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Abstract: Nanostructure of Resilience Orthodontic bonding solutions, an orthodon-
tic adhesive that is mostly used nowadays in the orthodontic practice, is analyzed in the
paper. After determining the adhesive properties, a correlation was established between the
nanostructure of tested adhesive and the tooth bracket bond strength. Based on AFM ima-
ges of the analyzed adhesive, by way of correlations of arithmetic means of debonding for-
ce (I) and average adhesive roughnesses (Ra, Rq, Rzijs, Rz) we come to a conclusion that
by increasing the average adhesive roughnesses, increases the debonding force too (I).
After that we compared the obtained results with the other adhesives that are also most
commonly used. It was observed that with all the roughness parameters (Ra, Rz, Rzijs and
Rq) the strongest bond was achieved with Resilience Orthodontic bonding solutions,
followed by Heliosit, Orthodontic (Ivoclar, Vivadent), GC Fuji Ortho LC, while the
weakest bond was with ConTec LC — Dentarum. Higher roughness of Resilience Orthodon-
tic bonding solutions at the nano level is most probably due to a bigger number of thorns
which penetrate into micro cavities developed under the action of acids. Higher roughness

is a consequence of the chemical structure itself of the composite material.
Keywords: orthodontic adhesive, nanostructure, Atomic Force Microscopy (AFM).

1. INTRODUCTION

Tooth enamel is made of a billion crystals of
carbonized hydroxylapatite [1—3] that are packed in
individual prisms winding from enamel-dentin bor-
der toward the tooth surface. When observed on
cross-sections by electronic microscopes, the enamel
prisms do not have an appearance of a prism (small
stick), but are seen as structures in the form of a key
hole, 6—8 microns in diameter. With such an appea-
rance, a larger part is differentiated, designated as
the ,,head* while the narrower is designated as ,,tail*.
Each head fits between two tails. The crystals are in
the area of the head lined along the longitudinal axis,
designated as a ,,C axis“, while on the periphery
(,,tail*) they are ordered at a 30° angle of [ 4—6].

The mineral phase with mature enamel takes
up about 87% of total volume of enamel mass, and
makes over 95% of the weight mass, of which only
5% belongs to organic matters and water (other bio-
logical mineralized tissues contain about 20%). 3-
5% of voluminous mass is made of porosities for-
med from the network of channels. Through it, thro-
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ughout the whole enamel cover, diffuse the fluids,
ions and the small molecules. This area is located
between the prisms, but also between the crystals.
This network is joined by morphological structures
more rich in proteins such as the above mentioned
striae of Retzius, enamel tufts and spindles. The
canalicular system is considered to have a protective
role because 1) it enables physiological reminerali-
zation of enamel prisms throughout life and 2) spa-
ce, liquids and proteins partly participate in amorti-
zation of big pressures that are released during
chewing and prevent forming of fractures. At the
same time, this canalicular system enables penetra-
tion of acids, and even of bacteria and helps the
development of caries and erosions. [3—5,7—8].
Enamel surface is not flat. It has a wavy struc-
ture because at places where Retzius’ striae end such
striae overlap in the form of steps , and the shallow
grooves referred to as perikymata appear. At certain
places, especially with deciduous teeth, there are a
number of microns of enamel on the surface without
prismatic organization — aprismatic enamel [3—4].



Vladan Mirjani¢, Porde Mirjani¢, AFM testing of nanostructure of resilience orthodontic bonding solutions...

Contemporary Materials, VII-1 (2016)

Page 52 of 59

Although enamel has pronounced hardness, it
is also especially fragile at the same time and glass-
like, and as such it would be prone to breaking.
Despite that, enamel can withstand loads higher than
1000 N several times during the day. The overall
enamel microstructure is formed in such a way to
adjust to such loads. This is also contributed by the
support of elastic dentin and the structures such as
enamel tufts at the dentin-enamel junction [9—11].

Enamel is in constant dynamic communica-
tion with the oral cavity ecosystem. Demineraliza-
tion and remineralization processes are always pre-
sent and their balance ensures enamel integrity. If
external aggressive factors direct the balance toward
demineralization activities, the integrity of the
crystal grid weakens, hardness and resistance of
enamel reduces, which, after crossing a certain limit
of mechanical resistance of enamel, leads to its crac-
king and formation of cavities, as a beginning of
irreversible damage [7,8].

Etching the enamel with acid causes selective
de-mineralization that increases the free surface
energy, and at the same time the porosity as well as
the contact surface too. Bonding to enamel (adhesi-
veness) [12] depends on the ability of resin to pene-
trate into the area between the crystal prisms [13]
which leads to macromechanical retention. The infil-
trated resin encloses covers the individual
hydroxylapatite crystals forming microthorns [14]
and thus creates a hybrid layer which accomplishes
the retention mechanism at the nano-level between
the tooth and resin [15]. These microthorns probably
contribute to adhesion more than macrothorns that
penetrate the space between the enamel prisms [16].

