oosterhof 2006 Biocidal 4.784 4.756 4 5.58 2.301 4 5.3%
Oosterhof 2006 QAS 4.659 4.625 4 5.58 2.301 4 5.3%
Rodriquez 2004 L.lactis 4.322 2.201 3 5.146 2.301 3 4.7%
Rodriquez 2004 S.thermo 4.561 2.248 3 5.146 2.301 3 4.7%
Zhou 2010 6.683 0.232 8 7.338 0.166 8

–0.05 [–1.43, 1.34]
–0.96 [–1.82, –0.11]
–1.03 [–1.89, –0.17]
–0.45 [–1.26, 0.36]
–0.00 [–0.80, 0.80]
–1.95 [–3.21, –0.70]
–0.19 [–1.58, 1.21]
–0.22 [–1.61, 1.17]
–0.29 [–1.92, 1.33]
–0.21 [–1.82, 1.41]
–3.07 [–4.64, –1.50]
–0.73 [–1.21, –0.25]

–3.23 [–4.74, –1.72]
–0.27 [–0.92, 0.39]
–3.60 [–5.22, –1.98]
–2.06 [–3.44, –0.68]
–3.19 [–6.66, 0.28]
–3.49 [–4.91, –2.08]
–2.53 [–4.02, –1.03]

–1.20 [–1.73, –0.66]

–0.24 [–1.12, 0.64]
–0.24 [–1.12, 0.64]

4.9%
Subtotal (95% Cl) 82 82 63.6%
Heterogeneity: τ2 = 0.30; χ2 = 19.26, df = 10 (p = 0.04); I2 = 48%
Test for overall effect: Z = 2.97 (p = 0.003)

2.1.3 Active/passive surface modification
Alves LAmB 2019 1.333 1.6 9 5.333 0.467 9 5.0%
Ceresa 2018 7.937 0.126 18 8.0696 0.676 18 7.4%
De Prijck 2009 Micon 4.02 0.46 9 6.06 0.61 9 4.7%
De Prijck 2009 nyst 5.05 0.22 7 6.06 0.61 7 5.3%
De Prijck 2009 TTO 4.05 0.37 3 6.06 0.61 3 1.9%
De Prijck 2009 Zinc 4.48 0.08 11 6.06 0.61 11 5.3%
Subtotal (95% Cl) 57 57 29.6%
Heterogeneity: τ2 = 2.74; χ2 = 34.23, df = 5 (p < 0.00001); I2 = 85%  
Test for overall effect: Z = 3.32 (p = 0.0009)

Total (95% Cl) 149 149 100.0%
Heterogeneity: τ2 = 0.90; χ2 = 63.69, df = 17 (p < 0.00001); I2 = 73%
Test for overall effect: Z = 4.37 (p < 0.0001)
Test for subgroup differences: χ2 = 6.74. df = 2 (p = 0.03), I2 = 70.3%

Mean SD Total Weight
Std. mean difference
IV, random, 95% CI

Std. mean difference
IV, random, 95% CI

–100 –50 0 50
Favours [experimental] Favours [control]

100

Fig. 2. Forest plot of SMDs for the assessment of methods of yeast biofilm inhibition. SMD, standardized mean 
difference; IV, inverse variance; SD, standard deviation; CI, confidence interval.
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against C. albicans and Candida parapsilosis biofilms [54] 
led to reduction of biofilm formation up to 50% (Table 4).

Combined Active and Passive Surface Modification
Lipopeptide from B. subtilis AC7 combined with the 

quorum-sensing molecule farnesol [61] achieved an ef-
fective reduction of fungal biofilm growth up to 93% (Ta-
ble 5).

Quantitative Synthesis of the Results
Assessment of Methods of Yeast Biofilm Inhibition
For the assessment of yeast biofilm inhibition meth-

ods, data from 10 studies investigating 18 different meth-
ods were synthesized and based on the surface modifica-
tion method (active, passive, and active/passive) exam-
ined in each study, classified the studies into 3 subgroups. 
Statistical pooling was possible for 298 disks. There was a 
statistically significant difference in favor of the interven-
tion group (SMD −1.20; 95% CΙ [−1.73 to −0.66]; p < 
0.0001). In these analyses, heterogeneity was considered 

