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The complex of tannic acid and
cetylpyridinium chloride: An antibacterial
and stain-removal cleaner for aligners
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Introduction: Effective aligner hygiene is recognized as an important part of orthodontic treatments and oral hy-
giene. However, there is no effective cleansing method for removable aligners.Methods: In this study, we incor-
porated tannic acid (TA) with cetylpyridinium chloride (CPC) to develop the TA-CPC complex. The antibacterial
properties of 15.8 mg/mL TA-CPC against Escherichia coli and Staphylococcus aureus were evaluated in vitro,
which were compared with 5.1 mg/mL TA, 10.7 mg/mL CPC, a commercial denture cleansing solution (YA; 15
mg/mL), and water. As for the assessment of stain-removal ability, the aligners stained by coffee were soaked in
cleansing solutions, and the color changes (DE*) were calculated on the basis of the CIE L*a*b* color system,
and the National Bureau of Standards system was used for the clinical interpretation of the color change. Atomic
force microscope examination, tensile property assessment, and wavelength dispersive x-ray fluorescence
analysis were performed to investigate the material compatibility of TA-CPC, and Cell Counting Kit-8 assay
and live/dead assay were used to test the cytotoxicity of TA-CPC. Results: The results showed that TA-CPC
had a positive zeta-potential, and cation-p interaction changed the chemical environments of the phenyl group
in TA-CPC, resulting in greater inhibition zones of S. aureus and E. coli than other cleaners. The quantification
of the biofilm biomass and the fluorescent intensities also reflected that the TA-CPC solution exhibited better
antibacterial ability. As for the ability of stain removal, DE* value of group TA-CPC was 2.84 6 0.55, whereas
those of stained aligners immersed with deionized distilled water, TA, YA, and CPC were 10.26 6 0.04,
9.54 6 0.24, 5.93 6 0.36, and 4.69 6 0.35, respectively. The visual inspection and National Bureau of
Standards ratings also showed that the color of stained aligners cleansed by TA-CPC was much lighter than
those of the other groups. Meanwhile, TA-CPC had good compatibility with the aligner material and cells.
Conclusions: TA-CPC is a promising strategy to inhibit the formation of biofilms and remove the stains on the
aligners safely, which may disinfect the aligners to improve oral health and help keep the transparent
appearances of aligners without impacting the morphology and mechanical properties. (Am J Orthod
Dentofacial Orthop 2024;165:173-85)
Clear aligners for treating malocclusion were
initially invented by Kesling in 1946 and
developed rapidly because of the innovation and
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plastic and are removable for meals and brushing, which
offer advantages of esthetics and comfort.3,4 Conse-
quently, clear aligners attracted more adult and teenage
patients with malocclusion globally.

Although these thermoplastic orthodontic appliances
proved less noticeable changes to the appearance of pa-
tients, it has been reported that some potential down-
sides come during their use.5-8 Discoloration and
stains of the aligners are typical occurrences over time,
which are important clinical esthetic considerations.9

Some studies have reported patients are in insufficient
compliance with the recommendation that clear aligners
should be removed before eating and drinking staining
food, such as curry, tea, and coffee.10 As a result, during
orthodontic treatments, the staining agents from food
accumulate on the aligners, changing their color and
making them less aesthetically pleasing. This has become
a serious clinical concern.11,12

In addition, many studies presented bacterial biofilms
are localized on the surfaces of the thermoplastic
aligners, especially on attachment dimples and cusp
tips, which are more recessed and sheltered.13,14

Increased plaque levels not only affect the esthetic
aspect of clear aligners but are also a strong risk factor
for developing bacteria-related diseases, such as dental
caries and periodontal disease.15,16 Therefore, aligner
hygiene is recognized as an important part of orthodon-
tic treatments and oral hygiene.

An appropriate method of thoroughly cleansing
aligners can retard or impede the accumulation of bac-
teria and staining agents on the surfaces of aligners,
thus keeping the color stability and transparency of
aligners and reducing the risks of spreading cariogenic
and periodontal pathogens in the oral cavity. According
to the dental health professional recommendation,
brushes are widely accepted as a cleansing method for
removable appliances.17 However, it is difficult to re-
move bacterial biofilms with mechanical cleansing
alone, and mechanical cleaning could increase the sur-
face roughness of these removable appliances, which
might subsequently be more prone to pigment accumu-
lation and microbial colonization.18-20 Some
commercial cleansing tablets are specifically designed
to cleanse removable oral appliances. The
antimicrobial action of cleansing tablets is typically
based on peroxide-generating chemistry, and they also
usually contain surfactants to aid cleansing.21 However,
their stain-removal potentials are less than clinically
satisfactory.22 Some wearers also use household bleach
(sodium hypochlorite) to cleanse the removable oral ap-
pliances, which may risk damaging denture materials
chemically and change the flexibility of the material.21
February 2024 � Vol 165 � Issue 2 American
Therefore, developing an effective cleansing method to
clean and disinfect the removable aligners is important.

