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Plain English Summary

In this laboratory experiment, the ability of the popular antiseptic chlorhexidine (in a 0.12% liquid form) to
prevent the initial proliferation of bacterial and fungal films (so-called biofilms) on various materials used
to manufacture dental implants and dentures was tested. The test materials were titanium, zirconia,
cobalt-chromium alloy, PMMA (plastic), and PEEK (high-performance plastic). Scientists cultured biofiims
of five popular germs on the materials and treated them with chlorhexidine in one minute.

The results showed that chlorhexidine reduced the biofilm on all materials, but some worked better than
others. Titanium and zirconia had the least biofilm left after treatment. The plastic materials (PMMA and
PEEK) held onto more biofilm, making them harder to clean. The effectiveness also depended on the type
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of germ: bacteria like Staphylococcus aureus were easily reduced, but the fungus Candida albicans and
the bacterium Pseudomonas aeruginosa were more resistant, especially on the plastic surfaces.

The study concludes that while chlorhexidine is a helpful disinfectant, its success depends heavily on both
the prosthetic material and the specific germs present. For non-metal materials like dentures, chlorhexidine
should be used alongside thorough mechanical cleaning (like brushing) for the best results. This highlights
the need to choose implant materials carefully and tailor cleaning routines based on the material used.

Introduction

The materials used for prosthetic implants serve
modern dental patients, but their long-term clinical
performance remains at risk due to microbial
growth, leading to biofilm development. Biofilms
develop through microbial community organisation,
which produces a protective extracellular matrix to
defend against antimicrobial agents and host
defence mechanisms. The formation of biofilms on
prosthetic materials leads to the development of
peri-implant diseases and prosthesis-associated
infections, which makes early microbial adhesion
control essential for prevention (1).

The physicochemical properties of prosthetic
materials, which include surface roughness,
surface free energy, and chemical composition,
determine how microorganisms first attach to
surfaces and how biofilms develop. The surface
properties of titanium and zirconia and PMMA,
cobalt—chromium alloys and polyetheretherketone
(PEEK) differ significantly from each other, which
could affect their ability to support microbial growth
(2, 3). Research must continue to study material-
dependent features which impact early biofilm
formation because it will help develop improved
materials for extended prosthetic device durability.
Chlorhexidine (CHX) is regarded as the gold
standard chemical plaque control agent in dentistry
due to its broad-spectrum antimicrobial activity and
unique substantivity, which enables prolonged
retention on oral surfaces. While CHX has been
extensively studied for plaque control on natural
teeth and some implant surfaces, its specific
efficacy in preventing early biofilm formation on
diverse prosthetic biomaterials, including modern
polymers like PEEK, has not been systematically
compared under controlled laboratory conditions.
(4, 5). Its substantivity allows prolonged adsorption
to surfaces, providing extended antimicrobial
activity (6). Standardised laboratory tests have not
fully evaluated how chlorhexidine prevents biofilm
formation on different prosthetic materials,
although it remains a widely used medical
treatment (7, 8).

The following microorganisms, which cause
prosthetic and peri-implant infections, show
different patterns of adhesion and biofilm
development according to research findings:
Staphylococcus aureus (9), Streptococcus mutans

(10), Candida albicans (11, 12, 13) and
Pseudomonas aeruginosa and Enterococcus
faecalis (14, 15). The different ways these bacteria
react to antiseptic agents create additional
challenges for infection control because they need
to handle different types of prosthetic materials.
The evaluation of chlorhexidine effectiveness
against these important dental pathogens, which
infect different dental materials, requires
assessment to develop proper preventive and
maintenance strategies for prosthetic dentistry (16,
17). However, despite its widespread clinical use,
comparative data on the efficacy of CHX against
early biofilm formation across the range of
contemporary prosthetic materials, particularly
under standardised in vitro conditions, remain
limited. Most existing studies have focused on
individual materials or selected pathogens, leaving
a need for systematic evaluation of how material
properties modulate CHX-mediated biofilm
inhibition.

Based on the documented influence of material
surface properties on microbial adhesion and the
variable susceptibility of different microorganisms
to antiseptics, we hypothesised that the efficacy of
chlorhexidine against early biofilm formation would
differ significantly across prosthetic materials and
microbial species. Accordingly, this in vitro study
was designed to systematically evaluate and
compare the inhibitory effect of 0.12%
chlorhexidine on early monospecies biofiim
formation by five key prosthetic pathogens across
five commonly used prosthetic implant materials.
The research investigates which materials affect
biofilm development after chlorhexidine treatment
at predetermined concentrations to identify factors
which affect prosthesis cleaning and antiseptic
performance (4, 5).

