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Abstract

Objectives
To evaluate the effect of incorporating L-arginine-containing mesoporous silica nanoparticles
(ArgC18@MSNs) into a commercial universal adhesive on enamel microhardness preservation under a
biofilm-induced white spot lesion (WSL) model and on shear bond strength (SBS) following bracket
bonding.

Materials and Methods
Ambar Universal APS (FGM) was modified by incorporating 5 wt% ArgC18@MSNs; the unmodified
adhesive served as the control. Forty-eight human premolars underwent bracket bonding after enamel
etching using the modified or control adhesive and an orthodontic resin cement (Orthocem, FGM).
Twelve teeth per adhesive were subjected to a 14-day S. mutans biofilm challenge to induce WSLs.
Cross-sectional enamel microhardness was measured at 100, 200, and 300 µm occlusal to the adhesive
margin and at enamel depths of 25–200 µm. The remaining twelve teeth per adhesive were tested for
SBS, and the adhesive remnant index (ARI) was recorded. Data were analyzed using independent-
samples t-tests or Mann–Whitney U tests (α = 0.05).

Results
WSLs developed adjacent to brackets in both groups, although they appeared less pronounced with the
ArgC18@MSNs-containing adhesive. Cross-sectional Knoop hardness was significantly higher in
superficial enamel for the ArgC18@MSNs-containing adhesive (25–100 µm depth at 100 µm, 25–75 µm
at 200 µm, and 25–50 µm at 300 µm from the bracket margin; p < 0.05). SBS and ARI did not differ
significantly between groups.

Conclusions
Incorporating ArgC18@MSNs into a commercial universal adhesive preserved enamel microhardness
adjacent to brackets under cariogenic challenge without compromising SBS.

Clinical Relevance:
An ArgC18@MSNs-containing universal adhesive may help prevent bracket-associated white spot
lesions without compromising orthodontic bond strength.

1. INTRODUCTION
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The development of white spot lesions (WSLs) adjacent to orthodontic brackets represents one of the
most frequent complications associated with fixed orthodontic treatment [1]. These lesions correspond
to subsurface enamel demineralization that clinically manifests as opaque, matte, chalky-white areas on
the tooth surface, resulting from differences in refractive index between sound and porous enamel [2].
Beyond their biological relevance as early caries lesions, WSLs constitute a significant aesthetic concern,
may compromise the perceived success of orthodontic therapy, and negatively affect patient
satisfaction [3]. Moreover, once established, these lesions exhibit a limited potential for spontaneous
regression [4] and may require clinical interventions of varying invasiveness [5, 6], underscoring the need
for effective preventive strategies throughout orthodontic treatment [7].

As any caries-related process, WSLs development is biofilm-associated [8]. Fixed orthodontic appliances
favor plaque retention by creating niches that hinder effective oral hygiene, thereby promoting biofilm
accumulation [9, 10]. A number of factors, including, but not limited to, changes in dietary habits during
orthodontic treatment and the presence of biofilm-colonized, non-buffering surfaces of the brackets and
their resin bonding agent, promote the shift in biofilm composition toward dysbiosis, fostering
predominantly acidogenic and acid-tolerant species. This condition results in an imbalance between
demineralization and remineralization, leading to a sustained acidic challenge [11]. Consequently, net
mineral loss occurs in the regions immediately adjacent the bracket–enamel interface [12].

Unsurprisingly, conventional strategies aimed at preventing WSLs during orthodontic treatment mainly
include reinforcement of oral hygiene measures, dietary counseling, and the use of fluoride-containing
products [13]. However, such preventive approaches are often difficult to implement and sustain over
time [14], as they largely depend on patients’ compliance and motivation, which may be intermittent and
inconsistent throughout the prolonged duration of orthodontic therapy [15]. Moreover, biofilms affect the
delivery of ions and molecules to the underlying surfaces, making the use of external antimicrobial
agents an impractical approach in many instances. Accordingly, increasing attention has been directed
toward incorporating functional agents into orthodontic bonding materials that can locally modulate the
biological environment at the susceptible sites, independently of patient behavior [16].

