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Biomedical devices have made significant contributions to the development of modern medi-
cine by restoring physiological functions and improving quality of life. Nevertheless, their use 
is often associated with an increased risk of infection, particularly in Intensive Care Units. 
Biofilms, which are structured communities of microorganisms embedded in an extracellular 
polymeric substance matrix, exhibit heightened tolerance to antimicrobial agents and are key 
factors in the development of chronic infections. These biofilms can disperse, forming new foci of 
infection. Silicone, one of the most widely used biomaterials in medical devices, such as catheters 
and endotracheal tubes, is especially susceptible to bacterial adhesion and biofilm formation due 
to its hydrophobic surface properties. A number of natural compounds have shown potential in 
preventing or controlling infections and may therefore serve as promising candidates for modify-
ing biomaterials with anti-infective properties. Various chemical, physical and physicochemical 
modification strategies were investigated. This review analyzed 14 experimental studies pub-
lished between 2015 and 2025 on silicone modification with 13 natural compounds in mono or 
mixture form, with particular emphasis on surface modification techniques. Despite promising 
outcomes, the number of in vivo studies assessing efficacy is limited, as only 30% of the proto-
types have been tested in animal models. In conclusion, surface modification of medical devices 
with natural substances represents an interesting approach to reducing bacterial colonization 
and biofilm formation, thereby potentially preventing infections and enhancing device perfor-
mance, which warrants further investigation.
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Модифікації на природній основі для антиінфекційних силіконових 
біоматеріалів: огляд. Vitória Elsner Rodrigues, Alexandre José Macedo,  
Danielle Silva Trentin

Біомедичні пристрої суттєво просунули сучасну медицину, відновлюючи фізіологічні 
функції та покращуючи якість життя. Проте їх використання часто пов’язане з підвищеним 
ризиком інфекцій, особливо у відділеннях інтенсивної терапії. Біоплівки, які являють собою 
структуровані спільноти мікроорганізмів, вбудованих у позаклітинну полімерну матрицю 
речовини, демонструють підвищену стійкість до антимікробних засобів і є ключовими 
факторами хронічних інфекцій. Ці біоплівки можуть розсіюватися, спричиняючи нові 
вогнища інфекції. Силікон, один з найбільш широко використовуваних біоматеріалів 
у медичних пристроях, таких як катетери та ендотрахеальні трубки, особливо схильний 
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1. Introduction
Biomedical devices represent a major ad-

vancement in modern medicine, significantly 
improving quality of life through the replace-
ment of physiological functions. In 2018, more 
than 500,000 types of devices used in various or-
gan systems were released onto the global mar-
ket [1]. However, these devices can also provide 
a gateway for microbial pathogens, thereby in-
creasing the risk of device-associated infections.

Biofilm-forming pathogens are 10 to 1000 
times more resistant to antimicrobials than 
their planktonic counterparts, significantly in-
creasing their survival rate [2,3]. Biofilms are 
defined as communities of microorganisms en-
closed in a self-produced matrix and can exist 
in a sessile or clustered form [4]. This matrix is 
composed of extracellular polymeric substances 
(EPS), such as exopolysaccharides, nucleic ac-
ids, proteins, lipids, and other biomolecules[5], 
and plays a critical role in structural support, 
providing protection against host immune re-
sponses and antimicrobial activity[6]. Several 
mechanisms have been identified that explain 
the tolerance of biofilms to antimicrobial drugs: 
(i) the EPS matrix restricts penetration of anti-
microbial compounds, acting as a physical and 
chemical barrier; (ii) the EPS matrix prevents 
recognition of biofilm cells by host immune de-
fenses; and (iii) the presence of persistent cells, 
which remain in metabolic latency, having re-
duced susceptibility to antimicrobials. In addi-
tion to antimicrobial tolerance the proximity of 
cells within biofilms facilitates the exchange 
and spread of antimicrobial resistance genes, 
further strengthening resistance at the com-
munity level [7–9]. Under unfavorable environ-
mental conditions, or through programmed 
virulence mechanisms, biofilms can disperse 
by detaching planktonic cells, free living cells, 
or biofilm fragments, thereby creating new 
infection foci[3,4].

