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Abstract Aim: to evaluate the microhardness (VHN) and surface roughness (Ra) of human

enamel surface treated with resin infiltration followed by in office bleaching and to study the effect

of artificial saliva (AS) storage time on the VHN and Ra of resin infiltrated enamel. Materials and

methods: Eighty enamel specimens were prepared from extracted human premolar teeth. Specimens

were divided into two main groups (I and II) then, they were demineralized to create white spot

lesions (WSLs). Group I was divided into A and B sub groups. Group A was treated with in office

bleaching material while for group B, resin infiltration (Icon) was applied after 24 h storage in AS

followed by bleaching. Group II was divided into (C and D). Group C was treated like group B.

Specimens in group D were stored in AS for 14 d after treatment with Icon and before application

of bleaching. Atomic force microscopy (AFM) Ra analysis and VHN calculation were done. Inde-

pendent T Test was used to compare between groups at P < 0.05. Results: Group B demonstrated a

significant increase in VHN compared with group A. Storage time in AS showed no significant dif-

ference on VHN or Ra between groups. Conclusion: Application of resin infiltration before bleach-

ing significantly increased VHN and slightly improved Ra of WSLs compared with bleaching alone.

Application of bleaching material after 24 h or 14 days of the application of resin infiltration did not

have a significant effect or surface hardness or roughness of WSLs.
� 2023 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

White spot lesions (WSLs) is a term used to describe several
conditions affecting dental enamel. White discolorations of

enamel might be due to developmental enamel defect such as
amelogenesis imperfecta (Thylstrup and Fejerskov, 1978) or
seen in connection with different disorders such as cerebral

palsy (Lin et al., 2011). Trauma to primary teeth or untreated
carious lesion may lead to pulpal necrosis and infection that
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could result in enamel defects such as WSLs in the succeda-
neous permanent teeth (Skaare et al., 2013). WSLs can be seen
as localized areas of demineralization resulting from the pro-

cess of caries formation (Kidd and Fejerskov, 2004).
White spot lesions resulting from enamel demineralization

is considered as the first visible evidence of a carious process

in the enamel and is characterized by an opaque white appear-
ance (Featherstone, 2008). The opaque white appearance is
due to subsurface demineralization with an increase in porosity

and consequential alteration of the optical properties of
enamel (Chang et al., 1997). Although there is no golden stan-
dard for WSLs treatment, several treatment modalities are
commonly utilized. Remineralization through application of

products containing fluoride or casein phosphopeptide- amor-
phous calcium phosphate (CPP-ACP) is one of the treatment
options (Huang et al., 2013; Beerens et al., 2010). Clinical stud-

ies have shown enhancement in the surface remineralization of
WSLs with exposure to remineralizing agents (Pandey et al.,
2013; Restrepo et al., 2016). However, these agents couldn’t

completely eliminate WSLs’ clinical appearance (Yetkiner
et al., 2014). It has been reported that WSLs match better with
the remaining tooth structure following bleaching treatment

(Kim et al., 2016). Nevertheless, if tooth whitening is applied
to decalcified areas, a reduction in enamel microhardness
might be expected (Ghanbarzade et al., 2015). Microabrasion
was found to be an effective treatment approach for improving

the appearance of demineralized enamel lesions (Jahanbin
et al., 2015). Conversely, microabrasion was shown to induce
changes on enamel surface and negatively affect surface hard-

ness (Mathias et al., 2009). A minimally invasive treatment
modality has been introduced in recent years. Resin infiltration
has been developed as a conservative method for the treatment

of carious WSLs (Paris et al., 2007; Phark et al., 2009). It is a
micro-invasive technique developed to close the gap between
prevention and restoration by reinforcing and filling the pores

of a non cavitated white spot lesion with a light cured resin
(Meyer-Lueckel and Paris, 2008; Kielbassa et al., 2009). As a
result, the progression of carious lesion is hampered, and
mechanical support is provided to the demineralized enamel

(Kielbassa et al., 2009). An advantageous effect of resin infil-
tration is its ability to enhance the chalky white appearance
of WSLs, as the utilized resin has a refractive index similar

to the healthy enamel (Paris and Meyer-Lueckel, 2009). Few
studies have evaluated the combination treatment of bleaching
and resin infiltration on WSLs’ color and microhardness

(Horuztepe and Baseren, 2017; Araújo et al., 2015; Pucci
et al., 2012).

