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Abstract

Introduction Orthodontic clear aligners and retainers have numerous advantages that is making them ever
increasingly popular. However, they might, similar to any other oral appliance, contribute to biofilm formation and
finally dental caries or white spot lesions or gingival inflammations. The literature on biofilm formation on orthodontic
clear appliances is very scarce and limited to a few microorganisms and materials. Therefore, this experimental study
evaluated the biofilm formation on 5 thermoformed and 3D printed CAD/CAM orthodontic retainers in 3 intervals.

Methods In this in vitro study, 345 specimens (270 test discs and 45 negative controls) were created from
fabricated retainers. Retainers included a 3D printed CAD/CAM material (Detax) and four thermoformed retainers
[Erkodent (polyethylene terephthalate glycol [PETG]); EasyVac (polyethylene); DB (polyester based on terephthalic
acid); and Clear Tech]. They were all 1 mm thick, and all completely fabricated, i.e, heated or printed. The discs

were placed in 96-well plates. Microorganisms were cultured on 270 discs for 24 h (90 discs), 72 h (90 other discs),
and 5 days or 120 h (90 other discs). Biofilm formation of the strains and negative controls was measured using

the microtiter plate assay by ELISA reading. The microbes'ability to produce biofilm was categorized based on the
comparison of average optical density (OD) of tests versus a cut-off point OD (ODc) calculated as the average of the
OD of corresponding negative controls plus 3x its standard deviation: non-biofilm former [OD < ODc], weak biofilm
former [ODc < OD < (2 x ODq)], moderate biofilm former [(2 x ODc) < OD < (4 x ODc)], and strong biofilm former [(4
X ODc) < OD]. These were also converted to ranked scores between zero (no biofilm) and 3. The difference between

*Correspondence:
Reza Pourlotfi
Rezapoursd@gmail.com

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12903-024-04893-4&domain=pdf&date_stamp=2024-9-17

Moradinezhad et al. BMC Oral Health (2024) 24:1107

Page 2 of 13

ODs with control ODs were calculated. These were analyzed using 3-way ANOVA, 2-way ANOVA, and Tukey tests

(@=0.05, a=0.008).

Results The 3-way ANOVA showed that the overall difference among the AODs of 5 retainers (all microorganisms
and all intervals combined, n=270) was not significant (F=
3intervals (F=31.607, P=0.0000) and the difference among the 6 microorganisms (F =24.044, P=0.0000) were
significant. According to the Tukey test, the differences between the 1st interval with either of the other two intervals
was significant (both P values=0.000). There were significant differences between Candida albicans with all other
organisms (all 5 P values = 0.0000). All other pairwise comparisons were insignificant (all 10 P values >0.1). After
taking the averages of the 3 intervals, the order of the biofilm generation for different materials were as follows: Detax
(average score: 1.56), Easyvac (1.67), Erkodent (1.78), Clear Tech (1.83), BD (2.28).

Conclusions As far as these 6 microorganisms are of concern, there might not be a significant overall difference
among the clear retainer materials tested in this study. A significant overall increase was observed between the first
and third days, which later did not significantly increase more until day 5. The Candida albicans biofilm was more
intense than the tested 5 bacteria, which themselves showed rather similar growth patterns to each other.

Keywords Clear aligners, Clear retainers, Orthodontic appliances, Biofilm, Caries formation, 3D Printing, CAD/CAM,
Thermoform, Streptococcus sanguinis, Staphylococcus epidermidis, Staphylococcus Aureus, Lactobacillus casei,

Candida Albicans

1.860, P=0.119). Nevertheless, the difference among

Introduction

Clear orthodontic appliances (aligners or retainers) can
be more convenient and aesthetically pleasing than con-
ventional appliances or retainers, and thus are becom-
ing more and more popular and in demand by adults and
even children [1-8]. Among the alluring benefits of using
these appliances for treatment are maintaining dental
hygiene, smaller rates of white spots compared to fixed
retainers, reasonable price, improved patient aesthetics
and comfort, as well as their removable nature, which
allows for their removal in specific social situations and
an improved hygiene control [1, 2, 4—6, 8—11].

However, they can also have disadvantages such as bio-
film accumulation, release of possibly cytotoxic or estro-
genic chemicals, needing patient cooperation, appliance
loss, or discoloration [7, 10]. Numerous infections of the
mouth may stick to retentive appliances and create bio-
films, which are made of cells that are more resistant to
antimicrobial drugs. Once the biofilms have developed
on the retainer, they are hard to remove or clean [12, 13],
leading to white spot lesions, tooth decay, and periodon-
tal diseases [2, 7, 10, 11, 14].

