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The primary aim of this in vitro study was to compare enamel surface morphology following standardized artificial 

demineralization among five protective dental materials and an untreated control. Specifically, scanning electron 

microscopy (SEM) was used to characterize acid-exposed and wax-protected enamel regions and to compare five-point 

ordinal surface-preservation scores across the six experimental groups. Fifty-four human premolars extracted for 

orthodontic reasons provided 108 enamel surfaces. A 2 × 3 mm window was prepared on each surface, and specimens 

were randomly assigned to six groups (n = 18): control, APF gel containing 1.23 % fluoride ions, Enamel Pro Varnish 

containing 5 % sodium fluoride (NaF), Enamel Pro Prophy Paste with ACP, fluoride-releasing light-cured Pro Seal, and 

Duraphat containing 5 % sodium fluoride (NaF). Specimens were stored in artificial saliva and exposed to an artificial 

caries solution at pH 4.4 twice daily for 1 h over 30 days. After cycling, the surfaces were examined by SEM at ×500 and 

×1500 magnifications. Images were morphologically classified and rated using a five-point ordinal surface-preservation 

scale, in which lower scores indicated better preservation. Data were analysed using the Kruskal–Wallis test followed by 

Holm-adjusted Dunn comparisons. Mean ordinal SEM scores were 5.00, 3.72, 2.06, 3.06, 3.50, and 3.56 for Groups A–F, 

respectively, with an overall group difference (H(5) = 68.32, p < 0.001). Enamel Pro Varnish had the lowest mean ordinal 

SEM score (2.06), although its difference from Group D was not statistically significant after Holm adjustment (p = 0.115). 

Although all treated groups had more favourable ordinal SEM scores than the control, none reproduced the SEM 

appearance of untreated sound enamel. 
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1. INTRODUCTION  

Fixed orthodontic appliances such as brackets, bands, 

archwires, ligatures and auxiliary attachments increase 

plaque retention, complicate oral hygiene and elevate the 

risk of enamel demineralization [1]. These early carious 

lesions appear as matte, opaque white areas and are 

associated with subsurface mineral loss, increased porosity 

and disruption of the enamel prism structure [2]. White spot 

lesions are a significant manifestation of enamel 

demineralization during fixed orthodontic treatment [3]. 

Because enamel is composed predominantly of 

hydroxyapatite crystals, acidic conditions promote calcium 

and phosphate loss, resulting in surface dissolution and 

roughening [1,3]. Although mechanical plaque control 

remains the principal preventive approach, limited patient 

compliance may necessitate adjunctive protective materials 

[4]. Topical fluoride-containing materials can reduce 

enamel solubility, promote acid-resistant fluoridated 

mineral phases and contribute to remineralisation of early 

demineralised areas [5]. 

Fluoride varnishes, topical fluoride applications, 

fluoride-releasing resin-based sealants and calcium-

phosphate-supported preparations are among the main 

approaches evaluated for preventing white spot lesions 

during fixed orthodontic treatment [1, 4, 6]. Their effects 

depend on material form, contact time, mineral 
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supplementation, barrier effect and persistence on the 

enamel surface [4, 6, 7]. Scanning electron microscopy 

permits high-magnification examination of enamel surface 

roughening, porosity and morphology under demineralising 

conditions [1]. 

Clinical studies have investigated the preventive effects 

of topical fluoride preparations during fixed orthodontic 

treatment. A systematic review reported that professional 

fluoride varnish application may reduce the occurrence of 

white spot lesions, although the overall certainty of the 

available evidence was very low [8]. Furthermore, a 

randomized clinical trial comparing a calcium phosphate-

containing fluoride varnish with a resin-based enamel 

sealant found no statistically significant difference in white 

spot lesion development between the two interventions [6]. 

These findings emphasize the clinical relevance of 

protective dental materials while indicating that their 

relative effectiveness may depend on material properties 

and experimental or clinical conditions. 

Beyond clinical outcomes, experimental investigations 

have examined enamel responses to protective materials 

using complementary analytical techniques. Abufarwa et al. 

evaluated fluoride-containing varnish formulations using 

surface microhardness testing and SEM, demonstrating the 

value of assessing both mechanical properties and surface 

morphology [9]. Similarly, Ding et al. investigated enamel 

demineralization using SEM in combination with 



fluorescence-based, elemental, and microhardness analyses 

[1]. Although these techniques provide complementary 

information, SEM enables direct characterization of surface 

architecture, enamel prism-related alterations, and 

morphological changes following acidic challenges. 