Materials and Methods

Study Design

This study was conducted as a controlled in vitro
experimental investigation to evaluate the
inhibitory effect of chlorhexidine (CHX) on early
monospecies biofilm formation on different
prosthetic implant materials. The research used
laboratory tests to study biofilm development by
applying chlorhexidine for a short time to
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specimens while keeping untreated control

samples.

Prosthetic Materials
The following five prosthetic materials are
frequently employed in dental practice: titanium

and zirconia, cobalt—chromium alloy,
polymethylmethacrylate (PMMA) and
polyetheretherketone (PEEK). The laboratory

followed established procedures to create disc-
shaped specimens, which measured 10 mm in
diameter and 2 mm in thickness for each material.
Six discs were prepared for each material-
microorganism combination (n = 6 per group),
comprising both technical and biological replicates
to ensure methodological robustness. The
specimens received mechanical polishing through
a controlled method to smooth their surfaces
before undergoing ultrasonic cleaning with distilled
water and sterilisation procedures.

Microorganisms and Culture Conditions

The research used Staphylococcus aureus,
Streptococcus mutans, Enterococcus faecalis,
Candida albicans and Pseudomonas aeruginosa to
study biofilm development because these
microorganisms frequently infect prosthetic
surfaces. The bacterial species and C. albicans
cultures underwent aerobic growth in Brain Heart
Infusion (BHI) broth for bacterial species and
Sabouraud dextrose broth for C. albicans. The
researchers adjusted Overnight cultures toreach a
0.5 McFarland standard before creating a working
inoculum for biofilm development.

Biofilm Formation Protocol

Each sterile disc was placed individually into a well
of a 24-well tissue culture plate and inoculated with
microbial suspension. The plates needed 24 hours
of static incubation at 37 °C to establish their first
biofilm structures. The researchers incubated the
discs before they performed two sterile phosphate-
buffered saline (PBS) washes to remove all non-
adherent cells.

Chlorhexidine Exposure

A 0.12% chlorhexidine gluconate solution was
prepared from a commercial stock (Chlorhexidine
Gluconate 20% Solution, Sigma-Aldrich, St. Louis,
MO, USA) by dilution with sterile distilled water to
match the concentration commonly used in clinical
mouthrinses. Test specimens were immersed in
0.12% chlorhexidine gluconate solution for 60 s at
room temperature. The selected concentration and
exposure time followed standard clinical
mouthrinse procedures, which dentists use in their

practice. The control specimens received identical
treatment, but they were placed in a sterile PBS
solution, which replaced the chlorhexidine solution.
While a specific neutralising agent was not
employed, extensive washing with sterile PBS
(three cycles of 1-minute washes with agitation)
was performed to minimise residual CHX
carryover, consistent with methods described in
similar in vitro biofilm studies.

The researchers used sterilie PBS to rinse
specimens right after chlorhexidine exposure
because they wanted to reduce the amount of
antiseptic that could interfere with microbiological
tests.

Biofilm Quantification

Crystal Violet Assay

The crystal violet staining was used to quantify the
biofilm biomass. The researchers utilized crystal violet
solution of 0.1 percent on the discs and left them to
stay in the solution of crystal violet 15 minutes after
which they soft rinsed the discs to eliminate any
leftover dye. The stained bound needed 95 percent
ethanol to dissolve, and then the microplate reader
could read and record the absorbance at 570 nm. The
research team offered its findings in the form of
measurements that indicated the extent to which
biofilm biomass reduced as compared to control
samples that had no treatment.

Colony-Forming Unit Enumeration

The viable cell quantification process required
mechanical agitation to remove biofilms on disc
surfaces to sterile PBS. The laboratory personnel
followed the procedure of serial dilution then
proceeded to plate the samples on the appropriate
agar media after which they incubated the samples at
37 degC. Colony-forming units (CFU) were used as
indicators of measuring the amount of viable biofilm-
associated  microorganisms that resisted the
chlorhexidine treatment.

Statistical Analysis

Given the exploratory nature of this study and the
focus on observing material- and microorganism-
dependent trends rather than testing predefined
hypotheses, data were analysed descriptively.
Biofilm reduction percentages were calculated
relative to untreated controls for each material-
microorganism combination. The consistency
between crystal violet absorbance and CFU
enumeration results was assessed qualitatively
rather than through inferential statistical testing, as
the primary aim was to identify patterns of
response rather than to establish statistical
significance.
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Results
Overall  Effect
Formation

The tested prosthetic materials developed smaller
early monospecies biofilms after being treated with

of Chlorhexidine on Biofilm

0.12% chlorhexidine compared to control
specimens that received no treatment. This
inhibitory effect was confirmed using two

complementary methods, which included crystal
violet staining and colony-forming unit (CFU)
enumeration to show reduced total biofilm biomass
and number of living microorganisms that adhered
to surfaces.