One of their major disadvantages is their capacity to
unbalance the oral microflora, potentially leading to den-
tal caries, white spot lesions, or gingivitis: The mouth is
a home to a broad range of microorganisms that coex-
ist in an equilibrium state [2, 14]. Oral diseases includ-
ing caries and periodontitis are linked to changes to this
microflora and development of the biofilm [11, 15]. Oral
biofilm, another name for dental plaque, is defined as
an intricate network of microorganisms encased by an
extracellular substrate secreted from microorganisms
that mostly adhere to dental surfaces or gingival epi-
thelial cells [11, 15], through adhering to the pellicle, an

acellular protein-based coating that covers the enamel
surface [10, 11, 15-17]. An orthodontic appliance alters
and increases the microflora because it offers additional
areas for bacteria to congregate and make comprehensive
cleaning difficult [2, 10, 11, 14, 17].

The adhesion and generation of biofilms is a function of
surface characteristics, surface area, and chemical com-
position of dental materials [10, 18]. Besides, the salivary
wash and buffering capacity on dental and periodontal
tissues is reduced by the clear orthodontic appliances
themselves. Furthermore, such appliances serve as fresh
habitats for bacteria to attach to and create the biofilm
[10, 19]. Since clear appliances stay in contact with oral
tissues and teeth for a long period, if organisms like S.
mutans or C. albicans colonize them, there is a strong
probability that the oral microflora will become dis-
turbed, leading to caries formation, gingival inflamma-
tion, and even the development of candidiasis [2, 7, 10,
11, 14].

Because microbial biofilm can be an indicator for oral
disease, it would be of major clinical interest to know the
extent of biofilm formation on clear aligners or retain-
ers [11]. Certain important features of clear appliances
still need more research. This includes their effects on
the microflora of the oral cavity as the available litera-
ture about biofilm formation on clear appliance materi-
als is scarce [11]. To the best of our knowledge, only 3
studies exist on retainers [10, 11, 17] and one on align-
ers [8], of course noting that the materials used for align-
ers and retainers might be the same, only with different
thicknesses.

Furthermore, the microbial cell types tested in these
studies were limited or unknown. For example, one of
the studies only assessed Streptococcus mutans [8], while
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two others assessed a mixture of unknown microbes
from stimulated saliva [10, 11]. There is also a study that
evaluated biofilm formation on 3 retainers clinically and
reported their results only as numbers for biofilm cover-
age and thickness, again without identifying the microbes
[17].

When it comes to 3D printed CAD/CAM clear aligners
or retainers, the microbial adhesion and growth on them
are not assessed before except in a late 2023 article [8].
3D printed clear appliances might be the future of this
field, as they have numerous advantages such as reduc-
tions in production errors, costs, production time, and
plastic waste as well as more control over thickness and
design [6, 20—23]. Therefore, they are worth investigation.

The growing need for the use of clear aligners/retain-
ers warrants a thorough evaluation of this well-liked and
novel therapeutic method [7]. Moreover, results pertain-
ing to dental materials from a particular formula or even
brand are not generalizable to others. This calls for stud-
ies on brands and materials not assessed before. Hence,
and also in light of the above-mentioned importance of
the increase of oral microflora by clear aligners/retainers
as well as the scarce literature in this regard (especially
about 3D printed CAD/CAM ones in particular), this
study was conducted on retainers not assessed before.

As mentioned above, the novelty of this study is the use
of 5 materials not tested before as well as the inclusion
of 6 distinct microorganisms in a controlled fashion. The
goal was to comparatively evaluate the biofilm formation
by 6 important oral microorganisms on 5 clear retainers
at 3 intervals. The null hypotheses were the lack of any
difference among the retainers in terms of any of the 6
microorganisms and also over time.

Materials and methods

This multifactorial experimental study was performed
on 345 specimens. The protocol and its ethics were
approved by the Research Committee of the Ahvaz
Jundishapur University of Medical Sciences, Ahvaz, Iran
(No: IR.AJUMS.REC.1400.496), in accordance with the
Declaration of Helsinki. There was no human or animal
subject involved, except the person who allowed us to
use the digital file obtained from his intraoral scan for
the research. This intraoral scan was taken as a routine
therapeutic step and not for research. This patient was
briefed about the study and signed an informed consent
form. Apart from that, any consent to participate was not
applicable. All methods were performed in accordance
with the relevant guidelines and regulations (including
the Declaration of Helsinki).

Sample size
The sample size of this study was 345 specimens: 270
specimens distributed across 3 sets of groups: 3 exposure
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durations x 5 retainer brands X 6 microorganisms X
3 specimens within each subgroup=3x5x6x3=270
specimens. The number of 3 specimens per subgroup
was selected as a common sample size in microbiologi-
cal research and in all the previous 3 studies on biofilm
formation on clear orthodontic appliances [8, 11]. Thus,
there were 3 sets of 90 discs of clear retainers in each
of the 3 intervals, each made of 5 different brands each
under the influence of 6 microorganisms.

There were also 45 negative controls: three negative
controls per brand per time interval, totaling to 9 nega-
tive controls per each of the 5 material types, and 15 neg-
ative controls per time interval.