Cetylpyridinium chloride (CPC) is a kind of quater-
nary ammonium compound and a cationic surface-
active agent. In clinical dental practice, CPC is mainly
used as an antimicrobial ingredient in products mar-
keted for diminishing plaque accumulation, including
hard-surface cleaners, mouthwashes, and tooth-
paste.23,24 However, it has not been used for stain
removal. Tannic acid (TA) is a natural antibacterial poly-
phenol ubiquitous in various plants, such as Chinese
nutgall and unripe fruit, which is widely applied to
adsorption materials, coatings, biomedical materials,
and food additives.25 Because TA is a compound with
multiple phenolic hydroxyl groups, it can chemically
and physically interact with other materials, such as
Michael addition, hydrogen bonds, coordination with
metals, and Schiff-base reactions.26-28 In addition, TA
are excellent candidates to produce biosorbents, and it
is reported that TA-based adsorbents have a natural af-
finity to various types of dyes in wastewater.25

Thus, we incorporated TA with CPC to develop a new
cleansing solution and investigated its antibacterial ac-
tivity, ability of bacteria and stain removal, and effects
on morphology and mechanical property of thermo-
plastic material in the present study. It was hypothesized
that TA-CPC could remove the biofilm and staining on
the thermoplastic aligners more effectively and had
good antibacterial activity, material compatibility, and
cytocompatibility. Our results suggest a promising strat-
egy to remove bacterial biofilms and stains on the
aligners, which may reduce the bacterial infection of
the aligners to improve oral health and help keep their
transparent appearances.

MATERIAL AND METHODS

TA was obtained from Aladdin Chemistry (Shanghai,
China). CPC and Tris(hydroxymethyl)aminomethane
(Tris) were purchased from Solarbio Life Sciences (Bei-
jing, China). A commercial denture cleansing tablet
(YA) was obtained from Yakelin (Anhui, China). The Bio-
lon polyethylene terephthalate glycol (PET-G) sheets
(F120 mm, d0.75 mm) were obtained from Dreve Den-
tamid GmbH (Belgium, Germany), and 9-mm-diameter
discs were punched from these thermoplastic material
sheets in this study. The aligners made of thermoplastic
materials were manufactured by Invisalign (Align Tech-
nology, Santa Clara, Calif). The aligners were split, and
canine, first premolar, and second premolar were chosen
as the representative teeth.

Staphylococcus aureus was a gift from the First
Affiliated Hospital of Ningbo University, and
Journal of Orthodontics and Dentofacial Orthopedics
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Escherichia coli (ATCC 25922) was purchased from the
American Type Culture Collection. Tryptic Soy Broth
(TSB) and Luria-Bertani medium (LB) were obtained
from Solarbio Life Sciences (Beijing, China).
Phosphate-buffered saline was purchased from Phygene
Life Sciences (Fujian, China). Coffee power (Pure Black
Instant Coffee; UCC Coffee, Co, Ltd, Osaka, Japan) was
used in this study. LIVE/DEAD BacLight Bacterial
Viability Kits L13152 was obtained from Thermo Fisher
Scientific (Waltham, Mass).

Bone marrow mesenchymal stem cells (BMSCs) were
obtained from Cyagen Biosciences (Guangzhou, China)
and cultured in Minimum Essential Media a basic cul-
ture medium (Gibco, Grand Island, NY) supplemented
with 1% antibiotic solution (penicillin and streptomycin)
and 10% fetal bovine serum (Gibco). Cells from passages
3-4 were used for subsequent experiments. Cell viability
was detected by Cell Counting Kit-8 (CCK-8) Cell Prolif-
eration and Cytotoxicity Assay Kit (Solarbio Life Sci-
ences, China) and Live/Dead kit (Calcein AM/PI;
KeyGEN BioTECH, Nanjing, China)