Silicone is extensively used in medical appli-
cations, including respirators, breathing tubes, 
intravenous drug and transfusion delivery sys-
tems, cardiac pacemakers, catheters, prosthet-
ics, and surgical instruments, etc.[10]. Despite 
advances in technology, commercially available 
medical devices remain susceptible to infection 
and serve as gateways for pathogen coloniza-
tion. For silicone, this vulnerability is due to 
its inherently hydrophobic nature, which pro-
motes bacterial adhesion and creates a favor-
able environment for biofilm formation.

High infection rates are reported for cen-
tral venous catheters, urinary catheters, and 
endotracheal tubes, which are associated with 
central line associated primary bloodstream in-
fections (CLABSI), catheter associated urinary 
tract infections (CAUTI), and ventilator associ-
ated pneumonia (VAP), respectively. Data from 
the International Nosocomial Infection Control 
Consortium (INICC) between 2012 and 2017 
(Table 1)[11] demonstrate infection rates in in-
tensive care units (ICUs) associated with these 
devices, highlighting the importance of explor-
ing alternative prevention and treatment strate-
gies. The most common microorganisms causing 
infections associated with these devices include 
Staphylococcus, Enterococcus, Klebsiella, Pseu-
domonas and Candida (Table  2)[7,12].

Natural products are substances found in na-
ture that originate from living organisms, such 
as plants, microorganisms, and animals, and 
have not been chemically modified by humans. 
They are also known as secondary metabolites 
and their chemical composition is quite diverse 
and can include a wide range of compounds[13]. 
Since ancient times, natural products have been 
used as essential resources for food, and medic-
inal purposes. In recent decades, research has 
increasingly focused on natural herbs as a basis 
for novel therapeutic agents that provide clini-
cal benefits with minimal or no side effects[14].  
Importantly, natural products remain a major 

до бактеріальної адгезії та утворення біоплівки завдяки своїм гідрофобним поверхневим 
властивостям. Щоб подолати ці обмеження, кілька натуральних продуктів продемонстрували 
потенціал у запобіганні або контролі інфекцій і тому можуть служити перспективними 
кандидатами для модифікації біоматеріалів з антиінфекційними властивостями. Було 
досліджено різноманітні хімічні, фізичні та фізико-хімічні стратегії модифікації. У цьому огляді 
проаналізовано 14 експериментальних досліджень, опублікованих між 2015 і 2025 роками, 
щодо модифікації силікону 13 природними сполуками в окремій формі або суміші, з особливим 
акцентом на методах модифікації поверхні. Незважаючи на багатообіцяючі результати, кількість 
досліджень in vivo, що оцінюють ефективність, залишається обмеженою, оскільки лише 30% 
прототипів було протестовано на тваринних моделях. На завершення, модифікація поверхні 
медичних пристроїв природними речовинами являє собою цікавий підхід до зменшення 
бактеріальної колонізації та утворення біоплівки, тим самим потенційно запобігаючи інфекціям 
та покращуючи продуктивність пристроїв, що вимагає подальшого дослідження.
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source of pharmacologically active compounds 
due to their remarkable structural diversity. 
Notably, 48% of antibacterial drugs approved 
for human use are derived from natural prod-
ucts[15], highlighting the biological significance 
of these compounds. Consequently, the modifi-
cation of biomaterials with natural substances 
emerges as a promising strategy to control and 
prevent device-related infections[7].

Several approaches have been developed to 
modify polymeric materials. These modifica-
tions can be applied to the material surface or 
integrated within the polymeric matrix. Sur-
face modifications include: (i) chemical modifi-
cations, in which molecules are covalently in-
corporated into the material; (ii) physical modi-
fications, which alter surface topography; and 
(iii) physicochemical modifications, typically 

Table 1. Comparison of device-associated infection rates per 1,000 device days in ICUs from the INICC 
data (Adapted from [11]).

ICU types CLABSI CAUTI VAP
Surgical cardiothoracic 2.20 2.2 7.4

Medical cardiac 5.08 4.3 17.7
Medical 4.47 4.4 12.7

Medical/surgical 5.05 5.1 14.1
Neuro surgical 4.43 4.6 13.6

Neurologic 2.55 6.0 13.8
Oncology 14.68 2.6 8.3
Pediatric 7.19 5.3 11.8

Respiratory 2.47 6.7 10.7
Surgical 5.23 3.5 13.6
Trauma 5.47 3.5 10.7

Table 2. Etiological agents associated with biomedical device infections with the highest infection and 
mortality rates (Adapted from[7,12]).

