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BACKGROUND

A white spot lesion (WSL) is characterized as a white opacity resulting from subsurface enamel demineralization
onsmooth surfaces. The white manifestation is owing to alterations in the light scattering of the demineralized enamel [1].
Thus, early intervention involving remineralization rather than restoration of white spot lesions is considered a crucial
element of minimally invasive dentistry [2]. WSLs are triggered by pH changes caused by the microbes that continue to
function metabolically within the biofilm. These oscillations induce an disparity in the processes of demineralization and
remineralization. This results in the deterioration of dental hard tissues, leading to the development of a carious lesion
[3,4].

Understanding the development of these lesions and their associated risk factors is crucial for implementing
preventive strategies that mitigate the demineralization process prior to lesion progression[5].In recent decades, various
treatments, in addition to the necessity for superior oral hygiene, have been implemented prevent the formation of WSLs,
particularly the topical application of fluoride, which serves as the baseline against which other remineralization systems
are evaluated[6,7].
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Fluoride agents may reverse initial lesions but are only effective on the lesion's surface. This may result in the
remineralization of the porous superficial layer, obstructing enamel pores, diminishing ionic exchange at the superficial
surface and impeding the remineralization of the lesion, hence complicating the attainment of complete remineralization
[8].

The optimal remineralising agent must deliver Ca** and PO+* to the lesion. One of the recent advances in
remineralization is self-assembling peptides, produced by Credentis AG, Windisch, Switzerland. Biocompatibility testing
performed according to ISO 10993 standards has confirmed that peptide P11-4 demonstrates no evidence of cytotoxicity
in biological systems [9] . Jablonski-Momeni et al, [10] Guided a trial to assess the effectiveness of 1,000 ppm self-
assembling peptide in remineralising artificial early caries lesions, compared to 22,600 ppm fluoride varnish. P11-4
demonstrated a significantly enhanced remineralization capability. Another interesting technology is the amino acid
arginine, which serves as the primary salivary component which elevates saliva pH, even in the presence of carbs. Arginine
(L-arginine) can be sourced exogenously or endogenously, with the human body naturally producing and secreting it in
saliva, either in free form or as salivary peptides[11].

Prior studies indicated that including arginine into dentifrices improved the remineralization of early carious lesions
relative to non-arginine toothpaste formulations. Furthermore, the incorporation of arginine to 5% sodium fluoride varnish
produces a synergistic action, resulting in increased fluoride and arginine release[12,13]. The functionalized tricalcium
phosphate (fTCP) fluoride system demonstrates enhanced remineralization efficacy through synergistic calcium-fluoride
co-delivery. The stabilization mechanism involves mechanochemical processing of B-TCP with organic modifiers, which
prevents premature calcium-fluoride complexation, maintains ionic bioavailability in aqueous formulations and enables
simultaneous release of Ca*", PO+*", and F~ upon application[14,15]. Previous research documented that (TCP) fluoride
varnish has greater protection against a cariogenic challenge and showed a lower change in surface microhardness and
depth of the lesion compared to 5% sodium fluoride varnish[16,17]. Consequently, this in vitro experiment aimed to assess
the depth of carious lesion after application of self-assembling peptide P11-4, 2% Arginine enriched sodium fluoride, and
tricalcium phosphate fluoride varnishes using PLM.

The null hypothesis assumed that: no anticipated difference in the remineralising ability of self-assembling peptide
P11-4, 2% Arginine enriched sodium fluoride, and tricalcium phosphate fluoride varnishes in the treatment of white spot
lesions.

METHODS
Sample size estimation

A power analysis was designed to have adequate power to apply a statistical test of the null hypothesis. With an alpha
level of (0.05), a beta of (0.2) i.e. power=80% and an effect size (f) of (0.790) calculated based on the results of previous
study [18]; the calculated sample size (n) was a total of (28) samples. Sample size calculation was done using G*Power
version 3.1.9.7. The sample size was augmented by 15% to account for potential damaged specimens (32 specimens, 8 in
each group) [19].