The aim of the current research was to evaluate the micro-
hardness and surface roughness of human enamel surface trea-

ted with resin infiltration followed by in office bleaching and to
study the effect of AS storage time on resin infiltrated enamel
surface roughness and microhardness after bleaching.

1.1. Null hypothesis

� Resin infiltration of enamel surface before bleaching does
not improve microhardness and surface roughness.

� There is no significant difference in enamel microhardness
and surface roughness between 24 h and 14 days artificial
saliva storage time of resin infiltrated then bleached

specimens.
2. Materials and methods

The materials used in the present study were an in office-

bleaching system (Opalescence Boost 40%Hydrogen Peroxide,
Ultradent, South Jordan, UT, USA) and a resin infiltration
system (Icon; DMG, Hamburg, Germany).

2.1. Specimens’ collection

The study was conducted after registration and ethical

approval clarification were obtained from College of Dentistry
Research Center (CDRC), King Saud University, Riyadh,
Kingdom of Saudi Arabia registration No. PR 0063, 27th of

April 2017. Eighty enamel specimens were obtained from 40
human premolar teeth that were sound and extracted for
orthodontic reasons. Teeth were thoroughly cleaned using an
ultrasonic scaler (LM-ProPower UltraLED LM 100741,

LMDental, Parainen, Finland). Then, teeth were checked
using a light microscope (SWIFT Instruments International,
SA, microscope series 80, Tokyo, Japan) at 10� magnification

to make sure they were free from caries, white spots, cracks,
and other developmental defects. During teeth collection, teeth
were stored in 0.1% thymol solution.

2.2. Specimens’ preparation

Teeth were embedded from the root side in self cure acrylic

resin (Vertex- Dental B.V, Zeist, Netherlands) to stabilize them
during the cutting procedure. The teeth cusps were ground flat
using 320 grit silicon carbide (SIC) abrasive paper (Buehler,41
Waukegan Road, IL, USA) on a rotary polisher (Automata

grinding & polishing unit, Polo 250/3, Jeanwirtz, Germany)
under running water for cooling. Teeth were cut vertically in
a mesio-distal direction with a diamond cutting saw (Isomet

2000 Precision Saw, 3357, Buehler, IL, 664 USA) with profuse
water irrigation. After, teeth were transversely cut at the
cementoenamel junction to remove the roots. Two specimens

(buccal and lingual surfaces) were obtained from every tooth.
The two specimens obtained from the same tooth were marked
at the bottom of the specimen with permanent marker to avoid
mixing them. A uniform thickness of 4 mm was obtained by

grinding the bottom surface (dentin) of the specimens using
(320) grit SIC paper under running tap water for cooling.
Specimens were then embedded in self cure acrylic resin

(Vertex- Dental, Zeist, Netherlands) utilizing custom made sil-
icon molds leaving the top surface (enamel) exposed. Speci-
mens were projected to ensure that the smooth convex

surfaces were as parallel to the scanning device as possible.
To form the parallel planar surface necessary for the surface
microhardness testing and atomic force microscopy reading,

the specimen’s top (enamel) sides were sequentially ground flat
and polished. The previous step was done using (400, 600) SIC
paper using running tap water for cooling (Buehler, IL, USA).

2.3. White spot lesion creation

Prepared specimens were immersed in a demineralizing solu-
tion. The solution used was a methylcellulose (MEC) acid

gel using the following formula: (5% methylcellulose covered
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with an equal volume of 0.1 M lactic acid, KOH was used
to adjust the pH. to 4.6. Specimens were demineralized for
10 days and were stored in an incubator at 37 �C during

that period (Nassar et al., 2014). The demineralizing agent
was not stirred or replaced throughout the demineralization
period.

Lactate buffer was used in the production of WSLs to
mimic clinical situation since lactic acid is produced when
sucrose or glucose get fermented by streptococci (Nyvad and

Kilian, 1987). Following creation of WSLs, specimens were
divided into two main groups (I and II) 40 specimens each.
Groups were then subdivided into two subgroups (A & B)
and (C & D) each containing 20 specimens. Since natural teeth

show considerable variability, each tooth was sectioned into
two equal parts, to serve as control or experimental specimens
in the subgroups of the same group. The groups received the

following treatments: Group IA: Application of in-office
bleaching only. Group IB: Application of resin infiltration fol-
lowed by 24 h immersion in AS then, application of in-office

bleaching. Group IIC: Treated as group B. Group IID: Appli-
cation of resin infiltration followed by 14 days immersion in
AS then, application of in-office bleaching.