Within this framework, L-arginine has emerged as a particularly attractive agent for caries prevention [17,
18]. This semi-essential amino acid promotes ecological shifts within the dental biofilms towards
eubiosis by serving as a substrate for arginolytic bacteria. Through the arginine deiminase system, its
metabolism leads to ammonia production, contributing to local alkalization and buffering against acidic
challenges. This mechanism helps counteract the predominance of acidogenic and aciduric species,
favoring a microbial community more compatible with oral health [19–23]. In addition, L-arginine has
also been associated with alterations in extracellular polysaccharide synthesis and biofilm matrix
organization, potentially weakening bacterial adhesion and limiting the development of dense,
structurally stable biofilms [24–26].

L-arginine has been incorporated into several dental materials, both in its free form [27–31] and through
mesoporous silica nanoparticles (MSNs) [32–34], including conventional and resin-modified glass
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ionomer cements, orthodontic resin cements, and dental adhesives [27–34]. Most studies have
demonstrated that arginine incorporation enhances the antibacterial activity of these materials against
different biofilm models, including mono-, dual-, and multispecies cultures [27–34]. However, evidence
linking this antibacterial improvement to reduced enamel demineralization in the orthodontic context
remains limited. To date, only one study has evaluated the preventive effect of a resin-modified glass
ionomer cement containing 3 wt% free L-arginine on bracket-associated demineralization, demonstrating
reduced enamel hardness loss under a dual-species challenge [29].

In contrast to the direct incorporation of the agent in its free form, MSNs exhibit high structural similarity
to the inorganic silica fillers commonly present in resin-based materials [35], reduce dependence on
material composition and drug concentration [36], and help prevent premature release or degradation of
the agent [36], potentially favoring a more sustained local anticariogenic effect around orthodontic
brackets [37].

In a previous investigation, L-arginine–containing mesoporous silica nanoparticles (ArgC18@MSNs)
were developed and incorporated into a commercial universal adhesive. This modification significantly
reduced the viability of planktonic and surface-adhered microorganisms derived from a polymicrobial
dental plaque suspension, while preserving the adhesive’s physico-mechanical properties [34]. However,
it is still unclear whether the previously demonstrated antimicrobial activity of ArgC18@MSNs could
effectively translate into reduced enamel demineralization around orthodontic brackets under cariogenic
challenge. Therefore, this study investigated the effects of incorporating ArgC18@MSNs into a universal
adhesive used for bracket bonding on: (I) enamel microhardness loss following a microbiologically
induced WSL model and (II) shear bond strength. Therefore, the null hypotheses tested were that: (I) the
incorporation of ArgC18@MSNs would have no effect on enamel microhardness under a biofilm-induced
WSL model; and (II) it would not affect shear bond strength.

2. MATERIALS AND METHODS
The overall experimental workflow and specimen allocation are summarized in Fig. 1.

2.1. Adhesive groups
L-arginine-containing mesoporous silica nanoparticles (ArgC18@MSNs), previously synthesized and
characterized, were employed in this study [34]. The commercially available universal adhesive Ambar
Universal APS (AU, FGM Dental Group, Joinville, SC, Brazil; Table 1) was modified by incorporating
ArgC18@MSNs at a 5 wt% concentration [AU_5%ArgC18@MSNs]. To ensure homogeneous dispersion,
the mixture was magnetically stirred at room temperature for 15 min. The original unmodified adhesive
formulation served as the control [AU_control].

2.2. Tooth selection
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Forty-eight recently extracted sound human premolars were collected and cleaned to remove residual
biological debris using an ultrasonic bath supplemented with periodontal curette instrumentation. Each
tooth was carefully examined under a stereomicroscope (Lambda LEB-3, ATTO Instruments, Hong Kong,
China) at 10× magnification to verify the absence of structural defects or caries lesions on the buccal
enamel surface. The selected teeth were subsequently stored in distilled water at 5°C for a maximum of
3 mo until use.

* FGM Dental Group, Joinville, SC, Brazil.

ArgC18@MSNs: L-arginine-containing mesoporous silica nanoparticles.