Specimen collection:

A total of 32 enamel specimens were retrieved from bovine incisors (second dentition). Teeth with structural defects or
cracks were excluded [20]. Blood and any debris were then detached using a hand scaler. The teeth were cleansed by
toothbrush, rinsed, and preserved in a 0.1% (w/v) thymol in aqueous solution into a closed flask at 0°C till time of the
experiment (maximum two months) [21].

Specimen Preparation:

The crowns were separated from their roots through precise sectioning at the cementoenamel junction utilizing a
water-cooled diamond saw. The teeth were polished using silicon carbide paper grits of 180, 600, and 1200 microns in
ascending order to attain a smooth enamel surface. Each specimen was encased in a mold of cold-cure acrylic resin material
(Acrostone, England) with a 1 cm-high ring of polyvinyl chloride (PVC) that solidified around the tooth segment.
Subsequently all specimens received double-layer application of acid-resistant varnish (Revlon ColorStay™), with a
standardized 6x6 mm enamel window exposed on the labial surface. The window dimensions were precisely demarcated
using calibrated graph paper (0.5 mm grid) and masking tape prior to varnish application[22].

Creation of artificial enamel lesions

Artificial enamel lesions were created in the 6mmx6mm exposed window of the ground enamel surface. Each
specimen was individually submerged in a quiescent demineralizing solution. (2.2 mM CaCl,, 2.2 mM NaH; POy, and 0.05
mM acetic acid). The pH was modified to 4.4 with 1 mm potassium hydroxide (KOH). According to the equation: 2 ml/mm?
of the exposed enamel area [23], each specimen was soaked in a volume of 72 mL (6x6= 36 mm? x 2 mL) for four days at
room temperature [24,25].

Demineralizing solutions were not changed through the whole period of storage[26]. The samples were collected and
cleansed with distilled water for one minute, then blot-dried using absorbent tissue paper[27]. The exposed 6x6 mm enamel
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window was further divided by applying two coats of acid-resistant varnish (Revlon ColorStay™) to cover precisely 50%
of the surface, creating a final test area measuring 6x3 mm on the labial aspect.

Grouping:

The enamel samples were equally allocated to four groups (n=8) based on their designated remineralization protocol:
Group A: Self assembling peptide P11-4 varnish; Group B: 2% Arginine Enriched Sodium fluoride varnish (; Group C: Tri
Calcium Phosphate fluoride varnish (positive control); and Group D: No treatment (negative control).

Treatment of artificial enamel lesions:

Group A: The lesion's surface was cleansed with a 3% hypochlorite solution for 20-second duration, cleansed with
distilled water for 30 seconds, then etched using a 35% phosphoric acid gel (BISCO SELECT, HV ETCH high viscosity)
for 5 seconds, rinsed again [28], and subsequently dried with absorbent paper. self-assembling peptide (Curodont™ Repair,
Credentis AG) was reconstituted by adding 50 uL of sterile distilled water to the pre-measured vial. The solution was
applied to lesions and allowed to remain undisturbed for 5 minutes to enable complete penetration and interaction with
demineralized enamel structures [18].

Group B: The Arginine powder (L-arginine A5006, Sigma-Aldrich USA) was suspended at 2% w/v alongside to 5%
sodium fluoride varnish (Citrine sodium fluoride varnish Dharma Research, Inc), where 200 mg of arginine powder was
dispensed with 10 ml of 5 % sodium fluoride varnish and vigorously mixed for 60 sec on a glass slab utilizing a sterile
micro brush. After dryness of the specimen with absorbent paper, the prepared varnish was applied evenly using a micro
brush and left undisturbed for 5Smin [29,30,31].

Group C: Following surface drying with sterile absorbent paper, a uniform coating of tri-calcium phosphate fluoride
varnish (Clinpro™ White Varnish, 3M ESPE) was applied using a microbrush applicator. The varnish was deposited in a
continuous, single-direction brushstroke and allowed to set undisturbed for five minutes to ensure proper adhesion and ion
release[32]. Group D: No treatment was done [33].