Although the protective effects of fluoride-containing 

dental materials have been extensively investigated, 

comparing their performance remains scientifically relevant 

because different formulations may interact with enamel 

surfaces through distinct mechanisms. Fluoride gels, 

varnishes, calcium-phosphate-containing preparations, and 

resin-based sealants differ in their modes of application, 

physical characteristics, and potential persistence on 

enamel. Previous experimental investigations have 

employed different treatment protocols and outcome 

measures, including surface microhardness and SEM-based 

morphological assessment [9]. Consequently, differences 

observed across individual studies cannot necessarily be 

attributed to material composition alone. A standardized 

experimental comparison is therefore valuable for 

determining whether different protective formulations 

exhibit distinct enamel surface morphologies when exposed 

to the same acidic challenge. The present investigation 

addresses this question at the level of surface morphology, 

without assuming that morphological preservation is 

equivalent to mineral retention or clinical caries-preventive 

efficacy. In this context, the contribution of the present 

study lies in the standardized morphological comparison of 

five protective dental materials representing different 

formulations, including an APF gel, two fluoride varnishes, 

an ACP-containing prophylaxis paste, and a fluoride-

releasing light-cured resin-based sealant. All experimental 

groups were subjected to the same 30-day artificial 

demineralization protocol, allowing SEM-based 

comparisons of acid-exposed and protected enamel regions. 

In addition to descriptive morphological classification, a 

five-point ordinal surface-preservation scale was used to 

provide semi-quantitative comparisons between the groups. 

This approach was intended to identify differences in 

enamel surface appearance under controlled conditions 

rather than to establish direct measurements of mineral loss 

or clinical caries-preventive efficacy. 

The aim of the present in vitro study was to 

comparatively evaluate the effects of five dental protective 

materials on human enamel surface morphology following 

repeated artificial demineralization using scanning electron 

microscopy. Specifically, the study sought to characterize 

material-associated differences in enamel surface patterns 

and to compare semi-quantitative ordinal surface-

preservation scores under standardized experimental 

conditions. 

2. EXPERIMENTAL DETAILS 

The sample size for this in vitro study was calculated 

using the G*Power programme based on data from similar 

demineralization and fluoride varnish application studies. 

Kooshki et al. evaluated the effects of conventional fluoride 

varnish and various varnish-containing materials on enamel 

surface microhardness of extracted human premolars 

following artificial demineralization [10]. Using the 

post-treatment microhardness values from that study, 

Cohen’s f effect size for one-way analysis of variance was 

calculated as 0.424. With test family “F tests”, statistical test 

“ANOVA: fixed effects, omnibus, one-way”, α = 0.05, 

power = 0.90 and number of groups = 6, the required total 

sample size was estimated at approximately 98 enamel 

surfaces [11]. To ensure balanced distribution among six 

groups and to allow for potential sample loss during the 

experimental procedures, a total of 108 enamel surfaces 

were planned for use in the present study. 

The study protocol was reviewed and approved by the 

Uşak University Non-Interventional Clinical Research 

Ethics Committee (decision no. 1301-1301-12, dated 25 

June 2026). The human premolar teeth used in this 

investigation had been extracted for orthodontic indications 

rather than for research purposes. 

Accordingly, fifty-four human premolar teeth extracted 

for orthodontic reasons and stored in 0.1 % thymol solution 

were used. Two enamel surfaces were prepared from each 

tooth, yielding a total of 108 enamel surfaces for 

experimental evaluation. Prepared surfaces were coated 

with an insulating wax layer and a 2 × 3 mm window was 

opened near the cervical region of each specimen. The tooth 

surfaces were randomly allocated into six groups, each 

containing 18 enamel surfaces. 

Group A served as the control and received no 

protective preparation. Surfaces in Group B were treated 

with APF gel containing 1.23 % fluoride ions (Enamel Pro 

Gel, Premier, North Carolina, USA). Surfaces in Group C 

were treated with Enamel Pro Varnish, an ACP-containing 

fluoride varnish formulated with 5% sodium fluoride (NaF) 

(Premier Dental Products Co., Plymouth Meeting, PA, 

USA). Group D specimens received Enamel Pro Prophy 

Paste with ACP, an ACP-containing professional 

prophylaxis paste (Premier Dental Products Co., Plymouth 

Meeting, PA, USA). Group E specimens received the 

fluoride-releasing light-cured Pro Seal sealant (West 

Thorndale Ave, Itasca, USA). Group F specimens were 

treated with Duraphat varnish containing 5 % sodium 

fluoride (NaF) (Colgate, Wiirngen, Germany). 