2.3. Bracket bonding to enamel
The buccal enamel surfaces were cleaned with distilled water using a prophylaxis brush mounted on a
low-speed contra-angle handpiece for 15 s. The teeth were then extensively rinsed with distilled water,
then air-dried. An area of the mid-buccal enamel surface approximately corresponding to the bracket
base area was etched with 37% phosphoric acid (Condac 37, FGM Dental Group; Table 1) for 20 s,
followed by a rinsing for 15 s and gentle air drying for 5 s until the characteristic frosty appearance of
etched enamel was observed.

Table 1
Composition of the materials used.

Material
(manufacturer)

Composition

37% phosphoric acid
etchant

Condac 37

(FGM Dental Group*)

37% phosphoric acid, thickener, pigment and deionized water

Universal adhesive
system

Ambar Universal APS

(FGM Dental Group)

10-MDP, methacrylate monomers, photoinitiator complex (APS), co-
initiators, stabilizers, inert filler (silica particles) and solvent (ethanol).

Orthodontic adhesive
resin cement

Orthocem

(FGM Dental Group)

Methacrylate monomers (BisGMA, TEGDMA), methacrylate phosphatized
monomers, stabilizers, camforoquinone, co-initiators, silicon filler and
pigment.

* Joinville, SC, Brazil.

10-MDP: 10-methacryloyloxydecyl dihydrogen phosphate; APS: Advanced Polymerization System;
Bis-GMA: bisphenol A glycidyl methacrylate; TEGDMA: triethylene glycol dimethacrylate.
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The teeth were randomly assigned to one of the two adhesive groups, AU_Control or
AU_5%ArgC18@MSNs (n = 24). Two adhesive layers (one drop per layer) were applied to the conditioned
enamel surface following manufacturer’s instructions. The first layer was vigorously applied by
scrubbing a saturated microbrush for 10 s. A second layer was then applied using a new adhesive drop,
followed by gentle air blowing for 10 s to evaporate the solvent. Finally, light curing was performed for 10
s using a VALO LED curing unit (Ultradent, South Jordan, UT, USA) operating at an irradiance of 1000
mW/cm².

Premolar metal Roth brackets (Morelli Ortodontia, Sorocaba, SP, Brazil) with a base area of 12.25 mm²
were bonded using the orthodontic resin cement Orthocem (FGM Dental Group; Table 1) according to the
manufacturer’s instructions. A small amount of cement was dispensed directly onto the bracket base,
which was then positioned onto the tooth surface. Excess cement was removed without displacing the
bracket, followed by light curing for a total of 40 s, with 10 s applied to each bracket margin (occlusal,
gingival, mesial, and distal).

To ensure complete exposure of the enamel surface surrounding the bracket margins, any residual
excess cement or adhesive was finished using aluminum oxide polishing discs (Sof-Lex, Solventum, St.
Paul, MN, USA). The specimens were stored in distilled water for one week to remove leachable
compounds (unpolymerized monomers) and minimize an initial burst release of L-arginine following
bracket bonding.

2.4. Simulated microbiological white spot lesions
Twelve bracket-bonded teeth per adhesive group were subjected to a monospecies S. mutans biofilm
model to simulate microbiological WSLs around brackets, following a previously described protocol [38],
with minor modifications. These specimens were subsequently used for cross-sectional enamel
microhardness analysis.

Each tooth was individually sterilized in a steam autoclave (Phoenix Ind. Brasileira, Araraquara, SP, Brazil)
at 121°C for 15 min. Subsequently, specimens were immersed in an 8 mL Falcon tube containing an
artificial caries solution composed of 9.25 g of brain heart infusion supplemented with 5.0 g of sucrose
and 1.25 g of yeast extract dissolved in 250 mL of distilled water, along with 100 µL of a primary S.
mutans culture (ATCC 25175), with an approximate pH of 4.0. Samples were incubated in an anaerobic
jar (5% CO₂) at 37°C for 48 h.

Every 48 h, the specimens were transferred to a new 8 mL Falcon tube containing fresh artificial
cariogenic solution without additional S. mutans inoculation. This procedure was repeated over a total
period of 14 days. After completion of the biofilm challenge, specimens were photographed under
standardized conditions using a Canon EOS R mirrorless digital camera (Canon, Tokyo, Japan) equipped
with a Sigma 105-mm F2.8 macro lens (Sigma, Kanagawa, Japan). Camera settings were fixed in manual
mode (f/11, 1/125 s, ISO 200), and images were recorded in JPEG format.