substantial (I2 = 73%, p < 0.00001). The larger effect size 
(SMD = −3.60, 95% CI [−5.22, −1.98]) was in favor of the 
prevention method with impregnation of miconazole in 
the study conducted by De Prijck et al. [60]. On the other 
hand, the smallest effect size (SMD = −0.00, 95% CI 
[−0.80, 0.80]) was found in the study conducted by Co-
chis et al. [20] with the precoating with biosurfactants ob-
tained from endophyte biofilms selected from Robinia 
pseudoacacia and from Nerium oleander. In the subgroup 
analysis, we found out that combined active and passive 
surface modification methods are the most effective in 
yeast biofilm formation inhibition (SMD = −2.53, 95% CI 
[−4.02, −1.03], p = 0.0009) (Fig. 2).

Assessment of Methods of Bacterial Biofilm 
Inhibition
For the assessment of bacterial biofilm inhibition 

methods, data from 6 studies investigating 13 different 
methods were synthesized. Statistical pooling was possi-
ble for 104 disks, and based on the surface modification 

Experimental Control
Study or subgroup Mean SD Total

1.1.1 Passive surface modification
Ajdnik 2019 PDMS + CN
Ajdnik 2019 PDMS + CN-CoAM
Ajdnik 2019 PDMS + PA1, CN
Ajdnik 2019 PDMS + PA1, CN-CoAM
Ajdnik 2019 PDMS + PA5, CN
Ajdnik 2019 PDMS + PA5, CN-CoAM
Dijk 2000 50.3%

Not estimable
Not estimable
Not estimable
Not estimable
Not estimable
Not estimable
–0.05 [–0.92, 0.83]
–0.05 [–0.92, –0.83]

–0.03 [–1.42, 1.35]
Not estimable
Not estimable
Not estimable
–0.27 [–1.89, 1.35]
–0.17 [–1.78, 1.44]
–0.14 [–1.03, 0.74]

–1.10 [–0.72, 0.53]

Subtotal (95% Cl) 10 10 50.3%
Heterogeneity: Not applicable
Test for overall effect: Z = 0.11 (p = 0.92)

1.1.2 Passive surface modification
Buijssen 2017 20.1%
Depan 2013 Silicone – 5wt% Titania
Oosterhof 2006 Biocidal
Oosterhof 2006 QAS
Rodriquez 2004 L.lactis 14.7%
Rodriquez 2004 S.thermo 14.9%
Subtotal (95% Cl) 10 10 49.7%
Heterogeneity: τ2 = 0.00; χ2 = 0.05, df = 2 (p = 0.98); I2 = 0%  
Test for overall effect: Z = 0.32 (p = 0.75)

Total (95% Cl) 20 20 100.0%
Heterogeneity: τ2 = 0.00; χ2 = 0.07, df = 3 (p = 0.99); I2 = 0%
Test for overall effect: Z = 0.30 (p = 0.76)
Test for subgroup differences: χ2 = 0.02. df = 1 (p = 0.88), I2 = 0%

4.621 6.792 3 4.751 5.123
3.593 6.792 3 4.751 5.123
4.407 6.792 3 4.751 5.123
3.439 6.792 3 4.751 5.123
5.519 6.792 3 4.751 5.123
3.286 6.792 3 4.751 5.123
4.978 4.623 10 5.196 4.23

3
3
3
3
3
3

10

7.079 6.792 4 7.301 5.123 4
5.507 5.037 6 5.984 5.123 6
5.754 5.827 4 6.322 4.23 4
5.879 5.526 4 6.322 4.23 4
5.428 2.738 3 6.826 5.123 3
5.94 3.028 3 6.826 5.123 3

Mean SD Total Weight
Std. mean difference
IV, random, 95% CI

Std. mean difference
IV, random, 95% CI

–100 –50 0 50
Favours [experimental] Favours [control]

100

Fig. 3. Forest plot of SMDs for the assessment of methods of bacterial biofilm inhibition. SMD, standardized 
mean difference; IV, inverse variance; SD, standard deviation; CI, confidence interval.
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method, 2 subgroups were created. There was a statisti-
cally insignificant difference in favor of prevention meth-
ods in comparison with the control group (SMD = −0.09, 
95% CI [−1.07, 0.89], p = 1.00). In these analyses, hetero-
geneity was considered not important (I2 = 0%, p = 1.00). 
The larger effect size (SMD = −0.27, 95% CI [−1.89, 1.35]) 
was in favor of the precoating method with biosurfactants 
obtained from L. lactis. The lower effect size (SMD = 
−0.02, 95% CI [−1.62, 1.58]) was found in the study con-
ducted by Ajdnik et al. [57], with the use of chitosan and 
sodium tripolyphosphate nanoparticles only. For this 
analysis, we detected no significant heterogeneity levels 
(I2 = 0%). From the subgroup analysis, there were no no-
table differences between the different surface modifica-
tion methods (Fig. 3).