Infection Microorganisms

Central line-associated primary bloodstream  
infections (CLABSI)

Acinetobacter baumanni,  
Enterococcus faecalis,  

Klebsiella pneumoniae,  
Pseudomonas aeruginosa,  

Staphylococcus aureus,  
coagulase-negative Staphylococcus,  

Candida spp.

Catheter-associated urinary tract infections 
(CAUTI)

Acinetobacter baumanni,  
Enterococcus faecalis,  

Enterococcus spp.,  
Escherichia coli,  

Klebsiella pneumoniae,  
Proteus mirabilis,  

Pseudomonas aeruginosa,  
Staphylococcus aureus,  

Staphylococcus epidermidis,  
Coagulase-negative Staphylococcus, 

Candida albicans.

Ventilator-associated pneumonia (VAP)

Enterococcus spp.,  
Escherichia coli,  

Klebsiella pneumoniae,  
Staphylococcus aureus,  

Staphylococcus epidermidis,  
Pseudomonas aeruginosa,  

Aspergillus fumigatus,  
Candida albicans. 
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through surface coatings, based on interactions 
resulting from adsorption. Modifications within 
the polymeric matrix are generally chemical, 
involving alterations to the bulk polymer struc-
ture[16,17] (Figure 1).

In this context, the present review compiles 
published studies and clinical trials evaluating 
silicone modification with natural products. For 
this purpose, natural products were defined as 
substances derived from living organisms, such 
as plants, microorganisms, and animals, that 
have not undergone any human-induced chem-
ical modification. The literature search was 
conducted in the Science Direct and PubMed 
databases using the keywords: “silicone,” “bio-
material,” “infection,” and “modification”. Clin-
ical trials were identified through clinicaltri-
als.gov. Studies published outside the selected 
time frame, review articles, original research 
involving semi-synthetic products, chemically 
modified compounds derived from natural ma-
terials, and products of purely synthetic ori-
gin were excluded. The inclusion criteria were 
original articles published between 2015 and 
2025 that specifically investigated the modifi-
cation of silicone surfaces with natural prod-
ucts for their anti-infective (antimicrobial or 
anti-biofilm) properties. A total of 113 relevant 
articles published between 2015 and 2025 were 
retrieved, comprising 63 experimental studies 
and 50 review papers. Only 14 experimental 
studies specifically investigated natural com-
pounds included in this review (Table 3). As 
prototypes for surface modification and infec-
tion testing, the studies primarily employed 
polydimethylsiloxane (PDMS), silicone rubber, 
and silicone catheters. 

2. Silicone modifications with natural 
products aiming to prevent microbial 

infections
Thirteen natural compounds, both in pure 

form and in mixtures, have been reported to 
exhibit antimicrobial and/or antibioaction, and 
nontoxic activities when used for the modifica-
tion of silicone. 

2.1 Covalent functionalization strate-
gies for incorporating natural products 
into silicone

Dardouri et al., in two studies[18,19], cova-
lently functionalized medical grade PDMS 
with antimicrobial rhamnolipids obtained from 
Pseudomonas aeruginosa. The modified mate-
rials were tested for antimicrobial activity by 
minimum inhibitory concentration (MIC) de-
termination, as well as for the ability to inhibit 
biofilm formation by counting colony-forming 
units (CFU) and scanning electron microscopy 
(SEM). MIC values were 100 μg/mL for Staphy-
lococcus aureus, 200 μg/mL for Staphylococcus 
epidermidis, and greater than 800 μg/mL for 
Candida albicans. Biofilm formation was re-
duced in both biofilms formed by one microbial 
species and in biofilms formed by dual-species. 
The modified samples were also biocompatible 
with human dermal fibroblasts (AG22719). 
Moshiri et al.[20] coated silicone Foley cath-
eters with laccase@Ba3(PO4)2•hybrid nano-
flowers (HNFs) at a concentration of 5 mg/mL 
through covalent functionalization. Biofilm 
formation by Bacillus subtilis, Escherichia 
coli, P. aeruginosa, and S. aureus were ana-
lyzed using crystal violet (CV) staining and 
confocal laser scanning microscopy (CLSM).  
Cytotoxicity was assessed in human dermal 