2.5. Cross-sectional enamel microhardness
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Each specimen was sectioned in the buccolingual direction through the bracket using a low-speed
diamond saw under water irrigation (OCP 100 LC, Odeme Dental Research, Luzerna, SC, Brazil). One
central slice, approximately 2 mm thick, was obtained and subsequently polished with silicon carbide
abrasive paper up to 4000 grit. The slices were glued by self-cured acrylic resin to glass slides to ensure
stability during the microhardness analysis, leaving the surface of interest exposed.

For the microhardness analysis, a microhardness tester equipped with a Knoop indenter (Shimadzu,
Kyoto, Japan) was used with a 50 g load applied for 5 s. In each slice, 24 indentations were performed in
the occlusal region adjacent to the adhesive margin: at distances of 100, 200, and 300 µm from the
adhesive margin and at eight enamel depths from the external enamel surface (25, 50, 75, 100, 125, 150,
175, and 200 µm). The Knoop Hardness Number (KHN) values measured at each distance from the
adhesive margin and at each enamel depth were averaged for each adhesive group and used for the
statistical analysis.

2.6. Shear bond strength (SBS)
The remaining twelve bracket-bonded teeth per adhesive group, which were not subjected to the
microbiological model, were subjected to the SBS test using a universal testing machine (3343, Instron,
Norwood, MA, USA). Specimens were embedded in self-cured acrylic resin using a cylindrical polyvinyl
siloxane mold, ensuring that the buccal surface was positioned perpendicular to the horizontal axis of
the mold. The specimens were then secured in a testing device attached to the machine, and an
occlusogingival load was applied at the enamel-bracket interface using a chisel blade at a crosshead
speed of 1 mm/min until bracket debonding occurred. SBS was calculated in MPa by dividing the
maximum applied load (N) by the bracket base area (mm²).

2.7. Adhesive remnant index (ARI)
The amount of adhesive remaining on the tooth surface after bracket debonding was evaluated under a
stereomicroscope (Lambda LEB-3, ATTO Instruments) at 10× magnification following to the ARI scoring
system: 0 (no adhesive remaining on the tooth surface), 1 (less than half of the adhesive remaining on
the tooth surface), 2 (more than half of the adhesive remaining on the tooth surface), and 3 (all adhesive
remaining on the tooth surface). After the ARI assessment, representative images of the observed score
were captured as described previously (par. 2.4).

2.8. Statistical analysis
The sample size of 12 teeth per adhesive group in each experiment (cross-sectional enamel
microhardness and SBS) was established based on a previously published study evaluating the same
outcome variables under comparable experimental conditions [39]. Shapiro-Wilk tests were used to
assess the data normality (KHN values for each adhesive group at each distance from the adhesive
margin and enamel depth, and SBS values), while Levene’s test was applied to evaluate homogeneity of
variances between adhesive groups (data not shown).
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For the KHN analysis, normal distribution was confirmed in 93.75% of cases and homogeneity of
variances in 91.67% of comparisons. Accordingly, independent-samples t-tests were predominantly used
to compare adhesive groups at each distance from the adhesive margin and enamel depth, whereas the
Mann–Whitney U test was applied when parametric assumptions were not met (25 µm enamel depth for
the 100, 200, and 300 µm distances, and 50 µm enamel depth at the 200 µm distance). SBS values
(MPa) were compared between adhesive groups using the Mann–Whitney U test. Differences in ARI
score distribution between adhesive groups were evaluated using the Fisher–Freeman–Halton exact
test. Statistical analyses were performed using SPSS v30 (IBM, Armonk, NY, USA) and the significance
level was set at α = 0.05.

3. RESULTS

3.1. Simulated microbiological white spot lesions
After the 14-day S. mutans biofilm challenge, specimens from both adhesive groups developed visible
WSL on the buccal enamel surface adjacent to the bracket (Fig. 2). However, qualitative differences in
WSL severity were observed between groups. Specimens bonded using AU_Control exhibited a greater
enamel opacity, characterized by a diffuse whitish appearance with poorly defined margins near the
adhesive interface, consistent with enamel demineralization associated with WSL formation. Similar
features were also observed in specimens bonded using AU_5%ArgC18@MSNs; although the lesions
appeared visibly less pronounced.

