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ARTICLE INFO ABSTRACT
Keywords: Resin infiltrants have been effectively applied in dentistry to manage non-cavitated carious lesions in proximal
Surface properties dental surfaces. However, the common formulations are composed of inert methacrylate monomers. In this

Dental caries study, we developed a novel resin infiltrant with microcapsules loaded with an ionic liquid (MC-IL), and analyzed

Isv;ziqsanical the physical properties and cytotoxicity of the dental resin. First, the ionic liquid 1-n-butyl-3-methylimidazolium
Drug delivery systems bis(trifluoromethanesulfonyl)imide (BMI.NTf;) was synthesized. BMIL.NTf, has previously shown antibacterial
Polymers activity in a dental resin. Then, MC-IL were synthesized by the deposition of a preformed polymer. The MC-IL
were analyzed for particle size and de-agglomeration effect via laser diffraction analysis and shape via scan-
ning electron microscopy (SEM). The infiltrants were formulated, and the MC-IL were incorporated at 2.5%, 5%,
and 10 wt%. A group without MC-IL was used as a control. The infiltrants were evaluated for ultimate tensile
strength (UTS), contact angle, surface free energy (SFE), and cytotoxicity. The MC-IL showed a mean particle size
of 1.64 (+0.08) pm, shriveled aspect, and a de-agglomeration profile suggestive of nanoparticles’ presence in the
synthesized powder. There were no differences in UTS among groups (p > 0.05). The incorporation of 10 wt% of
MC-IL increased the contact angle (p < 0.05), while the addition from 5 wt% reduced the SFE in comparison to
the control group (p < 0.05). The human cell viability was above 90% for all groups (p > 0.05). The incorpo-
ration of microcapsules as a drug-delivery system for ionic liquids may be a promising strategy to improve dental
restorative materials.

1. Introduction The primary strategy to treat incipient enamel caries lesion involves the
nonoperative management by topical fluoride application, patients’
Dental caries is a high prevalent disease worldwide [1], leading to education for oral hygiene improvement, and appropriate diet [4,5].
pain, loss of dental tissues or teeth, and negatively impacting the quality When the lesion extension and the chances of surface breakdown in-
of life [2]. The prevalence of dental caries in proximal surfaces crease, the development of biocompatible materials to hinder the lesions

encompass more than 50% of caries lesions [3]. Early intervention in is recommended [6].
this disease reduces the chances of increasing the loss of dental tissues. The use of resin infiltrants is an approach to treat superficial
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proximal carious lesions [7,8]. Infiltrants are light-curable resins that
occlude the porous of lesions, sealing inside the lesion body and its
surface [9]. In comparison to sealants, resin infiltrants have a higher
flow because it lacks inorganic filler. As an interesting advantage of
infiltrants, there is no need for an extra clinical step of tooth separation
to be placed on proximal dental areas, decreasing procedure time and
improving patient comfort [10]. A previous randomized clinical trial
[11] showed that proximal lesions infiltration combined with diet and
hygiene instructions arrested clinically and radiographically more le-
sions (5% of lesions progression) in comparison to diet and hygiene
instructions alone after eighteen months (31% of lesions progression). It
indicated that resin infiltrants’ use led to a relative risk reduction of 83%
(95% CI 67-91%) [11].

Even though resin infiltrants indicate clinically significant results by
hampering carious progression, a range of patients did not show
improvement (9-33%) [11]. Common methacrylates used to formulate
restorative materials, such as triethylene glycol dimethacrylate
(TEGDMA) and bisphenol A-glycidyl methacrylate (Bis-GMA), do not
present antimicrobial activity [12]. The antimicrobial property could
improve enamel caries prevention by reducing biofilm formation [13],
which may positively impact patients with a high risk of caries that are
not being benefited from enamel infiltration [14]. Antimicrobial agents
have been added to resin infiltrants to improve their biological prop-
erties and increase their protective effect. Previous studies incorporated
silver nanoparticles (AgNP) [15], quaternary ammonium methacrylate
[16], cationic molecules [17], and chlorhexidine into resin infiltrants
formulation. AgNP were incorporated into a commercial infiltrant at 5.5
wt% and tested regarding enamel’s penetrability [15]. In this ex vivo
study, AgNP did not alter the infiltration on proximal enamel caries
[15]. Cationic molecules such as dimethylaminododecyl methacrylate
(DMADDM) [16], guanidine hydrochloride [17], and chlorhexidine [18]
were tested regarding antibacterial activity and showed promising
results.