Figure 1. Illustration of polymer material modification approaches.
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fibroblasts, and in vivo biocompatibility was 
assessed in male Balb/c mice from implants of 
the catheters in the animal models in the same 
concentration. The coated samples demonstrat-
ed antibiofilm activity ranging from 37.7% to 
86.4% against the tested strains without exhib-
iting cytotoxicity and maintaining biocompat-
ibility, since they did not show a higher degree 
of inflammation than the untreated implanted 
samples. 

Mendes et al.[21] immobilized sophorolipids, 
produced by the nonpathogenic yeast Starmer-
ella bombicola, covalently onto silicone. The 
modified samples showed antimicrobial and 
antibiofilm activity against S. aureus and were 
nontoxic to immortalized human keratinocytes 
(HaCaT). 

2.2 Adsorption-based strategy for incor-
porating natural products into silicone

Two studies investigated the use of sopho-
rolipids to modify silicone by adsorption[21,22] 

and assessed the material against S. aureus 
and E. coli colonization through CFU count-
ing, CV staining, and SEM. Pontes et al.[22] 
reported that the samples exhibited antibacte-
rial activity only against S. aureus, while anti-
biofilm activity was observed exclusively at 0.1 
mg/mL for the same microorganism. Against E. 
coli, the samples reduced biofilm formation by 
50% at all concentrations tested (0.1 to 3 mg/
mL). Mendes et al.[21] demonstrated that the 
modified samples showed both antibacterial 
and antibiofilm activity against S. aureus and 
were nontoxic to immortalized human kerati-
nocytes (HaCaT). This study also examined 
silicone modified with sophorolipids through 
covalent immobilization (see Section 2.1), and 
both covalent immobilization and adsorption 
were shown effective in controlling S. aureus. 
Le et al. [23] pre-adsorbed serum albumin onto 
PDMS surfaces at concentrations of 5 and  
50 mg/mL to evaluate its effect on bacterial ad-
hesion and biofilm formation. Initial adhesion 
of S. aureus, S. epidermidis, and P. aeruginosa 
was assessed after 2 h of incubation by count-
ing CFU/cm2 through surface sonication and 
microdilution on Petri dishes. At of 50 mg/mL, 
a reduction in S. aureus adhesion from approxi-
mately 6 × 104 to 2 × 104 CFU/cm2 and in S. 
epidermidis adhesion from about 7 × 104 to 8 × 
10³ CFU/cm2 was observed. For P. aeruginosa, 
no significant reduction in initial adhesion was 
observed. Biofilm formation was assessed after 
24 h incubation. Under this condition, albu-
min pre-adsorption did not significantly alter 

the biofilm formation by S. aureus and S. epi-
dermidis; however, it promoted about 2.4-fold 
increase in P. aeruginosa biofilm at 50 mg/mL 
compared to the albumin-free control. Microbial 
quantification was performed by CFU counting.  
Biofilm density and biovolume analysis was de-
termined by CLSM, and CV staining was used 
for total biomass evaluation.

2.3 Coating strategy for incorporating 
natural products into silicone

For silicone coating, Lemongrass essential 
oil (Cymbopogon citratus) was mixed with hy-
promellose ointment, a hydrophilic base with 
good adhesive properties to wet surfaces. The 
modification, assessed using CV analysis, result-
ed in a 45–76% reduction in biofilm formation by 
strains of the fungus Candida tropicalis.[24]. 

