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White spot lesions around orthodontic brackets are the major complication during fixed orthodontic
treatment. This study prepared orthodontic adhesives for promoting mineral precipitation and
reducing bacterial growth. Adhesives with added calcium phosphate monohydrate/Sr-bioactive glass
nanoparticles (Sr/CaP) and andrographolide were prepared. The physical/mechanical and antibacterial
properties of the adhesives were tested. The additives reduced the monomer conversion of the
materials (62 to 47%). The addition of Sr/CaP and andrographolide increased the water sorption

(from 23 to 46 pg/mm?3) and water solubility (from 0.2 to 5.9 pg/mm?) but reduced the biaxial flexural
strength (from 193 to 119 MPa) of the adhesives. The enamel bond strengths of the experimental
adhesives (19-34 MPa) were comparable to that of the commercial material (p>0.05). The Sr/CaP
fillers promoted Ca, Sr, and P ion release and the precipitation of calcium phosphate at the debonded
interface. An increase in the Sr/CaP concentration enhanced the inhibition of S. mutans by 18%, while
the effect of andrographolide was not detected. The abilities of the adhesives to promote ion release,
calcium phosphate precipitation, and the growth inhibition of cariogenic bacteria were expected to
reduce the occurrence of white spot lesions. The additives reduced the physical/mechanical properties
of the materials, but the corresponding values were within the acceptable range.

The common complication during fixed orthodontic treatments is initial enamel caries or white spot lesions
around the brackets'. These lesions occur due to the continuation of tooth demineralization and the dysbiotic
dental biofilm? caused by suboptimal oral hygiene during the treatment. If the carious lesions are left untreated,
the lesions may progress and become deep and uncleanable cavities. This may subsequently lead to severe tooth
infection/pain, complicating the orthodontic treatment. It was reported that the irregular surfaces of excess
orthodontic adhesives promoted the accumulation of dental biofilms®. Hence, adhesives that offer remineraliza-
tion and antibacterial actions may be needed to reduce the risk of dental caries. However, the currently avail-
able and commonly used resin composite orthodontic adhesives showed no anti-caries actions. Additionally, a
suboptimal light-curing technique may increase the risk of releasing unreacted monomers*, which may promote
the cariogenicity and microbial dysbiosis of dental biofilms®.

Various methods have been employed to enhance the remineralization and antibacterial actions of ortho-
dontic adhesives. For example, glass ionomer cements were employed to facilitate fluoride release, enhancing
caries resistance via the fluoridation of the tooth surface®. However, a clinical study reported that a significant
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reduction in tooth demineralization was not detected when using glass ionomer cement orthodontic adhesive’.
Calcium phosphates can be used as reactive fillers to encourage the release of calcium and phosphate ions from
orthodontic adhesives. These ions are essential for promoting suitable conditions for the precipitation of tooth
minerals, such as hydroxyapatite®®. Commercially available monocalcium phosphate monohydrate (MCPM)
was incorporated into resin-based materials in previous studies!®!!. The use of MCPM at high concentrations
(10-20 wt%) substantially enhanced the precipitation of hydroxyapatite'°-'?, which was expected to promote
remineralizing effects at the tooth-composite interface. However, the high solubility of MCPM (Ca/P ratio=0.5)
could lead to excessive water sorption, polymer plasticization, and significant reductions in the mechanical
strengths of orthodontic adhesives!2.

An alternative remineralizing agent to calcium phosphate compounds could be sol-gel bioactive glasses'.
It was demonstrated that the incorporation of bioactive glass nanoparticles in orthodontic adhesive resulted in
effective remineralizing actions'®. Additionally, the use of spherical bioactive glass particles exhibited greater
mineralizing effects compared to the use of irregular/granular shaped particles'. It was proposed that Sr** could
potentially enhance apatite precipitation by increasing the number of nucleation clusters'®”. Additionally, it
was demonstrated that bioactive glass doped with Sr exhibited superior antibacterial actions compared to non-
Sr-doped bioactive glass'®. The antibacterial actions of Sr?* may involve the inhibition of the growth, cell wall
synthesis, metabolism, and DNA replication of bacteria'®.

The addition of antibacterial agents was expected to reduce biofilm colonization around orthodontic brack-
ets. Studies have shown that the addition of chlorhexidine into orthodontic cements enhances antibacterial
actions without affecting the bonding performance'*. However, severe allergic reactions to chlorhexidine have
remained a major concern®'. Andrographolide (Andro) is a medicinal extract from Andrographis paniculata
(Acanthaceae) that is traditionally used in herbal medicine. Andro is a bicyclic diterpenoid containing y-lactone
at both ends of the molecule. It exhibits various beneficial biological activities, such as anti-inflammatory, anti-
viral, antitumor, antioxidant, and antibacterial properties®?. It was reported that Andro reduced biofilm coloni-
zation by interfering with the quorum-sensing system, thus inhibiting the formation of bacterial biofilms, the
production of virulence factors, and bacterial coaggregation®. Additionally, a study demonstrated that Andro
prevents the adherence of cariogenic bacteria (S. mutans) to hydroxyapatite beads by decreasing glucosyltrans-
ferase activity and eliminating the activity of glucan-binding lectin from strains*.

Currently, studies that investigate the potential use of low-toxicity and antibacterial herbal extracts such as
Andro to enable antibacterial actions for orthodontic adhesives are limited. The aim of the current study was to
prepare experimental orthodontic adhesives containing Sr-BGNPs/MCPM and Andro. The physical/mechanical
properties of the materials and the inhibition of S. mutans by the materials were assessed. Additionally, the effects
of increasing the concentrations of Sr-BGNPs/MCPM and Andro on the tested properties of the materials were
analyzed. The hypothesis was that the increase of additives should not significantly affect the tested properties of
the materials. All methods were carried out in accordance with relevant guidelines, protocols, and regulations.

Materials and methods

Preparation and characterization of Sr-bioactive glass nanoparticles (Sr-BGNPs).  Spherical Sr-
bioactive glass nanoparticles (Sr--BGNPs) with a diameter of 200 nm were synthesized through a sol-gel process
according to a method used in previous studies®®?’. Silica nanoparticles (SiO,-NPs) were synthesized prior to
cationic incorporation. Briefly, 0.32 M ammonium hydroxide, 6 M Milli-Q water, and 14 M ethanol (99.5%)
were mixed in a 500 ml Erlenmeyer flask and stirred at 500 rpm for 10 min. Then, 0.28 M tetraethyl orthosilicate
(TEOS) was gradually added to the prepared solution. The mixed solution was stirred for 10 h to complete the
hydrolysis and polycondensation reactions. SiO,-NPs were collected and incorporated with 0.09 M calcium
nitrate tetrahydrate (99%) and 0.27 M strontium nitrate (99%). The prepared particles were then calcined at
680 °C for 3 h at a heating rate of 3 °C/min. Particles were then cleaned with ethanol twice. The morphology and
size of the particles were characterized using a scanning electron microscope. The composition of the particles
was measured by using X-ray fluorescence (XRF, XUV773, Fischer Instrumentation, Worchestershire, UK) with
X-ray generators in the range 8-20 kV operated in a vacuum. A diffractometer was used to identify the crystal
diffraction pattern of the particles. The X-ray diffraction (XRD, Bruker, Massachusetts, USA) pattern was col-
lected with a Bruker AXS automated powder diffractometer using Cu Ka radiation (1.540600 A) at 40 kV and
40 mA. Data were collected in the 5-70° 20-range with a scan rate of 3°/min.

