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Adhesion of Streptococcus mutans on highly translucent zirconia: 
Influence of surface properties and polyelectrolyte multilayer coatings
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Zirconia stabilized with 3 mol 
% yttria (3Y-TZP) has become 
popular for fixed partial den
tures (FPDs), monolithic 
crowns, and implant abut
ments,1–5 with excellent me
chanical properties associated 
with the tetragonal-to-mono
clinic (t→m) transformation 
toughening mechanism.6–9

However, early zirconia re
storations were prone to 
spontaneous t→m transforma
tion induced by moisture, 
often occurring in humid en
vironments and leading to a 
sharp decrease in mechanical 
properties and consequent 
failures.10–12

Recently, translucent zir
conia ceramics have been in
troduced with new dopants, 
increasing the yttria (Y2O3) 
amount to 4 or 5 mol% and reducing the amount of 
alumina (Al2O3) (≤0.1 wt%).13 These zirconia ceramics 
have become popular as monolithic crowns, occlusal 
veneers, or FPDs. The increased yttria content has                        

drawbacks, since it overstabilizes the tetragonal crystal 
lattice, reducing the t→m toughening.14–17 These mate
rials have reduced mechanical properties and an opti
cally isotropic cubic crystal phase, which enhances the 
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ABSTRACT 
Statement of problem. Low-pressure airborne-particle abrasion has been used to improve the 
adhesion of zirconia to resin cement. However, whether a polyelectrolyte multilayer can be used 
to reduce bacterial adhesion to abraded zirconia is unclear.

Purpose. The purpose of this in vitro study was to evaluate whether polyelectrolyte multilayers 
added to airborne-particle abraded zirconia can minimize biofilm development.

Material and methods. Commercially available zirconia powders with yttria content between 3 and 
5 mol% were isostatically pressed into Ø20-mm disks and sintered at 1450 °C for 2 hours (n=8). 
Untreated specimens were compared with airborne-particle abraded ones. Specimens with 3 mol% yttria 
were further coated with polyelectrolyte multilayers (n=4). The surfaces were characterized by measuring 
the roughness, hydrophobicity, and surface charge using profilometry, atomic force microscopy, 
tensiometry, and electrokinetic analyzer, respectively. The extent of bacterial adhesion was 
determined using spectrophotometry and scanning electron microscopy. Data were analyzed with a 
single-factor ANOVA and F-test for variance (α=.05).

Results. The airborne-particle abrasion of zirconia increased the surface roughness, which led to the 
pronounced adhesion of Streptococcus mutans. However, polyelectrolyte multilayer coatings made of 
chitosan and pol(yacrylic acid) reduced the extent of bacterial adhesion, especially in as-sintered 
specimens, with 70% fewer adhered bacteria than airborne-particle abraded specimens. The effect of 
polyelectrolyte multilayer coating on the airborne-particle abraded series was greatest with the poly 
(acrylic acid)-terminating specimens, with 50% fewer adhered bacteria than the uncoated ones.

Conclusions. Airborne-particle abraded zirconia specimens coated with biocompatible polyelectrolyte 
multilayer coatings with a negatively charged terminating layer were associated with a 50% reduction in 
bacteria adhesion compared with uncoated specimens. (J Prosthet Dent 2025;133:1343.e1-e9)
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translucency by scattering the incident light.18,19 Ap
propriate translucent zirconia ceramics can be used for 
minimally invasive dentistry in the esthetic zone, in
cluding for resin-bonded FPDs.20 Understanding the 
parameters that govern the strength of the bond be
tween such restorations and tooth structures is crucial.

The properties of the zirconia-resin junction, adhe
sion, and the aging of zirconia (low-temperature de
gradation) can be improved with low-pressure airborne- 
particle abrasion (APA),21 as it introduces residual 
compressive stress (causing t→m phase transformation) 
into a subsurface layer a few micrometers thick.22–24

Whereas most of the APA-treated FPD surface is cov
ered with resin once applied clinically, the margins re
main exposed to the surrounding environment.25 APA 
leads to an increased effective surface area for bonding, 
but an increased number of surface defects occur.22,26

These defects prevent the removal of bacteria and in
crease the strength of their attachment, which results in 
a higher rate of adhered bacteria27 and an increased 
possibility of developing bacterial biofilms.28–32 Such 
films can lead to the demineralization of mineralized 
tissue or infections of the soft tissues. Streptococcus mu
tans (S. mutans) has been identified as a major etiologic 
factor for caries.33–36

