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Abstract Objective: Bioglass can be used as a non-invasive remineralizing treatment for enamel

white spot lesions (WSLs). Cold plasma application can boost enamel surface properties by increas-

ing its surface energy and wettability without disturbing the bulk structure or raising up pulp tem-

perature. It is thought that the remineralizing ability of bioglass, might be enhanced if proceeded by

plasma application. This study investigated the combined effect of cold plasma and bioglass on

demineralized enamel.

Methods: Forty bovine incisors were sectioned to obtain flat enamel specimens and challenged by

demineralization solution of pH 4.47 for 72 h. The enamel specimens were randomly divided into

four groups: (I) control, demineralized enamel with no treatment (C); (II) demineralized enamel pri-

marily treated with cold plasma, then bioglass paste protected with adhesive, afterward additional

application of cold plasma (PBP); (III) demineralized enamel treated with cold plasma, then bio-

glass paste protected with light cured adhesive (PB); and (IV) bioglass paste applied to demineral-

ized enamel and protected with light cured adhesive (B). All groups were stored in remineralizing

solution for 24 h, subsequently cross-sectional micro-hardness measurements were done and then

a scanning electron microscope (SEM) coupled with energy dispersive X-ray spectroscope (EDS)

were used to examine specimen’s surface morphology and chemical analysis.

Results: Group II (PBP) showed a significant higher cross sectional micro-hardness value than bio-

glass group at 30 lm depth. SEM revealed numerous surface deposits of spheroidal and prismatic

shape, EDS showed that the elements are mainly calcium, phosphorus with trace amount of silica

and sodium.

Conclusion: Combined plasma/bioglass/plasma treatment could improve the remineralization of

enamel white spot lesions.
� 2016 The Author. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an

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

White spot lesions (WSLs) are one of the predominant side
effects of fixed orthodontic treatments, affecting about 50%

of patients. Fixed orthodontic appliances impair oral
hygiene and decrease salivary flow that cause formation of
biofilm.1

Mature tooth enamel is a crystalline structure, containing
up to 96% hydroxyapatite (HA, Ca10(PO4)6(OH)2) by weight,
the rest is made up of water and organic matter.2 At pH <5.5,
HA dissolves in a process known as demineralization. The

amount and rate of dissolution depends on the pH and the
concentration of calcium and phosphate ions in oral saliva.3

If good oral hygiene was not maintained, the acid produced

from biofilms can cause enamel demineralization which will
be manifested clinically as WSLs.4

Enamel demineralization causes increased porosity within

the lesion body, which changes light reflection by enamel.
Since the light is scattered, an active WSL has a chalky white,
opaque appearance.5,6

The lesion surface is clinically intact when lightly probed in
early stages. It is suggested that the management of tooth dem-
ineralization should focus on early detection and inhibition,
such as tooth remineralization, before applying a restorative

approach.7,8 Remineralization of the enamel surfaces may
increase mechanical properties of these regions and their resis-
tance to any further cariogenic or erosive challenges.9 How-

ever, cavitation may occur if the cariogenic challenge is
ongoing, which might lead to the necessity of invasive restora-
tive treatments.10

Bioactive bioglass materials show a promising potential for
repairing enamel and is an interesting area of research.11 Cur-
rently, a procedure of applying bioglass paste, that could

release calcium and phosphate ions, was introduced and
proved capable of remineralizing the enamel exposed to ero-
sion.12 The bioglass paste formed a calcium phosphate-rich
‘‘interaction layer” on eroded enamel surfaces within 24 h.13

Plasma is a gaseous medium which can penetrate into irreg-
ular cavities and fissures. Plasma can kill pathogens in bacte-
rial plaque and dental caries, without damaging the normal

tissue. Plasma does not cause discomfort to patients, as it does
not prompt thermal damage.14,15

In dentistry, cold plasmas have been studied for surface

modifications of dental implants, adhesion, caries treatment,
endodontic treatment and tooth bleaching.16 It was also con-
firmed that non-thermal atmospheric plasmas could improve
adhesive penetration in the interface region.17 Cold plasma

can interact with subjects physically, chemically and biologi-
cally without causing damage.