TA-CPC was synthesized via a 1-step electrostatic as-
sembly between TA and CPC. Fifty-one mg TA and 107
mg CPC were dissolved in 10 mL of 10 mM Tris buffer
(pH 8.5) at room temperature. Fifteen minutes after
the reaction, the TA-CPC complex formed in the solution
was collected by lyophilization. TA, CPC, and TA-CPC
powders were analyzed using 1H nuclear magnetic reso-
nance (NMR) (AVANCE NEO, 400 MHz, Bruker; Kontich,
Belgium), using dimethyl sulfoxide-d6 as the solvent.
Fourier transformation infrared (FT-IR) analysis of TA,
CPC, and TA-CPC powders was performed using a Nico-
let iS50 Spectrometer (Thermo Fisher Scientific). The 5.1
mg/mL TA, 10.7 mg/mL CPC, and 15.8 mg/mL TA-CPC
powders were suspended in 10 mM Tris buffer (pH 8.5).
The particle zeta-potential distribution of these samples
and coffee solution (3 g coffee powder per 100 mL de-
ionized distilled water [dH2O]) was determined by the
dynamic light scattering method (Zetasizer Nano ZS
90; Malvern Instruments Ltd, Worcestershire, United
Kingdom) at 25�C.

The PET-G sheets, immersed in 10 mL of water and
15.8 mg/mL TA-CPC solution for 12 hours, were fixed
on the stage respectively, and the surface topography
of the samples was analyzed by Atomic Force Micro-
scope (AFM) (Bruker Fast Analyst; Bruker) with tapping
mode in air using a FastScan-b probe at 0.999 Hz scan
rate for the measurements.

The mechanical property of the PET-G samples after
being immersed in 10 mL of water and 15.8 mg/mL TA-
CPC solution for 12 h was also tested by the Universal
Testing Machine (CMT-1104; SUST, Xi’an China) as re-
ported.29 Rectangular specimens (5.00 mm 3 40.00
American Journal of Orthodontics and Dentofacial Orthoped
mm3 0.75 mm) of PET-G sheets were prepared for ten-
sile tests according to International Organization for
Standardization standard 527-2. Each sample was
stretched until ruptured at a speed of 5 mm/min at
room temperature by the Universal Testing Machine in
accordance with guideline GB/T1040.3-2006. The ten-
sile stress-strain curve was recorded, and the elastic
modulus was calculated. The mean value and standard
deviation of 6 test specimens were calculated for each
group.

Nitrogen in the TA-CPC complex and that remaining
on the surface of PET-G discs after the cleansing process
was measured by wavelength dispersive x-ray fluores-
cence (WD-XRF) spectrometer (S8 TIGER; Bruker). The
discs were immersed in TA-CPC solution (10 mL, 15.8
mg/mL) for 12 hours, and then the discs were washed
with deionized dH2O and dried in air. The WD-XRF spec-
trometry used a 4 kW Rh anode x-ray tube with a propor-
tional flow counter and scintillation counter detectors as
the energy source.

CCK-8 and live/dead assays were used to test the
cytotoxicity of TA, CPC, and TA-CPC according to the
manufacturer’s instructions. Briefly, BMSCs were seeded
in 96-well plates (cell density of 3000 cells/well) and
treated with 100 mL culture medium containing 5.1
mg/mL TA, 10.7 mg/mL CPC, and 15.8 mg/mL TA-
CPC solutions, respectively, for 10 minutes. Then,
10 mL CCK-8 solution was added to each well and incu-
bated in the dark under 5% carbon dioxide and 37�C
environment for 2 hours. Cell viability was assessed by
a microplate reader (Multiskan GO Microplate Spectro-
photometer, Thermo Scientific) at 450 nm. Furthermore,
BMSCs were seeded in 24-well plates (cell density of 53
104 cells/well) and treated with 1 mL culture medium
containing 15.8 mg/mL TA-CPC solutions for 10 mi-
nutes, and then the solution was removed, and cell
viability was detected by the Live/Dead kit (Calcein
AM/PI; KeyGEN BioTECH). The cell images were visual-
ized and taken with a fluorescence microscope (Leica,
Wetzlar, Germany). The cells treated with a culture me-
dium were set as the controls.

S. aureus and E. coli were cultured in an appropriate
medium (TSB for S. aureus and LB for E. coli) at 37�C,
shaking at 100 rpm overnight to reach the midexponen-
tial phase (optical density at 600 nm of the bacterial cul-
ture reached 0.5). Fifty microliters of the culture were
transferred onto an agar culture plate to produce a bac-
teria lawn. Filter paper discs (diameter of 8 mm) were
fully swelled in solutions of TA (5.1 mg/mL), CPC (10.7
mg/mL), TA-CPC (15.8 mg/mL), and YA (15 mg/mL),
and placed onto the agar plates. The plates were incu-
bated at 37�C for 24 hours; then, the photographs of
the plates were taken, and the diameters of bacterial
ics February 2024 � Vol 165 � Issue 2
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growth inhibition zones were measured by a Vernier dig-
ital caliper. All the measurements were performed in
triplicate by the same operator. Representative graphs
were shown, and the results were expressed as the
mean 6 standard deviation of the triplicates.