Preparation of orthodontic adhesives. The experimental orthodontic adhesives were prepared using
the protocol of a previous study'2. Briefly, the liquid phase of the adhesives contained 70 wt% urethane dimeth-
acrylate (Sigma-Aldrich, St. Louis, MO, USA), 26 wt% triethyleneglycol dimethacrylate (Sigma-Aldrich), 3
wt% 2-hydroxyethyl methacrylate (Sigma-Aldrich), and 1 wt% camphorquinone (Sigma-Aldrich). The powder
phase contained silane-treated boroaluminosilicate glass (Esstech, Inc. Essington, PA, USA), Sr-bioactive glass
nanoparticles (Sr-BGNPs), monocalcium phosphate monohydrate (MCPM, Himed, Old Bethpage, NY, USA),
and andrographolide (Nanjing NutriHerb BioTech, Jiangsu, China). Five experimental formulations with vary-
ing concentrations of Sr-BGNPs/MCPM (Sr/Ca) and Andro were prepared (Table 1). The powder and liquid
phases were mixed using a powder to liquid ratio of 4:1 (mass ratio). The mixed adhesives were then loaded in
a composite syringe (MIXPAC 1 mL syringe, medmix Switzerland AG, Haag, Switzerland). Commercial resin
composite orthodontic adhesive (Trans, Transbond XT, 3M-ESPE, Seefeld, Germany) was used as a control.

Degree of monomer conversion. The uncured adhesives (n=5) were placed in a metal circlip (1 mm
in thickness and 10 mm in diameter) over the diamond of attenuated total reflection (ATR, iD7 ATR, Thermo
Fisher Scientific, Waltham, MA, USA) of a Fourier transform infrared spectroscope (FTIR, Nicolet iS5, Thermo
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Component/formulations S10A10 (wt%) | S10A5 (wt%) | S5A10 (wt%) | S5A5 (wt%) | SOAO (wt%)
Boroaluminosilicate glass (particle diameter ~7 um) 40 425 425 45 50
Boroaluminosilicate glass (particle diameter ~ 0.7 pum) 40 425 425 45 50
Sr/CaP zieﬁ?ggsn(il;m 5 5 25 25 0

MCPM (diameter ~10 um) | 5 5 2.5 2.5 0
Andro (particle diameter ~20-50 pm) 10 5 10 5 0

Table 1. Formulations of the experimental orthodontic adhesives.

Fisher Scientific). The materials were then covered with an acetate sheet and light-activated for 20 s using an
LED light-curing unit (irradiance of 1200 mW/cm?, SmartLite Focus Pen Style, DENTSPLY Sirona, York, PA,
USA) at a distance of 1-2 mm from the top of the surface of each material. The FTIR spectra in the region of
700-4000 cm ™! were recorded from the bottom of each material. The degree of monomer conversion (DC) was
then calculated using the following equation'?.

o _ 100(AAg — AAY

AR, (1)

where AAg and AA; are the absorbance of the C-O peak (1320 cm™)?® above the baseline at 1335 cm™ before
and after curing at time ¢, respectively.

Biaxial flexural strength and modulus of elasticity. Disc specimens were prepared (n=8). The com-
posites were placed in a metal ring (10-mm in diameter and 1-mm in thickness). The materials were covered
with an acetate sheet and glass slides on the top and bottom sides. The specimens were cured by an LED light-
curing unit for 20 s on both sides. They were left for 24 h at 25+ 1 °C. Then, the specimens were placed into
10 mL of deionized water at 37 °C. The biaxial flexural strength (BFS) test was performed using a ball-on-ring
testing jig with a universal testing machine (AGSX, Shimadzu, Kyoto, Japan). The specimen was loaded with a
500 N load cell with a crosshead speed of 1 mm/min until the specimen failed. The BFS (Pa) was calculated using
the following equation®.

BFS = ;{(1 +a) {0.4851n(§) + 0.52] + 0.48} )

where F is the failure load (N), d is the thickness of the sample (m), r is the radius of circular support (mm), and
a is Poisson’s ratio (0.3). Additionally, the biaxial flexural modulus (BFM, Pa) was calculated using the following

equation.
AH Bcd?
BFM = X (3)
AW, Q¢

where AA—VI\Z is the rate of change of the load with regard to the central deflection or gradient of force versus the
displacement curve (N/m), B is the center deflection junction (0.5024), and q is the ratio of the support radius
to the radius of the disc.

Water sorption and solubility. Disc specimens (n=6) were prepared and weighed using a four-figure
balance. The test was performed according to BS EN ISO 4049%. The disc specimens were placed in a desicca-
tor and kept in an incubator at the controlled temperature of 37+ 1 °C for 22 h. Then, the desiccator was kept at
room temperature (25+ 1 °C) for ~ 2 h. The weight of each specimen was measured until a constant mass (m,)
was obtained. The specimens were then placed in 10 mL of deionized water at 37+ 1 °C for up to 4 weeks. Each
specimen’s mass was then recorded (m,). Specimens were then reconditioned following the steps described
above for m, until a constant mass was obtained (m;). The water sorption (Wgp, g/m?) and water solubility (W,
g/m?) were calculated using the following equations.
mp — m3

Wgp = v (4)

W m; — mg3

SL=—3T 5
v (5)

where m, is the conditioned mass of the specimen (g), m, is the mass of the specimen after immersion in water

for 4 weeks (g), mj; is the reconditioned mass of the specimen after immersion in water (g), and v is the volume

of the specimen (m?).

Enamel shear bond strength (SBS) and adhesive remnant index (ARl score).  The use of extracted
teeth was approved by the Ethics Review Subcommittee Board for Human Research Involving Sciences, Tham-
masat University (No. 3, Faculty of Health Sciences and Science and Technology, Project No. 151/2563, approval
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date 11th November 2020). The thirty extracted premolars were collected at Thammasat University Hospital,
Pathum Thani, Thailand. Consent from patients was waived by the Ethics Review Subcommittee Board for
Human Research Involving Sciences, Thammasat University (No. 3, Faculty of Health Sciences and Science and
Technology) because patient identification of the extracted teeth was not needed.