The surface properties of dental materials can be 
improved with the application of coatings. Recently, 
polyelectrolyte multilayers (PEMs) based on the layer- 
by-layer build-up have experienced a surge in their 
applications, including in dentistry.37–39 PEMs are a 
stack of alternating polycation and polyanion layers on 
the surface, commonly prepared by dipping the surface 
in oppositely charged polyelectrolyte solutions.40 The 
build-up of PEMs in a layer-by-layer fashion enables 
precise control of the thickness, surface roughness, 
mechanical strength, and wettability of these coatings.41

In addition, the properties of PEMs can be fine-tuned by 
the polyelectrolytes used and by adjusting the para
meters of PEM preparation.38 It has been reported that 
PEMs can improve bacteriostatic properties,42 as the 
surface charge is an important parameter that reduces 
the extent of adhered bacteria on the surface. Bacterial 
adhesion has been reported to be higher on positively 
charged rather than negatively charged surfaces since 

most bacterial cells are negatively charged and thus re
pulsed by negatively charged surfaces.43–45

This study aimed to evaluate how different zirconia 
ceramic compositions and various surface treatments, 
including PEM coatings, affect S. mutans adhesion and 
consequent biofilm formation. Formation of the biofilm 
is a complex process that is influenced by various factors, 
including material surface characteristics, environmental 
factors, and bacterial properties.46–49 A better under
standing of these factors is needed to control bacterial 
adhesion.43,50 Therefore, the surface properties of charge 
density, roughness, and hydrophobicity were studied, 
and their influence on the extent of S. mutans adhesion 
to the surfaces was investigated. The research hypoth
esis was that PEM coatings composed of chitosan (CS) 
and poly(acrylic acid) (PAA) could significantly inhibit 
bacterial adhesion to abraded zirconia.

MATERIAL AND METHODS

Zirconia ceramics with additives were prepared as 
shown in Table 1. Ceramic powder (m=1.8 ±0.01 g) was 
isostatically pressed into Ø20-mm disks at 150 MPa. The 
disks were first sintered at 1000 °C for 1 hour, followed 
by another step at 1450 °C for 2 hours and left in the 
furnace until the temperature reached 40 °C and the 
diameter of the fully sintered ceramic disks was 16 mm. 
Half of the disks were left untreated (as-sintered, AS), 
and the other half were airborne-particle abraded (APA) 
with 50-µm aluminum oxide. The specimens were 
cleaned in distilled water and 96% ethanol.

PEMs were prepared on the zirconia substrates using 
the layer-by-layer method51 with solutions of PAA 
(Sigma-Aldrich) (Mw≈1800 g/mol) and CS (Sigma-Al
drich) (medium molecular weight). While the mass 
concentration of polymers in both solutions was the 
same (γ=4 g/L), the pH of the PAA solution was 2.8, and 
that of the CS solution was 3.0. The pH of the poly
electrolyte solutions was adjusted with 1.0 M acetic acid 
solution (Chem-Lab NV) using a pH-meter (826 pH 
mobile; Metrohm) equipped with a combined glass 
microelectrode (The substrates were first immersed for 
15 minutes in PAA solution, then immersed in deio
nized water once for 3 minutes and twice for 1 minute, 
and then dried with argon or nitrogen (Messer). After 
drying, the PAA-coated substrates were dipped for 15 

Clinical Implications 
Airborne-particle abrasion of zirconia is a common 
practice that alters the surface morphology. The 
increased tendency to form biofilm on such 
surfaces must be accounted for and mitigated. The 
introduction of polyelectrolyte multilayers on the 
surface of ceramics significantly altered the 
propagation of biofilms.

Table 1. Zirconium oxide ceramics with additives and their chemical 
composition produced by TOSOH (Tokyo, Japan) 

Specimen 
Name

Commercial 
Powder

Composition

3Y-T TZ-PX−242A ZrO2 + 3 mol% Y2O3 + 0.05 wt% Al2O3

3Y TZ- 3YB-E ZrO2 + 3 mol% Y2O3 + 0.25 wt% Al2O3

4Y Zpex 4 ZrO2 + 4 mol% Y2O3 + 0.05 wt% Al2O3

5Y Zpex Smile ZrO2 + 5.2 mol% Y2O3 + 0.05 wt% Al2O3
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minutes in a CS solution and then rinsed and dried as 
described previously. The process was repeated for 
several cycles to yield a 6- and 7-layer coating. Prepared 
PEMs were designated as (PAA/CS)3 when the last layer 
was positively charged chitosan and (PAA/CS)3-PAA 
when the last layer was negatively charged poly(ac
rylic acid).