3.2. Cross-sectional enamel microhardness
Cross-sectional enamel microhardness outcomes are presented in Table 2 and Fig. 3. Table 2 reports the
mean and standard deviation Knoop Hardness Number (KHN) values obtained for each adhesive group
at the evaluated enamel depths and distances from the bracket margin toward the occlusal direction,
while Fig. 3 illustrates the distribution of KHN values across enamel depth at each evaluated distance.
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Table 2
Mean (standard deviation) Knoop Hardness Number (KHN) values for each adhesive group at different

distances from the bracket margin toward the occlusal direction (100, 200, and 300 µm) and enamel
depths (25, 50, 75, 100, 125, 150, 175, and 200 µm), along with the corresponding statistical analysis.
Distances (µm) Enamel depths

(µm)
KHN values (kgf/mm²) for adhesive groups p-value

AU_Control AU_5%ArgC18@MSNs

100 25 50.6 (32.2) B 123.4 (74.1) A p = 0.007
‡

  50 94.6 (50.5) B 232.4 (89.7) A p < 0.001
†

  75 154.1 (65.3) B 290.8 (94.6) A p < 0.001
†

  100 279.0 (60.9) B 362.3 (64.2) A p = 0.004
†

  125 311.9 (62.4) A 364.7 (73.4) A p = 0.071
†

  150 315.8 (78.5) A 373.3 (83.6) A p = 0.097
†

  175 335.5 (62.5) A 350.6 (78.7) A p = 0.607
†

  200 366.2 (88.9) A 377.3 (67.0) A p = 0.732
†

200 25 52.5 (31.2) B 124.8 (75.3) A p = 0.001
‡

  50 97.3 (37.5) B 221.1 (108.8) A p = 0.001
‡

  75 190.2 (72.5) B 290.4 (102.9) A p = 0.011
†

  100 255.1 (90.5) A 319.1 (82.4) A p = 0.084
†

  125 325.5 (83.7) A 364.8 (71.6) A p = 0.231
†

  150 345.4 (76.7) A 357.7 (68.4) A p = 0.682
†

  175 318.0 (74.7) A 336.7 (67.8) A p = 0.528
†
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Distances (µm) Enamel depths
(µm)

KHN values (kgf/mm²) for adhesive groups p-value

AU_Control AU_5%ArgC18@MSNs

  200 343.1 (83.4) A 359.8 (73.1) A p = 0.606
†

300 25 54.3 (38.8) B 127.1 (53.0) A p = 0.001
‡

  50 93.1 (42.4) B 198.6 (65.3) A p = 0.003
†

  75 233.8 (102.6) A 297.3 (106.4) A p = 0.151
†

  100 271.7 (92.7) A 320.4 (97.0) A p = 0.222
†

  125 300.8 (88.6) A 340.2 (81.4) A p = 0.269
†

  150 311.6 (85.9) A 340.9 (65.5) A p = 0.359
†

  175 326.9 (78.4) A 349.2 (60.4) A p = 0.444
†

  200 306.8 (83.1) A 363.2 (64.8) A p = 0.077
†

Different uppercase superscript letters within the same enamel depth and distance from the bracket
margin toward the occlusal direction indicate statistically significant differences between adhesive
groups (independent-samples t-test [†] or Mann–Whitney U test [‡]; p < 0.05). All p-values were two-
sided, and Mann–Whitney U tests were computed using exact significance.

AU_Control: unmodified Ambar Universal APS adhesive (AU; FGM Dental Group)

AU_5%ArgC18@MSNs: AU loaded with 5 wt% L-arginine-containing mesoporous silica nanoparticles

At 100 µm from the bracket margin, AU_5%ArgC18@MSNs yielded higher KHN values than AU_Control at
enamel depths of 25, 50, 75, and 100 µm (p < 0.05). No significant differences were detected at greater
depths (125–200 µm; p > 0.05). At 200 µm from the bracket margin, higher KHN values were observed
for AU_5%ArgC18@MSNs at enamel depths of 25, 50, and 75 µm (p < 0.05), whereas no differences were
found at depths ranging from 100–200 µm (p > 0.05). At 300 µm from the bracket margin, differences
were limited to the most superficial enamel (25 and 50 µm; p < 0.05), with no significant differences
observed at depths between 75 to 200 µm (p > 0.05).