2.4. Application of resin infiltration material

Specimens were treated with resin infiltration system: (Icon;
DMG, Hamburg, Germany) following manufacturer instruc-

tions (Table 1).

2.5. Application of in office bleaching material

Enamel surfaces were treated with a chemically activated in
office-bleaching system (Opalescence Boost 40% Hydrogen
Peroxide, Ultradent, South Jordan, UT, USA) following man-

ufacturer instructions (Table 1).

2.6. Storage in artificial saliva

After the application of resin infiltration, specimens of groups
B and C were stored in AS for 24 h in an incubator at 37 �C
while specimens of group D were stored for 14 days. Then,
in office bleaching was applied. The following formula was

used to prepare the AS: 1 g sodium carboxymethylcellulose,
4.3 g xylitol, 0.1 g potassium chloride, 0.1 g sodium chloride,
0.02 mg sodium fluoride, 5 mg calcium chloride, 5 mg magne-
Table 1 Composition and manufacturer instructions of used mater

Material Manufacturer Composition

Icon caries

infiltration

DMG

Hamburg,

Germany

Icon-Etch (HCl 15%)Icon-Dry (99%

Icon-Infiltrant (methacrylate-based re

initiators, additives)

Opalescence

Boost 40%

Hydrogen

Peroxide

Ultradent

South

Jordan, USA

Activator (1.1% sodium fluoride, 3%

nitrate, unique chemical activator)Ble

(40% hydrogen peroxide)
sium chloride, 5 mg calcium chloride, 40 mg potassium phos-
phate, 1 mg potassium thiocyanate, and 100 g distilled
deionized water, at pH 7 at 37 �C (Han et al., 2014). Specimens

of all groups were stored in AS for 24 h then placed in distilled
water at a room temperature until the tests were performed.

2.7. Measurement of enamel surface hardness

Hardness measurements were conducted using Vickers hard-
ness tester (NOVA 130/240, serial #13002178648, INNOVAT-

EST Europe, The Netherlands). A load of 300 g was applied to
the specimens for 15 s. Load and time were constant for all
specimens throughout the study. Three indentations were

made on the flattest surface of each treated specimen.

2.8. Measurement of enamel surface roughness

An atomic force microscope (AFM) (Multimode 8, Bruker,

Serial # 3C119, Santa Barbara, CA, USA) was utilized. This
device required the specimens’ dimensions to have a maximum
thickness of 4 mm (height) and a maximum width of 15 mm.

The noncontact AFM scan mode was used where the speci-
mens were placed on an isolation table and connected to an
optic microscope with a personal computer. The roughness

parameter analyzed was the average roughness, which is the
arithmetic mean of the height of peaks and depth of valleys
from a mean line in the measuring length.

2.9. Statistical analysis

The Statistical Package for Social Science (SPSS version 22.0
for Windows; IBM SPSS, 2013, Armonk, NY, USA) was used

to perform the statistical analysis. The statistical comparison
between the study groups was performed using independent
t-test. All tests were performed at a significance level of

(P < 0.05).
3. Results

3.1. Surface microhardness

The mean and standard deviation of Vickers Microhardness
value (Kg/mm2) for each group are presented in Table 2.
Statistical analysis of the mean revealed a statistically signifi-
ials.

Direction of use

ethanol)

sin matrix,

1. Clean surface2. Apply Icon-Etch. Let set for 2 min3.

Rinse off with water for 30 s. Air dry4. Apply Icon-Dry.

Let set for 30 s. Air dry5. Apply Icon-Infiltrant. Let set

for 3 min6. Light-cure for 40 s7. Apply Icon-Infiltrant.

Let set for 1 min8. Light-cure for 40 s

potassium

aching gel

1. Mix the two syringes together2. Apply the activated

gel as a 0.5–1-mm-thick layer to the specimen.3. Leave

gel on specimen for 20 min4. Remove bleaching agent

using high volume suction with an endo tip5. Apply

again for another 20 min (total of 40 min).6. Clean and

wash with water



Fig. 1 Atomic force microscopy obtained images of group A

(Bleached alone). Wide and deep enamel grooves are evident

between enamel prisms.

Fig. 2 Atomic force microscopy obtained images of group B

showing penetration of resin infiltration into demineralized spaces.
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cant difference at P = 0.000 between group A and group B as
shown in Table 2. The resin infiltration prior to bleaching
group demonstrated a significant increase in the microhardness

levels when compared with the bleaching alone group.