The extracted teeth were kept in 0.1% thymol solution at room temperature for less than 30 days prior to
the test (n=5). The root was cut at 2 mm under the cervical line. The buccal surface was conditioned with 37%
phosphoric acid (Transbond™ XT etching gel; 3 M-ESPE) and rinsed for 15 s followed by gentle air-drying. The
etched surface received a primer application (Transbond™ XT Light Cure Orthodontic Primer, 3 M-ESPE) for
10 s and was then air-dried. The experimental adhesives were then applied on the primed surface, followed by the
placement premolar brackets (GEMINI MBT 0.022 Twin, 3 M-ESPE). The excess adhesive was removed. Then,
the specimen was light-cured using an LED light-curing unit for 10 s on the mesial and distal sides.

Specimens were embedded in a self-cured acrylic resin in a polyvinyl chloride (PVC) tube and immersed in
artificial saliva®! for 24 h. Then, the specimens were subjected to thermocycling (5 and 55 °C) with an immersion
time and dwell time of 30 s and 10 s for 500 cycles according to PD ISO/TS 11405:2015 *% Then, the specimens
were placed in a shear-bond-strength testing jig under a mechanical testing frame. A knife-edge chisel was
applied at the interface between the tooth and the bracket. The specimens were loaded with a 500 N load cell at a
crosshead speed of 1 mm/min. The maximal load (F, Newton) before the debonding of the bracket was recorded.
The shear bond strength of materials to enamel (SBS, Pa) was then calculated using the following equation'?.

SBS = © (6)
A
where A is the area of the bonding interface (m?). An adhesive remnant index was determined by observing the
residual adhesive on the brackets under a stereomicroscope (10 x magnification). The ARI index was classified
into four categories as follows***.

Score 0: no adhesive remained on the enamel.

Score 1: less than 50% of the adhesive remained on the enamel surface.
Score 2: more than 50% of the adhesive remained on the enamel surface.
Score 3: all adhesive remained on the enamel surface.

Calcium phosphate precipitation. The test was performed according to the protocol used in the previ-
ous study'?. The specimen (n=1) was prepared according to the SBS test. The specimens were placed in 10 mL
of artificial saliva at 37 °C for 24 h. Then, the brackets were de-bonded from the tooth. The surface of detached
bracket was then coated with Au using a sputter-coating machine with a current of 23 mA for 45 s. The precipi-
tation of calcium phosphate crystals on the surface was assessed under a scanning electron microscope (SEM,
JSM, 7800F, JEOL Ltd., Tokyo, Japan). Then, the elemental composition of the precipitation was analyzed using
an energy dispersive X-ray analysis (EDX, X-sight 6650 detector, Oxford Instruments, Abingdon, UK) with a
beam voltage set at 10 kV.

lon release. Disc specimens (n=3) were prepared and placed in 10 mL of deionized water. The tubes were
incubated at 37 °C for 4 weeks. The storage solution was then collected to analyze the concentrations of Ca, P, and
Srions. The extract was mixed with 3 vol% nitric acid. The concentrations of ions were assessed using inductively
coupled plasma-atomic emission spectroscopy (ICP-OES, Optima 8300, PerkinElmer, Waltham, MA, USA).

Influence on the growth of S. mutans.  Streptococcus mutans (ATCC 25175) was inoculated in Mueller
Hinton (MH) broth (BD Difco™ Mueller Hinton Broth, Thermo Fisher Scientific Inc., G6teborg, Sweden) using
a 1:2 volume ratio of inoculum to broth!?. They were incubated for 24 h at a controlled temperature of 37 °C and
enriched with 5% CO,. The suspension of S. mutans was then adjusted until a bacterial concentration of 2.5 x 10°
cells/mL was obtained using a spectrophotometer at an optical density (OD) of 600 nm.

Disc specimens (1 mm in thickness and 10 mm in diameter) were prepared and sterilized through UV irra-
diation for 30 min on each surface (n=3). The discs were then placed in tubes containing mixtures of 2 mL
of Mueller Hinton Broth and 1 mL of the suspension of S. mutans. A tube without a disc specimen was used as
the blank control. The tubes were incubated at a controlled temperature of 37 °C in air enriched with 5% CO,
for 48 h. Then, the discs were removed. The suspensions were vortexed for 30 s, followed by serial dilution until
bacterial concentrations of 1 x 10 CFU/mL were obtained. The suspensions (200 pL) were then plated on Mitis
Salivarius agar and incubated at 37 °C under a 5% CO, atmosphere for 48 h. Colony-forming units (log CFU/
mL) were then counted using a microscope and image analysis.

Statistical analysis. Numerical data are reported as the mean and SD. The results were analyzed using
Prism version 9.3 for macOS (GraphPad Software, San Diego, CA, USA). The normality of the data distribution
was evaluated using the Shapiro-Wilk test. BFS and ion release results were compared using one-way ANOVA
followed by Tukey’s multiple comparisons test. DC, BEM, W, Wg;, SBS, and antibacterial tests were compared
using the Kruskal-Wallis test followed by the Dunn test. A chi-squared test was used to evaluate the ARI scores
among the adhesive subgroups. Statistical significance was set at p=0.05. The sample size used in each test was
calculated by G*Power 3.1 software (University of Dusseldorf, Dusseldorf, Germany) using the results in pub-
lished studies and a pilot study'®>?. The result indicated that the sample size in each test gave power>0.95 at
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Figure 1. (A,B) SEM images and (C) XRD pattern of the Sr-bioactive glass nanoparticles (S--BGNPs).

alpha=0.05. Additionally, factorial analysis was performed to assess the effects of increasing the concentrations
of Sr/CaP (5 to 10 wt%) and Andro (5 to 10 wt%) on the tested properties '°.

Results

Characterization of Sr-bioactive glass nanoparticles (SrBGNPs). Monodisperse spherical Sr-
BGNPs were successfully synthesized in the 170 + 30-nm-diameter range through a sol-gel process (Fig. 1A,B).
The elemental composition of the Sr-BGNPs was 81.0 mol% SiO,, 14.2 mol% CaO, and 4.8 mol% SrO. The XRD
pattern of the Sr-BGNPs showed a broad halo of particles calcined at 680 °C, indicating that calcium oxide
(CaO) and strontium oxide (SrO) were successfully incorporated into the amorphous structure (Fig. 1C).