The effect of silicone coating with anti-
microbial peptides (AMPs) has been investi-
gated. Wang et al.[25] coated silicone with the 
AMPs T9W + RRIKA or T9W + SAAP159, by 
dipping method and assessed the adhesion of 
P. aeruginosa by CFU counting and hemolyt-
ic and cytotoxic assays. Coated and uncoated 
silicone tubes were further tested in rats in-
fected with E. coli and P. aeruginosa. The AMP 
coated samples demonstrated strong inhibition 
of bacterial adherence to silicone discs (2 log 
reduction) and exhibited low cytotoxicity and 
hemolytic activity toward human bladder car-
cinoma cells (NTUB1) and rat red blood cells, 
respectively. In vivo, silicone tubes coated with 
T9W + SAAP159 or T9W + RRIKA markedly 
reduced the growth of E. coli by two- and ten-
fold, respectively. AMP coated silicone tubes 
prevented bacterial colonization and adherence 
of E. coli. Similarly, Chen et al.[26] coated sili-
cone catheters with AMP R8 and polyvinylpyr-
rolidone (PVP) by dipping method and assessed 
antibacterial activity by agar diffusion and CFU 
assays, and biofilm formation by CV, SEM, and 
XTT assays. The modified catheters displayed 
antibacterial activity 6.2, 2.2, and 2.5 times 
higher than pure silicone catheters against  
E. coli, S. aureus, and P. aeruginosa, respec-
tively. Biofilm growth was minimal, and both 
pure and coated catheters were non cytotoxic to 
mouse embryonic fibroblasts (3T3) and human 
colon cancer cells (Caco-2). Kranjec et al.[27] 
coated silicone catheters with the AMPs bac-
teriocin MP1 and enterocin EJ by immersion 
at 40 µg/mL and assessed antibiofilm activity 
against E. faecium strains using the tetrazo-
lium chloride reduction assay. Biocompatibility 
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was assessed with human osteosarcoma cells 
(MG63). The AMP coated samples showed 89% 
inhibition of biofilm formation in two tested 
strains and were non-cytotoxic to MG63 cells. 

Park et al.[28] coated silicone with carboxy-
methylcellulose and chitosan using the layer-
by-layer method. Antibacterial and antibiofilm 
activity was assessed by CV assay against 
S. aureus and P. aeruginosa. No antibacte-
rial effect was detected, but biofilm formation 
was reduced by up to 74% at 24 h and 83% at  
72 h. The films were nontoxic to fibroblasts of 
corneal tissue. In addition, Xu et al.[29] devel-
oped multilayer PDMS films coated with mucin 
(0.2 mg/mL) and nisin (1 mg/mL) by immersion. 
These coatings demonstrated potent bactericid-
al activity against S. aureus, killing 95.2% of 
the cells, and were biocompatible with human 
lens epithelial cells (HLECs). Importantly, in 
vivo experiments in New Zealand white rabbits 
demonstrated significantly reduced staphylo-
coccal infection rates in treated samples (mucin 
0.2 mg/mL and nisin 1 mg/mL) compared with 
untreated samples. 

2.4 Strategy for chemical modification 
of the matrix using natural components 
in silicone

Noreen et al.[30] incorporated hydroxyethyl 
cellulose and lactic acid by copolymerization 
into a PDMS and polyurethane (PU) blend at 
different concentrations. Antibacterial activ-
ity was assessed by agar using the agar diffu-
sion method which showed approximately 50% 
biofilm inhibition against E. coli and Bacillus 
subtilis. The modified samples were also shown 
to be nontoxic to human blood cells. In an-
other study, capsaicin, a secondary metabolite 
by Capsicum chili peppers, was incorporated 
into PDMS at 0.5% (w/v) to assess its antibio-
film activity against S. aureus, E. coli, and C. 
albicans. The results demonstrated an approxi-
mate 1 order of magnitude (~90%) reduction in 
microbial adhesion, assessed by CFU counting 
and live/dead assays, on the modified material. 
In this study, no biocompatibility tests were 
performed[31].

3. Important remarks
Although natural products are well recog-

nized for their anti-infective properties and sili-
cone is among the most widely used biomateri-
als for indwelling medical devices, this review 
identified only 14 studies published over the 
past 10 years that assessed the antimicrobial 