The extent of biofilm reduction depended on both
the prosthetic material type and the microbial
species, which showed different responses to
chlorhexidine treatment.

Effect of Chlorhexidine According fo Prosthetic
Material

Table 1: Relative percentage reduction of early

The extent of biofilm reduction differed among the
tested prosthetic substrates (Table 1). The biofilm
formation process achieved its minimum point
when researchers treated titanium and zirconia
discs with chlorhexidine. The tested materials
demonstrated reduced biofilm residue for all
studied microorganisms  when researchers
compared them to unprocessed control samples.
The biofilm biomass and viable cell numbers on
Cobalt—chromium alloy surfaces showed an
average response to chlorhexidine treatment,
which resulted in significant decreases. The
polymer-based materials PMMA and PEEK
showed better resistance to biofilm degradation
because they maintained significant amounts of
biofilm residue after exposure. Although biofilm
formation on these materials was reduced relative
to controls, the magnitude of inhibition was lower
than that observed on metallic and ceramic
surfaces.

monospecies biofilm formation on different

prosthetic materials following exposure to 0.12% chlorhexidine

Material S. aureus S. mutans E. faecalis C. albicans P. aeruginosa
Titanium 70% 68% 50% 35% 30%
Zirconia 68% 65% 48% 33% 28%
Co—Cr alloy 50% 48% 35% 25% 20%
PMMA 35% 32% 25% 15% 10%
PEEK 33% 30% 22% 12% 8%

Values represent relative percentage reductions in biofilm formation following a single 60-s exposure to 0.12%
chlorhexidine compared with untreated control specimens. Percentages were derived from crystal violet absorbance
measurements and supported by colony-forming unit enumeration. Data are presented descriptively to illustrate

material- and microorganism-depende

Effect of Chlorhexidine According to Microbial
Species

The susceptibility of the microorganisms to
chlorhexidine also differed among the test
organisms (Table 1). The highest relative
decrease in biofilm formation was displayed in
Staphylococcus aureus and  Streptococcus
mutans of all the material types. Enterococcus
faecalis exhibited a moderate response of biofilm
formation reduction after treatment.

On the other hand, Candida albicans and
Pseudomonas aeruginosa showed relatively
increased residual biofilm formations following
exposure to chlorhexidine, especially on PMMA
and PEEK. This means that these organisms are
less likely to succumb to short term chlorhexidine-
treatment under the conditions applied in the
laboratory.

Comparison  Between  Biofilm  Assessment
Methods

Results obtained from crystal violet staining were
consistent with those derived from CFU

nt trends in early biofilm inhibition

enumeration. Materials and microbial species that
exhibited lower crystal violet absorbance values also
showed corresponding reductions in viable cell
counts. This agreement suggests that reductions in
biofilm biomass were accompanied by parallel
decreases in viable adherent microorganisms.

Summary of Observed Trends

Chlorhexidine decreased the early biofilm formation
on all the tried prosthetic materials.

The extent of inhibition depended on the type of
material with titanium and zirconia having the least
amount of residual biofilm.

Materials that were made of polymer (PMMA and
PEEK) had increased residual biofilm levels after
treatment.

Microbial susceptibility to chlorhexidine was species-
dependent, with S. aureus and S. mutans being more
responsive than C. albicans and P. aeruginosa.
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Chlorhexidine decreased the early biofilm
formation on all the tried prosthetic materials.

The extent of inhibition depended on the type of
material with titanium and zirconia having the
least amount of residual biofilm.

Materials that were made of polymer (PMMA and
PEEK) had increased residual biofilm levels after
treatment.

Discussion

The current in vitro experiment is able to show
that even one, short exposure to 0.12%
chlorhexidine (CHX) can considerably prevent the
spontaneous early development of monospecies
biofilms on various prosthetic materials. The most
significant conclusion, though, is that the extent of
such inhibition is not universal; instead it is in
essence regulated by a dual interaction between
the physicochemical characteristics of the
prosthetic substrate, and the intrinsic vulnerability
of the microbial species (1, 4, 5). This confirms
our hypothesis and highlights the problem of
complexity of biofilm control in the context of the
present-day field of prosthetic dentistry where
choice of a material and choice of antimicrobial
approach should be taken as a pair.