Degree of monomer conversion (DC).  The highest and lowest DCs were obtained from specimens SOAQ
(62+1%) and Trans (38 £ 1%), respectively (Fig. 2A). The DCs of specimens SI0A10 (47 +2%), SI0A5 (47 +6%),
S5A10 (48+2%), and S5A5 (46+2%) were comparable (p>0.05). The conversion of SOAQ was significantly
higher than that of Trans (p <0.01). Factorial analysis indicated that increases in the Sr/CaP and Andro concen-
trations from 5 to 10 wt% showed negligible effects on the DCs of the materials.

Biaxial flexural strength (BFS) and modulus of elasticity (BFM). The highest and lowest BFSs were
obtained from Trans (199+22 MPa) and S10A10 (119+6 MPa), respectively (Fig. 2B). The BFSs of Trans and
SOAO (193+10 MPa) were significantly higher than those of SI0A10 and S5A5 (147 +22 MPa) (p<0.05). The
BFSs of SOA0, S10A5 (143 +5 MPa), S5A10 (122 +8 MPa), and S5A5 (147 + 8 MPa) were comparable (p>0.05).
Factorial analysis indicated that an increase in Andro from 5 wt% to 10 wt% reduced the BES by 17 +4%. How-
ever, an increase in the level of Sr/CaP showed negligible effects on the BESs of the experimental materials.

The highest and lowest BFMs were obtained from SOAO (6.1 +0.5 GPa) and S10A10 (4.9 0.2 GPa) (Fig. 2C).
The BFMs of S10A5, S5A10, S5A5, and Trans were 5.3+0.5 GPa, 5.0+0.2 GPa, 5.4+ 0.3 GPa, 5.7+ 0.3 GPa,
respectively. The BFM of Trans was comparable to those of S5A10 (p=0.461), S5A5 (p=0.541), and SOAO
(p=0.716). The BFMs of S10A10 and S5A10 were significantly lower than those of SOAO (p <0.05) and Trans
(p<0.01). Factorial analysis showed that an increase in Andro from 5 wt% to 10 wt% reduced the BFM by 10+ 8%.
However, an increase in Sr/CaP showed negligible effects.

Water sorption and solubility. The highest and lowest water sorption values were obtained from S10A5
(48.6+1.5 pg/mm?) and Trans (12.0+ 1.0 pg/mm?), respectively (Fig. 2D). The water sorption values of SI0A10,
S5A10, S5A5 and SOAO were 46.0+0.9 pg/mm?, 35.2+ 1.0 pg/mm’, 32.9+ 1.4 pg/mm’, and 22.7+1.4 pg/mm°,
respectively. The water sorption values of SI0A10 and S10A5 were significantly higher than those of SOA0
(p<0.05) and Trans (p <0.01). Factorial analysis indicated that an increase in Sr/CaP from 5 to 10 wt% enhanced
water sorption by 39 +4%, while the effect of Andro was negligible.

The highest and lowest water solubilities were obtained from S10A10 (5.9 +1.3 pg/mm?) and SOA0
(0.2£1.2 pg/mm?), respectively (Fig. 2E). The water solubilities of F2, F3, F4 and Trans were 5.1 + 1.6 ug/mm?®,
5.9+1.9 pg/mm?, 3.0+ 1.0 ug/mm>, and 0.4 + 1.0 ug/mm?, respectively. F1, F2 and F3 showed significantly higher
water solubilities than F5 (p<0.05). F1 and F3 also showed significantly higher water solubilities than Trans
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Figure 2. (A) Degree of monomer conversion after light-curing for 20 s (mean +SD, n=5). (B) Biaxial flexural
strength (BFS) and (C) biaxial flexural modulus (BFM) after immersion in deionized water for 24 h (mean + SD,
n=238). (D) Water sorption and (E) water solubility after immersion in deionized water for 4 weeks (mean + SD,
n=6). The lines indicate p <0.05.

(p<0.05). The factorial analysis indicated that an increase in Andro from 5 to 10 wt% increased water solubility
by 55.97 £ 55.91%, while the effect of Sr/CaP was minimal.

Enamel shear bond strength (SBS) and adhesive remnant index (ARI score). The highest and
lowest SBSs (median, min-max) were obtained from SOAOQ (34.6, 24.9-41.5 MPa) and S10A10 (18.0, 11.0-
27.1 MPa) (Fig. 3A). The SBS of Trans (26.6, 23.5-40.8 MPa) was similar to those of SI0A10, S10A5 (17.12,
14.0-30.0 MPa), S5A10 (25.5, 21.5-33.8 MPa), S5A5 (26.6, 19.8-35.0 MPa), and SOAOQ (p>0.05). The factorial
analysis demonstrated that an increase in Sr/CaP from 5 to 10 wt% reduced SBS by 28 +22%. The effect of Andro
was negligible. The most common ARI scores observed from all materials were scores of 0 and 1 (Fig. 3B). The
ARI scores of 2 and 3 were not observed from the specimens. The distribution of the score among each group
was not similar (p <0.05).

Calcium phosphate precipitation. The precipitation of calcium phosphate crystals was detected on the
debonded surfaces of the brackets of all groups except for SOA0 and Trans. The EDX results demonstrated that
the precipitate contained Ca and P (Fig. 4).

lon release. Ca, P, and Sr ions were not detected from SOAQ and Trans. The highest and lowest concentra-
tions of Ca ions were detected from S10A5 (1.70+0.29 ppm) and S5A5 (0.61£0.02 ppm) (Fig. 5A). For P, the
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Figure 3. (A) Enamel shear bond strengths of materials. The boxes represent the first quartile (Q1) to the third
quartile (Q3), the horizontal lines in the box represent the median, the whiskers represent the maximum and
minimum values, and “+” represents the mean value (n=5). (B) Proportions of the adhesive remnant indices
(ARI scores) of the specimens in each group. The ARI scores of 2 and 3 were not detected from the specimens.
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Figure 4. Surfaces of the adhesives of the representative specimens after debonding from enamel. Precipitates
(arrows) were detected in all groups except for SOAO and Trans. An example of the EDX results from the
precipitation showed that the main elements contained in the precipitate crystals are Ca and P.

highest and lowest concentrations were detected from S10A5 (3.44+0.10 ppm) and S5A5 (1.22+0.03 ppm)
(Fig. 5B). Likewise, the highest and lowest Sr concentrations were detected from S10A5 (1.99+0.73 ppm) and
S5A5 (0.85+0.22 ppm) (Fig. 5C). The factorial analysis demonstrated that an increase in Sr/CaP from 5 to 10
wt% increased the amounts of released Ca and P by 141+ 19% and 119 +4%, respectively. The effects of increas-
ing the concentrations of Sr/CaP and Andro on the release of Sr were negligible.