The retention abilities of etched enamel
depend on the chemical structure of enamel mineral
phase, the type of acid and etching time [17]. Rese-
arches have shown that the variations in the etching
time from 15 to 90 seconds with 35-37% phosphoric
acid do not influence the shear bond strength of ort-
hodontic brackets much [18].

With the etching time, damage is bigger and
this is primarily manifested in covering the whole
enamel prisms which happens in the first 15
seconds. In further course between 15 and 30
seconds the devastation mainly spreads in the depth
affecting the central prism regions [19]. Most studies
that conducted the description of etched enamel used
SEM technology providing the qualitative picture
only [20, 21]. The state-of-the art technology will be
used here based on Atomic Force Microscopy
(AFM) to examine the nanostructure of orthodontic
adhesives for bonding the brackets to teeth [22,23].

The AFM analysis of the profile of dental
enamel treated with 35% phosphoric acid is presen-
ted in Figure 1.

Profile A-B presents the comparison between
T15 (a) and T30 (b). Convexity vs. recess ratio is the
biggest with T30 (red). The width of the prisms and
the walls does not significantly differ between T15
and T30 (green), while the distance of the prism tip
from the base is bigger with T30 (blue) which repre-
sents higher demineralization and depth of the prism
base [24].

2. MATERIAL AND METHODS

Nanotechnological device JSPM-5200 which
is located in NanoLab module for biomedical engi-
neering at the Faculty of Mechanical Engineering of
Belgrade University [25—27] was used to test adhe-
sive nanostructure. This is an integrated nanosystem
with a number of operating modes which enables the
realization of the following functions: STM, AFM,
MFM, ECSPM etc.

JSPM-5200 consists of AFM base, the anti-
vibration table, AFM amplifier, SPM controller,
computer and optional components such as the mic-
roscopic system with CCD camera, vacuum system,
etc. [28]. Adhesive samples are fixed to the AFM
microscope holder.

Testing the surface was done in ,.contact
mode* function, which means that the physical con-
tact between AFM probe and the tooth surface is a
constant force.

The scan was analyzed by using the program
WinSPM (Processing). This program package ena-
bles the user to perform different processing functi-
ons to improve the quality of the image obtained by
the scanning program. These functions include: ima-
ge leveling, adjustment of the light and contrast,
application of different filters, etc. The analysis of
the profile in the image of the scanned surface may
be done in a number of ways: Single, Multi, Extra
and Multiple Images. With Single analysis, one pro-
duction line may be placed in whichever direction
within the image, while the distances between two
points and the height difference between up to three
marker pairs are measured. With Multi Analysis up
to five arbitrary lines in whichever direction within
the image may be placed. With Extra analysis the
roughness of the scanned area is measured within
the placed rectangular area, while with Multiple
Images Analysis up to three images may be placed,
and the profile is analyzed on the same line. Here we
used the Multi analysis of the profile.
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This program, WinSPM (Processing) also ena-
bles generation of three-dimensional images of the
scanned area (bird-eye-view). The parameters that
may be adjusted are the following: Position (direction
of view), Zoom (height per Z-axis) and Centering
(centering the surface in relation to the screen).

We finally use the function of making reports
which is used to display images, profiles and 3D ima-
ges in the form of reports for printing that are presen-
ted in research results. It is implied that the format of
the page is A4, in vertical layout. The data on measu-
ring for the selected 2D image may be presented.

0003000 [um]  Z 000 - 1862 87 ]

0.00

E 30.00x 3000 [um] Z 000 - 260455 [nm)

Figure 1. AFM analysis of the profile of dental enamel treated with 35% phosphoric acid
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One of the orthodontic adhesives that are most measuring places and arithmetic means of average
commonly used nowadays in the clinical procedure, roughness of analyzed adhesive Resilience Orthodontic
Resilience Orthodontic bonding solutions, Ortho bonding solutions, Ortho Technology inc. Florida.
Technology inc. Florida was analyzed in order to General data of AFM scan of Resilience Ort-
test the nanostructure of orthodontic adhesive for hodontic bonding solutions are presented in Figure
bonding brackets to teeth. The topography of nano- 2, while Figure 3 gives a presentation of measure-
structure of adhesive Resilience Orthodontic bon- ment places and arithmetic means of average roug-
ding solutions, Ortho Technology inc. Florida will hnesses of the adhesive Resilience Orthodontic bon-
be used for statistical analysis. The topography ding solutions.
represents the surface of adhesive nanostructure
obtained by calculating the roughnesses Ra, Rq,
Rzijs and Rz. Each sample will have 256 lines. The
dimensions of each of the observed nanostructures
are calculated for statistical analysis, while the main
parameter is presented by the height of certain nano-
structures, i.e. the difference between ,,the highest
hill*“ and the ,,deepest valley* along the Z-axis.