or antibiofilm effects of 13 natural products, 
either alone or in mixtures, in silicone-based 
materials. Most of these investigations remain 
preliminary, and only 30% of silicone proto-
types modified with natural products have un-
dergone in vivo testing in animal models. Stud-
ies focusing on surface modification, especially 
those based on coating strategies, are more 
common than studies focusing on matrix modi-
fication. Furthermore, no clinical trials were 
identified during the study period. The limited 
number of works available in the literature can 
be attributed to several factors, including the 
technical challenges of incorporating natural 
substances, often chemically unstable, volatile, 
or hydrophilic into a hydrophobic and chemi-
cally inert biomaterial such as silicone, without 
compromising their biological activity. It is also 
desirable that such incorporation enables the 
controlled release of the active agent or ensures 
that the pharmacophoric group, the portion 
of the molecule responsible for antimicrobial  
activity, remains exposed to interact with the 
microorganism. Maintaining biological activity 
over time represents an additional technical 
challenge. Moreover, because these studies typ-
ically involve the production and/or modifica-
tion of the material, cytotoxicity assessments, 
and both in vitro and in vivo microbiological 
testing, they require substantial infrastructure 
that may limit the number of research groups 
able to perform such work, as well as interdis-
ciplinary collaboration among fields that do not 
always operate in an integrated manner. 

The present study allows establishing re-
lationships between techniques, compounds, 
and microorganisms tested. The Venn diagram  
(Figure 2) compares anti-infective strategies 
based on surface and matrix modifications 
of silicone, highlighting the microorganisms 
targeted by both approaches. Surface modi-
fications of silicone were achieved through 
covalent bonding, adsorption, or coating, us-
ing compounds such as biosurfactants (rham-
nolipids, sophorolipids), bioactive polymers  
(chitosan, carboxymethylcellulose), and natu-
ral antimicrobial agents (lyophilized serum 
albumin, Cymbopogon citratus oil, capsaicin, 
antimicrobial peptides). These strategies were 
shown to modulate the interaction of the ma-
terial with microorganisms, reducing bacte-
rial and/or fungal adhesion to silicone surfaces. 
Matrix modifications of silicone were also de-
veloped, for example by incorporating natural 
antimicrobial agents such as hydroxyethyl  
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cellulose combined with lactic acid, which en-
abled controlled release of the active compound 
over time. The microorganisms targeted in-
cluded both Gram positive, B. subitlis, E. fae-
cium, S. aureus and S. epidermidis, and Gram-
negative bacteria, E. coli and P. aeruginosa, as 
well as pathogenic fungi (Candida albicans, 
Candida tropicalis), demonstrating the broad 
applicability of matrix modification strategies 
in inhibiting microbial growth.	

Data compilation in Table 3 also presents 
limitations, particularly the difficulty of direct-
ly comparing different methods of evaluating 
biological activity and distinct silicone proto-
type used (PDMS, silicone medical grade, Foley 
catheter). Nevertheless, some trends can be 
identified: (i) superficial treatments are more 
frequently employed than bulk modifications; 
(ii) microbial compounds are the most common 
sources of natural products, especially AMPs; 
and (iii) most studies performed biocompatibil-
ity assays using mammalian cell lines, which 
represents an essential first step toward trans-
lational application. A wide range of pathogens 
have been examined, with S. aureus, E. coli, 
and P. aeruginosa being the most frequently 
studied.

From a practical perspective, the economic 
feasibility of silicone biomaterials incorporat-
ing bioactive natural compounds depends on 
the balance between manufacturing complex-
ity and long-term clinical benefits. Compared 
to disposable silicone devices or alternative 
low-cost antimicrobial strategies (e.g., antimi-
crobial/antiseptic lock therapy[32] the modifica-
tion with chemical agent may not yet offer an 
immediate economic advantage, as the process 
of incorporating natural compounds adds tech-

nical steps that can increase production costs. 
Nevertheless, it could become competitive in 
applications where infection risk is high and 
device longevity is critical, since the reduction 
of clinical complications could offset higher 
manufacturing costs. Ongoing research, stan-
dardization of natural compounds, and scalable 
production methods will be essential to make 
this approach financially viable in routine 
medical practice. Considering the urgent need 
to reduce infections associated with biomedical 
devices, the findings of this review highlight 
that surface modification of silicone with nat-
ural substances remains an open and promis-
ing field of research. These pioneering studies 
suggest that silicone modification with natural 
products may provide an effective strategy to 
reduce microbial colonization and biofilm for-
mation, thereby contributing to the prevention 
of biomaterial related infections while main-
taining human biocompatibility. 
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