Influence on the growth of S. mutans.  The highest and lowest amounts of S. mutans were detected from
the blank control (3.8+0.1 Log CFU/mL) and S10A5 (2.6 £0.3 Log CFU/mL) (Fig. 6). The value of SI0A5 was
significantly lower than that of the blank control (p <0.01). The amount of S. mutans in SI0A5 was comparable
to those in S10A10 (2.8 +£0.1 Log CFU/mL), S5A10 (3.6 +0.1 Log CFU/mL), S5A5 2.9+0.2 Log CFU/mL, SOA0Q
(3.1£0.5 Log CFU/mL), and Trans (3.5+0.1 Log CFU/mL) (p>0.05). Factorial analysis showed that an increase
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Figure 5. Concentrations of (A) calcium, (B) phosphorus, and (C) strontium ions contained in the storage
solution at 4 weeks (mean + SD, n=3). The amounts of released ions from SOA0 and Trans were under the
detection limit. Lines indicate p <0.05.
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Figure 6. Amounts of S. mutans in all materials compared to the blank control (no material) (mean+SD, n=3).
The amounts of released ions from SOA0 and Trans were under the detection limit. Lines indicate p <0.05.

in Sr/CaP from 5 to 10 wt% reduced the Log CFU/mL of S. mutans by 18 +3%. An increase in Andro from 5 to
10 wt% showed no reduction in the amount of S. mutans.

Discussion

The limitation of the commonly used resin-based orthodontic adhesive is the lack of ion release and antibacte-
rial actions resulting in the formation of white spot (early caries) lesions around brackets, which is a common
esthetic complication during orthodontic treatment. The aim of the current study was to prepare experimental
orthodontic adhesives containing Sr/CaP and Andro for promoting ion release and antibacterial action, which
could potentially help reduce the risk of white spot lesions. The effects of Sr/CaP and Andro on the physical/
mechanical and antibacterial actions of the adhesives were then determined. The research hypothesis was rejected
because increases in the concentrations of additives significantly affected the water sorption/solubility, biaxial
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flexural strength and modulus, shear bond strength, mineral precipitation, ion release, and growth of S. mutans
of the experimental adhesives.

High degrees of monomer conversion of orthodontic adhesives are required to reduce the risk of toxic
monomer leaching and provide sufficient adhesive mechanical strength®. The release of unbound monomers
due to the suboptimal polymerization of orthodontic adhesives could potentially enhance the cariogenicity of
dental biofilms®. The additives reduced the DC of the experimental orthodontic adhesives, which could be due
to an increase in refractive index mismatch!?. This may increase light scattering and reduce light penetration
and polymerization at the inner surface. The higher DCs of the experimental materials compared to that of
Trans could be due to the differences in the primary methacrylate monomer. Bisphenol A-glycidyl methacrylate
(Bis-GMA) is the primary base monomer of Trans. The glass transition temperature (T,) of UDMA (- 35.3 °C),
which was the primary base monomer in the experimental material, is lower than that of Bis-GMA (- 7.7 °C).
The polymer containing monomers with a low glass transition temperature (T,) usually attains a higher level of
monomer conversion compared to polymers consisting of high-T, monomers***. A higher monomer conver-
sion was expected to reduce the risk of monomer release®. However, elution studies and toxicity tests should
be included in future work.

Resin-based materials can absorb water from the environment, leading to hygroscopic expansion, hydrolytic
degradation, and the release of the active components. Excessive water sorption may cause water plasticization,
which could subsequently reduce the strength of the materials*>*'. Additionally, water sorption may lead to the
volume expansion of resin-based material, which could help compensate for the polymerization shrinkage stress
that occurred within the material*2. The W, values of SI0A10 and S10A5 were higher than the level required by
BS ISO 4049 (<40 pug/mm?). This could be due to the hydrophilicities of MCPM and the Sr-BGNPs. However,
the W, values were much lower than those of previously developed Ca/P-releasing orthodontic adhesives con-
taining 10 wt% MCPM". This could be because the concentration of MCPM (2.5-5 wt%) used in the current
study was lower than that used in the previous study. The water sorption values of all experimental adhesives
were within the range of that required by BS ISO 4049 for luting-type dental composites (< 7.5 pg/mm?). Previ-
ous studies reported that the addition of MCPM promoted ion release and the formation of calcium phosphate
fillers, such as dicalcium phosphate dihydrate (DCPD), the structure of which contains water*>**. The forma-
tion of dicalcium phosphate in the materials may help decrease mass loss and water dissolution. Other possible
explanations include the slow degradation of strontium-bioactive glass nanoparticles and the low water solubility
of andrographolide.

Currently, there are no minimum requirements specified by the ISO for the enamel shear bond strengths
of orthodontic adhesives. A high SBS is essential for ensuring that the active force from the archwire can be
transferred to the anchored tooth without dislodgement. Although the SBSs of the experimental adhesives were
lower than that of Trans, the values were still higher than the minimum clinically acceptable SBS (5.9-7.8 MPa)*.
It is speculated that the addition of nonsilanized fillers may detrimentally reduce the SBSs of the experimental
adhesives by the accelerated degradation of the matrix-filler interface during thermocycling. The SBSs of the
experimental adhesives obtained from the experimental materials were still within the range or higher than
that reported in published studies (6-32 MPa)***. This could be due to the use of a minimum number of aging
cycles (500 cycles) according to the ISO (British Standard PD ISO/TS 11405:2015 Dentistry-Testing of adhesion
to tooth structure) in the current study?. A larger number of aging cycles, i.e., 5,000-30,000 cycles, should be
used in future studies to ensure the long-term bonding performance of the materials **.

Although the observed SBS values among the experimental adhesives were similar, the factorial analysis
indicated that the incorporation of Sr/CaP reduced the SBSs of the materials by ~28%. The reduction in SBS
upon the addition of reactive fillers could be due to the lack of silanization of the additives or the hydrophilic-
ity of the Sr/CaP fillers***. It is speculated that the main effect could be primarily from MCPM due to its high
water solubility (~ 18 g/L at 25 °C)!#45051 Hence, future work may need to assess the formulation with low-level
MCPM (1-2 wt%) or no MCPM (0 wt%). This could additionally help reduce the excessive water sorption/
solubility of the experimental materials.

The adhesive remnant index (AR 0 to 4) is one of the most commonly used methods for assessing the char-
acteristics of the adhesion between the adhesive and enamel. A high ARI score may indicate excessively strong
adhesion between the adhesive and enamel surface, which could lead to enamel fracture at the interface. Hence,
failure within the adhesive layer (low ARI score) during the detachment of brackets is preferred to reduce the
risk of the breakdown of the enamel surface. The ARI scores of the materials in the current studies were mostly
0 or 1, which was similar to that of the published studies®>**. This may be desirable to help preserve the enamel
surface during the debonding of brackets.