3.3. Shear bond strength (SBS)
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The SBS values for each adhesive group are shown in Fig. 4. The Mann–Whitney U test revealed no
statistically significant differences (p = 0.50) between AU_Control (median: 31.50 MPa; Interquartile
range [IQR]: 5.85) and AU_5%ArgC18@MSNs (median: 30.06 MPa; IQR: 5.16).

3.4. Adhesive Remnant Index (ARI)
The frequency distribution of ARI scores for each adhesive is presented in Fig. 5, and representative
images are shown in Fig. 6. The Fisher–Freeman–Halton exact test revealed no significant differences in
the ARI scores distribution between groups (p = 0.57). In the AU_Control group, only ARI scores of 0 and
1 were observed, with most specimens presenting score 1 (66.7%). In the AU_5%ArgC18@MSNs group,
scores of 0, 1, and 2 were identified, with scored 1 (50.0%) also predominating. Overall, both groups
exhibited failure modes predominantly at or near the adhesive–enamel interface, and no cohesive
material failures (ARI score 3) were observed.

ARI scores: 0 (no adhesive remaining on the tooth surface), 1 (less than half of the adhesive remaining
on the tooth surface), 2 (more than half of the adhesive remaining on the tooth surface), and 3 (all
adhesive remaining on the tooth surface).

ARI scores: 0 (no adhesive remaining on the tooth surface), 1 (less than half of the adhesive remaining
on the tooth surface), 2 (more than half of the adhesive remaining on the tooth surface), and 3 (all
adhesive remaining on the tooth surface).

4. DISCUSSION
In the present in vitro study, a commercial universal adhesive was modified by incorporating 5 wt%
ArgC18@MSNs and evaluated for use in bracket bonding, where it was applied to etched enamel prior to
orthodontic resin cement placement as a potential anticariogenic strategy to reduce the development of
WSLs during fixed orthodontic treatment.

To indirectly assess enamel demineralization adjacent to orthodontic brackets, a cross-sectional enamel
microhardness test was performed after a 14-day S. mutans-based biofilm challenge, comparing the
ArgC18@MSNs-modified adhesive with its unmodified counterpart. The microbiological model proved
effective in inducing WSL formation in all specimens, as confirmed by photographic analysis, although
lesions appeared qualitatively less pronounced in specimens bonded with the modified adhesive.
Although cross-sectional microhardness testing does not directly quantify enamel mineral content, it
may provide relevant information regarding lesion mechanical properties [40] and has been widely used
in demineralization/remineralization studies [41–43], including investigations specifically involving
orthodontic brackets [44–46].

The main results showed that the ArgC18@MSNs-modified adhesive significantly reduced enamel
microhardness loss adjacent to the bracket margin compared with the unmodified counterpart, leading
to the rejection of the first null hypothesis. Specifically, the protective effect was predominantly localized
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to regions close to the bracket margin, with significantly higher hardness values observed in the modified
adhesive group at superficial enamel depths up to 100 µm from the surface and 100 µm distance from
the bracket margin, up to 75 µm at 200 µm, and up to 50 µm at 300 µm. These findings are consistent
with a previous study in which the incorporation of 3 wt% free L-arginine into a commercial orthodontic
resin-modified glass ionomer cement reduced enamel microhardness loss following a 24-h dual-species
cariogenic challenge (S. mutans and C. albicans), with the protective effect likewise being more
pronounced in enamel regions adjacent to the bracket margin [29]. Despite differences in material type
and biofilm model, both studies collectively support the role of L-arginine as a promising additive for
orthodontic bonding materials aimed at reducing enamel demineralization around brackets. Moreover,
the localized nature of the protective effect suggests that the biological activity of L-arginine released
from ArgC18@MSNs within the biofilm was concentrated near the tooth–material interface. Similar
spatial patterns of protection have also been reported for Clearfil Protect Bond, an antibacterial adhesive
containing MDPB and fluoride [47].