All samples underwent a standardized protocol of regulated pH cycling as per White [34]. Samples were alternately
submerged for 21 hours in freshly prepared artificial saliva, formulated according to Ten Cate and Duijsters [35] (1.5mM
CaCly, 0.9mM NaH; PO4, 0.15mM KCl and distilled water) at pH 7.0, and for 3 hours in the demineralizing solution[23].
Blocks were cleansed with deionized water between solution alterations. The pH cycling was conducted over a duration of
12 days in sealed containers. The demineralizing solution and artificial saliva were refreshed daily [36].

Polarized light microscope analysis:

After pH cycling, acid-resistant varnish was completely eliminated using acetone [37]. PPLM (Leica DM 750P) was
used. Sections around 300 pum in thickness were excised utilizing an air-cooled, diamond-coated band saw. All sections
were refined to a thickness of approximately 200 um. Each section acquired was examined for lesion depth [24].

Evaluation technique (measurement of lesion depth):

Sections were analyzed at 10x magnification using PLM to quantitatively evaluate the lesions, and photographs were
captured. The lesion depth was assessed with an image analyzer (Software Image Pro Plus) at three different locations
within each sample. Mean values were calculated and compared pre- and post-treatment by two calibrated blinded
independent examiners, reliability assessments included calculation of Intraclass Correlation Coefficients (ICC) to
determine both inter- and intra-examiner consistency. ICC for intra examiner reliability was 0.91 which indicated
consistency of the examiner over time, while it was 0.86 for inter examiner reliability which indicated strong agreement
between examiners [38].

Statistical method:

Continuous data are expressed as mean =+ standard deviation (SD). The Shapiro-Wilk test (significance level o= 0.05)
was used to assess normality, and Levene's test evaluated variance homogeneity. For lesion depth measurements that
followed a normal distribution but exhibited unequal variances (Levene’s test p < 0.05), Welch’s ANOVA with Games-
Howell post-hoc analysis was applied. Non-normally distributed reduction data were analyzed using the Kruskal-Wallis
test, followed by Dunn’s post-hoc comparisons with Bonferroni adjustment. A 95% confidence interval (p < 0.05 for
significance) was applied for all statistical tests, which were conducted in R (version 4.4.0, R) [39].

RESULTS
Intergroup comparisons of lesion depth (um):

Before the intervention, there was no significant difference between depths of lesions measured in different groups
(p=0.464). Post-intervention, the difference was statistically significant, with group D (-ve control) exhibiting markedly
greater depths than the other groups, and group A (Self assembling peptide) showed statistically higher lesion depths
compared to groups B (2% Arginine Enriched Sodium fluoride varnish) and C (Tri Calcium Phosphate fluoride varnish)
(p<0.001) (Table 1).
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Table (1): Intergroup comparison and summary statistics for lesion depth (um).

Time Lesion depth (MeanSD) (um) est value
Group (A) Group (B) Group (C) Group (D) statistic | P
BEfO re 132.62+21.43* | 153.50+70.06” | 138.21+77.23” | 183.88+88.95 | 0.91 | 0.464ns
intervention
After B c c A
intervention 85.20+10.13 26.29+9.08 27.1447.75 175.62+56.37 7452 | <0.001*

Within the same row, values marked with distinct superscript letters indicate statistically significant differences (p < 0.05),
while "ns" denotes non-significant results.
Intergroup comparisons of lesion depth reduction (%):

There was a significant difference between reductions measured in different groups (p<0.001) (Figure 1). Post hoc
pairwise comparisons showed reductions measured in groups (B) and (C) to be significantly higher than those of other
groups (p<0.001). In addition, the reduction measured in group (A) was significantly higher than that of group (D)
(p<0.001) (Figure 2).
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Figure 2: PLM images (x10) showed Demineralized area in enamel, green arrow revealed after treatment with self-assembling
peptide (Curodont Repair). (b) demineralized area in enamel (red), green arrow: after treatment with 2 % arginine enriched
NA fluoride varnish; (c) Demineralized area in enamel (red arrow), green arrow: After treatment with Tri Calcium Phosphate
fluoride varnish; (d) Demineralized area in enamel in the control group (red arrow) in negative control group.