All specimens were stored in artificial saliva. The 

artificial saliva solution was prepared to contain 20 mmol/L 

NaHCO₃, 3 mmol/L NaH₂PO₄ and 1 mmol/L CaCl₂. To 

simulate demineralization, specimens were subjected to an 

artificial caries solution containing 2.2 mmol/L Ca²⁺, 

2.2 mmol/L PO₄³⁻ and 50 mmol/L acetic acid, adjusted to 

pH 4.4. Specimens were immersed in this solution twice 

daily for 1 hour each time over a 30-day period. After each 

demineralization period, specimens were returned to 

artificial saliva. Following completion of the 30-day cycle, 

the insulating material and protective preparations were 

removed from the tooth surfaces. 

Morphological evaluation of enamel surfaces was 

performed using a scanning electron microscope (JSM-

5600, JEOL Ltd., Tokyo, Japan) operated at an accelerating 

voltage of 20 kV. For each specimen, SEM images were 

obtained from the centre of the 2 × 3 mm acid-exposed 

window and the wax-protected enamel region at 

magnifications of ×500 and ×1500, corresponding to scale 

bars of 50 µm and 10 µm, respectively. 

SEM was selected as the primary analytical method 

because the study was specifically designed to compare 

enamel surface morphology following repeated acidic 



challenges, rather than to quantify mineral content or 

mechanical properties. Examination of both the acid-

exposed window and the wax-protected enamel region at 

two magnifications enabled a direct within-specimen 

morphological comparison, particularly regarding enamel 

prism-related features, surface irregularities, and 

preservation of surface architecture. The SEM-derived 

ordinal scores were therefore interpreted as semi-

quantitative assessments of surface morphology rather than 

direct measurements of mineral loss, surface roughness, or 

microhardness. 

The SEM images were interpreted using two distinct 

approaches: descriptive morphological pattern classification 

and ordinal surface-preservation scoring. First, enamel 

surface architecture was characterized by reference to the 

etching patterns originally described by Silverstone et al. 

[12] and subsequently extended by Galil and Wright [13]. 

The distinguishing morphological characteristics of Types 

1–5 are summarized in Table 3. Because these categories 

were originally established through acid-etching 

investigations, their application to the present repeated 

demineralization model was descriptive, and observed 

similarities were interpreted as Type-like appearances rather 

than evidence of identical dissolution mechanisms. The 

morphological categories were not used as numerical 

severity rankings. 

Second, overall morphological preservation of each 

specimen was assessed using a separate five-point ordinal 

SEM scale based on surface regularity and smoothness 

relative to the non-acid-exposed enamel appearance. The 

rating categories are provided in Table 1, with lower scores 

indicating more favourable surface preservation. The mean 

of the ordinal ratings obtained for each specimen was 

recorded as its final SEM surface-preservation score. This 

ordinal scale was evaluated independently of the descriptive 

Type 1–5 etching-pattern classification. 

For descriptive analysis, the mean, standard deviation, 

and median of the ordinal SEM surface-preservation scores 

were summarized for each experimental group. The number 

and percentage of specimens receiving favourable 

preservation scores (1 or 2) were also calculated. These 

percentages represent the distribution of ordinal SEM 

ratings and should not be interpreted as measurements of 

preserved enamel surface area or mineral loss. 

Descriptive statistics were calculated for each 

experimental group. Because the outcome was a five-level 

ordinal SEM surface-preservation score, intergroup 

differences were evaluated using the Kruskal–Wallis test. 

When the overall comparison was significant, pairwise 

differences were assessed using Dunn's rank-based test with 

Holm correction for 15 multiple comparisons; ties in ordinal 

scores were accounted for. The Kruskal–Wallis epsilon-

squared effect size was estimated as (H − k + 1)/(N − k), 

where k = 6 groups and N = 108 surface-level observations. 

All tests were two-sided, and adjusted p < 0.05 was 

considered statistically significant. 