Considering that both the present and the aforementioned study employed simplified mono- and dual-
species biofilm models [29], it is unlikely that the protective effect observed can be primarily explained
by ecological shifts in microbial composition [19–23]. Simplified in vitro biofilm models are not meant to
fully reproduce the ecological complexity of the oral environment [48]. Instead, the observed effect may
be more plausibly attributed to direct alterations in the structural and adhesive properties of cariogenic
biofilms induced by L-arginine. Previous studies have demonstrated that L-arginine interferes with
extracellular polysaccharides (EPS) synthesis and organization in S. mutans, reducing water-insoluble
glucans production and the EPS-to-bacteria ratio, thereby resulting in thinner, less cohesive biofilms with
reduced adherence and a less dense extracellular matrix [24–26]. Additionally, L-arginine has been
shown to inhibit both planktonic growth and biofilm formation of S. mutans and C. albicans, including
mixed-species biofilms, potentially limiting cross-kingdom interactions and their synergistic cariogenic
effects [49]. This enhanced antibacterial activity has also been reported when L-arginine was
incorporated, either in free form or via mesoporous silica nanoparticles, into different orthodontic
materials [28–30, 33], further supporting the protective effect observed in the present study.

Beyond L-arginine-based materials, the effectiveness of currently available orthodontic bonding
materials in preventing enamel demineralization remains inconclusive. A recent systematic review of in
vivo studies reported that, although certain modified systems, such as calcium-based nanoparticles or
amorphous calcium phosphate-containing materials, may reduce demineralization, most conventional
strategies, including fluoride-releasing (Opal Seal, Ultradent) and antibacterial monomer-containing
adhesives (Clearfil Protect Bond, Kuraray), have not demonstrated clear clinical advantages over
standard materials [16]. Similarly, nanoparticle-based systems such as titanium dioxide have shown
conflicting results [16]. These findings highlight the limitations of currently available preventive
approaches and underscore the difficulty of achieving clinically meaningful protection against WSL
development. Therefore, although the present in vitro findings are promising, in vivo studies are
warranted to confirm their clinical relevance.
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From a clinical perspective, the applicability of a modified universal adhesive for bracket bonding
depends not only on its anticariogenic potential but also on maintaining adequate bonding performance,
since compositional changes may adversely affect adhesion [50, 51]. This consideration is particularly
relevant because universal adhesives have been proposed as an alternative to conventional orthodontic
primers with comparable bonding effectiveness [52].

Previous studies evaluating arginine-containing orthodontic bonding materials have reported variable
SBS outcomes, depending on the arginine form, concentration, and material type. The addition of free L-
arginine to orthodontic resin cements generally did not compromise SBS, even at relatively high
concentrations (up to 7 wt%), and in some cases even enhanced bonding performance [28, 30]. In
contrast, incorporation into resin-modified glass ionomer cements has shown concentration-dependent
effects, with higher concentrations (5 wt%) associated with reduced SBS [29]. Similarly, ArgC18@MSNs
incorporated into an orthodontic resin cement reduced immediate SBS at low concentrations (1 and 2
wt%), although this effect appeared to diminish after aging [33].

It must be noted that orthodontic resin cements and resin-modified glass ionomer cements differ
substantially from dental adhesives or orthodontic primers in composition and chemical characteristics,
which limits the direct extrapolation of previous findings. Furthermore, literature data have suggested
that the incorporation of antimicrobial nanoparticles into orthodontic adhesives generally does not
compromise SBS at concentrations up to 5 wt%, which is consistent with the present results [53].

The incorporation of ArgC18@MSNs did not significantly affect SBS, with comparable bond strength
values observed between the modified and unmodified adhesives. Accordingly, the second null
hypothesis was accepted. Notably, all SBS values exceeded the minimum threshold considered clinically
acceptable for orthodontic bonding (6–8 MPa), further supporting the suitability of both adhesives for
clinical use [54].