DISCUSSION
The management of incipient caries lesions has been documented since the beginning of the 20th century. Traditionally,
caries diagnosis occurs only after cavitation, with treatment relying predominantly on surgical intervention. Decades of
research have yielded advanced therapeutic approaches that promote enamel remineralization and inhibit the progression of
WSLs [40].
The aim of our experiment was to assess the remineralizing ability of Self-assembling peptide P11-4, 2% Arginine
Enriched Sodium Fluoride and Functionalized Tri Calcium Phosphate Fluoride varnish on the depth of artificially induced
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carious lesions by polarized light microscope. All the previously mentioned materials are proven to be simple, secure, and
efficacious noninvasive interventions for initial carious lesions [15, 29,41].

The novel material Self-assembling peptide was claimed to penetrate the subsurface of white spot lesions (WSLs) to
establish a three-dimensional matrix that draws calcium (Ca?") and phosphate (PO+*") ions from saliva, promoting the de
novo synthesis of hydroxyapatite crystals [42-44].

Arginine was utilized with 2% w/v, since it has been demonstrated that the inclusion of 2% L-arginine in 5% NaF
varnish enhances its physical qualities and creates a stable matrix with sustained greater F/Arg release [31].

Tri-calcium phosphate fluoride varnish (Clinpro™ White Varnish) served as the positive control due to its
demonstrated ability to enhance remineralization by supplying calcium, phosphate, and fluoride ions, with a high fluoride
concentration of 22,600 ppm permitting a single application[45].

The negative control group was exposed to pH cycling following artificial caries production without any treatment,
to eliminate the influence of artificial saliva on the remineralization of artificial caries observed in the other groups.
Although the tested materials demonstrate potential for remineralization, there is currently insufficient reliable evidence to
fully support their effectiveness. Further research is required to validate their efficacy [17, 46,47].

Artificial enamel lesions were created as they yield more consistently reproducible samples than natural lesions and
thereby offer a dependable experimental model [24,27] . Bovine teeth were selected as the experimental substrate due to
their greater accessibility and more homogeneous structural composition compared to human dentition. This enhanced
uniformity reduces inter-specimen variability when assessing both caries formation and remineralization efficacy.
Furthermore, the increased coronal dimensions of bovine teeth provide practical advantages for standardized sample
preparation and treatment application [48].

PH cycling was conducted to replicate the kinetics of mineral depletion and accumulation in the caries process.
Furthermore, the variables applicable within pH-cycling models exhibit greater sensitivity than those utilized in clinical
settings. PH-cycling models may enhance the comprehension of the caries process. Moreover, they are time and cost-
effective [48]. PLM was used for sample’s evaluation as it is a delicate technique for evaluating de- and remineralization
as well as being feasible and reliable method [49].

All three tested materials demonstrated a decrease in the lesion depth under polarized light microscopy; nevertheless,
a significant difference was observed among the reductions assessed in the various groups. Reductions seen in groups B
(2% arginine enriched NaF varnish, 80.22+9.18) and C (TCP fluoride varnish, 74.93+14.43) were significantly greater
compared to those in groups A (Self-assembling peptide P11-4, 34.45+12.73) and D (negative control, 1.98+20.69). The
decrease observed in group (A) was significantly higher than that in group (D).

Group A (self-assembling peptide) demonstrated a reduction in artificial caries, but to a lesser extent than groups B
and C. This finding aligns with Golland et al[50]., who indicated that the majority of crystals formed by the self-assembling
peptide were irregular, thereby diminishing its remineralization capacity. Additionally, Kamal et al [ 18] observed that self-
assembling peptides exhibited enhanced efficacy only when paired with fluoride, as this synergy facilitates enamel
regeneration by attracting and nucleating Ca?*, hence generating de novo hydroxyapatite precipitation. These findings
came in agreement with Alahdal et al.[S1] who assessed the impact of the self-assembling peptide on the micro-Vickers
hardness (VH) of eroded enamel, indicating that it did not exhibit a significant difference compared to control regarding
VH and pSBS.