Surface roughness was measured with a mechanical 
profilometer (Form Talysurf Series 2; Taylor-Hobson). 
According to the International Organization for 
Standardization (ISO) 21920–2:2021 standard,52 a 0.8- 
mm Gaussian filter was applied to differentiate between 
the waviness and roughness of the surface.

The zeta potentials of the material surfaces were 
measured with an electrokinetic analyzer (SurPASS; 
Anton Paar) at room temperature in 10-mM phosphate- 
buffered saline (PBS) in a solution at 7.5 pH. The mea
sured streaming potential values were used for the cal
culation of zeta potential values by means of the 
Helmholtz-Smoluchowski equation.53,54

An optical tensiometer (Attension Theta; Biolin 
Scientific) was used to measure the static contact angle 
between 5-μL drops of distilled water and the specimen 
in 5 repetitions. The data were analyzed using the 
Young-Laplace equation in a software program 
(OneAttension version 3.2: Biolin Scientific).55 Mea
surements were performed at 24 ±2 °C and 35 to 50% 
relative humidity.

The PEM surface topography and roughness at the 
nanoscale were investigated by means of a tapping 
mode (NCHV-A probe; Bruker) atomic force microscope 
(AFM MultiMode8; Bruker). For the local root mean 
square (RMS) roughness determination, surface images 
were made at 5 different locations on the specimen. 
Images were later corrected for tilt and bow by using a 
second order flatten fit. Finally, average values and 
corresponding standard errors were calculated. Analysis 
programs (NanoScope 9.7 and NanoScope Analysis 2.0; 
Bruker Corp) were used to process the measurements 
and analyze the obtained data.

The S. mutans ATCC 25175 standard strains were 
used in the study, as it has been the most associated 
with plaque formation56,57 and the adhesion of S. 
mutans has been reported to lead to dental caries 
and periodontitis.33–36 The bacteria were cultured on 
blood agar plates in an atmosphere augmented with 
CO2 for 24 hours at 37 °C. The overnight culture was 
prepared in 5 mL of brain-heart infusion (BHI) nu
trient broth (4012302; Biolife Italiana Srl) for 18 hours 
at 37 °C.

Before the assay, the specimens were sterilized with 
UV (G30W T8; Sylvania). The specimens were incubated 
with a diluted (1:30) overnight culture of S. mutans in 
BHI broth for 24 hours at 37 °C in 6-well culture plates. 
The negative control was incubated with sterilized BHI. 

After incubation, the specimens were washed with 1 M 
PBS and air dried using hot air. Two methods were used 
to evaluate bacterial adhesion: crystal violet (CV) assay 
and scanning electron microscopy (SEM).

To determine the extent of the bacterial adhesion 
using a spectrophotometer (Infinite 200 PRO; Tecan 
Group Ltd.), the biofilm was stained with a 0.4% crystal 
violet stain (CV) (115940; Merck) solution and incubated 
for 5 minutes. Excess dye was removed using 1 M PBS 
solution, and the bound CV was extracted by incubating 
it with 96% ethanol for 5 minutes. Then, 200 μL of the 
ethanol-CV mixture was transferred to a microtiter plate. 
The amount of biofilm was measured at an optical 
density of 620 nm. The CV bound to the negative control 
was subtracted from the mean value.

For SEM analysis, the specimens were washed with 
PBS and distilled water and dried with hot air. Before 
imaging, a 7-nm gold layer was deposited on the surface 
using a precision etching coating system (Model 682; 
Gatan, Inc) system to achieve a conductive specimen. 
Bacterial adhesion was assessed using a scanning elec
tron microscope (JSM-7600F; JEOL, Ltd.) in SE mode at 
5 keV. For the quantitative analysis of adhered bacteria, 
a software package (ImageJ, Version 1.50b; National 
Institutes of Health) was used to count the adhered 
bacteria.

Statistical analyses were carried out in a statistical 
software program (Excel 2108 Build 14332.20791 with 
Analysis ToolPak Add-in package; Microsoft Corp). 
Data were analyzed with a single-factor ANOVA and F- 
test for variance (α=.05).