The preservation of bonding performance observed in the present study aligns with previous evidence
demonstrating the chemical compatibility of ArgC18@MSNs within the AU adhesive matrix. Their
incorporation did not adversely affect key physico-mechanical properties, including degree of
conversion, surface microhardness, water sorption, mass change, ultimate tensile strength, and flexural
strength, and has even been associated with improvements in resistance to ethanol-induced softening,
water solubility, and elastic modulus [34].

Regarding the adhesive remnant index (ARI), incorporation of ArgC18@MSNs did not appear to influence
the debonding pattern, as both adhesives exhibited similar distributions of failure modes. In both groups,
lower ARI scores predominated, indicating failures mainly occurred at or near the adhesive–enamel
interface. From a clinical standpoint, the predominance of scores 0 and 1 may be advantageous, as
these scores have been associated with reduced risk of enamel damage during bracket debonding and
subsequent resin removal procedures [55]. Overall, these findings suggest that the modified adhesive
preserves a debonding behavior comparable to that of the unmodified material without introducing
unfavorable failure patterns.
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Despite the controlled experimental design, the present findings should be interpreted with caution. The
in vitro model and simplified S. mutans biofilm do not fully reproduce the biological complexity of the oral
environment and do not allow full elucidation of the biofilm-modulating mechanism of L-arginine.
Additionally, enamel demineralization was assessed indirectly through cross-sectional microhardness
testing, which, although widely accepted, does not directly quantify mineral loss. It should also be
considered that only one universal adhesive was evaluated. Therefore, given the compositional variability
among commercially available adhesives [50], the present results cannot be directly extrapolated to
other formulations. More comprehensive experimental models and further in vivo studies are required to
confirm the clinical relevance of these findings.

5. CONCLUSIONS
Within the limitations of this in vitro study, the incorporation of 5 wt% L-arginine-containing mesoporous
silica nanoparticles (ArgC18@MSNs) into a commercial universal adhesive used for bracket bonding
reduced enamel microhardness loss adjacent to brackets under a S. mutans microbiological white spot
lesion induction model, particularly in the superficial enamel near the bracket margin. At the same time,
this modification did not significantly affect shear bond strength or the distribution of adhesive remnant
index scores. These findings suggest that ArgC18@MSNs may represent a promising strategy for
development of universal adhesives with anticariogenic potential for bracket bonding without
compromising bonding performance.
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Figure 1

Schematic representation of the experimental workflow and specimen allocation.

* FGM Dental Group, Joinville, SC, Brazil.

ArgC18@MSNs: L-arginine-containing mesoporous silica nanoparticles.

Page 22/27



Figure 2

Representative images of WSLs formed after a 14-day S. mutans biofilm challenge for each adhesive
group (A: unmodified Ambar Universal APS adhesive [AU; FGM Dental Group]; B: AU loaded with 5 wt% L-
arginine-containing mesoporous silica nanoparticles [ArgC18@MSNs]).
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Figure 3

Knoop Hardness Number (KHN) values (kgf/mm²) as a function of enamel depth (25–200 µm) at three
distances from the bracket margin toward the occlusal direction (100, 200, and 300 µm) for each
adhesive group. Mean values are shown with error bars representing standard deviations, and exact
numerical values are reported in Table 2. Asterisks indicate statistically significant differences between
adhesive groups at each enamel depth (independent samples t-test, p< 0.05).
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Figure 4

Box-and-whisker plot of shear bond strength values in MPa for each adhesive group. Identical uppercase
letters indicate no statistically significant differences between adhesive groups (Mann–Whitney U test;
p= 0.50).
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Figure 5

Absolute frequency distribution of Adhesive Remnant Index (ARI) scores for each adhesive group after
bracket debonding.

ARI scores: 0 (no adhesive remaining on the tooth surface), 1 (less than half of the adhesive remaining
on the tooth surface), 2 (more than half of the adhesive remaining on the tooth surface), and 3 (all
adhesive remaining on the tooth surface).
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Figure 6

Representative images of Adhesive Remnant Index (ARI) scores observed in the study (scores 0, 1, and
2). ARI score 3 was not observed in any specimen.

ARI scores: 0 (no adhesive remaining on the tooth surface), 1 (less than half of the adhesive remaining
on the tooth surface), 2 (more than half of the adhesive remaining on the tooth surface), and 3 (all
adhesive remaining on the tooth surface).
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