The overnight bacterial culture described above was
collected and diluted 100 times using the appropriate
culture medium (TSB for S. aureus and LB for E. coli).
PET-G discs (diameter of 9 mm) were sterilized by ultra-
violet light irradiation for 60 minutes and co-cultured
with 5 mL bacterial suspension at 37�C for 24 hours
with shaking at 100 rpm. The samples were then washed
with phosphate-buffered saline 3 times to remove any
planktonic bacteria and then immersed in 10 mL of
aqueous solutions of TA (5.1 mg/mL), CPC (10.7 mg/
mL), TA-CPC (15.8 mg/mL), YA (15 mg/mL), and deion-
ized water for 10 minutes at room temperature under
static condition, respectively. Discs without intervention
(pristine group) were set as control.

Biofilm was observed and quantified by crystal violet
(CV) assay and scanning electron microscopy (SEM).
Briefly, the samples after the biofilm formation experi-
ment were washed with deionized dH2O and fixed by
2.5% glutaraldehyde solution, followed by stepwise
dehydration using 50%, 70%, 80%, 90%, 95%, and
100% ethanol for each step. For the CV assay, each sam-
ple was immersed in 1 mL of 0.5% (w/v) CV solution for
staining for 15minutes. The samples with stained bio-
films were gently rinsed with water again, air-dried,
and observed under microscopy (Olympus, Japan). In
addition, 1 mL of 33% (v/v) acetic acid was added to
each sample to solubilize the dye of CV. Optical densities
of the CV-dissolved acetic acid solution were tested us-
ing a SpectraMax 190 microplate reader at 570 nm. As
for SEM observation, the samples were dried in air and
coated with Au by ion sputtering (MC1000; Hitachi
High-tech, Tokyo, Japan). The bacteria on the surface
of the discs were observed by SEM (Regulus 8230; Hita-
chi), and the biofilm coverage was quantified by ImageJ
software (version 2.1.0; National Institutes of Health and
the Laboratory for Optical and Computational Instru-
mentation, University of Wisconsin, Madison, Wis).

Three-dimensional (3D) structures of the biofilms
and live/dead bacteria were observed by confocal laser
scanning microscopy (TCS SP8, Leica). The combined
dye (LIVE/DEAD BacLight Bacterial Viability Kits,
L13152; Thermo Fisher Scientific) was used to stain bac-
teria on the surface of discs as per the manufacturer’s in-
struction. The samples were incubated with dye
solutions in the dark for 15 minutes and washed with
sterilized dH2O. Microscopic observations were per-
formed with confocal laser scanning microscopy with a
February 2024 � Vol 165 � Issue 2 American
488 nm laser source and SYTO Green and propidium io-
dide dye channels. Three-dimensional images were re-
constructed, and the means of fluorescence intensity
in the SYTO Green channel and propidium iodide dye
channel were quantified by Leica Application Suite X.
Three replicates were assessed for each group. Represen-
tative graphs were shown, and the results were expressed
as the mean 6 standard deviation of the triplicates.

Liu et al reported that coffee can lead to severe stains
on aligners made of thermoplastic materials.12 Accord-
ing to previous studies, coffee solution (3 g coffee pow-
der per 100 mL boiling deionized dH2O) was used.

12 The
lower aligners were immersed in 100 mL coffee solution
in a water bath at 37�C for 1 day. The aligners were
cleansed in water by ultrasound (40 kHz) for 5 minutes
and dried in air. Then they were immersed in 100 mL so-
lutions of TA (5.1 mg/mL), CPC (10.7 mg/mL), TA-CPC
(15.8 mg/mL), YA (15.0 mg/mL), and deionized water
for 10 minutes at room temperature with shaking at
200 rpm, respectively, and the stained aligners without
intervention (named as pristine group) were as controls.

The color changes (DE) were characterized via the
Commission Internationale de I’Eclairage L*a*b* color sys-
tem (CIE L*a*b*).30,31 The parameters L*, a*, and b* of
aligners weremeasuredwith NR110 Precision Colorimeter
(3nh, Shenzhen, China). The optical sensor tip of the Pre-
cision Colorimeter contacted firmly and vertically to the
labial surface of the mandibular lateral incisors of each
aligner, and white paper was used as the background
reference. Standard measurements were performed in
the same room and were conducted by one investigator
blind to the arrangement of the group. The DE value,
which represents the color change, was calculated accord-
ing to the formula: DE 5 [(DL*)2 1(Da*)2 1(Db*)2]1/2.
DL*, Da*, and Db* are the subtractions of the L*, a*, and
b* color parametersmeasured before staining (as-received
aligners) and after cleansing (staining in coffee solutions
for 1 day and then immersing in cleansing solutions for
10 minutes), respectively.