As a novel antimicrobial agent for dental resins, ionic liquids (ILs)
have been proposed [19-21]. ILs, mainly those based on the imidazo-
lium cation, are organic salts with low melting point and 3D structural
organization due to the imidazolium cation interaction with a weakly
coordinating anion [22,23]. The antibacterial role of IL cation is via the
interaction with the negatively charged species of bacterial membrane
and wall, acting via direct contact with the microorganism [22]. In
particular, the anion bis(trifluoromethanesulfonyl)imide (NTfy) offers
hydrophobicity to the IL, which may increase its antibacterial property
[22]. The use of ILs has been highlighted because of their possible ad-
vantages over common salts. Salts are about 50% of active drugs used for
pharmacological processes [24]. However, these materials suffer crystal
polymorphism in pharmaceutical compounds [24]. ILs, on the other
hand, are considered molten salts since they are found liquid in tem-
peratures below 100 °C. Therefore, polymorphism’s common problem
can be overcome using active drugs composed of ILs [24]. Furthermore,
ILs are the ultimate solution to defeat antimicrobial resistance due to the
possibility of tuning them by changing their counterions [22]. These
properties make them possible advantageous compared to metallic ox-
ides and classical antimicrobial agents, such as chlorhexidine.

Recently, an ionic liquid with imidazolium cation and NTf; anion, 1-
n-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (BMI.
NTf,) was used as an antibacterial agent for an experimental orthodontic
adhesive against Streptococcus mutans [21]. In the previous research
[21], BML.NTf;, was free in the adhesive. The design of dental resins with
drug delivery systems carrying ILs could be an advantage to maintain
reliable physicochemical and antibacterial properties over time [25,26].
However, there are no reports about the encapsulation of ILs in dental
materials. The aim of this study was to synthesize microcapsules loaded
with the ionic liquid (MC-IL) 1-n-butyl-3-methylimidazolium bis(tri-
fluoromethanesulfonyl)imide (BML.NTfy) and evaluate the addition of
MC-IL in the physical, chemical, and cytotoxicity properties of experi-
mental resin infiltrants.
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2. Materials and methods
2.1. Synthesis of ionic liquid-loaded microcapsules (MC-IL)

To synthesize ionic liquid-loaded microcapsules (MC-IL), the ionic
liquid 1-n-butyl-3-methylimidazoilium bis(trifluoromethanesulfonyl)
imide (BMIL.NTf;) was synthesized according to previous study [21,27]
(Fig. 1). All reagents for the ionic liquid synthesis were purchased from
Sigma-Aldrich Chemical (St. Louis, MO, USA). Three steps were per-
formed to obtain butyl methanesulfonate (1st step), 1-n-butyl-3-me-
thylimidazolium methanesulfonate (2nd step), and finally, the ionic
liquid 1-n-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)
imide (BMI.NTf5,) used to synthesize the microcapsules.

Briefly, butyl methanesulfonate was synthesized by mixing butanol
(1.0 mol) and triethylamine (1.0 mol) in dichloromethane (940 mL).
Methanesulfonyl chloride (1.0 mol) was added, and the solution was
kept at room temperature for two hours. The solution was washed with
distilled water and dried with MgSO4. The dichloromethane was evap-
orated, the produced ester was distilled, and a colorless liquid was
achieved. Then, 1-n-butyl-3-methylimidazolium methanesulfonate was
produced using butyl methanesulfonate (0.91 mol) and 1-methylimida-
zole (0.91 mol). After repeated recrystallization processes in acetone
using previously prepared crystals of 1-n-butyl-3-methylimidazolium
methanesulfonate as seeds, colorless crystals of 1-n-butyl-3-methyl-
imidazolium methanesulfonate were synthesized. The final step to
synthesize BMI.NTf; consisted of anion exchange by formulating two
solutions: (1) lithium bis(trifluoromethanesulfonyl)imide (174 mmol) in
distilled water (25 mL) and (2) 1-n-butyl-3-methylimidazolium meth-
anesulfonate (165 mmol) in distilled water (65 mL). The solutions were
mixed, stirred, and after phase separation, dichloromethane (200 mL)
was added to facilitate removing the IL from the aqueous phase. The
product was also washed with distilled water and dried with MgSO4. The
solvent was evaporated to obtain the characteristic colorless ionic liquid
BMLNTf; (yield of 98%).