The addition of Sr/CaP fillers promoted the release of Ca, P, and Sr ions. These ions were expected to pro-
mote suitable conditions for the precipitation of biological hydroxyapatite to enhance remineralization. The
experimental adhesives containing high Sr/CaP concentrations (S10A10, S1I0A5) showed greater amounts of
released Ca and P ions compared to formulations with lower Sr/CaP concentrations. A possible explanation for
this could be that the release of Ca and P ions was primarily due to the dissolution of MCPM. The differences in
Sr?*-release among groups were not clearly observed, which may be due to the lower solubility of the Sr-BGNPs.
All experimental adhesives containing Sr/CaP promoted the precipitation of calcium phosphate at the interface.
The EDX results showed that the Ca/P atomic ratio of the precipitate (0.5) on the debonded brackets was much
lower than that of hydroxyapatite (1.67). This may suggest that the precipitate could be representative of the early
stage of calcium phosphate crystal formation because the immersion time of the specimen was only 24 h. The
Ca/P ratio may be increased with an increase in the immersion time>*. A previous study demonstrated that the
precipitation of hydroxyapatite could be detected on an orthodontic adhesive containing bioactive glass after
immersion in artificial saliva for 6 months®. A longer immersion time to confirm the ability of the materials to
promote apatite formation may be employed in future studies.
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The increase in the level of Sr/CaP from 5 to 10 wt% (S10A10, S10A5) enhanced the growth inhibition of the
planktonic S. mutans exhibited by the experimental orthodontic adhesives. It was speculated that the bacterio-
static action observed with the experimental orthodontic adhesives could be primarily due to the Sr-BGNPs since
the potential benefits of Sr**-release include both remineralizing and antibacterial actions'®. This result was in
accordance with those of previous studies that demonstrated the antibacterial actions of Sr-containing bioactive
glasses®>*’. It was speculated that the growth inhibition of S. mutans could be due to the release of Sr-BGNPs
from the experimental adhesives due to the lack of silanization. The large surface-to-volume ratio and high
charge density of the nanoparticles may facilitate interactions with negatively charged bacterial cell membranes,
thereby increasing the antimicrobial activity of the nanoparticles even at low concentrations®. The current study,
however, failed to demonstrate the growth inhibition of planktonic S. mutans by Andro. A possible explanation
for this could be due to the low solubility of Andro®, which may limit its release from the adhesives. Addition-
ally, it was proposed that the antibacterial action of Andro mainly involved the inhibition of the biofilm through
Andro acting as a quorum-sensing inhibitor that interfered with the biofilm-forming process®. Furthermore, it
should be mentioned that the bacterial growth inhibition may be due to the unreacted monomers released from
the materials®'. Hence, the monomer elution study should be examined in future work.

It should be mentioned that the current study was an in vitro study, so the clinical relevance should be care-
fully interpreted. The results from this preliminary study indicate that the formulation with a high level of Sr/
CaP (S10A10 and S10A5) generally exhibited desirable and acceptable results except for water sorption/solubility.
Further characterization and modification of the formulations may be needed in future works.

Conclusion

Experimental orthodontic adhesives containing MCPM/Sr-BGNPs and Andro were developed for promoting
ion release and inhibiting cariogenic bacteria. The additives reduced the physical and mechanical properties
of the materials, but the corresponding values were still within the acceptable range. The addition of Sr/CaP
promoted calcium phosphate precipitation and the inhibition of planktonic S. mutans. The increase in Andro
reduced the strengths of the materials and failed to demonstrate antibacterial actions. These promising proper-
ties of the experimental orthodontic adhesives were expected to help reduce the risk of developing white spot
lesions around excessive amounts of adhesive for high caries-risk patients.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
upon reasonable request.

Received: 5 January 2022; Accepted: 12 April 2022
Published online: 22 April 2022

References
1. Flynn, L. N,, Julien, K., Noureldin, A. & Buschang, P. H. The efficacy of fluoride varnish vs a filled resin sealant for preventing
white spot lesions during orthodontic treatment: A randomized clinical trial. Angle Orthod. (2021).
2. Takahashi, N. & Nyvad, B. Ecological hypothesis of dentin and root caries. Caries Res 50, 422-431 (2016).
3. Condo, R. et al. In vitro evaluation of structural factors favouring bacterial adhesion on orthodontic adhesive resins. Materials
(Basel) 14, 2485 (2021).
4. Karadas, M., Hatipoglu, O., Er, H. & Akyiiz Turumtay, E. Influence of different light-curing units on monomer elution from bulk
fill composites. J. Adhes. Sci. Technol. 32, 2631-2646 (2018).
5. Maktabi, H. et al. Underperforming light curing procedures trigger detrimental irradiance-dependent biofilm response on incre-
mentally placed dental composites. J. Dent. 88, 103110 (2019).
6. Creeth, J. E., Karwal, R., Hara, A. T. & Zero, D. T. A randomized in situ clinical study of fluoride dentifrices on enamel reminer-
alization and resistance to demineralization: Effects of zinc. Caries Res. 52, 129-138 (2018).
7. Benson, P. E. et al. Resin-modified glass ionomer cement vs composite for orthodontic bonding: A multicenter, single-blind,
randomized controlled trial. Am. J. Orthod. Dentofac. Orthop. 155, 10-18 (2019).
8. Zhang, L., Weir, M. D., Chow, L. C., Reynolds, M. A. & Xu, H. H. Rechargeable calcium phosphate orthodontic cement with
sustained ion release and re-release. Sci. Rep. 6, 36476 (2016).
9. Nomura, R. et al. Inhibitory effect of a gel paste containing surface pre-reacted glass-ionomer (S-PRG) filler on the cariogenicity
of Streptococcus mutans. Sci. Rep. 11 (2021).
10. Panpisut, P. et al. Dental composites with calcium/strontium phosphates and polylysine. PLoS One 11, 0164653 (2016).
11. Aljabo, A., Abou Neel, E. A., Knowles, J. C. & Young, A. M. Development of dental composites with reactive fillers that promote
precipitation of antibacterial-hydroxyapatite layers. Mater. Sci. Eng. C Mater. Biol. Appl. 60, 285-292 (2016).
12. Chanachai, S. et al. Physical/mechanical and antibacterial properties of orthodontic adhesives containing calcium phosphate and
Nisin. J. Funct. Biomater. 12, 73 (2021).
13. Simila, H. O. & Boccaccini, A. R. Sol-gel bioactive glass containing biomaterials for restorative dentistry: A review. Dent. Mater.
(2022).
14. Alamri, A., Salloot, Z., Alshaia, A. & Ibrahim, M. S. The effect of bioactive glass-enhanced orthodontic bonding resins on preven-
tion of demineralization: A systematic review. Molecules 25, 2495 (2020).
15. Ostomel, T. A, Shi, Q., Tsung, C. K., Liang, H. & Stucky, G. D. Spherical bioactive glass with enhanced rates of hydroxyapatite
deposition and hemostatic activity. Small 2, 1261-1265 (2006).
16. Zhang, W. et al. Effects of strontium in modified biomaterials. Acta Biomater. 7, 800-808 (2011).
17. Mohan, B. G., Suresh Babu, S., Varma, H. K. & John, A. In vitro evaluation of bioactive strontium-based ceramic with rabbit
adipose-derived stem cells for bone tissue regeneration. J. Mater. Sci. Mater. Med. 24, 2831-2844 (2013).
18. Baheiraei, N., Eyni, H., Bakhshi, B., Najafloo, R. & Rabiee, N. Effects of strontium ions with potential antibacterial activity on
in vivo bone regeneration. Sci. Rep. 11, 8745 (2021).
19. Araujo, J. et al. Analysis of chlorhexidine modified cement in orthodontic patients: A double-blinded, randomized, Controlled
Trial. Eur. J. Dent. 15, 639-646 (2021).
20. Kamran, M. A. et al. Ultrastructural and physicochemical characterization of pH receptive chlorhexidine-loaded poly-L-glycolic
acid-modified orthodontic adhesive. Microsc. Res. Tech. (2021).