Assessment of Methods of Mixed Biofilm Inhibition
There was a statistically significant difference in favor 

of prevention methods in comparison with the control 
group (SMD = −2.59, 95% CI [−7.48, 2.31], p = 0.30). For 
this analysis, we detected substantial heterogeneity levels 
(I2 = 96%, p < 0.00001) (Fig. 4).

Discussion

With a view to reduce microorganism colonization 
and potentially improve device survivorship, research-
ers have exerted substantial effort to improve the anti-
fouling properties of silicone rubber voice prostheses 
over the last decades. Given the high failure rates of sil-
icone rubber voice prostheses due to microbial biofilm 
development and the paucity of human literature in this 
field, we felt that a systematic review of in vitro evidence 
was warranted. Therefore, we sought to explore the ef-

ficacy of the applied in vitro prevention methods and to 
compare their effect on biofilm inhibition where it was 
possible.

In the present systematic review, we summarized data 
from 33 published in vitro studies, 12 of which qualified 
for meta-analysis. To reliably evaluate the efficacy of the 
presented methods, the cutoff value of 80% was deemed 
to be a meaningful inhibition threshold when compared 
with controls [65]. A significant proportion of studies 
looking at the prevention potential of the passive and 
combined active and passive surface modification meth-
ods reached the above inhibition rate. On the contrary, 
only one of the included studies utilizing active surface 
modification methods achieved an equally strong antib-
iofilm activity [57]. Those results were verified with the 
overall meta-analysis findings and especially with sub-
group analysis results. Consequently, we reached the con-
clusion that active surface modifications have a limited 
effect on the inhibition of biofilm formation, whereas the 
antibacterial ability of passive and especially combined 
active and passive surface modifications is sufficient 
enough to allow for predictable biofilm inhibition. There-
fore, we advocate that future experimental studies should 
focus on passive and combined active and passive surface 
modification methods in order to improve the antifoul-
ing properties of silicone rubber.

Furthermore, fungal species are the most commonly 
isolated microorganisms of voice prostheses, with a prev-
alence of 72.9% [9]. However, in clinical practice, biofilms 
isolated from those devices are polymicrobial communi-
ties [10]. From the assessment of the efficacy of novel pro-
phylactic techniques against microbial biofilms, the 
quantitative synthesis proved that the majority of those 
techniques were especially effective against the formation 
of yeast and mixed microbial biofilms. Taking into con-

Experimental Control
Study or subgroup Mean SD Total

Oosterhof 2006 Biocidal
Oosterhof 2006 QAS
Wannemuehler 2.0%

–0.10 [–1.08, 0.88]
–0.08 [–1.06, 0.90]
–125.08 [–159.04, –91.11]

–2.59 [–7.48, 2.31]Subtotal (95% Cl) 31 31 100.0%
Heterogeneity: τ2 = 12.50; χ2 = 52.00, df = 2 (p < 0.00001); I2 = 96%
Test for overall effect: Z = 1.03 (p = 0.30)

8
8

15

8
8

15

5.778 5.845 6.398 6.176
5.903 5.477 6.398 6.176

49.0%
49.0%

5.591 5.842 6.342 5.842

Mean SD Total Weight
Std. mean difference
IV, random, 95% CI

Std. mean difference
IV, random, 95% CI

–100 –50 0 50
Favours [experimental] Favours [control]

100

Fig. 4. Forest plot of SMDs for the assessment of methods of mixed biofilm inhibition. SMD, standardized mean 
difference; IV, inverse variance; SD, standard deviation; CI, confidence interval.
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sideration these facts, those results show great promise 
for application on silicone rubber voice prostheses and 
must be considered as ideal candidates for the elongation 
of the lifetime of those devices. The limited existing in 
vivo studies on laryngectomized humans [66] or rats [67] 
confirm this hypothesis, since they have demonstrated 
that coating in human patients resulted in a significant 
reduction of biofilm formation on silicone rubber voice 
prostheses.