After the synthesis of the ionic liquid BMLNTfy, microcapsules
loaded with BMI.NTf; were synthesized (Fig. 2). First, 0.9 g of hydrox-
ypropyl methylcellulose (METHOCEL - HPMC - F4M, Dow Pharma &
Food Solutions, Midland, MI, USA) was mixed with 100 mL of ultrapure
water. The solution was kept in the refrigerator at 4 °C for 24 h. Then, an
organic phase was prepared with Eudragit S100 (Evonik Industries AG
Pharma Polymers & Services, Kirschenallee, Darmstadt, Germany), poly
(MMA-co-MAA) (0.50 g), ionic liquid BMI.NTf; (0.0160 g), and sorbitan
monostearate (Span 60, Sigma-Aldrich Chemical, Inc., St. Louis, MO,
USA) (0.19 g) dissolved in 125 mL of acetone (Nuclear, Sao Paulo, SP,
Brazil) under magnetic stirring for 30 min at 37 °C. It was added in an
aqueous phase composed of polysorbate 80 (Tween 80, Henrifarma, Sao
Paulo, SP, Brazil) (0.385 g) and 200 mL of ultrapure water during
constant stirring.

The HPMC dispersion was stirred at 37 °C, and the solution
composed of the aqueous and organic phases were injected with a funnel
into the HPMC dispersion while stirring. The final solution was dried
using a Mini-Spray Dryer B-290 (BUCHI Labortechnik AG, Flawi,
Switzerland) with a dehumidifier (B-292, Buchi, Flawi, Switzerland).
The feed pump rate of 5.0 mL min~! was used with 100% aspiration, 0.7
mm nozzle, atomization air at 819 Lh™}, and inlet temperature of 120 °C
with a final outlet temperature of 70 °C. These temperatures are
appropriate to remove the solvents, extracting residual liquids from the
mixtures. The final product was characterized as a white powder (yield
of approximately 42%).

2.2. Determination of particle size

The MC-IL powder was analyzed by laser diffraction (LD, Mastersizer
2000, Malvern Instruments, Worcestershire, UK) to obtain the average
particle diameter (weighted average D4,3) and the polydispersity index
(SPAN value) [28]. The powder formulation was analyzed directly using
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Fig. 1. Synthesis of the ionic liquid. The scheme displays the three steps for the ionic liquid (IL) BMI.NTf; synthesis and evidences the IL molecular structure.

a dry dispersion unit (Scirocco dry disperser, Malvern Instruments,
Worcestershire, UK), with a stream of air being the dispersing medium
(dry way). The refractive index used was 1.336, referred to as HPMC
F4M. The laser obscuration was 2%. The results are expressed as a
weighted average (D4 3)).

2.3. De-agglomeration analysis of particles

The powder’s de-agglomeration profile was analyzed wet, using
water as a dispersing medium and a rotation of 2000 rpm. Enough
powder was added to the dispenser to obtain the laser’s minimum
obscuration, and particle size analyses were performed automatically for
30 min, at 5 min intervals. The refractive index used was 1.336, referred
to HPMC F4M. The laser obscuration was 2%.

2.4. Morphological analysis

The MC-IL materials were analyzed by scanning electron microscopy
(SEM). The synthesized powder of MC-IL was placed onto a metallic stub
and gold-sputtered (15 - 25 nm of coat, SDC 050, Baltec, Vaduz,
Liechtenstein). The SEM analysis (SEM, JSM 6060, Jeol, Tokyo, Japan)
was performed at an accelerating voltage of 10 kV and 5,500x, 8,500x,
and 13,000x magnification.