Furthermore, Memarpour et al. [52]demonstrated that primary teeth treated with the self-assembling peptide had the
lowest ratio of surface enamel microhardness compared to fluoride toothpaste, (CPP-ACP), and fluoride bioactive glass
toothpaste. A recent investigation by Wahba et al[53]., indicated that the P11-4 is ineffective in remineralizing caries in
deciduous teeth.

On the other hand, this result came in contrast with Alkilzy et al. [54] where superior outcomes were achieved with
self-assembling peptide in treating WSL. This difference may be explained by the combination of fluoride and the self-
assembling peptide in the mentioned study.

Nevertheless, 2% arginine-enriched sodium fluoride varnish (group B) demonstrated efficacy in halting caries
progression and reducing lesion depth, as arginine-fluoride complexes can be retained within enamel, serving as a reservoir
that releases fluoride during acid exposure, thereby facilitating the remineralization process. Additionally, it elevates pH,
establishing favorable conditions for remineralization and augmenting the synergistic effect of fluoride [30].

Consistent with previous findings, Bijle et al. [55] demonstrated that supplementing sodium fluoride toothpaste with
2% arginine significantly improved remineralization of artificial enamel lesions compared to conventional fluoride
toothpaste (p<0.01). The outcomes are also in line with Cheng et al[56] and Oliveira et al. [57] who established that the
combined application of fluoride and arginine enhances surface microhardness in both intact and demineralized bovine
enamel specimens.

The functionalized tri-calcium phosphate (fTCP) fluoride varnish (Group C) demonstrated significant caries lesion
depth reduction (p<0.05) by serving as a dual mineral reservoir. The fTCP-fluoride synergy promotes formation of
fluorapatite crystals with 30% greater acid resistance compared to conventional fluoride-formed hydroxyapatite [15]. These
findings align with existing literature on TCP-fluoride synergism, Alamoudi et al.[17] demonstrated through controlled in
vitro experiments that TCP incorporation significantly enhances fluoride varnish's protective efficacy. Similarly,
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Rirattanapong et al.[58]showed in their study that fluoride varnish containing tricalcium phosphate has a high
remineralizing ability and can inhibit progression of WSLs.

The negative control group demonstrated minimal remineralization capacity, as salivary ions alone produced only
superficial mineral deposition. Without supplemental calcium and phosphate sources, the natural ion gradient proved
insufficient to drive meaningful mineral uptake into the lesion body, compared to the other remineralizing agents [47].

Consequently, the outcomes of this study rejected the null hypothesis, indicating a significant variation in lesion depth
among the various testing materials. This study adhered to the checklist for reporting in vitro study [59] and complied with
standardization protocols, with all procedures conducted by the same operator consistently. Blinding was verified for both
examiners and statisticians.

The pH-cycling model, while widely employed in dental research to evaluate the cariostatic efficacy of agents, has
inherent limitations. It does not fully replicate the oral environment, including variations in dietary habits, oral hygiene
practices, fluoride exposure, and salivary composition. Nevertheless, it remains the most frequently utilized method in such
studies[60]. Furthermore, bovine teeth present higher porosity, which allows a faster diffusion of ions to the demineralized
area when compared with natural teeth [48].

CONCLUSIONS
Although, all the three tested materials showed improvement in the lesion depth. Yet, 2% Arginine Enriched Sodium
Fluoride and Functionalized Tri Calcium Phosphate Fluoride varnish showed better results than Self-assembling peptide.
Clinical relevance: These biomimetic approaches are particularly valuable for high-risk patients like orthodontic
cases, with arginine and TCP-fluoride showing superior remineralization maintaining optimal pH conditions.

List of Abbreviations

WSLs: White Spot Lesions

fTCP: Functionalized Tri Calcium Phosphate.
PLM: Polarized Light Microscope.
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