3.2. Surface roughness

A quantitative evaluation of the surface roughness values from
the AFM images was performed by calculating the mean sur-
face roughness (nm). The mean and standard deviation of sur-

face roughness (Ra) for each group are presented in Table 2.
The data revealed a lower Ra value for group B in comparison
to group A. However, the difference was not statistically sig-

nificant (P > 0.05) (Table 2). No statistically significant dif-
ference was evident between groups C and D (P > 0.05).
Nonetheless, increasing the duration of the specimen’s storage
in AS from 24 h (group C) to 14 d (group D) resulted in a

slightly higher Ra.

3.3. Descriptive analysis of AFM images

Demineralized and bleached specimens of group A showed
wide and deep enamel grooves between enamel prisms
(Fig. 1). AFM images of resin infiltrated specimens showed

penetration of resin infiltration into demineralized spaces
(Fig. 2). Resin infiltration with Icon showed a thin non-
homogenous surface, where resin was visible on enamel surface
in an irregular pattern showing column gaps (Fig. 3) or

honey-comb pattern (Fig. 4) filling in areas of porosity and
leaving hole gaps between adjacent enamel prisms. The effect
of AS storage is evident in the AFM images where resin infil-

trated surface appears rougher with wrinkled appearance for
the specimens of group D as compared with group C (Figs. 3
& 4).

4. Discussion

The outcomes of the present study showed that resin infiltra-

tion prior to bleaching significantly increased the surface
microhardness of enamel WSLs when compared with bleach-
ing alone but did not have a significant effect on the surface

roughness. Hence, the first null hypothesis was partially
rejected.

Icon utilizes triethylene glycol dimethacrylate (TEGDMA)
for lesion infiltration. TEGDMA is an unfilled low viscosity

light curing resin. Compared to other resins such as urethane
dimethacrylate (UDEMA) and bisphenol A-glycidyl
Table 2 Mean, standard deviation (SD) and P value of tested grou

Groups tested(n = 20) Surface hardness (Kg/mm
2
)

Mean VHN ± SD

A 120.54 ± 35.47

B 279.39 ± 52.42

C 275.80 ± 46.47

D 277.34 ± 53.76

* Significant difference at P < 0.05.
methacrylate (bis-GMA), TEGDEMA has a lower tensile
and flexural strength (Gonçalves et al., 2008). The high hard-
ness obtained with Icon might be attributed to the infiltrant

resin’s ability to penetrate and fill the voids present in WSLs,
regardless of the resin’s mechanical properties. As a result of
infiltration, it appears that a consistant resin-hydroxyapatite

complex with a high surface hardness is obtained (Zhao and
Ren, 2016). Furthermore, the recommended protocol by Icon’s
manufacturer is to apply the infiltrant resin twice. It was
ps for both measurements.

Surface roughness (nm)

P value Mean Ra ± SD P value

0.000* 26.35 ± 8.43 0.663

25.10 ± 9.50

0.923 33.28 ± 8.25 0.126

38.44 ± 12.21



Fig. 3 Atomic force microscopy obtained images of group C

(24 h storage in artificial saliva). Resin infiltration with Icon shows

a non-homogenous surface where resin was visible as an irregular

pattern showing column gaps.

Fig. 4 Atomic force microscopy obtained images of group D

(14 days storage in artificial saliva). Resin infiltration with Icon

shows a non-homogenous surface where resin was displaying a

honey-comb pattern leaving hole gaps between adjacent enamel

prisms.
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reported that that twice application of resin could compensate
for polymerization shrinkage and fill voids within the infil-

trated lesion which leads to increase in hardness (Paris et al.
2013). Furthermore, ethanol (Icon Dry) which is used to pre-
pare the surface before resin application, have been shown to

increase penetration coefficients of resins thus, improving infil-
tration depth (Paris and Meyer-Lueckel, 2010). On the con-
trary to the present study, Horuztepe and Baseren (2017)
treated their samples with resin infiltration after bleaching.