3. RESULTS 

3.1. Evaluation of SEM scores 

Descriptive statistics and the distribution of all ordinal 

SEM surface-preservation ratings are presented in Table 1. 

All 18 control surfaces were assigned a score of 5. Mean 

ordinal SEM scores were 3.72 for Group B, 2.06 for 

Group C, 3.06 for Group D, 3.50 for Group E, and 3.56 for 

Group F. Lower ordinal scores indicated more favourable 

surface preservation; the lowest mean was observed in 

Group C and the highest in the control group. 

The distribution of ordinal SEM surface-preservation 

scores provided an additional numerical description of the 

intergroup differences. In Group C, 12 of 18 specimens 

(66.7 %) received scores of 1 or 2, indicating very good or 

good morphological preservation. The corresponding 

proportion in Group D was 6 of 18 specimens (33.3 %). No 

specimens in Groups A, B, E, or F received scores of 1 or 2. 

All 18 control specimens (100 %) received a score of 5, 

whereas all specimens in Group C received scores between 

1 and 3. These findings indicate that the more favourable 

mean score observed in Group C was also reflected in the 

distribution of individual ordinal ratings. 

Table 1. Distribution and descriptive statistics of ordinal SEM 

scores 

Group 
Scores 

1/2/3/4/5, n 
Mean ± SD Median 

Scores 1–2, 

n, % 

A 0/0/0/0/18 5.00 ± 0.00 5 0 (0.0) 

B 0/0/8/7/3 3.72 ± 0.75 4 0 (0.0) 

C 5/7/6/0/0 2.06 ± 0.80 2 12 (66.7) 

D 0/6/5/7/0 3.06 ± 0.87 3 6 (33.3) 

E 0/0/9/9/0 3.50 ± 0.51 3.5 0 (0.0) 

F 0/0/8/10/0 3.56 ± 0.51 4 0 (0.0) 

Note. Each group contained 18 enamel surfaces (total N = 108). A, 
control; B, APF gel; C, Enamel Pro Varnish; D, Enamel Pro Prophy Paste 

with ACP; E, Pro Seal; F, Duraphat. Score frequencies indicate the 

number of surfaces assigned scores 1, 2, 3, 4, and 5, respectively. Scores 
were defined as 1 = very good, 2 = good, 3 = moderate, 4 = poor, and 5 

= very poor surface preservation. Lower scores indicate more favourable 

morphological preservation. The scores 1–2 column represents 
favourable ordinal ratings, not the percentage of preserved enamel area 

or mineral retention. SD, standard deviation. This ordinal scale is distinct 

from the Type 1–5 morphological etching-pattern classification. 

The Kruskal–Wallis test showed an overall difference 

in ordinal SEM surface-preservation scores across the six 

groups (H(5) = 68.32, p < 0.001; ε² = 0.621). Holm-

adjusted Dunn comparisons are reported in Table 2. The 

control group differed significantly from all treated groups 

(adjusted p ≤ 0.002). In post-hoc comparisons, Group C 

differed significantly from Groups B, E, and F (Holm-

adjusted p ≤ 0.003), but not from Group D (adjusted 

p = 0.115). Groups B and D did not differ significantly after 

correction (adjusted p = 0.400). No significant differences 

were detected among Groups B, E, and F or between 

Group D and Groups E or F (Table 2). Group C 

nevertheless had the lowest descriptive mean score. 

3.2. Evaluation of SEM images  

SEM examination revealed heterogeneous surface 

changes following artificial demineralization, with 

differences in the appearance and distribution of 

irregularities among the experimental groups. In the 

untreated control group, acid-exposed enamel exhibited 

pronounced nonuniform roughening and irregular surface-

associated deposits (Fig. 1). 

Group B showed a heterogeneous surface with porous 

and granular features (Fig. 2). 



Table 2. Holm-adjusted dunn pairwise comparisons of ordinal 

SEM surface-preservation scores 

Groups Mean score difference Adjusted p 

A–B 1.28 0.002 

A–C 2.94 <0.001 

A–D 1.94 <0.001 

A–E 1.50 <0.001 

A–F 1.44 <0.001 

B–C 1.67 <0.001 

B–D 0.67 0.400 

B–E 0.22 1.000 

B–F 0.17 1.000 

C–D −1.00 0.115 

C–E −1.44 0.003 

C–F −1.50 0.002 

D–E −0.44 0.929 

D–F −0.50 0.829 

E–F −0.06 1.000 

Note. Adjusted p values were calculated using Dunn's rank-based post-

hoc test with Holm correction for 15 pairwise comparisons (two-sided). 