RESULTS

Figure 1 represents the RMS roughness of substrates 
without PEMs, as measured by profilometry. The 
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Figure 1. Root mean square roughness of AS and APA surfaces 
determined by profilometry. APA, airborne-particle abrasion; AS, as- 
sintered.
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highest roughness (from 0.47 to 0.53 µm) was measured 
on APA surfaces, approximately double the roughness of 
AS materials. PEMs have a thickness in the nanometer 
range, and, therefore, AFM was used to measure the 
local roughness. Figure 2 shows the roughness para
meter for 3Y AS and 3Y APA surfaces before and after 
coating the substrate surface with (PAA/CS)3 and (PAA/ 
CS)3-PAA multilayers. The AFM measurements con
firmed the profilometry results that the 3Y APA spe
cimen has higher roughness than the 3Y AS specimen 
(P<.05). However, the surface roughness of both sub
strates did not change significantly within the group 
after PEM formation (P>.05).

As presented in Figure 3, the results obtained by the 
zeta potential measurements showed that all in
vestigated surfaces were negatively charged in 0.01 M 
PBS solution at pH=7.5 at room temperature. The lowest 
zeta potential value was obtained on 3Y APA (−51.3 
±0.6 mV) and the least negative on the 3Y-T AS (−22.2 
±1.6 mV) surfaces (P<.05).

Figure 4 shows the contact angles measured with 
the optical tensiometer. Only the 3Y-T APA surface 
was hydrophobic, with a contact angle of 114 degrees. 
Other surfaces were hydrophilic with a contact angle 
lower than 72 degrees. The lowest contact angle was 
on 4Y AS (37 degrees) (P<.05). The APA surfaces, in 
general, exhibited larger contact angles than the AS 
surfaces.

PEM coatings significantly changed the contact 
angle of the surface, with an increasing number of 
adsorbed polyelectrolyte layers (P<.05) (Fig. 5). The 
contact angle systematically alternated from less hy
drophilic to more hydrophilic values as the terminating 
layer was changed from PAA to CS. This kind of zig- 
zag dependence of the contact angle on the number of 
deposited polyelectrolyte layers indicates a successful 
PEM build-up.41

Figure 6 shows the morphological changes on the 
AFM images of 3Y AS and 3Y APA surfaces before and 
after coating the surface with 6 and 7 adsorbed poly
electrolyte layers of PEM. The most significant surface 
changes were observed for 3Y AS coated with the PAA/ 
CS3 multilayer.

Figure 7 shows the extent of bacterial adhesion on 
the AS and APA surfaces with different compositions. 
After 24-hour incubation, there was a general trend 
towards an increase in the absorbance for APA com
pared with AS surfaces. The lowest absorbance was on 
the 4Y AS (0.12 ±0.03), and the highest on the 3Y-T AS 
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(0.38 ±0.04). Increased yttria content was not associated 
with a significant difference (P>.05).

Figure 8 shows micrographs of S. mutans adhered to 
the AS and APA 5Y zirconia surfaces. The chains of S. 
mutans are observed on the AS surface. The APA sur
faces had higher roughness and were nonhomogeneous. 
The adhered bacteria used the surface features as pre
ferential adhesion regions, indicating that the formation 
of the film was morphologically driven.

Bacterial adhesion on PEM-coated specimens was 
evaluated using SEM micrographs. Traditional optical 
staining methods were not suitable because of the si
multaneous staining of PEMs. A quantitative analysis of 
adhered bacteria using the encircling method is shown 
in Figures 9 and 10.

DISCUSSION

In this study, the impact of surface roughness, wett
ability, zeta potential, and PEM coatings on the extent of 
bacterial adhesion was analyzed. The research con
firmed the hypothesis that PEM coatings composed of 
chitosan (CS) and poly(acrylic acid) (PAA) can sig
nificantly inhibit bacterial adhesion to abraded zirconia. 
The surface roughness of zirconia specimens has been 
measured on 2 scales: on the micrometer scale with 
profilometry, which offers an insight into coarser fea
tures (Fig. 1) and at the nanoscale with AFM (Fig. 2). 
Both methods show a similar trend, with APA speci
mens being approximately twice as rough as AS ones. 
The degree of S. mutans biofilm formation observed over 
a time period of 24 hours (Fig. 7) demonstrated a po
sitive correlation between surface roughness and the 
amount of biofilm accumulation, consistent with pre
vious studies.28–31,36 The same has also been reported 
for the following bacteria: Escherichia coli, Staphylococcus 
aureus, and Pseudomonas aeruginosa.27 However, a weak 
correlation has also been reported between bacterial 
adhesion and surface roughness.32,34