Preparing the retainers and retainer discs

In this study, an intraoral scan of a patient with class 1
malocclusion was performed and the prepared STL (Ste-
reo Lithography) file was used to make a hollow resin
cast using a 3D printer. Five different commercial brands
of clear retainers were used in this study: Erkodent, Ger-
many (polyethylene terephthalate glycol [PETG]); Detax
Freeprint 3D, Germany (undisclosed formulation [only
stated as MMA-free polymer]); EasyVac, Korea (poly-
ethylene); DB, England (polyester based on terephthalic
acid); Clear Tech, America (undisclosed formulation [no
response to authors’ email]). Of these, Detax was CAD/
CAM, while the rest were thermoformed. The thickness
of all of these materials was 1 mm.

Thermoformed retainers

The method of making thermoformed retainers: after
cleaning the surface of the designed cast, the cast is
placed in the Erkoform 3D (Germany) thermoform
machine. Then, a retainer sheet was placed in the
ERKOFORM 3D device. The device heats the retainer
sheets to the temperature set by the retainer manufac-
turer. Once the retainer is heated, it is placed and fitted
on the cast. Discs with a diameter of 3 mm and a thick-
ness of 1 mm were taken out from the thermoformed
retainers using a leather punch.

CAD/CAM 3D printed retainer
Detax Freeprint 3D was made using Asiga Max 3D
printer (Australia). Due to the fragile structure of this
retainer, it was not possible to use a leather punch, so
discs with a diameter of 3 mm and a thickness of 1 mm
were extracted from the retainer made with a 3D printer;
this was done using a trephine bur attached to the hand-
piece of the implant motor.

The discs were placed in 96-well plates. A coding sys-
tem was used for blind evaluation.
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Microbiology methods

Studied strains

A total of 6 microorganisms (5 bacterial strains and 1
fungal strain) were prepared in accordance with Ameri-
can Type Culture Collection (ATCC) to assess the extent
of biofilm formation subsequent to their interaction with
orthodontic clear retainers in an in vitro setting. These
strains consisted of Streptococcus mutans (ATCC35668),
Streptococcus sanguinis (ATCC10556), Staphylococ-
cus epidermidis (ATCC14990), Staphylococcus aureus
(ATCC29213), and Lactobacillus casei (ATCC39392).
Additionally, an opportunistic pathogenic yeast strain
known as Candida albicans (ATCC10231) was also
included. All the standard strains studied were already
available in stock in the Department of Microbiology,
Faculty of Medicine, Ahvaz Jundishapur University of
Medical Sciences, Ahvaz, Iran.

Culture

All specimens were prepared in the form of lyophilized
vials taken from the Scientific and Industrial Research
Center of Iran. They needed to be revived first. For this
purpose, the lyophilized materials were inoculated into
the sterile liquid environment of TSB (Trypticase Soy
Broth, Merck, Germany) and incubated at 37 °C for 48 h.
To obtain isolated colonies, all suspensions were cultured
on the Mueller Hinton Agar (Merck, Germany) for 48 h.
For C. albicans and L. casei, Sabouraud Dextrose Agar
(SDA) and Man—Rogosa—Sharpe (MRS) medium (Merck,
Germany) were used, respectively. S. mutans, S. sangui-
nis, and L. casei were kept in microaerophilic conditions
using a candle jar.

Assessment of biofilm formation by the microtiter plate assay
Biofilm formation of the strains was investigated using
the microtiter plate assay. Accordingly, retainer’s discs
were prepared from 5 different brands of orthodontic
retainers. In microbiology, the McFarland standard is
used as a reference to match the turbidity caused by the
bacterial suspension, so that the number of bacteria will
be within a certain limit. All retainers’ discs of each brand
were sterilized with 70% ethanol and placed separately in
sterile 96-well microplates (Greiner bio-one, Frickenhau-
sen, Germany). Afterward, 100 pl of TSB medium and
100 pl of bacterial and yeast strains suspensions equiva-
lent to 0.5 McFarland’s standard were added to all wells
except for the negative control well. The control nega-
tive well contains 200 pl of TSB culture medium without
bacteria. Subsequently, to assess and compare the biofilm
formation, the 96-well microplates were incubated at
37 °C in the aerobic and CO, incubator conditions to cal-
culated different time points including 24, 72, and 120 h
[24]. After the incubation time, the suspensions of micro-
plates were gently removed with a sampler and all wells

Page 4 of 13

were washed thrice with 200 pl of phosphate-buffered
saline (PBS) to remove the non-adherent microorgan-
isms. The microtiter plates were dried at room tempera-
ture. The bacterial biofilms were fixed by adding 150 pl
of absolute methanol to each well for 15 min and dried
out at 37 °C for 20 min. To quantify the biofilm forma-
tion of studied strains, the crystal violet stain was used.
The microbial biofilms were stained with 200 ul of 0.1%
crystal violet (CV) that added to each well for 20 min
at ambient temperature. The extra dye was removed by
washing the microtiter plate’s wells twice. After air dry-
ing, CV was solubilized by adding 200 pL of 33% glacial
acetic acid (v/v) (Merck, Germany) was added to each
well. After the solution was homogenized by pipetting,
the absorbance was read at 570 nm by the ELISA reader
machine [25]. The staining stage for the CV assay was
performed in a separate plate.