The National Bureau of Standards (NBS) system was
used to describe the perceptible color change (a clinical
interpretation)12,22:

NBS 5 DE* 3 0.92 (Trace: NBS \0.5, the color
change is extremely slight; Slight: 0.5# NBS\1.5, the
color change is slight; Noticeable: 1.5# NBS\3.0, the
color change is perceivable; Appreciable: 3.0#
NBS \6.0, the color change is marked; Much: 6.0#
NBS \12.0, the color change is extremely marked;
Very much: 12# NBS, the color changes to other color).

Representative graphs were shown, and the results
were expressed as the mean 6 standard deviation of
the triplicates.
Journal of Orthodontics and Dentofacial Orthopedics



Fig 1. Synthesis and characterization of TA, CPC, and TA-CPC (molar ratio 1:10):A, Schematic of the
synthesis of TA-CPC; B, Zeta-potential of the free CPC (denoted as CPC), free TA (denoted as TA),
TA-CPC, and coffee, respectively; C, FT-IR spectra of the free CPC, free TA, and TA-CPC, respec-
tively; D, 1H-NMR spectra of the free CPC, free TA, and TA-CPC, respectively.
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Data analysis

All data were displayed as the mean 6 standard de-
viation. Statistical analysis was evaluated using SPSS
(version 15.0; SPSS, Chicago, Ill). Analysis of 2 groups
was performed via a 2-tailed Student t test, and analysis
of $3 groups was conducted by One-way analysis of
variance followed by Student–Newman–Keuls post-
hoc tests for multiple comparisons. P values of\0.05
were considered significant statistically.
RESULTS

In this study, TA-CPC was synthesized via the assem-
bly of TA and CPC (Fig 1, A). Zeta potential is an impor-
tant surface property of nanoparticles. It can influence
the interactions between nanoparticles and other sub-
stances by electrostatic repulsion or attraction. The re-
sults of zeta-potential measurement in this study
showed that TA-CPC (31.3 6 6.1 mV) and CPC (52.2
6 13.6 mV) had positive zeta-potential, whereas TA
(�52.7 6 9.3 mV) and coffee (�10.3 6 0.3 mV) had
negative zeta-potential (Fig 1, B).
American Journal of Orthodontics and Dentofacial Orthoped
Results from FT-IR spectroscopy showed that there
were typical absorption peaks of O-H stretching vibra-
tion at 3306 cm�1 in the spectra of TA, whereas the
spectra of CPC presented aromatic C-H stretching vibra-
tion at 3362 and 3011 cm�1, and C-N stretching vibra-
tion at 2161 cm�1. After self-assembly of TA and CPC at
a molar ratio of 1:10, the absorption intensity was
decreased by 3000-3500 cm-1 accompanied by a shift
of O-H peak to a low wavenumber (from 3380 to 3306
cm�1) (Fig 1, C).

To further explore the formation mechanism, we
examined the changes in 1H NMR spectra during the
TA-CPC formation. As shown in Fig 1, D, compared
with the free form of TA, the chemical signal peak of
phenolic hydroxyls in TA-CPC almost disappeared.
Meanwhile, the peaks of chemical shifts of protons on
an aromatic ring (a, h, i, and j peaks in Figure 1, D)
shifted to low values in TA-CPC, which indicated that
the chemical environments of the phenyl group in TA-
CPC were changed. We suggested there exist noncova-
lent interactions between TA and CPC. Cation-p interac-
tions can occur between positively charged groups and
ics February 2024 � Vol 165 � Issue 2



Fig 2. Compatibility of TA-CPC with thermoplastic materials and cells: A, AFM height images and 3D
reconstruction surface topography pictures; B, Stress-strain curves of the PET-G discs immersed in
Water (denoted as Water) and those immersed by TA-CPC (denoted as TA-CPC); C, WD-XRF spec-
trums of TA-CPC powder and the PET-G discs after immersed in TA-CPC solution; D, Live and dead
staining images of cells treated with culture medium (named as controls) and TA-CPC solution; E, Re-
sults of CCK-8 assay of culture medium (named as controls), and TA, CPC and TA-CPC solutions,
respectively.
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aromatic rings.32-34 In this work, we envisioned that
cation-p interactions probably formed between the
aromatic rings of TA and the cation of the quaternary
ammonium group of CPC (Fig 1, A).