Mean score differences are descriptive values calculated as the first-
listed group minus the second-listed group, whereas statistical 

significance was determined from ranks. Negative differences indicate 

lower mean ordinal scores in the first-listed group. Adjusted p < 0.05 was 
considered statistically significant. Group definitions are provided in 

Table 1. 

Group C demonstrated a roughened, granular 

morphology with localized areas of comparatively smoother 

appearance (Fig. 3). Groups D, E, and F exhibited variable 

degrees of surface irregularity, pitting, and surface-

associated deposits (Fig. 4 – Fig. 6). 

These observations showed morphological similarities 

to the irregular Type 3 and Type 4 etching patterns 

described in the established classification system, while 

localized smoother regions in Group C were considered 

Type 5-like. However, the characteristic preferential 

dissolution of prism cores or peripheries required for 

identifying classical Type 1 and Type 2 patterns could not 

be clearly distinguished in the selected representative 

micrographs. Therefore, the etching-pattern categories were 

used as descriptive morphological references rather than 

definitive identification of identical dissolution 

mechanisms. 

Table 3. Enamel etching-pattern classification and corresponding 

SEM findings 

Type SEM morphology Present SEM figures 

1 

Preferential dissolution of 

prism cores; honeycomb-like 

appearance 

Not distinctly identified 

2 

Preferential dissolution of 

prism peripheries; relatively 

intact prism cores 

Not distinctly identified 

3 
Mixed Type 1 and Type 2 

prism-dissolution features 

Type 3-like 

irregularities: Fig. 1, 2, 

4, 5, 6 

4 

Irregular pitted or porous 

enamel without a well-

defined prism pattern 

Type 4-like features: 

Fig. 2 – Fig. 6 

5 

Relatively smooth enamel 

without a recognizable 

etching pattern 

Localized Type 5-like 

areas: Fig. 3 

Note. Types 1–3 were originally described by Silverstone et al. [12]. The 

five-type classification and corresponding reference SEM micrographs 
(Fig. 1 – Fig. 5) were presented by Galil and Wright [13]. References to 

figures from the present study indicate descriptive Type-like appearances 

rather than definitive identification of all five etching patterns. This 
morphological classification is independent of the ordinal surface-

preservation scores reported in Table 1. 

 

a b c d 

Fig. 1. SEM images of the control group (Group A): a, c – non-acid-exposed enamel surfaces; b, d – acid-exposed enamel surfaces. Acid-

exposed panels show heterogeneous roughening described as Type 3-like 

 

a b c d 

Fig. 2. SEM images of the APF gel group (Group B): a, c – non-acid-exposed enamel surfaces; b, d – acid-exposed enamel surfaces. Acid-

exposed panels illustrate mixed irregular surface features described as Type 3/4-like 



 

a b c d 

Fig. 3. SEM images of Enamel Pro Varnish (Group C): a, c – wax-protected enamel; b, d – acid-exposed enamel. Acid-exposed surfaces 

display granular irregularities and localized smoother, Type 5-like regions; this appearance alone does not establish mineral 

recovery 

a b c d 

Fig. 4. SEM images of the Enamel Pro Prophy Paste with ACP group (Group D): a, c – non-acid-exposed enamel surfaces; b, d – acid-

exposed enamel surfaces. Acid-exposed panels illustrate heterogeneous roughening described as Type 3/4-like 

a b c d 

Fig. 5. SEM images of the Pro Seal group (Group E): a, c – non-acid-exposed enamel surfaces; b, d – acid-exposed enamel surfaces. Acid-

exposed panels show heterogeneous roughening described as Type 3/4-like 

a b c d 

Fig. 6. SEM images of the Duraphat group (Group F): a, c – non-acid-exposed enamel surfaces; b, d – acid-exposed enamel surfaces. Acid-

exposed panels illustrate heterogeneous and irregular roughening described as Type 3/4-like 

 

When all groups were considered together, the control 

group had the highest ordinal SEM score, whereas Group C 

had the lowest ordinal SEM score. Because lower ordinal 

scores indicated better surface preservation, Group C 

showed the lowest descriptive mean score, although the 

difference between Groups C and D was not statistically 

significant after adjustment for multiple comparisons. 