There were also 45 negative controls: three negative
controls per brand per time interval.

The experiments were conducted three times to ensure
accuracy and consistency. In this way, the optical den-
sity (OD) of each specimen was reported as the average
OD of three experiments and compared with ODc (OD
cut-off): The microbes’ ability to produce biofilm was
categorized based on the comparison of average optical
density (OD) of tests versus a cut-off point OD (ODc) as
the average of the OD of corresponding negative controls
plus 3x its standard deviation, as follows: non-biofilm
former [OD <ODc], weak biofilm former [ODc<OD < (2
x ODc)], moderate biofilm former [(2 X ODc)<OD < (4 X
ODc)], and strong biofilm former [(4 x ODc)<OD].

Statistical analysis

Descriptive statistics and 95% Cls were computed for
the groups and subgroups for OD minus ODc (delta OD,
AOD). The differences between retainer brands, micro-
organisms, and intervals (and their interactions) in terms
of their ‘OD — ODc’ or AOD values were assessed using
a 3-way analysis of variance (ANOVA) and a Tukey post
hoc test. As subgroup analyses, the difference between
AQOD values of various orthodontic retainers and also the
difference between different time points were analyzed
using a 2-way ANOVA and Tukey post hoc test. Profiles
for capacity of retainer materials in accumulating micro-
bial biofilm was calculated for each material culturing
each of the 6 microorganisms, at each of the 3 intervals.
The ranks 0, 1, 2, and 3 were respectively assigned to the
extents of biofilm formation ‘no biofilm former, weak bio-
film former, moderate biofilm former, and strong biofilm
former’ These ranks were used to comparatively deter-
mine the overall advantages and disadvantages of each of
the retainers being used to culture each of the 6 microor-
ganisms at each of the intervals. The SPSS software ver-
sion 26.0 (IBM Corp., Armonk, NY, USA) was used to
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perform all statistical tests. The level of significance was
set at 0.05 for the 3-way ANOVA and its Tukey post hoc
test. For the follow-up 2-way ANOVAs and their Tukey
tests, the level of significance was adjusted to 0.008, using
the Bonferroni method.

Results

Table 1 shows the descriptive statistics and 95% Cls for
the OD values of all organisms (adjusted for ODs of nega-
tive controls) within each brand and at each interval.

Retainer brands, time, and microorganisms

The 3-way ANOVA showed that the overall difference
among the AODs of 5 retainers (all microorganisms
and all intervals combined, #=270) was not significant
(F=1.860, P=0.119, Fig. 1). Nevertheless, the difference
among 3 intervals (F=31.607, P=0.0000, Fig. 1) and
the difference among the 6 microorganisms (F=24.044,
P=0.0000, Fig. 1) were significant. All interactions were
significant: retainer and time (F=2.887, P=0.004), micro-
organism and time (F = 8.968, P=0.0000), retainer and
microorganism (F=2.384, P=0.001). According to the
Tukey test, the differences between the 1st interval with
either of the other two intervals was significant (both P
values=0.000), but the difference between the 2nd and
3rd intervals was insignificant (P=0.754, Fig. 1). There
were significant differences between Candida albicans
with all other organisms (all 5 P values=0.0000). All
other pairwise comparisons were insignificant (all 10 P
values>0.1).

Candida albicans

The results of the 2-way ANOVA (a=0.008) showed that
both the variables ‘retainer brands and time intervals’
had a significant effect on the counts of Candida albi-
cans adjusted for the negative control (Table 2, Fig. 2).
The interaction of retainer types and time was significant
as well (Table 2, Fig. 2). The Tukey post hoc compari-
sons conducted detected a significant pairwise compari-
son between the retainer brands Erkodent versus Detax
(Table 3). According to the Tukey test, the changes over
time points differed significantly or marginally signifi-
cantly (Table 4).

Lactobacillus casei

There was no overall significant difference among the
retainer types in terms of Lactobacillus casei counts
adjusted for the negative control (Table 2; Fig. 3). The
difference between time intervals was marginally signifi-
cant («=0.008). The interaction between time and retain-
ers was not significant (Table 2; Fig. 3). The Tukey test
showed that the post hoc comparison between the 3rd
and 5th days was marginally significant (Table 4).
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Staphylococcus Aureus

The overall difference among the Staphylococcus aureus
AOD of retainers was only borderline significant (Table 2;
Fig. 4). The difference among time intervals was non-sig-
nificant (Table 2; Fig. 4). The interaction between time
and retainers was significant (Table 2; Fig. 4). The Tukey
test was not performed.

Streptococcus sanguinis

In terms of Streptococcus sanguinis counts adjusted for
the negative control, there was no significant difference
among retainers, but the time intervals were significantly
different from each other (Table 2; Fig. 5). The interaction
of time and retainer was not significant (Table 2; Fig. 5).
The Tukey test showed significant post hoc comparisons
between the time interval 5th day versus time intervals
1st day and 3rd day; however, there was no significant
difference between the 1st and 3rd days (Table 4).