2.5. Formulation of resin infiltrants

The resin infiltrants were formulated by mixing 90 wt% of tri-
ethylene glycol dimethacrylates (TEGDMA) with 10 wt% of bisphenol A-
glycidyl methacrylate (Bis-GMA) according to the previous study of
resin infiltrant formulation [17]. A photoinitiator system composed of
camphorquinone and ethyl 4-dimethylaminobenzoate were added at 1
mol%. The materials were purchased at Aldrich Chemical Co. (St. Louis,
Missouri, USA). Four experimental resin infiltrants were prepared: base
resin without MC-IL was used as a control group, and the other three
groups were formulated with 2.5 wt%, 5 wt%, or 10 wt% by manually
mixing the MC-IL with the base resin. The powder of MC-IL was kept in
hermetically sealed flasks until use. The light-curing unit used was Radii
Cal (SDI, Australia) with 1200 mW/cmZ, verified via the radiometer
Ophir Optronics (Danvers, MA, USA).

2.6. Ultimate tensile strength (UTS)

The resin infiltrants were tested for ultimate tensile strength (UTS)
using ten samples per group [29]. The samples were prepared in a
metallic mold measuring 8.0 mm long, 2.0 mm wide, and 1.0 mm
thickness. The mold presented an hourglass shape with 1 mm? of the
constriction area. Uncured resin infiltrants were placed into the mold,
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Fig. 2. Synthesis of the microcapsules loaded with ionic liquid (MC-IL). The scheme displays the steps to synthesize the MC-IL from the mixture of solutions up to
drying. The colors of the solutions are illustrated in pink, grey, and red for better visual characterization. However, all solutions were colorless after the dissolution of
the reagents. A white powder was obtained at the end of the process and then incorporated into the resin infiltrant at different concentrations. Part of the powder’s
scanning electron microscopy image was added in the figure to illustrate that microcapsules formed the powder generated with the indicated morphology. The
scheme also describes the formation of the microcapsules and their composition at the bottom of the figure.

and a polyester strip (K-Dent, Biodental Produtos Dentarios LTDA, Cri-
ciuma, SC, Brazil was used to cover the bottom and the top of each
sample. The samples were photoactivated for 40 s on the bottom and 40
s on the top. During the photoactivation process, the beam of the
light-curing unit was directly in contact with the sample surface, sepa-
rated only by the thin and transparent polyester strip. The samples were
carefully removed from the mold and immersed in 1.5 mL of distilled
water at 37 °C for 24 h. The constriction area of each sample was
measured with a digital caliper, and the samples were bonded into a
metallic jig with cyanoacrylate adhesive. The samples were tested for
tensile strength universal testing machine (EZ-SX Series, Shimadzu,
Kyoto, Japan) with a crosshead speed of 1 mm/min until the fracture
occurs in the constriction area. The results were expressed in mega-
pascals (MPa) after dividing the force (Newtons) necessary to break each
sample and its constriction area (mm?).

2.7. Contact angle and surface free energy evaluation

Five samples per group [30] were prepared to measure 1.0 mm
thickness and 6.0 mm in diameter to analyze the polymerized resin
infiltrants’ contact angle and surface free energy. Each uncured material
was placed in circular molds and photoactivated for 40 s on the bottom
and 40 s on the top. The light-curing unit’s beam was directly in contact
with the sample surface, separated only by the polyester strip. The
samples were immersed in 1.5 mL of distilled water and kept at 37 °C in
an incubator 24 h. The samples were embedded in self-curing acrylic
resin and analyzed with an optical tensiometer Theta (Biolin Scientific,
Stockholm, Sweden). Two results of the contact angle were acquired:
with distilled water (polar liquid) or a-bromonaphtalene (non-polar
liquid), by dropping these liquids on the polymerized infiltrant surface.
Each drop of liquid tested had 3.0 pL, the drop rate used was 2.0 pL/s,
with a displacement rate of 20.00 pL/s, and speed dispersion of 50
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mm/min. The equipment monitored the contact angle from the moment
of contact between the drop and the sample surface up to 20 s. The
contact angle acquired at 10 s of contact between the drop and the
surface was used as a result for contact angle with water or a-bromo-
naphtalene. With the contact angle values with water and contact angle
with a-bromonaphtalene, the surface free energy (SFE) was calculated.
For this purpose, the values recorded at 10 s after the contact of the
drops with the sample’s surface were used. The method applied to
generate the SFE values was the Owens-Wendt-Rabel-Kaelble (OWRK)
method [31] by OneAttension software (Biolin Scientific, Stockholm,
Sweden).