Nevertheless, no experimental group completely 

reproduced the SEM appearance of untreated enamel that 

had not been exposed to the artificial caries solution.

4. DISCUSSION 

In the present study, all five treated groups exhibited 

more favourable ordinal SEM surface-preservation scores 

than the untreated control following a standardized 30-day 

artificial demineralization protocol. Enamel Pro Varnish 

(Group C) demonstrated the lowest mean score, although its 

difference from the ACP-containing prophylaxis paste 

group (Group D) was not statistically significant after 

correction for multiple comparisons. None of the treatments 

reproduced the morphological appearance of unchallenged 

enamel. These findings suggest formulation-associated 



differences in surface morphology while highlighting the 

distinction between favourable SEM appearances and 

directly measured mineral preservation. 

Retentive areas created by attachments during fixed 

orthodontic treatment increase biofilm accumulation and 

exposure to acidic attacks around brackets and in cervical 

enamel regions. Professional preventive applications have 

been reported to limit the development of white spot lesions 

and caries during fixed orthodontic treatment [14]. The 

significant difference between the control group and all 

experimental groups in the present study indicates that 

enamel surfaces without protective material exhibited more 

pronounced morphological changes following artificial 

demineralization. Similarly, in vitro studies that examined 

protective materials around orthodontic brackets by SEM, 

microhardness and elemental analysis have reported better 

enamel protection on material-treated surfaces compared 

with control surfaces [15]. 

The favourable SEM appearance in Group C may relate 

to prolonged enamel contact and fluoride release from the 

varnish formulation. Fluoride varnishes have been reported 

to exert protective or remineralising effects on orthodontic 

and post-orthodontic white spot lesions [14, 16]. A 

particularly informative finding was the difference between 

Enamel Pro Varnish (Group C) and Duraphat (Group F), 

both formulated with a nominal sodium fluoride (NaF) 

concentration of 5 %. Despite this similarity, the mean 

ordinal SEM scores were 2.06 and 3.56, respectively, 

representing a difference of 1.50 score points. This 

comparison suggests that the observed enamel surface 

morphology may be influenced by differences in material 

formulation and behaviour under acidic conditions, rather 

than nominal fluoride concentration alone. However, 

because fluoride release, surface retention, and chemical 

composition were not directly quantified, the underlying 

mechanisms cannot be established from the present data. 

This formulation-specific morphological comparison adds 

useful comparative evidence without implying that one 

material necessarily produces greater mineral retention or 

clinical caries prevention. 

Likewise, the efficacy of fluoride applications versus 

biomimetic remineralising approaches may vary according 

to material composition and application protocol [16, 17]. 

Group B, treated with APF gel, showed lower ordinal 

SEM scores than the control group but higher scores than 

Group C. APF-based fluoride applications have been 

reported to contribute to prevention of white spot lesions 

during fixed orthodontic treatment [18]. 

Group D, treated with an ACP-containing prophylaxis 

paste, demonstrated a mean ordinal SEM score of 3.06, 

compared with 3.72 in the APF gel group and 2.06 in the 

Enamel Pro Varnish group. Calcium-phosphate-containing 

preparations have been investigated as adjunctive 

approaches for the management of enamel white spot 

lesions [19]. Previous studies have also examined 

biomimetic systems for improving mineral recovery in early 

enamel lesions [20]. Importantly, both Enamel Pro Varnish 

(Group C) and Enamel Pro Prophy Paste (Group D) 

incorporate ACP technology, but differ in their physical 

formulation and intended mode of application. 

Consequently, the observed morphological differences 

between these groups cannot be attributed to the presence or 

absence of ACP alone. Although Group C had a lower mean 

ordinal score than Group D, this difference was not 

statistically significant after Holm adjustment (adjusted 

p = 0.115). Differences in material retention, surface 

interaction, and formulation-related behaviour may 

contribute to the observed appearances; however, these 

properties were not independently measured in the present 

investigation. 

Group E treated with Pro Seal demonstrated lower 

ordinal SEM scores than the control group. Resin-based 

surface protectants can form a physical barrier that isolates 

the enamel surface from acidic challenge. Sealants used 

around orthodontic brackets have been reported to protect 

enamel from demineralization in vitro [21]. Enamel surface 

sealants with antimicrobial properties have also been shown 

to support prevention of white spot lesions [22]. The 

efficacy of such materials depends on factors including 

surface adaptation, polymerisation, marginal integrity and 

mechanical durability. Brushing simulation studies have 

demonstrated that the persistence of orthodontic sealants on 

the surface may change following simulated toothbrushing 

[23]. 