The effect of TA-CPC treatment on the morphology of
thermoplastic material discs was investigated via AFM.
The representative height images and pictures of 3D
reconstruction surface topography are displayed in
Figure 2, A. According to the roughness results of AFM
measurement, the Rq values of discs immersed in 15.8
mg/mLTA-CPC solution (groupTA-CPC) and in deionized
dH2O (group water) were 1.60 6 0.20 nm and 1.34 6
0.12 nm, respectively. It showed that the surface
February 2024 � Vol 165 � Issue 2 American
roughness of PET-G discs was not influenced significantly
by the immersion treatment of the TA-CPC solution.

The tensile performance of PET-G after soaking in
water and TA-CPC solution for 12 hours was evaluated
respectively in this study, and the representative stress-
strain curves were revealed with different colors in
Figure 2, B. After specimens were immersed in TA-CPC
solution, the tensile fracture stress of samples was 33.3
6 1.63 MPa, which was no statistical significance
compared with specimens immersed in water (33.1 6
2.35 MPa; P .0.1).

Any element of the TA-CPC complex remaining on
thermoplastic materials after the TA-CPC cleansing
Journal of Orthodontics and Dentofacial Orthopedics



Fig 3. Removal of S. aureus andE. coli biofilm biomass:A,CV staining and SEM images;B,CV assay
and coverage percent qualified by SEM of samples immersed in TA, CPC, TA-CPC, YA, and water for
10 minutes at room temperature, respectively, and the samples without intervention (pristine group)
were as controls. Images were representative of 3 different samples, and the means and standard de-
viation values were calculated by 3 replicates. Scale bars indicated 50 mm.

Cen et al 179
process was analyzed by WD-XRF. The typical WD-XRF
spectra of TA-CPC powder and the PET-G discs after be-
ing immersed in TA-CPC solution are shown in Figure 2,
C. The spectrum of TA-CPC powder clearly showed the
presence of nitrogen (because of the quaternary ammo-
nium group in CPC), whereas no nitrogen signal was
found in the spectrum of the disc sample after TA-CPC
treatment. It is suggested there was no remaining con-
tent of TA-CPC on PET-G after being immersed in the
TA-CPC solution.

The biocompatibility of TA-CPC was assessed in this
study. Representative images of BMSCs treated with
TA-CPC and culture medium are displayed in
Figure 2, D. Live cells were stained green, whereas
American Journal of Orthodontics and Dentofacial Orthoped
dead cells were stained red. Therefore, most of the
BMSCs in group TA-CPC were alive but rarely dead,
almost the same as those treated with culture medium
(named as control). The results of the CCK-8 assay also
showed that the viability of BMSCs was not affected by
TA-CPC (Fig 2, E).

The biofilms were analyzed qualitatively and quanti-
tatively using CV assay and SEM (Fig 3, A). The numbers
of S. aureus colonies decreased after immersion with TA,
CPC, and TA-CPC, and they were mildly reduced after
immersion with water and YA. Among these cleansing
solutions, the number of S. aureus colonies on the discs
immersed with TA-CPC was the smallest, and the percent
of biofilm coverage area decreased to 2.26% 6 0.21%
ics February 2024 � Vol 165 � Issue 2



Fig 4. Antibacterial properties of cleansing solutions for S. aureus: A, Live and dead staining images;
B, Fluorescence intensity quantification of S. aureus incubated with PET-G discs and immersed by TA,
CPC, TA-CPC, water, and YA 10 minutes, respectively, in which live bacteria stained with sytox green
staining were green and dead bacteria stained with propidium iodide were red, used those incubated
with PET discs without immersion as control (pristine group);C,Representative plate photograph of the
agar diffusionmethod and presented themean and standard deviation values of the diameter of growth
inhibition zone for each sample in the groups against S. aureus. The scale bar indicated 100 mm.
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(Fig 3, B). Regarding E. coli, the numbers and coverages
of colonies on the representative images of CV staining
and SEM were also decreased after immersion with
TA-CPC compared with other groups (Fig 3, A). The
quantification of the biofilm biomass also reflected
that the TA-CPC solution exhibited better antibacterial
ability (Fig 3, B).

Figures 4, A and 5, A show representative images of
S. aureus and E. coli biofilms on the discs which were
washed by TA, CPC, TA-CPC, deionized dH2O, and YA,
February 2024 � Vol 165 � Issue 2 American
respectively, and the discs without intervention (pristine
group) were as controls. Live bacteria were stained
green, whereas dead bacteria were stained red, and their
mean fluorescent intensities were shown in Figures 4, B
and 5, B. Among the cleansing solutions, the fluorescent
intensities of S. aureus and E.coli colonies on the discs
immersed with TA-CPC were the lowest, consistent with
the CV assay and SEM observation results. TA-CPC also
exhibited high bactericidal properties, especially against
S. aureus (gram-positive). Therefore, these results
Journal of Orthodontics and Dentofacial Orthopedics