Streptococcus mutans

Retainers marginally significantly and time significantly
affected the AOD of Streptococcus mutans (Table 2;
Fig. 6). Their interaction was not significant (Table 2;
Fig. 6). The Tukey test showed that the post hoc differ-
ence between BD and Detax was marginally significant
(Table 3). In terms of time points, the differences between
the first day versus either the third day or the fifth day
were significant; however, the levels of this microorgan-
ism were similar at the 3rd and 5th days (Table 4).

Staphylococcus epidermis

The difference among the retainers was not significant
(Table 2; Fig. 7). However, the difference across the inter-
vals was significant (Table 2; Fig. 7). The interaction of
these variables was insignificant (Table 2; Fig. 7). Accord-
ing to the Tukey post hoc test, the difference between the
1st and 5th days was insignificant (Table 4). However, the
difference between the 3rd day with either the 1st day or
the 5th day was significant (Table 4).

Biofilm growth profiles

After converting the extents of biofilm formation
(Table 5) into ranks and averaging the ranks for all evalu-
ated microorganisms for each retainer, the following
observations were made:

In the first day, Easyvac with an average score of 0.67
(as the average of the ranks for all 6 microbial types) was
the least biofilm forming bran, followed by Detax (aver-
age score: 1.33), Clear Tech (average score: 1.5), BD (aver-
age score: 1.83), and Erkodent (average score: 2) as the
one with the highest rank score.

In the third day, Erkodent (average score: 2.17) devel-
oped the least extent of biofilm. The brands BD (average
score: 2.33) and Detax (average score: 2.33) were similar.
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Table 1 Descriptive statistics and 95% Cls for the AOD (i.e,, OD of each microorganism minus the OD of respective negative control)
for the 6 microorganisms on various retainer brands, as well as the AOD of the 6 microorganisms at different time points

Microorganism Brand / Interval N Mean sD 95% Cl Min Max
Candida albicans BD 9 2491 1.790 1.115 3.866 0.360 4.368
Erkodent 9 1.569 1330 0.547 2.591 0.397 4.286
Easyvac 9 2.600 1.775 1.236 3.964 0.573 4722
ClearTech 9 2.507 1.376 1450 3.565 1.133 4.726
Detax 9 3477 0.858 2.818 4137 2.084 4419
Lactobacillus casei BD 9 1.005 0.625 0.524 1.485 0.283 2123
Erkodent 9 0.900 0.620 0.424 1.377 -0.069 1.621
Easyvac 9 0.797 0.731 0.235 1.359 0.028 2444
ClearTech 9 0.761 0437 0426 1.097 0336 1.678
Detax 9 0.759 0.539 0.344 1173 -0.099 1.655
Staphylococcus aureus BD 9 1.135 0.565 0.701 1.569 0.335 2.003
Erkodent 9 1379 0.827 0.744 2014 0.384 2424
Easyvac 9 1.124 0.809 0.502 1.746 0.122 2.662
ClearTech 9 1.178 0.501 0.793 1.563 0673 1.989
Detax 9 0.645 0419 0323 0.967 0.140 1.447
Streptococcus sanguis BD 9 1.304 1237 0.353 2.255 0.144 3495
Erkodent 9 1.182 1.242 0.227 2137 0.036 3.207
Easyvac 9 1330 1173 0.428 2231 0462 3.844
Clear Tech 9 0928 0474 0.564 1.293 0.240 1.818
Detax 9 0917 0.683 0.392 1.442 0275 2.602
Streptococcus mutans BD 9 1.873 1.194 0.954 2791 0.228 4119
Erkodent 9 1.720 1.565 0516 2923 0.063 4.140
Easyvac 9 0.809 0477 0.442 1.175 0.149 1.640
Clear Tech 9 1127 1.083 0.294 1.959 0.223 3.626
Detax 9 0.713 0.581 0.266 1.160 0.069 1.627
Staphylococcus epidermis BD 9 1.933 1.634 0.677 3.188 0.305 4.003
Erkodent 9 1.041 1216 0.106 1.975 -0.098 3612
Easyvac 9 1.022 1.006 0.249 1.795 -0.191 2.944
Clear Tech 9 1.038 0.745 0.465 1.611 0.074 2.083
Detax 9 1434 1.320 0419 2449 0323 4.139
Candida albicans 1 day (24 h) 15 1.483 1354 0.734 2233 0.360 4.105
3days (72 h) 15 2.590 1332 1.852 3.327 0.886 4419
5days (120 h) 15 3513 1.225 2.835 4.191 1.073 4.726
Lactobacillus casei 1 day (24 h) 15 0.818 0428 0.581 1.055 0.028 1.621
3days (72 h) 15 1157 0.528 0.864 1449 0.587 2444
5 days (120 h) 15 0.559 0.631 0.209 0.909 -0.099 2123
Staphylococcus aureus 1 day (24 h) 15 0.953 0.793 0.514 1.392 0122 2424
3 days (72 h) 15 1.098 0.505 0.819 1.378 0.384 2.003
5days (120 h) 15 1.225 0.674 0.852 1.599 0.140 2.662
Streptococcus sanguis 1 day (24 h) 15 0.699 0.798 0.257 1.141 0.036 3.207
3 days (72 h) 15 0611 0.292 0449 0.773 0.196 1.044
5days (120 h) 15 2.087 0.921 1576 2.597 0.683 3.844
Streptococcus mutans 1 day (24 h) 15 0.462 0.459 0.208 0.717 0.063 1.640
3 days (72 h) 15 1.649 1.345 0.903 2.394 0.229 4.140
5days (120 h) 15 1.634 0.952 1.106 2.161 0.168 3.626
Staphylococcus epidermis 1 day (24 h) 15 0.393 0310 0.221 0.565 -0.191 1.030
3 days (72 h) 15 2439 1114 1.822 3.056 0.983 4.139
5 days (120 h) 15 1.048 0.995 0497 1.599 -0.098 4.003