Scientific Reports |

(2022) 12:6635 | https://doi.org/10.1038/s41598-022-10654-6 nature portfolio



www.nature.com/scientificreports/

21.
22.

23.
24.

25.
26.
27.
28.
29.
30.
. Ong, S. H. & Yoo, S. H. Surface roughness and chemical composition changes of resin-modified glass ionomer immersed in 0.2%

32.
33.

34.
35.
36.
37.
38.
39.
40.

41.
. Suiter, E. A., Watson, L. E., Tantbirojn, D., Lou, J. S. & Versluis, A. Effective expansion: Balance between shrinkage and hygroscopic

43.
44.
45.

46.

47.
48.
49.
50.

51.
52.

53.
54.
55.
56.
57.

58.
59.

60.

61.

Opstrup, M. S., Jemec, G. B. E. & Garvey, L. H. Chlorhexidine allergy: On the rise and often overlooked. Curr. Allergy Asthma Rep.
19,23 (2019).

Banerjee, M., Parai, D., Chattopadhyay, S. & Mukherjee, S. K. Andrographolide: Antibacterial activity against common bacteria
of human health concern and possible mechanism of action. Folia Microbiol. (Praha) 62, 237-244 (2017).

Zhang, L. et al. Effect of andrographolide and its analogs on bacterial infection: A review. Pharmacology 105, 123-134 (2020).
Limsong, J., Benjavongkulchai, E. & Kuvatanasuchati, J. Inhibitory effect of some herbal extracts on adherence of Streptococcus
mutans. . Ethnopharmacol. 92, 281-289 (2004).

Naruphontjirakul, P, Greasley, S. L., Chen, S., Porter, A. E. & Jones, J. R. Monodispersed strontium containing bioactive glass
nanoparticles and MC3T3-E1 cellular response. Biomed. Glas. 2 (2016).

Naruphontjirakul, P,, Tsigkou, O., Li, S., Porter, A. E. & Jones, J. R. Human mesenchymal stem cells differentiate into an osteogenic
lineage in presence of strontium containing bioactive glass nanoparticles. Acta Biomater. 90, 373-392 (2019).

Naruphontjirakul, P., Porter, A. E. & Jones, J. R. In vitro osteogenesis by intracellular uptake of strontium containing bioactive
glass nanoparticles. Acta Biomater. 66, 67-80 (2018).

Delgado, A. H. S. & Young, A. M. Methacrylate peak determination and selection reccommendations using ATR-FTIR to investigate
polymerisation of dental methacrylate mixtures. PLoS One 16, €0252999 (2021).

Potiprapanpong, W. et al. Monomer conversion, dimensional stability, biaxial flexural strength, ion release, and cytotoxicity of
resin-modified glass ionomer cements containing methacrylate-functionalized polyacids and spherical pre-reacted glass fillers.
Polymers (Basel) 13, 2742 (2021).

British Standard. In Dentistry-Polymer-Based Restorative Materials (BSI Standards, Switzerland, 2019).

sodium fluoride solution. J. Dent. Sci. 16, 389-396 (2021).

British Standard. In Dentistry-Testing of Adhesion to Tooth Structure (BSI Standards, Switzerland, 2015).

Artun, J. & Bergland, S. Clinical trials with crystal growth conditioning as an alternative to acid-etch enamel pretreatment. Am.
J. Orthod. 85, 333-340 (1984).

Gonzalez-Serrano, C. et al. Shear bond strength of a flash-free orthodontic adhesive system after thermal aging procedure. J. Clin.
Exp. Dent. 11, e154-e161 (2019).

Lygidakis, N. N, Allan, E., Xia, W, Ashley, P. F. & Young, A. M. Early polylysine release from dental composites and its effects on
planktonic streptococcus mutans growth. J. Funct. Biomater. 11, 53 (2020).

Pelourde, C., Bationo, R., Boileau, M. J., Colat-Parros, J. & Jordana, F. Monomer release from orthodontic retentions: An in vitro
study. Am. J. Orthod. Dentofacial. Orthop. 153, 248-254 (2018).

Walters, N. J., Xia, W, Salih, V., Ashley, P. E & Young, A. M. Poly(propylene glycol) and urethane dimethacrylates improve conver-
sion of dental composites and reveal complexity of cytocompatibility testing. Dent. Mater. 32, 264-277 (2016).

Panpisut, P. et al. Polymerization kinetics stability, volumetric changes, apatite precipitation, strontium release and fatigue of novel
bone composites for vertebroplasty. PLoS One 14, €0207965 (2019).

Pongprueksa, P. et al. Monomer elution in relation to degree of conversion for different types of composite. J. Dent. 43, 1448-1455
(2015).

Al-Rawas, M. et al. Water sorption, solubility, degree of conversion, and surface hardness and topography of flowable composite
utilizing nano silica from rice husk. J. Mater. Res. Technol. 15, 4173-4184 (2021).

Ferracane, J. L. Hygroscopic and hydrolytic effects in dental polymer networks. Dent. Mater. 22, 211-222 (2006).

expansion. J. Dent. Res. 95, 543-549 (2016).

Kangwankai, K. et al. Monomer conversion, dimensional stability, strength, modulus, surface apatite precipitation and wear of
novel, reactive calcium phosphate and polylysine-containing dental composites. PLoS One 12, €0187757 (2017).

Mehdawi, I. M., Pratten, J., Spratt, D. A., Knowles, ]. C. & Young, A. M. High strength re-mineralizing, antibacterial dental com-
posites with reactive calcium phosphates. Dent. Mater. 29, 473-484 (2013).