Wettability, which depends on material and bacteria, 
also plays a significant role in the initial phase of bac
terial adhesion.48 S. mutans has been reported to be 
more hydrophobic compared with other bacteria.47,49 A 
general rule is that the antibacterial properties of the 
surface improve if the contact angle of the surface de
creases.46 The present study indicates that more hy
drophilic AS surfaces have lower bacterial adhesion 
extent than APA surfaces (with the exception of 3Y-T 
specimens).

Surface charge also has a significant effect on bac
terial adhesion.42 All the tested ceramic materials were 
negatively charged at the physiological pH (pH=7.5). 
The least negative charge was measured on the surfaces 
of 3Y-T AS and 5Y APA (Fig. 3). Those surfaces ex
hibited the highest extent of bacterial adhesion (Fig. 7). 
Therefore, keeping the surface charge low was found to 
reduce biofilm formation, consistent with other 
studies.43–45,58

The beneficial properties of PEMs were most clearly 
observed in AS specimens compared with the control 
(uncoated) specimens. The same was not true for the 
APA specimens, where the number of bacteria was still 
lower compared with the non-APA control specimens, 
but the difference within the APA group was minimal. 
Rougher surfaces have been reported to host more 
bacteria.27 The same surface asperities that shield the 
biofilm in the cracks and crevices most likely limit 
growth on more exposed parts. There seems to be a 
steric interplay between surface roughness and bacterial 
adhesion that limits the high biofilm growth, as is seen 
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in Figure 8. Because of their structure, the encircling 
method on SEM micrographs for APA surfaces cannot 
be fully applied and the Z-contrast imaging from back- 
scattered electron micrographs was less reliable for AS 
surfaces. Limitations of the study included that the im
pact of PEM coatings on osseointegration should be 
assessed with live/dead cell tests before moving to in 

vivo testing, since it is a crucial step in the successful 
adaptation of the implant. Furthermore, the PEMs could 
be considered a suitable delivery matrix for introducing 
nanoparticles that could further inhibit bacterial adhe
sion and growth. Future work should encompass the 
application of PEMs to a whole range of zirconia cera
mics (with various yttria contents) to serve as the basis 
for clinical trials.

A

Substrate (PAA/CS)3-PAA multilayer(PAA/CS)3 multilayer

B C

D E F

Figure 6. AFM images (5×5 µm2) of 3Y AS and 3Y APA surface before (A, D) and after (B, C, E, F) coating substrate surface with PAA/CS multilayers. 
The z-scale is 250 nm on images A-C and 500 nm on images D-F. AFM, atomic force microscopy; APA, airborne-particle abrasion; AS, as-sintered; CS, 
chitosan; PAA, poly(acrylic acid).
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Figure 7. Absorbance of CV for AS and APA surfaces after 24 h 
incubation in culture of S. mutans. APA, airborne-particle abrasion; AS, 
as-sintered; CV, crystal violet.
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Figure 8. Micrographs with adhered S. mutans on 5Y zirconia surfaces 
after 24 h of incubation (original magnification ×5000). (a) AS surface, 
(b) APA surface. APA, airborne-particle abrasion; AS, as-sintered.
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CONCLUSIONS

Based on the findings of this in vitro study, the following 
conclusions were drawn: 

1. Airborne-particle abrasion of Y-TZP bioceramics 
increased its surface roughness, leading to higher 
bacterial adhesion on those surfaces.

2. The introduction of PEMs on the surface of cera
mics changed the dynamics of biofilm propagation.

3. The inhibition of biofilm growth resulting from 
lower initial adhesion outweighed the roughening 
effects from airborne-particle abrasion.

4. A more negative zeta potential led to a lower de
gree of adhesion of S. mutans.

5. PEMs, composed of biocompatible chitosan and 
poly(acrylic acid), are a suitable option for appli
cation in the dental sector, especially on airborne- 
particle abraded surfaces where they offer a 50% 
reduction in bacteria adhesion compared with un
coated specimens.
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