2.8. Cytotoxicity evaluation

The viability of human keratinocytes (HaCaT, CLS Cell Lines Service
GmbH, Eppelheim, Germany) was estimated by Sulforhodamine B (SRB)
colorimetric assay. Five samples per group [21] (1.0 mm thickness x 4.0
mm diameter) were prepared after 40 s of photoactivation on the top
and 40 s on the bottom. The light-curing unit’s beam was directly in
contact with the sample surface, separated only by the polyester strip.
The samples were immersed in 1 mL of Dulbecco’s Modified Eagle
Medium (DMEM) for 24 h to prepare eluates. HaCaT cells were seeded at
5 x 10%/well in 96-well plates, treated with 100 L of eluates from each
sample, and kept for 72 h at 37 °C in an incubator. Then, trichloroacetic
acid (Sigma-Aldrich Chemical Co, St. Louis, Missouri, USA) at 10 vol.%
was added to each well to fix the cells on the plates’ bottom. After
washing with water and dried at room temperature, the dye SRB (Sig-
ma-Aldrich Chemical Co, St. Louis, Missouri, USA) at 0.4 vol.% was
added into each well, and the plates were incubated at room tempera-
ture for 30 min. Acetic acid at 1 vol.% was used to wash the plates,
which were dried at room temperature again. After the plates’ complete
dry, Trizma solution was added in the wells to resuspend the fixed cells.
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After one hour at room temperature, each well’s absorbance was
analyzed at 560 nm via UV-Vis spectroscopy. The results were expressed
as a percentage of viability in relation to the negative control (cells that
were cultured in the absence of eluates).

2.9. Statistical analysis

The data were analyzed with the software SigmaPlot, version 12.0
(Systat Software, Inc., San Jose, CA, USA). MC-IL characterization via
the laser-diffraction method and SEM were descriptively analyzed. The
data distribution of resin infiltrant’s analyses was evaluated with the
Shapiro-Wilk test. The results of UTS, contact angle with water, the
contact angle with a-bromonaphtalene, and surface free energy were
analyzed via one-way ANOVA. Tukey’s post hoc test was applied when a
statistical difference was observed. Cytotoxicity was analyzed via
Kruskal-Wallis. A significant level of 5% was used for all tests.

3. Results

The MC-IL synthesized from the interfacial deposition of preformed
polymers showed a mean particle size of 1.64 (+£0.08) ym and a SPAN
value of 1.02 (4+0.03). Fig. 3 represents the granulometric dispersion
profile of the MC-IL powder, using air or water as a dispersing medium.
The dry analysis (Fig. 3 - solid grey line) shows that the synthesized MC-
IL is uniform, monomodal, with a narrow particle size range, constituted
mainly by microparticles (10% of the particles <1 pm). The wet analysis
provides an estimate of how the material tends to behave when it comes
in contact with a liquid medium (Fig. 3 - T1 and T7). The graph shows
the particles’ shift towards the nanometric range, with two populations
of particles over time: micro and nanoparticles. Table 1 shows the 10th
percentile, 50th percentile, and 90th percentile of the MC-IL in the dry
and wet analyses.

The SEM analysis confirmed the micrometer scale size of the parti-
cles showed by laser diffraction analysis (Fig. 4). Besides, the particles

Bioactive Materials 6 (2021) 2667-2675

Table 1

Percentiles of the size distribution (diameter) of the synthesized MC-IL in the dry
dispersion and after the contact with water for 15 min (T1) and 30 min (T1). The
analyses were performed using the laser diffraction method, and the results are
expressed in micrometers (pm).

Sample 10th 50th 90th

MC-IL (dry dispersion) 0.935 1.545 2.522
MC-IL (T1) 0.077 0.158 0.600
MC-IL (T7) 0.071 0.147 0.343

presented a biconcave disc shape with invaginations and shriveled
aspect.

Table 2 displays UTS results, the contact angle with water, the con-
tact angle with a-bromonaphtalene, and surface free energy. UTS results
ranged from 62.13 (£6.80) for the group containing 2.5 wt% of MC-IL to
69.88 (+£9.08) for the group containing 10 wt% of MC-IL. There was no
statistically significant difference among the groups for the UTS test (p
> 0.05).