Strengths and Limitations of the Present Systematic 
Review
The present study described novel biofilm inhibition 

methods that have been tested over the last decades and 
summarized their in vitro influence on biofilm formation 
on silicone rubber surfaces, which could predict the clin-
ical behavior of those techniques on voice prostheses in 
vivo. It is worthy of note that sample size was adequate 
enough to allow us to test our hypothesis. We performed 
a broad search, and we attempted to maintain low levels 
of clinical diversity [68] by applying stringent inclusion 
criteria for meta-analysis to decrease heterogeneity of the 
data.

However, in the included in vitro studies, many do-
mains were deemed to be at a medium or high risk of bias, 
since they are not reported correctly in the studies. This 
finding seems to be usual in systematic reviews of labora-
torial studies [69]. The main reason in the current study 
is the lack of information about sample size calculation 
methods, randomization, sequence generation, alloca-
tion concealment, implementation, and blinding and 
should be carefully considered in future in vitro studies. 
On top of that, considering the methodological variabil-
ity among studies, heterogeneity was unavoidable. As a 
result, pooled results showed that there were significant 
statistical heterogeneity levels, especially in the assess-
ment of yeast biofilm inhibition methods. Thus, the in-
tervention effect in this case was significantly affected by 
the factors that varied across the included studies, and we 
suggest that the results of the present systematic review 
be interpreted with caution. To address heterogeneity is-
sues and selection bias, we suggest that future authors uti-
lize a randomized controlled clinical trial study design 
and consider not only comprehensive registration proto-
cols but also core outcome sets [70].

Another source of potential bias identified in the cur-
rent study is the lack of reporting of quantifiable data. For 
transparency and clarity in reporting, we advocate that 
authors report their results in a more comprehensive and 
statistically sound manner. To elaborate not only mean/

median values but also measures of variations need to be 
presented to allow for reliable conclusions to be drawn.

Implications for Future Research
In the current study, we sought to compare the effects 

of prevention methods on biofilm formation on silicone 
rubber surfaces exclusively in vitro. Studies executed in 
vivo on humans [66, 71–73] or animals [67] were exclud-
ed. Thus, the in vivo efficacy and long-term effects of 
these techniques both on host’s cells and on bacterial re-
sistance need to be further investigated before clinical ap-
plications and market introduction. Many studies have 
demonstrated that body fluids, proteins, enzymes, elec-
trolytes, and lipids in vivo can potentially corrode bioma-
terials including silicone elastomers, leading to the rough-
ness of the surface of biomaterials, thus making it more 
easily for bioactive compounds to attach to the surfaces 
of the corroded biomaterials [74]. Consequently, high-
quality clinical studies examining the in vivo efficacy of 
the tested prevention methods are warranted for their 
further introduction in the clinical practice and for the 
extrapolation of our findings to human biology. Our sys-
tematic review could be used to better guide these clinical 
trials.

Conclusion

Great progress has been made in the last decades in the 
development of novel techniques aiming to protect sili-
cone rubber voice prostheses from bacterial and fungal 
colonization. The current systematic review and meta-
analysis provides an overview of the existing in vitro ex-
perimental studies exploring the inhibition of biofilm for-
mation on silicone rubber surfaces. Various prevention 
methods present efficacy in vitro, and their possible ap-
plication in clinical practice shows excellent promise. 
More specifically, the results of the qualitative and quan-
titative syntheses support evidence that the prevention of 
yeast and mixed microbial biofilm formation is especially 
active on silicone rubber surfaces. Should the efficacy and 
safety of those methods get tested and also approved in 
vivo, those techniques could extend the lifespan of sili-
cone rubber prostheses, improving the quality of life of 
laryngectomized patients by reducing the frequent re-
placements of voice prostheses and decreasing healthcare 
costs. Finally, since passive and combined active and pas-
sive surface modification methods seem to be especially 
effective for the inhibition of yeast biofilm formation on 
silicone surfaces, we indicate that future studies should 
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aim toward this direction, given the high prevalence of 
Candida strains on the colonization of silicone rubber 
prostheses.
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