This study aimed to investigate the combined effect of cold

plasma treatment to demineralized enamel together with bio-
glass paste application. The hypothesis of this study is that
the cold plasma application to demineralized enamel before

bioglass application could improve enamel remineralization,
while extra plasma application to the adhesive, will cure it
and improve its performance as a bioglass protective shield.

Cross-sectional micro-hardness was inspected. The mor-
phology and chemical analysis of treated surfaces were exam-
ined by scanning electron microscope (SEM) coupled with
energy dispersive X-ray spectroscope (EDS).
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2. Materials and methods

2.1. Specimen preparation

Forty non-carious bovine incisors were obtained from a
slaughter house and used in this study following guidelines

approved by Minnesota Dental Research Center for Biomate-
rials and Biomechanics. The teeth were sectioned to remove
their buccal surfaces using water-cooled diamond saw (Isomet

low speed saw, BUEHLER, Lake Bluff, IL, USA) then ground
flat with water-cooled silicon carbide disks (600-, 1200- 2400-
grade papers; Buehler) to obtain flat enamel surfaces; this help
in the creation of a more consistent, reproducible artificial

enamel lesions. Specimens were then flushed with distilled
water in ultrasonic cleaner (Cole-Parmer, Model 08849-00,
Vermont Hills, IL, USA) for 30 min to remove all surface

deposits. Two layers of protective nail varnish (Revlon Miami,
Florida, USA Lot TV14078) were applied to protect the
enamel area leaving a treatment window of 4 � 4 mm

(Fig. 1). Each enamel specimen was challenged by a 15 ml
demineralization solution composed of 2.0-mM calcium, 2.0-
mM phosphate, 4.73 ml acetic acid, and 6.0 mM C2H3NaO2

with PH adjusted to 4.47 at 37 �C.18

2.2. Specimen grouping

Specimens were randomly assigned to four groups (n = 10):

group I; control group with no treatment (C); group II; cold
plasma application prior to bioglass paste, then adhesive appli-
cation then another plasma application (PBP); group III; cold

plasma application prior to bioglass paste, then adhesive appli-
cation, that is cured with visible light curing unit (PB); and
group IV; solely bioglass paste application and light cured

adhesive (B) as shown in Table 1. After treatment, specimens
were immersed in a remineralizing solution for 24 h.

2.3. Cold plasma application

The plasma cleaner (Harrick Plasma, PDC-32G, Ithaca, NY,
USA) was used in the study. Oxygen was used as a gas source,
plasma Cleaners require a vacuum pump with a minimum

pump speed of 1.4 m3/h and an ultimate total pressure of
200 mTorr. Plasma treatment time was set for 5 min. In group
II; (PBP) the plasma jet is used first to treat the enamel surface,

then additional application after bioglass paste and adhesive
coat; to strengthen and cure the adhesive. In group III; (PB)
the plasma jet is only used to treat the enamel surface before

bioglass paste application.

2.4. Bioglass application

45S5 bioglass powder19 with an average particle size 44 lm was

prepared and used in the study (composition mentioned in
Table 2). A glass slap and a spatula were used to mix 0.1 g
of bioglass with 0.2 ml of 50 wt% phosphoric acid that was

prepared from 85 wt% phosphoric acid (Fisher Scientific
Company, Fairlawn, New Jersey, USA) by distilled water for
1 min to form a paste.13 The paste was applied to demineral-

ized specimen surface of groups II-IV using micro-brush
nd bioglass paste on enamel white spot lesions, The Saudi Journal for Dental
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Fig. 1 Specimen preparation for cross-sectional micro-hardness evaluation.

Table 1 Summary of the experimental groups of the study.

Group I (C) Group II (PBP) Group III (PB) Group IV (B)

Demineralization + + + +

Cold plasma application to enamel surface � + + �
Bioglass application � + + +

Cold plasma curing to adhesive � + � �
Light curing to adhesive � � + +

(+) Applied and (�) not applied.
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(Disposable Applicators, Size M-silver Lot: 185522, 3M ESPE,

USA) with a gentle rubbing motion for 1 min. A layer of bond-
ing agent (Adper Easy Bond, 3M ESPE, St. Paul, MN, USA)
was applied over the bioglass–phosphoric-acid paste, then

plasma cured for group II and light-cured for groups III and
IV using a light-curing device (Optilux VCL 401, Demetron
Research Corporation, Danbury, CT) with a power density

of 550 mW � cm�2 for 10 s.