Fig 5. Antibacterial properties of cleansing solutions for E. coli: A, Live and dead staining images; B,
Fluorescence intensity quantification of E. coli incubated with PET-G discs and immersed by TA, CPC,
TA-CPC, water, and YA 10 minutes, respectively, in which live bacteria stained with sytox green stain-
ing were green and dead bacteria stained with propidium iodide were red, used those incubated with
PET discs without immersion as control (pristine group); C, Representative plate photograph of the
agar diffusionmethod and presented themean and standard deviation values of the diameter of growth
inhibition zone for each sample in the groups against E. coli. The scale bar indicated 100 mm.
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demonstrated that TA-CPC showed promising efficacy in
bacteria removal and killing gram-positive and gram-
negative bacteria.

Figures 4, C and 5, C show representative plate photo-
graphs of the agar diffusionmethod and present themean
and standard deviation values of the diameter of the
growth inhibition zone for each sample in the groups
against S. aureus (gram-positive) andE. coli (gram-nega-
tive), respectively. The paper discs impregnated with TA-
CPC, TA, and CPC solutions showed growth inhibition
American Journal of Orthodontics and Dentofacial Orthoped
zones of S. aureus and E.coli. In addition, the antibacte-
rial efficacy of TA-CPC against S. aureus (gram-positive)
was more extraordinary than E.coli (gram-negative). As
for YA, which is one kind of commercial cleansing solu-
tion, no obvious inhibition zones appeared around the
YA sample against the S. aureus strain, whereas small in-
hibition zones were shown in the E.coli lawn, which was
almost similar to those around TA samples.

Photographs in Figure 6,A showed the color change of
the stained aligners after being immersed in 5.1 mg/mL
ics February 2024 � Vol 165 � Issue 2



Fig 6. Analysis of stain-removal ability: A, Representative photographs; B, Mean and standard devi-
ation values of DE*; C, NBS ratings of the stained aligners before and after immersion in TA, CPC,
TA-CPC, YA, and water for 10minutes, respectively, and the stained aligners without intervention (pris-
tine group) were as controls.
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TA, 10.7mg/mLCPC, 15.8mg/mLTA-CPC, 15mg/mLYA,
and deionized dH2O, respectively, and the stained aligners
without intervention (pristine group) were as controls. It is
known that clear aligners are transparent and colorless.
Visual inspection indicated that the stained aligners ex-
hibitedmarked color change after immersion in coffee so-
lutions for 1 day. The color of stained aligners immersed in
YA, CPC, and TA-CPC became lighter.
February 2024 � Vol 165 � Issue 2 American
Quantitative assessments were further performed for
the color measurements. The color change values (pre-
sented as DE*) before staining and after immersion in
cleansing solutions are displayed in Figure 6, B. NBS rat-
ings were used to describe the perceptible color change
for clinical interpretation (see Fig 6, C). It is showed
that the color change of the stained aligners immersed
with deionized dH2O (DE* value, 10.26 6 0.04) or TA
Journal of Orthodontics and Dentofacial Orthopedics
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(DE* value, 9.546 0.24) rated “Much,”which were at the
same level as the stained aligners without intervention
(named as pristine group) and the color changes were
extremely marked. The stained aligners immersed with
YA (DE* value, 5.93 6 0.36) and the aligners immersed
with CPC (DE* value, 4.696 0.35) exhibited appreciable
color change, whose color was lighter, but the color
change was still marked. As for the stained aligners
immersed with TA-CPC, theDE* was 2.846 0.55, signif-
icantly smaller than those of the other groups. It is sug-
gested that TA-CPC had a better stain-removal ability.
DISCUSSION

Clear aligners are a fast-moving field mainly driven
by patients seeking more comfortable, esthetic, and
less intrusive orthodontic treatment.35 Because aligners
are nearly invisible and highly esthetic removable ortho-
dontic treatment options, they have enjoyed great popu-
larity and are accepted widely by orthodontics and
patients. Better compliance with oral hygiene was dis-
played in patients treated with removable aligners, and
thus, they had less plaque and lower risks of developing
gingival inflammation than those treated with fixed ap-
pliances.36 This is not only attributed to the fact that
removable clear aligners allow unimpeded oral hygiene
and give the patients the possibility to better control
the plaque on the teeth but also correct hygiene for
the removable aligners can inhibit the accumulation of
bacteria on the surfaces and thus reduce the risk of
spreading bacteria back on teeth and periodontium.37

Therefore, cleaning and disinfecting the removable
aligners before and after use is important.