SD, standard deviation; Cl, confidence interval; Min, minimum; Max, maximum
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Fig. 1 Estimated marginal means calculated using the 3-way ANOVA for various groups and subgroups

They were followed by Clear Tech (average score: 2.5)
and Easyvac (average score: 2.67).

In the fifth day, the CAD/CAM retainer Detax (average
score: 1.0) showed the best and least extent of biofilm for-
mation. It was followed by Erkodent (average score: 1.17),
Clear Tech (average score: 1.5), Easyvac (average score:
1.67), and BD (average score: 2.67).

After taking the averages of the 3 intervals, the order of
the biofilm generation for different materials were as fol-
lows: Detax (average score: 1.56), Easyvac (average score:
1.67), Erkodent (average score: 1.78), Clear Tech (average
score: 1.83), BD (average score: 2.28).

Discussion

This study found no significant difference among the
delta ODs of various retainer materials. A significant
overall increase was observed between the first and third
days, which later did not significantly increase more. The
Candida albicans biofilm was more intense than the bac-
teria, which themselves showed rather similar growth
patterns. Candida albicans is the most pathogenic mem-
ber of the Candida spp genus; it is efficient at assimilating
sugar and has a natural capacity to move upon healthcare
plastics and acrylic resin areas, resulting in candidiasis
[14, 26-28]. Candida species are thought to be a com-
ponent of natural oral microflora that typically do not
cause illnesses. Nevertheless, they are an opportunis-
tic fungus that may begin a disease if the equilibrium of

the environment is agitated [14, 26—28]. More important
than C. albicans may be S. mutans; Streptococcus spp,
particularly S. mutans, a gram-positive, carbohydrate-
fermenting bacterium that has a system like that of Can-
dida albicans, are the primary cause of cariogenic biofilm
formation. This organism is acidogenic and generates
polysaccharides outside the cell, which leads to the pro-
duction of a lot of lactic acid and the eventual dissolution
of dental surfaces. It may stick to tooth structures and
survive in an acidic condition [14, 29-32]. Notably, Can-
dida albicans and Streptococus mutans may coaggregate
on tooth surfaces through a cooperative process, with
Candida albicans acting as an adjunct in caries formation
[14, 33, 34].

Chemical composition and free surface energy may
matter [10, 11]. The materials used in clear orthodon-
tic retainers include polymers like polypropylene, ther-
moplastic polyurethane, polycarbonate, polyethylene
terephthalate, polyethylene terephthalate glycol, eth-
ylene-vinyl acetate, or polyvinyl chloride [6, 7, 10, 11].
Besides, 3D printing in orthodontics is usually done using
materials like epoxy resins (stereolithography materials),
polylactic acid, glass-filled polyamide, nylon (polyam-
ide), acrylonitrile-butadiene-styrene plastic, steel, silver,
photopolymers, polycarbonate, wax, and titanium [6]. In
the present study, no significant difference was observed
among the retainers in terms of biofilm formation. This
was in agreement with the results of Tektas et al. [11]



Moradinezhad et al. BMC Oral Health

< o
< S
[olie}
S S
o Q9
aloc o
w
S
o]
[v]
(]
g.ﬂ
= E m
£ o o X
QD I A
S a N o
0V ol —
g
~N O
] <+ S
= = S
3 o o
_ | E a2 g
= S o
o5
4
+— |9
c| 9
S| 8
ol S 2
> © M
=g [SaS
O QO o
ol wn Ww o —
]
c
¢
=8
V| 3 M O
[ 98
Qlc o S
3|8 S 2
=1 o alc o
S| 3
Ol g
Qe
O| v
{DO o~
= Q)
|l a 0 O
~ | S A
AR~ Q0 —
'EV\ w o —
IS
DV‘I
Q|3 ~ o
wn| ¥ ~N O
2= < S
=| 3 o o
“ S 3
Elwn alc o
vl 3
c|y
AR
g3
oz 3
O 0
Ll a N
c| 8 SIS
| L m N
O
©
(&)
o
S 88
D'G O S
S8 <8
S la|s 3
V| wn
c| 3
=
=
(o]
Ll s
—~| iy
0| - %
Sl ® —
IS w|— —
I
©]
=
<
= o o
O S O
= S S
) S S
<|e S 3
%3 alc o
2|2
7
Olw
- Q
vl 8 © ™
<& @ R
— |V w i~ o
]
(%]
=
>
wvy
v K}
v 8
= =
= =
o T
NI g L 5
V| £ o W
- o 9
-‘%E =i ]
© [C=
=la o £