Comparison with previous investigations requires 

consideration of the different outcome measures used to 

evaluate enamel protection. Abufarwa et al. reported an 

89% reduction in surface microhardness in untreated control 

specimens, compared with reductions of 24 – 58 % in 

fluoride varnish-treated groups under simulated oral 

conditions [9]. Vicente et al. combined SEM with elemental 

analysis and detected fluoride on 65 % of the enamel 

surfaces in one experimental group, demonstrating the 

additional compositional information obtainable by energy-

dispersive X-ray spectroscopy [24]. In a systematic review, 

Sonesson and Twetman reported a pooled risk ratio of 0.64 

(95 % confidence interval: 0.42 – 0.98) for white spot lesion 

development following fluoride varnish application, 

although the certainty of evidence was very low [8]. These 

findings provide quantitative context but cannot be directly 

equated with the ordinal SEM scores in the present 

investigation, because microhardness changes, elemental 

detection, clinical lesion occurrence, and morphological 

ratings represent different outcomes. 

Previous SEM-based investigations also help define the 

distinct contribution of the present study. Nelson et al. 

characterized surface coatings and morphological 

alterations associated with topical fluoride agents [25]. Brar 

et al. investigated changes in enamel surface topography 

following the application of different topical fluoride 

preparations during prolonged storage in artificial saliva 

[26]. Flynn et al. examined protective dental materials using 

clinical white spot lesion outcomes, representing a different 

level of assessment from laboratory-based surface 

morphology [6]. In contrast, the present investigation 

compared five protective material formulations under the 

same 30-day artificial demineralization conditions, 

examining acid-exposed and wax-protected enamel regions 

at two magnifications. The principal contribution is the 

standardized comparison of material-associated 

morphological changes supported by ordinal score 

distributions, rather than the introduction of a novel 

microscopy technique or the identification of a new 

remineralization mechanism. 



SEM was selected because the primary objective was to 

characterize enamel surface architecture, including prism-

related changes, irregularities, and material-associated 

deposits. Nevertheless, visual observations and SEM-

derived ordinal ratings cannot directly determine mineral 

loss, fluoride uptake, surface roughness, or mechanical 

resistance. Previous research has demonstrated the 

complementary value of surface roughness and 

microhardness measurements when evaluating treated 

enamel lesions [27]. 

Furthermore, residual material deposits and 

comparatively smooth, Type 5-like appearances should not 

independently be interpreted as evidence of 

remineralization. The in vitro model also cannot reproduce 

the complex effects of salivary flow, biofilm formation, 

dietary challenges, toothbrushing, and material wear. 

Therefore, the present findings should be considered 

comparative morphological evidence, and future studies 

integrating SEM with elemental analysis, quantitative 

profilometry, and microhardness testing are needed to 

establish whether the observed surface differences 

correspond to measurable mineral preservation or 

mechanical benefits. 

5. CONCLUSIONS 

Within the limitations of this in vitro SEM study, 

Group C (Enamel Pro Varnish) showed the lowest mean 

ordinal preservation score (2.06 ± 0.80), followed by 

Group D (3.06 ± 0.87), Group E (3.50 ± 0.51), Group F 

(3.56 ± 0.51), Group B (3.72 ± 0.75), and the untreated 

control Group A (5.00 ± 0.00). The overall group difference 

was statistically significant (H(5) = 68.32, p < 0.001; 

ε² = 0.621). Holm-adjusted Dunn comparisons showed 

significant differences between Group C and Groups B, E, 

and F (adjusted p ≤ 0.003), but not between Groups C and 

D (adjusted p = 0.115). Favourable preservation scores (1 or 

2) were recorded in 12 of 18 surfaces (66.7 %) in Group C 

and 6 of 18 surfaces (33.3 %) in Group D, whereas none of 

the remaining groups had scores in these categories. 

All treated groups showed lower ordinal SEM scores 

than the untreated control, but none reproduced the SEM 

appearance of unchallenged enamel. The findings support 

formulation-associated differences in enamel surface 

morphology under standardized artificial demineralization 

conditions. However, they do not directly quantify mineral 

retention, mechanical properties, or clinical caries-

preventive efficacy. 
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