The bacterial membrane carries a net negative
charge, composed of a phospholipid bilayer with
embedded proteins. The phospholipid bilayer is stabi-
lized by divalent cations, such as Ca21, and forms a hy-
drophobic environment, which is critical to moderate the
functionality of the embedded proteins. CPC is an
amphoteric surfactant assembled by a hexadecane chain
(the lipophilic side) and a positively charged pyridine (the
hydrophilic headgroup).38 Because of this molecular
structure, CPC could initially interact with the cyto-
plasmic membrane by substituting divalent cations in
the membrane with a positively charged pyridine ion,
and then the hexadecane tail has the opportunity to
integrate into the microbial cell membrane and disorga-
nize it,38 which is pathogen independent and unlikely to
be affected by microorganism mutations.39,40 Many
studies have investigated the antibacterial potential of
CPC in the oral environment.41 TA is one kind of
water-soluble polyphenol found naturally in some
American Journal of Orthodontics and Dentofacial Orthoped
plants. In this study, we first incorporated TA with CPC
to develop a new cleansing solution (TA-CPC) for ther-
moplastic clear aligners and investigated its antibacterial
activity. Results from FT-IR spectroscopy and 1H-NMR
spectra showed that the absorption intensity of TA-
CPC was decreased among 3000-3500 cm�1 accompa-
nied by a shift of O-H peak to a low wavenumber, and
the peaks of chemical shifts of protons on an aromatic
ring shift to low values in TA-CPC, which indicate that
the chemical environments of the phenyl group in TA-
CPC were changed. Based on the direct evidence of the
vibrational shift for the aromatic ring, we suggested
there exists a noncovalent interaction between the aro-
matic rings of TA and the cation of the quaternary
ammonium group of CPC probably because of cation-
p interactions.32-34

Our study showed that biofilms immersed in TA-CPC
solution for 10 minutes were primarily dead with red
staining, especially against S. aureus (Gram-positive),
which exhibited higher bactericidal properties than TA
and CPC alone. TA-CPC also resulted in the greatest in-
hibition zones. Furthermore, the bacteria-removal prop-
erty of TA-CPC against E. coli and S. aureus was
evaluated in vitro in this study, which showed that TA-
CPC solution exhibited better bacteria-removal ability.
It is reported that TA could inhibit the enzyme
glycosyl-transferase, which is critical for bacterial adher-
ence, and thus, TA can suppress bacteria to adhere to the
pellicle and alter the pellicle’s ultrastructure.42,43 CPC is
a cationic surfactant that can enhance particle removal
from the surface and diminish bacteria accumula-
tion.23,24,44 Therefore, the TA-CPC complex was sug-
gested to integrate the advantages of TA and CPC,
contributing to better bacteria-removal ability.

In addition to the importance of disinfecting the
removable aligners before and after use, the removal
of staining agents also should be of considerable critical
attention. The “invisible” orthodontic treatment is a
prominent feature of transparent clear aligners and an
essential reason for its popularization. However, the
light transmittance of the thermoplastic material can
be compromised from repetitive use and cleansing cy-
cles,45,46 and thermoplastic clear aligners are vulnerable
to pigment adsorption from staining beverages and food
in the oral cavity, which affects the esthetic property of
aligners.12 Therefore, effective cleansing methods to re-
move the staining can increase the life span of the
aligners and promote patients’ better compliance, but
there is no ideal cleansing method for thermoplastic ma-
terial orthodontic appliances. In this study, we stained
the aligners with coffee, and then the stained aligners
were grouped randomly and soaked in TA, CPC, TA-
ics February 2024 � Vol 165 � Issue 2
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CPC, YA, and water, respectively. The results suggested
that TA-CPC has a better stain-removal ability. The elec-
trostatic force is important for bacteria and staining
agents to adhere to the clear aligners. Zeta-potential is
a parameter of the charges at the surface-liquid inter-
faces that substantially determines the adsorption/
repulsion of particles on the surface. The different zeta
potentials of TA, CPC, and TA-CPC can affect their inter-
action and adsorption on the surface of the clear
aligners. The TA-CPC complex has a higher content of
CPC molecules, interacts with the bacterial cells and
stain particles (negatively charged) more easily, and re-
moves them from the aligner surface by electrostatic
repulsion. Therefore, the formation of a complex be-
tween TA and CPC is important for the effects of bacteria
and stain removals.

CONCLUSIONS

In summary, this study designed the TA-CPC complex
via cation-p interactions and revealed its promising ef-
fects to act as a new cleaner for thermoplastic clear
aligners. TA-CPC showed excellent antibacterial activity
and good ability for bacteria and stain removal. Mean-
while, it had good compatibility with the materials and
cells. Remarkably, these results suggested a promising
approach on the basis of TA-CPC in the disinfecting
and stain-removal application for thermoplastic clear
aligners.
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