0.12914
0.00000
0.56906

1.942
22401
0.848
0.508

0.01508
0.00041
0.08584

3.669
10.241
1.968
0456
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5.1
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20.116

1.055
3.877

0.01707

0.28174

4.676

0.00000

Time Interval

1.285
0472

0.00306

1.298
0.140

0.00043

49

Retainer x Interval

Adjusted R

0.398

0.668

The level of significance is set at 0.008
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Fig. 2 Estimated marginal means calculated using the 2-way ANOVA for
the OD of Candida albicans minus the OD of respective negative control
in different groups and subgroups

who did not find a significant difference either. Chemi-
cal compositions along with surface roughness, surface
area, surface wettability, and other surface properties are
key to biofilm formation capacity [10, 18, 35, 36]. They
attributed their results to the use of merely PETG-based
samples in their investigation [11]. Nevertheless, in our
study which tested different materials and even different
methods of fabrication, the difference between retainers
was insignificant. Investigations on aligners have shown
that human saliva somewhat wetted every PETG aligner
examined, with their CA-medium exhibiting the least
amount of wetting [37]. The majority of producers use
polyethylene terephthalate glycol (PETG), a transparent,
amorphous copolymer that does not crystallize under
tension, to make aligners [11]. Even while different PETF
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Table 3 The results of the Tukey test for post hoc comparisons
of the AOD (‘'OD - ODc) of different retainer brands, following
significant or marginally significant ANOVAs (a=0.008)

Retainer| Retainer) Candidaalbicans Streptococcus
mutans
Diff (1)) P Diff (I-J) P
Erkodent BD -0.922 0.199 -0.153 0.995
Easyvac BD 0.110 0.999 -1.064 0.071
Erkodent 1.031 0.120 -0911 0.159
ClearTech  BD 0.017 1.000 -0.746 0.329
Erkodent 0.938 0.185 -0.593 0.554
Easyvac -0.093 0.999 0318 0.923
Detax BD 0.987 0.148 -1.159 0.041
Erkodent 1.908 0.001 -1.007 0.097
Easyvac 0.877 0.240  -0.096 0.999
Clear Tech 0.970 0.160 -0414 0.822

Diff, Mean difference calculated as | minus J
The level of significance is set at 0.008

aligner material variants showed comparable surface
morphology, surface roughness was observed to signifi-
cantly impede wetting processes [11, 37]. The total work
of adhesion, which measures the film generated on these
materials’ potential for retention, varied between the
investigated materials; a greater work value corresponds
to a higher retention rate. Consequently, it is possible to
hypothesize that variations in work of adhesion have a
clinical bearing on the development of pellicle [11, 37].
Recent work from our lab has documented changes in
mechanical characteristics and surface roughness asso-
ciated with intraoral aligner services for a wide range of
materials, including PETG and polyurethane-based poly-
mers [11, 38]. The enforced modifications are restricted
to the effects of water on the polymeric substance since
aligners are only exposed to the intraoral environment
for a brief period of time. The primary process of polymer
breakdown in aqueous conditions has been characterized
in the biomedical literature as hydrolytic breakdown and
water attack on polyurethanes [11, 39].

The adhesion of microorganisms to abiotic surfaces is
the initial stage of biofilm formation, especially follow-
ing the use of orthodontic instruments or implants [10,
40]. Surface roughness, surface free energy, surface ten-
sion, and chemical composition of the surface can all
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Fig. 3 Estimated marginal means calculated using the 2-way ANOVA for
the OD of Lactobacillus casei minus the OD of respective negative control
in different groups and subgroups

have an impact on this stage of biofilm development,
which in turn affects wettability and the adherence of
saliva proteins [10, 41, 42]. Electrostatic and hydropho-
bic interactions can lead to early bacterial attachment to

Table 4 The results of the Tukey test for post hoc comparisons of the AOD of different time intervals, following significant ANOVAs

(a=0.008)
Intervall Interval) Candidaalbicans Lactobacillus casei Streptococcus Streptococcus Staphylococcus
Sanguis Mutans Epidermis
Diff(I-J) P Diff(I-J) P Diff (I-J) P Diff (I-J) P Diff (I-J) P
72h 24h 1.106 0.005 0339 0.212 -0.088 0.940 1.186 0.001 2046 0.000
120 h 24h 2.030 0.000 -0.259 0.395 1.388 0.000 1171 0.001 0.655 0.107
72h 0.923 0.020 -0.598 0.013 1475 0.000 -0.015 0.999 -1.391 0.000