The greatest reduction in biofilm was recorded on
zirconia and titanium surfaces. This is in line with
well-known principles of microbial adhesion, in
which smoother, less porous and lower surface
energy substances are known to support a
reduced microbial adhesion as well as possibly,
allow easier antimicrobial infiltration (2, 3). This
enhanced performance of CHX on these
substrates is probably due to a composite of three
reasons: intrinsically reduced baseline biofilm
formation and a topographical surface that does
not provide covering adherent cells with the
antiseptic agent. Conversely, the polymer-based
materials, PMMA and PEEK, had considerably
higher residual biofilm. This is explained by their
generally greater surface roughness, porosity, and
surface chemistry that enhances greater microbial
adhesion and formation of protective niches that
restrict the contact and activity of topical
antiseptics such as CHX (7, 8). Such a material-
dependent efficacy gradient- between high-
performance ceramics and metals and more
retentive  polymers- gives a reasonable
explanation of the evidence-based material choice
in patients who are under a high risk of biofilm-
mediated complications.

The experiment also found out that there are stark
species-dependent susceptibility differences to
CHX. The most sensitive ones were
staphylococcal aureus and Streptococcus mutans
(Gram-positive bacteria), which is also in line with
the major mechanism of action of CHX, which

includes rupturing the cytoplasmic membrane and
spewing the cytoplasmic contents (4, 5). The
intermediate efficacy against Enterococcus faecalis is
impressive, because this organism is commonly linked
to the persistent peri-implant and endodontic
infections, and is commonly very tolerant of
antiseptics (3). More importantly, Candida albicans
and Pseudomonas aeruginosa were the most
resilient. In the case of C. albicans, this is attributed to
the complicated structure of fungal biofilms, which
have a dense extracellular matrix and also due to the
drug-persister phenotypes which are notoriously hard
to eliminate with short-term antiseptic exposure (9, 11,
12, 13). P. aeruginosa also harbors a powerful set of
resistance mechanisms, such as efflux pumps,
inducible stress responses, and also the generation of
a powerful extracellular polymeric substance (EPS)
rich in alginate which happens to be a diffusion barrier
against antimicrobials

(14, 15). The overlapping between the increased
residual biofilm of the two species on PMMA and
PEEK already-retentive surfaces is a crucial point of
observation, which indicates a high-risk material-
pathogen interaction.

The fact that the results of crystal violet staining are
strongly correlated with the results of viability
indicators in terms of CFU enumeration reinforces the
validity of our results (6, 7). The same agreement
suggests that a decrease in the total biofilm biomass
related directly to a decrease in viable attaching
microorganisms, which validates that the activity of
CHX in these conditions was bacteria/fungicidal and
not just a disruptive action to the biofilm matrix.

Clinically, these findings confirm the usefulness of
CHX as a secondary chemical agent in the use of
hygiene procedures in the care of prostheses. But
they also do define its limitations pretty clearly. The
information indicates that though CHX can be very
efficient in regular cleaning of titanium and zirconia
parts, it might not be effective enough in the
decontamination of polymeric denture bases (PMMA)
or PEEK frameworks, particularly in the presence of
C. albicans or P. aeruginosa. This requires a
paradigm wherein the hygiene of prosthesis is
material specific. In the case of polymeric materials,
CHX ought to. be viewed as a supplement to, not a
replacement for, rigorous mechanical cleaning (e.g.,
brushing) and, in some cases, may need to be
combined with other antimicrobial strategies (16, 17)
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Study limitations

The findings of this study should be regarded
within its scope of methodology. Although in vitro
monospecies biofilm model is superb in controlled
comparison, it lacks the complexity that is
represented by the in vivo oral environment that
comprises multispecies biofilm, salivary pellicle
formation, host immune factors, and fluid
dynamics (1, 2). The concentration and exposure
time are single; clinically relevant, but they are not
investigating the potential of longer applications
and alternative CHX preparations. Moreover, the
descriptive analysis mode, adopted to determine
the early trends, is insufficient to make some
conclusive statistical statements regarding relative
effectiveness and should be followed by further
confirmatory investigations based on hypothesis-
driven inferential statistics.

Conclusion

In conclusion, this study provides a detailed in vitro
map of how chlorhexidine efficacy against early
biofilm formation is co-determined by prosthetic
material and microbial species. It reinforces the
"gold standard" status of CHX while offering a
nuanced view that should inform clinical practice.
Effective long-term prosthetic maintenance will
depend on integrating such chemical strategies
with  thoughtful = material  selection  and
complementary mechanical hygiene methods.
Future research should focus on validating these
findings in  multispecies  biofiim  models,
investigating the efficacy of CHX against mature
biofilms, and exploring surface modification
techniques to enhance the antifouling properties of
polymeric prosthetic materials.

Future investigations should validate these findings
using multispecies biofilm models and clinically
relevant exposure protocols to optimise evidence-
based preventive strategies for prosthetic
maintenance.
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