The contact angle with water ranged from 62.16 (£+2.11) for the
control group to 77.87 (+4.73) for 10 wt% addition of MC-IL. The group
with 10 wt% showed a higher contact angle in comparison to all other
groups (p < 0.05), and there was no difference from control to 5 wt% (p
> 0.05). The contact angle results with a-bromonaphtalene showed no
statistically significant differences among groups from control to 5 wt%
of MC-IL (p > 0.05). The incorporation of 10 wt% of MC-IL increased the
contact angle from 11.07 (+£2.66) for the control group to 35.04
(+4.49), with a statistically significant difference for 10 wt% of MC-IL in
comparison to all other groups (p < 0.05).

From 5 wt% of MC-IL addition, there was a statistically significant
difference for SFE compared to the control group (p < 0.05). With 5 wt
%, the SFE decreased from 55.85 (+5.37) for the control group to 49.70
(£1.57) (p < 0.05). When 10 wt% of MC-IL was added, the SFE
decreased to 41.66 (+2.46) (p < 0.05).

The cytotoxicity results are displayed in Fig. 5. All mean values were

(A) 16
14
12

—
[»a] =

Volume (%)

Particle size profile
(dry dispersion)
—Ti

=ies.em T7 - 30 min

Fig. 3. Particle size analysis by laser diffraction.
In the image A, the solid grey line represents the
particle size profile in a dry dispersion. The solid
black line represents the particle size profile in
the de-agglomeration analysis, using water as a
dispersion medium after 15 min (T1) and 30 min
(T7) of contact between powder of MC-IL and
water. The black dashed line represents the par-
ticle size profile in the de-agglomeration anal-
ysis, using water as a dispersion medium, after
30 min of contact between powder and water. In
the image B, a illustration shows how the plas-
ticizing effect of the polymeric chains of HPMC
probably occurs up to the loss of HPMC and
release of the nanocapsules from the
microcapsules.
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Fig. 4. SEM images of synthesized MC-IL. Image (A) shows the MC-IL with 5,000x magnification, image B shows with 8,500x magnification, and image C with

13,000x magnification.

Table 2
Mean and standard deviation values of ultimate tensile strength (UTS), contact
angle with water or a-bromonaphtalene, and surface free energy (SFE).

Groups UTS (MPa) Contact Angle SFE (mN/M)
Water a-bromonaphtalene
Control 65.67 62.16 11.07 (+2.66) © 53.50
(+4.97) 2 (+2.11) 8 (1.2 4
2.5% MC-  62.13 65.74 18.31 (+8.26) B 50.71
L (+6.80) * (+3.81) 8 (£1.91) A8
5% MCIL  63.40 68.66 17.08 (+2.95) & 49.70
(+7.12) 4 (+3.23) B (£1.57) B
10% MC-  69.88 77.87 35.04 (+4.49) A 41.66
IL (£9.08) * (+4.73) 4 (£2.46) ©

Different capital letters indicate a statistically significant difference in the same
column (p < 0.05).

higher than 90% of cell viability. The values ranged from 109.68
(£0.52) % for 2.5 wt% of MC-IL to 91.23 (£1.72) % for 10 wt% of MC-
IL.

4. Discussion

Microinvasive technique with resin infiltrants is effective in man-
aging non-cavitated carious lesions in proximal surfaces [32]. Along
with oral hygiene instructions, the use of resin infiltrants has been rec-
ommended to hamper carious progression in areas up to the outer third
of dentin [32]. In this study, a resin infiltrant with promising therapeutic
effects was formulated with microcapsules loaded with a new antibac-
terial agent composed of IL. The developed material showed improved
surface properties without impacts on mechanical and cytotoxicity
properties.

The MC-IL were prepared via a self-assembly process [28,33]
(Fig. 2). The microcapsules synthesized are methacrylate-derived ma-
terials, which assists in the compatibility with the methacrylate-based
resin used to formulate the resin infiltrants. Two amphiphilic surfac-
tants were used because polysorbate 80 is polar and sorbitan mono-
stearate is non-polar. This change in the hydrophilic/hydrophobic
property assists in conferring the shape and stability of the particles. An
interesting difference between the synthesis used here compared to
others previously reported [34,35] is that due to IL’s high hydropho-
bicity, it was possible to synthesize the particles without additional oils
as capric and caprylic triglycerides. These oils usually are necessary as
adjuvants in the formation of the microcapsules’ core.