Diff, Mean difference calculated as | minus J

The level of significance is set at 0.008
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Fig. 4 Estimated marginal means calculated using the 2-way ANOVA for
the OD of Staphylococcus aureus minus the OD of respective negative
control in different groups and subgroups

material surfaces [10, 41, 42]. The process of colonization
by microbes in the mouth involves the transportation of
microorganisms to the desired surface, the initial micro-
bial adhesion, and subsequent microbial attachment that
is dependent on certain interactions [11, 35, 43]. Micro-
bial cells adhere to hard tissue, soft tissue, and material
surfaces through numerous factors such as Van der Waals
forces, electrostatic interactions [18] which may result
in biofilm formation [11, 35, 36, 44]. Microorganisms
can use several surfaces, each with its unique surface
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Fig. 5 Estimated marginal means calculated using the 2-way ANOVA for
the OD of Streptococcus sanguinis minus the OD of respective negative
control in different groups and subgroups.

properties, for colonization in the oral cavity, including
clear or fixed or removable orthodontic appliances, teeth,
restorative materials, prosthodontic appliances, or dental
implants [11, 35, 36, 43, 45].

Unlike some studies [10], in the present study, the flat
plates were not assessed to better simulate the real con-
ditions; instead, the tested samples were subjected to the
usual process of aligner/retainer manufacturing. It was
because the areas of plaque, such as cusps and embra-
sures, provide a better clinical simulation. In addition, it



Moradinezhad et al. BMC Oral Health (2024) 24:1107

2500
2,000
@
g 1500
»
3
g
8
g 1.000
500
000
BD ERKODENT EASYVAC CLEAR TECH DETAX
Retainer
2500
2,000
=
s
3
3
8
£ o
500
000
1 day (24 h) 3 days (72 h) 5 days (120 h)
Interval
4000 Interval
1 day @4 h)
3 days (72 h)
W5 days (120 h)
3.000
§
=
3
8 2000
8
%
1.000

BD ERKODENT EASYVAC

CLEAR DETAX
TECH

Retainer

Fig. 6 Estimated marginal means calculated using the 2-way ANOVA for
the OD of Streptococcus mutans minus the OD of respective negative
control in different groups and subgroups

has been shown that the surface roughness of clear appli-
ances after being placed in the thermoform machine is
much higher than when they were initially delivered from
the factory and no process is performed on them [37].
Although an in vitro test condition allows the research-
ers to control every other factor except the variable of
interest, at the same time, they disallow them to simu-
late realistically the oral cavity environment with lots of
changes in temperature or pH and with the existence of
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Fig. 7 Estimated marginal means calculated using the 2-way ANOVA for
the OD of Staphylococcus epidermis minus the OD of respective negative
control in different groups and subgroups

masticatory forces and wear as well as a long follow-up
duration. A 72-hour experiment cannot reproduce clini-
cal use of retainers that may last for weeks or months
[11]. Although we extended this period to 120 h, this is
still much shorted than clinical conditions. Therefore,
clinical studies are needed to verify our results. The
generalizability of this study is limited to the materials,
brands, and microbes used.
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Table 5 Profiles for the biofilm accumulation potential of each retainer at different time intervals, as calculated by the formulas

mentioned in the methods section

Time Retainer Candida albicans Lactobacillus Staphylococcus  Streptococcus Streptococcus Staphylococ-
casei aureus sanguis mutans cus epidermis
24h(1day) BD Weak BF Moderate BF Moderate BF Moderate BF Moderate BF Moderate BF
Erkodent Weak BF Strong BF Strong BF Moderate BF Weak BF Moderate BF
Easyvac Weak BF Weak BF No BF Weak BF Weak BF No BF
Clear Tech Strong BF Moderate BF Moderate BF Weak BF Weak BF No BF
Detax Strong BF Weak BF Weak BF Weak BF Weak BF Weak BF
72h@3 BD Strong BF Moderate BF Moderate BF Weak BF Strong BF Strong BF
days) Erkodent Moderate BF Moderate BF Moderate BF Weak BF Strong BF Strong BF
Easyvac Strong BF Strong BF Strong BF Moderate BF Moderate BF Strong BF
Clear Tech Strong BF Moderate BF Strong BF Moderate BF Moderate BF Strong BF
Detax Strong BF Moderate BF Moderate BF Moderate BF Moderate BF Strong BF
120h (5 BD Strong BF Moderate BF Moderate BF Strong BF Strong BF Strong BF
days) Erkodent Moderate BF No BF Weak BF Moderate BF Moderate BF No BF
Easyvac Strong BF No BF Moderate BF Moderate BF Weak BF Moderate BF
Clear Tech Strong BF No BF Moderate BF Weak BF Moderate BF Weak BF
Detax Moderate BF Weak BF No BF Weak BF Weak BF Weak BF

BF, biofilm former

Conclusions

As far as these 6 microorganisms are of concern, there
might not be a significant overall difference among the
clear retainer materials tested in this study. A significant
overall increase was observed between the first and third
days, which later did not significantly increase more until
day 5. The Candida albicans biofilm was more intense
than the tested 5 bacteria, which themselves showed
rather similar growth patterns to each other. A few devia-
tions were observed when examining each microorgan-
ism separately.
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