2.5. Storage of specimens

All specimens were placed in a remineralizing solution contain-

ing 1.5-mM calcium, 0.9-mM phosphate, 150-mM KCl, and
20-mM cacodylate buffer with pH 7.0 at 37 �C for 24 h.18 At
the end of the storage period, the bioglass was gently removed

by tweezers, specimens were then rinsed with deionized water
for 30 s.

2.6. Micro-hardness measurement

After the storage period, each enamel specimen was embed-
ded in orthodontic resin and cut into half through the center
Please cite this article in press as: El-Wassefy NA The effect of plasma treatment a
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to expose the cross-section of the treated area. The cut sur-

faces were polished by a Buehler Isomet II polishing machine
using 600-grade silicon carbide paper, followed by 1-lm and
0.3 lm alumina abrasive (Buehler, 40-6321016), then ultra-

sonicated for 30 min in distilled water. The hardness was
measured across three positions, located at 1/4, 1/2 and 3/4
of the width of the treated area, starting 30 lm from the

enamel surface proceeding in depths to 50, 70, 100 and
200 lm (Fig. 1).

The measurement of enamel hardness was done by a Micro
Surface Vickers Hardness Tester having a diamond pyramid

micro-indenter with a 136� angle between the opposing faces
(Buehler Micromet II, Buehler Ltd., Lake Bluff, IL, USA).
A load of 25 g for 10 s at room temperature is used close to

the outer edge to avoid cracking the specimen. From the length
of each diamond indentation, the Vickers hardness values were
calculated at regular intervals through the lesion and into the

underlying enamel. The Vicker’s hardness number (VHN)
was obtained using the following equation:
VHN= 1854.4 P/d2 where P is the applied load in grams

and d is the average length of the indentation measured in
lm.20
nd bioglass paste on enamel white spot lesions, The Saudi Journal for Dental
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Table 2 Compositions of materials used in the study.

Materials Composition Procedures

45S5 bioglass Weight percent 6% P2O5 Mix 0.1 g of 45S5 bioglass with

0.2 ml of phosphoric acid45% SiO2

24.5% Na2O

24.4% CaO

Adper Easy Bond 3M ESPE,

St. Paul, MN, USA

HEMA, Bis-GMA, methacrylated phosphoric esters, 1,6 hexanediol

dimethacrylate, methacrylate functionalized polyalkenoic (vitrebond

copolymer), finely dispersed bonded silica filler with 7 nm primary particle

size, ethanol, water, PI, stabilizers

Apply adhesive for 20 s, dry

for 5 s, then light cure for 10 s

HEMA= 2-hydroxyethyl methacrylate; bis-GMA= bisphenyl glycidyl methacrylate; PI = photoinitiator.
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Microhardness (VHN) at different depths

Control Plasma Bioglass Plasma Plasma Bioglass Light cured Bioglass

Fig. 2 Micro-hardness values at different depths, connected bars have significant difference.

C

Fig. 3 Scanning electron microphotograph of the control

mineralization (C) group.
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2.7. SEM/EDS surface examination

Five specimens from each group were examined by SEM/EDS.
A scanning electron microscope (Hitachi High Technologies
Corporation, TM 3000, Japan) was employed to examine the

ultra-structure of enamel surfaces with the following opera-
tional parameters: an accelerating voltage of 15 kV, charge-
reduction mode, 10-mm working distance and 2000� magnifi-

cation. Line scans were done to the newly formed mineral layer
for the following elements: phosphorus, calcium, sodium and
silicon using the EDS analysis.

3. Results

3.1. Micro-hardness

Fig. 2 shows the results of the cross-sectional micro-hardness

for all groups of the study at 30, 50, 70, 100 and 200 lm depth,
connected bars are statistically significant groups (p < 0.05)
Microhardness were analyzed by one-way ANOVA, LSD

Post-hoc test, using the statistics software SPSS (Version 20,
IBM Chicago, IL 60606, USA). One-way ANOVA showed
that the remineralization methods had a significant effect on
the cross-sectional micro-hardness results (p < 0.05) at 30,

50, 70 and 100 lm depth while is insignificant at 200 lm.
Please cite this article in press as: El-Wassefy NA The effect of plasma treatment a
Research (2016), http://dx.doi.org/10.1016/j.sjdr.2016.10.001
The VHN for the PBP, PB and B groups recorded significantly
higher VHN at 30–100 lm when compared to control groups

(p < 0.05). At 30 lm depth the PBP group is significantly
higher than B (p= 0.0207).
nd bioglass paste on enamel white spot lesions, The Saudi Journal for Dental

http://dx.doi.org/10.1016/j.sjdr.2016.10.001


Fig. 4 Scanning electron microphotograph of the Plasma

Bioglass Plasma (PBP) group.