Bucur, S. M. et al. Observational study regarding two bonding systems and the challenges of their use in orthodontics: An in vitro
evaluation. Appl. Sci. 11,7091 (2021).

Alam, M. K., Alsuwailem, R. & Alfawzan, A. A. Antibacterial activity and bond strength of silver nanoparticles modified ortho-
dontic bracket adhesive: A systematic review and meta-analysis of in-vitro and in-vivo studies. Int. J. Adhes. Adhes. 113, 103040
(2022).

Mirhashemi, A., Hormozi, S., Noroozian, M. & Chiniforush, N. The effect of antimicrobial photodynamic therapy on shear bond
strength of orthodontic bracket: An in vitro study. Photodiagn. Photodyn. Ther. 34, 102244 (2021).

Abreu Neto, H. E. D. et al. Influence of light source, thermocycling and silane on the shear bond strength of metallic brackets to
ceramic. Braz. Dent. ]. 26, 685-688 (2015).

Yu, S., Oh, K. H. & Hong, S. H. Effects of silanization and modification treatments on the stiffness and toughness of BF/SEBS/
PA6,6 hybrid composites. Compos. Part B Eng. 173, 106922 (2019).

Aljabo, A. et al. Conversion, shrinkage, water sorption, flexural strength and modulus of re-mineralizing dental composites. Dent.
Mater. 31, 1279-1289 (2015).

Dorozhkin, S. V. In Advanced Dental Biomaterials 377-452 (Elsevier, 2019).

Griffin, J. et al. Comparison of shear bond strength and ARI of four different adhesive systems used to bond molar tubes: An
in vitro study. Int. Orthod. 19, 117-122 (2021).

Alnatheer, M., Algerban, A. & Alhazmi, H. Graphene oxide-modified dental adhesive for bonding orthodontic brackets. Int. J.
Adhes. Adhes. 110, 102928 (2021).

Dridi, A., Riahi, K. Z. & Somrani, S. Mechanism of apatite formation on a poorly crystallized calcium phosphate in a simulated
body fluid (SBF) at 37 °C. J. Phys. Chem. Solids 156, 110122 (2021).

Al-Eesa, N. A, Karpukhina, N., Hill, R. G., Johal, A. & Wong, E S. L. Bioactive glass composite for orthodontic adhesives—forma-
tion and characterisation of apatites using MAS-NMR and SEM. Dent. Mater. 35, 597-605 (2019).

Liu, J., Rawlinson, S. C., Hill, R. G. & Fortune, E. Strontium-substituted bioactive glasses in vitro osteogenic and antibacterial
effects. Dent. Mater. 32, 412-422 (2016).

Tripathi, H. et al. Superparamagnetic manganese ferrite and strontium bioactive glass nanocomposites: Enhanced biocompatibility
and antimicrobial properties for hyperthermia application. Adv. Eng. Mater. 23, 2000275 (2021).

Song, W. & Ge, S. Application of antimicrobial nanoparticles in dentistry. Molecules 24, 1033 (2019).

Suresh, K., Goud, N. R. & Nangia, A. Andrographolide: Solving chemical instability and poor solubility by means of cocrystals.
Chem. Asian J. 8,3032-3041 (2013).

Dai, Y. et al. Overview of pharmacological activities of Andrographis paniculata and its major compound andrographolide. Crit.
Rev. Food Sci. Nutr. 59, S17-S29 (2019).

Lin, N. ], Keeler, C., Kraigsley, A. M., Ye, J. & Lin-Gibson, S. Effect of dental monomers and initiators on Streptococcus mutans
oral biofilms. Dent. Mater. 34, 776-785 (2018).

Scientific Reports |

(2022) 12:6635 | https://doi.org/10.1038/s41598-022-10654-6 nature portfolio



www.nature.com/scientificreports/

Acknowledgements

The authors are grateful for the support from the Thammasat University Research Unit in Dental and Bone Sub-
stitute Biomaterials, Thammasat University. The syringes of experimental orthodontic adhesives were provided
by medmix Switzerland AG. The authors would like to thank Miss Arnit Toneluck at the Medicinal Extracts and
Biomaterials Laboratory at the Faculty of Dentistry Thammasat University for technical support.

Author contributions

W.C. was responsible for conceptualization, methodology, investigation, data curation, formal analysis, writing-
original draft preparation, writing-review and editing; S.C. was responsible for conceptualization, methodology,
investigation, data curation, formal analysis, writing-original draft preparation, and writing-review and editing;
K.I. was responsible for conceptualization, methodology, funding acquisition, supervision, project administra-
tion, and writing-original draft preparation; S.B. was responsible for conceptualization, methodology, funding
acquisition, supervision, project administration, and writing-original draft preparation; V.A. was responsible
for conceptualization, methodology, funding acquisition, supervision, project administration, writing-review
and editing, and writing-original draft preparation; P.N. was responsible for conceptualization, methodology,
resources, funding acquisition, writing-original draft preparation, and writing-review and editing; P.P. was
responsible for conceptualization, methodology, investigation, validation, formal analysis, resources, funding
acquisition, supervision, project administration, writing-original draft preparation, and writing-review and
editing. All authors have read and agreed to the published version of the manuscript.

Funding
This study was supported by the Faculty of Dentistry, Thammasat University.

Competing interests

The authors PP, PN., W.C,, S.C. declare the Thai Provisional Petty Patent Application (Number 2103003085, date
of submission: 25" October 2021). The authors K.I., S.B., and V.A. declare no competing interests. The funders
had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

Additional information
Correspondence and requests for materials should be addressed to PP.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, 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 changes were made. 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/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:6635 | https://doi.org/10.1038/s41598-022-10654-6 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Physicalmechanical and antibacterial properties of orthodontic adhesives containing Sr-bioactive glass nanoparticles, calcium phosphate, and andrographolide
	Materials and methods
	Preparation and characterization of Sr-bioactive glass nanoparticles (Sr-BGNPs). 
	Preparation of orthodontic adhesives. 
	Degree of monomer conversion. 
	Biaxial flexural strength and modulus of elasticity. 
	Water sorption and solubility. 
	Enamel shear bond strength (SBS) and adhesive remnant index (ARI score). 
	Calcium phosphate precipitation. 
	Ion release. 
	Influence on the growth of S. mutans. 
	Statistical analysis. 

	Results
	Characterization of Sr-bioactive glass nanoparticles (SrBGNPs). 
	Degree of monomer conversion (DC). 
	Biaxial flexural strength (BFS) and modulus of elasticity (BFM). 
	Water sorption and solubility. 
	Enamel shear bond strength (SBS) and adhesive remnant index (ARI score). 
	Calcium phosphate precipitation. 
	Ion release. 
	Influence on the growth of S. mutans. 

	Discussion
	Conclusion
	References
	Acknowledgements