They concluded that bleaching before resin infiltration resulted
in lower microhardness values compared with resin infiltration
alone and bleaching negatively influenced penetration of resin

infiltration. The result of the current investigation is consistent
with that of Ghanbarzade et al. (2015). In their study, they
demonstrated a significant reduction in the WSL’s microhard-

ness following home and in-office bleaching. Their result indi-
cated a possible alteration in the mineral content of
demineralized enamel caused by bleaching. The reduction in
hardness could be the result of the alteration of bleached
enamel surfaces. Studies showed that enamel composition
could be modified by the removal of some components such
as calcium and phosphate. Tezel et al. (2007) concluded that

35% and 38% hydrogen peroxide might cause significantly
more loss of Ca2+ from the enamel surfaces than 10% car-
bamide peroxide.

AFM provides a detailed qualitative and quantitative data
about surface topography. Its main advantage over the other
technologies is that it provides higher resolution images at

the nano scale. The AFM technique has emerged as the most
reliable in the evaluation of surface roughness (Kakaboura
et al., 2007). In the present study, results showed that the group
which received bleaching alone recorded higher (but not signif-

icant) roughness values compared with resin infiltrated group
prior to bleaching. On the other hand, surface roughness was
slightly higher for specimens that were incubated for 14 days

when compared with 24 h period of incubation.
The demineralization process that was done in this study to

produce WSLs might also have resulted in increased surface

roughness. It would be expected that the application of resin
infiltration material to fill WSL’s porosities would result in
improved roughness values if we compare the roughness value

to demineralized as well as bleached enamel surfaces. However,
no significant difference was evident between groups A and B.
Several studies reported inferior roughness values related to
resin infiltration with Icon. In a study carried by Taher et al.

(2012) using profilometry, resin infiltration with Icon showed
significantly higher roughness values compared with fissure sea-
lant. Their result was further confirmed by AFM and computed

tomography when Taher (2013) compared surface roughness of
Icon with that of fissure sealant and sound enamel. Similar find-
ings were reported by Gurdogan et al. (2017) as well as Ulrich

et al. (2015), where their data revealed that Icon’s roughness
values were significantly higher than healthy enamel and
described Icon surface as having an inhomogeneous surfaces

showing small granular particles. The description of Icon sur-
faces in the previous articles applies to AFM images obtained
in the present study, where resin infiltrated specimens presented
inhomogeneous surfaces with resin that can be seen in the

enamel grains (Fig. 2).
The current study showed that increasing the storage time

from 24 h to 14 d did not have a negative impact on surface

microhardness of the resin infiltrated specimen. Conversely,
the surface roughnesswas slightly higher for specimens that were
incubated for 14 d compared with those incubated for 24 h. The

difference between the two groups in surface microhardness and
roughness was not significant which made us accept the second
null hypothesis. The literature lacks articles evaluating the effect
of AS storage time on resin infiltrated enamel. Zhao and Ren

(2016) reported that microhardness of resin infiltrated enamel
was slightly reduced after 180 h of water storage, but this reduc-
tion was not statistically significant while surface roughness was

significantly increased after water storage.
Compared with other resins like UDMA and Bis-GMA,

TEGDMA showes the highest degree of water sorption due

to the presence of hydrophilic ether linkages (Ferracane,
2006). This might affect the mechanical properties of resin
based materials. Nonetheless, the hardness of resin infiltrated

specimens was not greatly affected by storage time in AS prob-
ably because infiltration resin was able to surround the
hydroxyapatite crystals in the WSL and make a relatively uni-
form resin-hydroxyapatite complex (Zhao and Ren, 2016). The
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increase in roughness with the increase of storage time might
be attributed to the loss of the oxygen inhibited layer. This
layer could be washed away or worn-off by salivary flow or

mechanical action which might lead to re-exposure of the
enamel substance and affect the roughness values (Mueller
et al., 2011). Further research is recommended for longer per-

iod of observation.
As with other laboratory reports, our study faced some lim-

itations. First, artificial lesions created on the specimens might

not completely represent clinical white spot lesions. However,
this problem is common with in vitro caries studies since there
is no standardized characterization of white lesions. Second,
artificial saliva is used in laboratory studies to mimic reminer-

alization capacity in clinical situations. However, it is impor-
tant to note that the dynamics of saliva - enamel interaction
is a difficult to fully replicate in laboratory research.

5. Conclusions

Based on our observations and considering limitations of this

study, application of resin infiltration prior to bleaching is rec-
ommended since it significantly increased the surface micro-
hardness of WSLs. Delaying bleaching procedure for 14 days

after resin infiltration of WSLs did not have a significant effect
on surface microhardness or surface roughness as compared
with bleaching after 24 h of resin infiltration.
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