PB 

Fig. 5 Scanning electron microphotograph of the Plasma

Bioglass (PB) group.

Fig. 6 Scanning electron microphotograph of the Bioglass (B)

group.
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3.2. SEM and EDS

SEM results are shown in Figs. 3–6. Control demineralized

surface with no treatment (C) exhibits eroded porous enamel
surface, with no evidence of mineral deposition (Fig. 3). SE
microphotograph of (PBP) shows a massive amount of elon-
gated prismatic and cubic mineral depositions of different

sizes, which cover the majority of the examined surface
(Fig. 4). The (PB) SE microphotograph in Fig. 5 displays
numerous flake-like prismatic deposits, blocking the enamel

surface. These deposits are somehow smaller within the (PB)
group as compared to (PBP) group. The surface of the (B)
group is covered with a massive amount of spheroidal or

shell-like surface deposits, as shown in Fig. 6.
EDS results are shown in Figs. 7–10. EDS analysis of (C)

group, shows that the newly formed layer is only rich in
Please cite this article in press as: El-Wassefy NA The effect of plasma treatment a
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calcium and phosphorus (Fig. 7). While the chemical charac-
terization of the enamel surface of bioglass treated groups
(PBP, PB, and B) reveals that the newly formed layer is rich

in calcium, phosphorus with trace amounts of sodium and
silica (Fig. 8–10).

4. Discussion

All bioglass remineralization treatments significantly improved
the cross-section micro-hardness as compared to the control

group. The hypothesis was partially accepted, as applying cold
plasma before and after bioglass in the PBP group improved
micro-hardness significantly than group B, however plasma
application before bioglass in PB group showed an increase

of VHN than B group, although non significant.
In this study, bovine enamel was used as a substitute for

human enamel due to their similarity of physicochemical prop-

erties, such as density, hardness and tensile strength.21

The plasma could effectively improve the surface
hydrophilicity of substrates. It was demonstrated that water

contact angle values decreased to <5� after 30 s treatment
transforming them to super hydrophilic surfaces, at the same
time morphology wasn’t changed as indicated by SEM.22

The contact angle was found to decrease dramatically after

plasma treatment, when measured in a pilot study. One study
by Teixeira et al.23 revealed that plasma increased surface wet-
tability, surface energy and bond strength between enamel and

sealants potentially serving as a substitute for conventional
acid etching procedures or as an adjuvant for self-etch
sealants.23 The exclusive benefit of plasma modification is that

the surface properties can be selectively boosted while the bulk
characteristics of the materials stay unaffected.24

Bioglass is an inorganic biocompatible material that reacts

in aqueous environments to release Ca2+, Na+, and PO4
3�, the

rapid ionic exchange of Na+ with H+ or H3O
+ at glass/liquid

interface allows Ca2+ and PO4
3� to be released and forms

supersaturated ionic reservoir for the enamel apatite. After

bioglass network dissolution, silanols undergo rearrangement
by poly-condensation and serves as the nucleation site. The
nd bioglass paste on enamel white spot lesions, The Saudi Journal for Dental
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Fig. 7 Energy dispersive spectroscope chemical analysis of the control mineralization (C) group.

Element               [wt.%]  [at.%] 
--------------------------------------------------- 

Calcium            64.76   58.28 
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Sodium              1.39    2.18 
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Fig. 8 Energy dispersive spectroscope chemical analysis of the Plasma Bioglass Plasma (PBP) group.
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 Element          [wt.%]  [at.%] 
------------------------------------------------ 

Calcium            69.85   63.88 
Phosphorus       28.21   33.38 
Silicon                1.19    1.55 
Sodium               0.74    1.18 
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Fig. 9 Energy dispersive spectroscope chemical analysis of the Plasma Bioglass (PB) group.