The MC-IL here reported were formed by a core of IL surrounded by a
polymeric wall of methacrylate and methacrylic acid (Eudragit S100).
The surface of the MC-IL was shriveled, as previously shown [33]. It was
attributed to hydroxypropyl methylcellulose (HPMC), which was used
as a drying aid [33]. During the drying process, the suspension of syn-
thesized particles incorporated into the HPMC dispersion is conducted to
the spray drying. The mini spray dryer’s equipment atomizer produces a
fine mist of sprayed droplets, and the droplets are dried by hot air. Each
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droplet generated is composed of MC-IL, HPMC, acetone, and water. The
HPMC increases the formulation’s viscosity, and in contact with the high
temperature, it quickly dries, forming a thin dry film around the droplets
(Fig. 6). The residual liquid inside the partially dried droplet is extracted
by capillarity due to the high external temperature and high internal
pressure. At the end of this process, the collected powder consists of
microcapsules with irregularities on its surface due to the wilting pro-
cess, leading to a shriveled aspect observed in SEM (Fig. 4). The MC-IL
synthesis route was reproducible and resulted in particles of micro-
metric size with a mean size of 1.64 (£0.08) pm. The laser diffraction
analysis also showed a monomodal behavior and a narrow range of
particle size distribution, as observed by the low polydispersion index
(SPAN = 1.02 £ 0.03), suggesting uniformity particles in a dry powder.

The particle size profile in the dry environment shows one single
peak on the micrometer scale. However, when dispersed in water, the
profile is different, with the formation of two peaks (Fig. 3). The study of
the particles in an aqueous medium (de-agglomeration analysis) better
reveals the particles’ size profile, showing that the powder is composed
of nanoparticles with different sizes instead of only micrometric parti-
cles. The pattern observed in Fig. 1 is mostly related to HPMC behavior.
Probably the release of the agents occur in the following order: imme-
diately after HPMC-aqueous medium contact, there is partial solubili-
zation of the HPMC film that surrounds the MC-IL, releasing some of the
nanoparticles and leading to the formation of two peaks in the graph
related to free nanoparticles with different sizes (T1); then, HPMC swells
and acts as a barrier that delays the nanoparticles release, leading to the
decrease of peak heigh related to free larger nanoparticles (T7). After a
more extended period of contact with water, higher plasticization and
degradation occur for HPMC chains, causing erosion process and release
of more nanoparticles. The coating of methacrylate and methacrylic acid
(Euragit) needs to be further eroded for IL release. In this way, the
polymeric barriers provide the slow release property of the encapsulated
agent. After 30 min in the same medium (T7), the particle size profile
maintenance confirms the prone of the additional barrier be maintained
and probably delay the release of the encapsulated drug [33].

In this study, we analyzed the UTS of the formulated resin infiltrants
because this property could impact white-spot lesions’ stability or even
act to reinforce the demineralized area. The incorporation of particles in
the resin matrix may change the mechanical behavior of the polymer. In
resin materials with low viscosity, fillers’ concentration is usually up to
15 wt% to attain excellent viscosity and penetrability in demineralized
enamel sites [36,37]. MC-IL were added from 2.5 to 10 wt% in the
organic matrix following a pilot study. The authors observed that the
infiltrants remained with proper handling regardless of the particle
concentration. The addition of MC-IL did not change the mechanical
behavior of the infiltrants. The maintenance of the tensile strength
values is probably attributed to similar polymeric network formation.
The polymeric microcapsules have no reactivity within the organic
matrix since it is covered by a copolymer and HPMC, which may not
confer energy to modify polymerization kinetics. Moreover, the stabi-
lizing agent HPMC adsorbed on MC-IL may help grant the MC-IL and
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Fig. 5. Image (A) illustrates the cytotoxicity methodology. Image (B) shows the mean and standard deviation values of cell viability for each resin infiltrants group
after the cytotoxicity test. The same letters indicate no statistical difference among groups (p > 0.05).

organic matrix’s chemical affinity, favoring tensile transfer processes.