Element         [wt.%]  [at.%] 
------------------------------------------------ 

Calcium            63.92   57.44 
Phosphorus       33.80   39.31 
Sodium              1.15    1.81 
Silicon               1.12    1.44 
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Total:                100.00  100.00 
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Fig. 10 Energy dispersive spectroscope chemical analysis of the bioglass (B) group.
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deposition of free calcium and phosphate together with undis-
solved bioglass particles forms a protective calcium phosphate-
rich layer on enamel surface. It is likely that etching enamel

opens channels and facilitate the diffusion of calcium
and phosphate into deeper enamel layers to favor
remineralization.25

Moreover, using acidic solution increases the mineral ions
released and may have a superior ability to penetrate into
the deeper enamel layer compared to that in neutral condi-

tion.26 The selection of phosphoric acid in this study to form
a paste with bioglass is due to its practicability and common
use in dental clinics as an etchant, it might also share a prob-
able role in mineralizing enamel surface lesion.

Likewise, Bakry et al., mixed bioglass with phosphoric acid
and applied the paste to eroded enamel lesions, it was able to
improve the micro-mechanical properties of the lesion within a

short time.12

Milly et al., showed that bioactive glass and poly-acrylic
acid bioglass surface treatments enhanced enamel white spot

lesion remineralization, assessed by the resultant improved
mechanical properties, higher phosphate content and morpho-
logical changes within artificial lesions.27 Same work group

studied the pre-conditioning of the WSLs using bioactice glass
poly-acrylic acid micro-abrasion, and concluded that, this
technique was able to increase surface area, mineral content,
mechanical properties and enhance remineralization.28

Applying a layer of adhesive, permitted the bioglass paste
to stay in contact with enamel for 24 h in order to complete
its bioactive reactions that have been conveyed to take at least

2 h.13,25 In this study it was evident that, bioglass protected by
plasma cured adhesive in (PBP) was coherent and strong
enough to be removed in one piece before testing. On the other

hand, the bioglass paste protected by light cured adhesive in
both (PB and B) groups, were weak and friable that tattered
apart during removal. This strengthening effect is thought to

be due to the influence of both reactive plasma species and vac-
uum on the bioglass particles leading to an increase in their
cohesive bonding,29 the plasma-induced polymerization of
adhesive caused a higher degree of conversion and improved

mechanical properties. In one study, the authors inferred that
plasma-treated specimens probably had a higher degree of con-
version at the interface, than that of untreated specimens.17

One study investigated the CO2 laser effect on bioglass/
phosphoric acid paste as a possible treatment for dentin hyper-
sensitivity. It was found that the dentinal surface modified by

bioglass/laser application was occluded with calcium phos-
phate crystals; so-called an ‘‘interaction layer”. The crystalline
structures were allocated as brushite and anhydride monetite
crystals.30 Additionally, it was conveyed that this interaction

layer was able to resist abrasion challenge.31

The micro-hardness of the (PBP) group was significantly
higher than the Bioglass group at 30 lm, which gives an indi-

cation on the effect of plasma treatment on the enamel lesion.
It is thought that plasma improves enamel hydrophilicity,
decreases contact angle and thus increases ions diffusion and

remineralization. At higher depths, the micro-hardness of all
remineralization groups were significantly higher than the con-
trol group except for the 200 lm where no significant differ-

ence occurred, as the baseline enamel was reached.
The highly reactive plasma species had caused some mor-

phological changes when secondary applied to the bioglass
particles in the (PBP) group as shown in Fig. 4, furthermore,
Please cite this article in press as: El-Wassefy NA The effect of plasma treatment a
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it had increased their coherence. Correspondingly, cold plasma
treatment in the (PBP) group had increased remineralization
capability and micro-hardness values significantly than (B)

group.
Bakry et al., examined the durability of Bioglass�45S5-

phosphoric acid paste ‘‘inter-action layer” on artificially

induced enamel lesions after brushing-abrasion challenges
and declared it is a durable layer.13

The initial remineralization time (24 h) is a limitation of this

study, so it is prudent to extend and evaluate it in future
research. Correspondingly, in-vivo assessments are eagerly
encouraged.

5. Conclusion

Combined plasma/bioglass/plasma treatment could improve

the remineralization of enamel white spot lesions.
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