In addition to mechanical behavior, the experimental dental resins
were tested for surface properties. The modification of organic resin may
modify the contact angle and the SFE of the developed polymer. The test
performed in the present study is based on the contact angle formed
among the complex solid-liquid-air, where the solid surface consists of
the polymerized resin infiltrant, and the liquid was distilled water or
a-bromonaphtalene. The addition of 10 wt% of MC-IL increased the
contact angle and decreased the SFE of the resin infiltrant in comparison
to the control group. The contact angle and the SFE are related to the
materials’ hydrophilicity and may help predict behaviors related to
water sorption [38]. Therefore, the interaction of materials surface and
the medium around them can be investigated using this test. A higher
contact angle and decreased SFE makes the material less prone to be wet.
This feature is interesting since the higher hydrophobicity and lower
wettability of polymers may favor hydrolytic stability in the oral
environment.

The effect of the contact angles and SFE on bacterial colonization has
been investigated. Some studies report that the increased contact angle
and decreased SFE may lead to an antibiofilm effect. These changes
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make the material alter from hydrophilic to hydrophobic, reducing the
bacterial attachment [39-41]. However, the results of this theme are
controversial. Almaroof et al. [38] discussed this issue, stating that the
non-clear consensus remains that bacterial adherence is complex. It is
not related only to the physical property of the surface but also to its
chemical composition. Besides the solid’s physical and chemical prop-
erties, the liquid surrounding and growing broth and the type of bacteria
probably influence the outcomes [38]. However, it is interesting to
observe that at least 5 wt% of MC-IL changed the SFE. In addition to the
antibacterial activity of the IL BMI.NTf,, bacterial adherence could be
diminished because of the change in these properties. It is a limitation of
this study not to have tested the antimicrobial activity of the formulated
materials.

ILs were already used to create antibacterial coatings in polymers
[42] and nanoparticles [19,20,43]. Moreover, dicationic
imidazolium-based ILs with NTf; were used to provide antibacterial
property, anti-corrosion characteristics, and lubrication to implants
surfaces [44,45]. BML.NTf; used as a core of the present study’s mi-
crocapsules already showed antibacterial activity against biofilm for-
mation of S. mutans and planktonic S. mutans [21]. In these previous
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analyses, a dental adhesive was placed in contact with this bacterium,
and it was demonstrated that probably the IL had leached from the
polymer matrix, decreasing the viability of S. mutans in these two stages
(biofilm and planktonic) [21]. Another interesting question to be
addressed is if there is any difference between dental resins with free IL
and dental resins with MC-IL. Usually, the use of encapsulated drugs
reduces the quantity of antibacterial agents necessary for the activity
[46]. The present study is the first attempt to encapsulate an IL and
apply this platform in a dental material. It is beyond the scope of this
study to analyze all the issues mentioned above. Future studies are
encouraged to investigate the antibacterial activity of dental materials
with MC-IL and analyze if the SFE and contact angle differences could
interfere with the antibacterial property. Furthermore, in situ studies
[47] applying the infiltrants in enamel is an exciting future study to
translate the knowledge from the bench to the clinical setting.

Finally, the infiltrants were tested against human keratinocytes. The
cytotoxicity assay was performed via the staining method using SRB dye
[48]. Previous studies have already tested the potential cytotoxic effect
of nanocapsules and microspheres, synthesized via similar routes, in
adhesives [49,50], sealers [51], and endodontic paste [28]. When tested
in vitro, the assays were performed with pulp cells due to the clinical
indication that those materials had. In the present investigation, the
infiltrants were tested against keratinocytes due to this material’s
possible contact in teeth’ proximal surfaces with keratinocytes. ISO
preconizes that at least 70% of cell viability is expected for
non-cytotoxic materials [52]. Average and median values were above
90% for all groups, suggesting no cytotoxic effect against the human
cells. HPMC, the more external layer around the microcapsules, forms a
diffusion barrier for the components loaded, extending the drug release
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profile [33]. It probably assists in overcoming the cytotoxic effects of
drugs loaded. Moreover, HPMC is biocompatible, which is an essential
feature in drug release systems [33].

Overall, MC-IL incorporation changed the resin infiltrants’ surface
properties without affecting the polymer’s tensile strength and cyto-
toxicity. Initial results on the feasibility of formulating new resin infil-
trants were reported to improve micro-invasive treatments further.

5. Conclusion

In this study, microcapsules loaded with ionic liquid were success-
fully synthesized and incorporated into an experimental resin infiltrant.
The incorporation of at least 5 wt% of MC-IL decreased the polymer’s
SFE without changing its tensile strength and cytotoxic effect. MC-IL
may be a promising strategy to improve materials for restorative and
micro-invasive dental treatments.
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