856.0nm

884.20m

§13.6n0m

39z.4nm

3. THE RESULTS

The results of the study will be presented in
the following manner:

— AFM images of the sample of the adhesive
Resilience Orthodontic bonding solutions, Ortho
Technology inc. Florida.

— Regression analysis of the analyzed adhe-

171.20m

0.0nm

Imacer 2581 AFM Cortact: Tonoaranhv PV
Created on 2011-08-24 at 14:39.05
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256 um

sive with regression parameters and comparison of Ao 035 bl 378
the samples by average roughness for the observed AHSREL 270000 0 o —
adhesive. Messured by JSPM-5200 @ Factor ; Unknown
Due to the limitation of space we will present Figure 2. General data of AFM image — Resilience
here only one image with appropriate presentations of Orthodontic bonding solutions
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Image infarmation
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684.8nm Rzjis = 7154 nm Rz = 7385nm
S= T2 urm? Sratio = 1.07
513.6nm
1 2 3
Ra [ 364 211 339
342 4nm Rzijis [nm] 0.000 0.000 0.000
Ra [nm)] 439 254 444
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AFM Contact Ref: 0.000 [V]
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Figure 3. Presentation of the measuring places and arithmetic means of average roughnesses
of the adhesive Resilience Orthodontic bonding solutions
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The regression parameters of the samples
show the functional dependence of average adhesive
roughnesses relative to the place of measurement.

Roughness is defined as a complex set of irre-
gularities or bulging and prongs which give appea-
rance to the surface and affect wetting, the quality of
adhesion and lightness. Although it is underlined
that micromechanical roughness is a basis of a good
junction between the etched enamel and resin, preci-
se characteristics of enamel necessary to realize such
a bond are not known [22].

The influence that roughness has on the bond
strength is not completely understood either. [23].
Higher roughness is assumed to make a bigger con-
tact area through which contact with resin is reali-
zed, and thereby a stronger bond too [28].

Something that has not been investigated so far
in detail is the surface roughness at microscopic level
[29] where nano characterization of surface roughness
could provide biophysical mechanisms on enamel
surface [30]. AFM with high lateral and vertical reso-
lution enables testing the roughness at micro and nano
levels without higher interference of macroscopic
components such as the wavy surface [31]. AFM mic-
roprobe does not require any sample preparation and
consequently jeopardizing the original surface.
Thereby it represents a direct way to experimentally
detect and quantify the surfac roughness.

A number of different parameters provided in
Table 1 are used to interpret profilometry results of
roughness.

Table 1. Different parameters for calculating the surface roughness

Parameters Description
Ra Arithmetic mean of all the deviations of the profile from the centerline
Rq Geometric mean of all the deviations of the profile from the centerline
Rz The center of five roughness recesses of five alternant profile lengths
Rmax The biggest of five roughness recesses
Rp The height of the highest point above the centerline within the whole profile length
Rv The depth of the lowest point below the centerline within the whole profile length
Rpm The mean value of five consecutive lengths of the sample
Rt Vertical height between the highest and the lowest point of the profile within the investigated length
Rtm Rmax mean value in five consecutive sample lengths
Rez Similar to Rz, apgrt frlom the fact thqt the individual depth of roughness is the depth of the highest
peak up to the third biggest recess within the sample length

With the analysis of the results of obtained
roughnesses by way of AFM, the most frequently
are used, as follows: mean roughness (Ra), roug-
hness by the least square method (Rq), ten point
mean roughness (Rzijs) and roughnesses that are
determined as the biggest difference of heights (Rz).
Roughnesses are expressed in nanometers (nm).

Mean (average) roughness (Rs) is defined as
an average distance of the centerline when viewed as
the local minimums were the local maximums (Figu-
re 4). It is defined by the formula (1):

Rf%j(f\f(s)—Zo\ds (M)

Figure 4. Profile with absolute values relative to the centerline. The distance of their average height from the height of
the profile centerline is defined as Ra roughness.

Roughness with the least squares method (Rq)
is defined as a deviation of the least square method
relative to the centerline Z, (2):

Ri= (1], G-z ds o
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Ten point roughness (Rzijs) is defined as a
sum of the mean values of absolute values of the
deviations from the centerline between the biggest
deviation and the fifth biggest deviation and absolute

value between the smallest deviation and the fifth
smallest deviation (3).

The profile of five local maximums and five
local minimums is presented in Figure 5.

Figure 5. Ten point mean roughness

ZytZ,tz,+2,, +zp5‘+

ZygtzZptzstzZ 12

R
ys 10

Rz is the biggest difference of heights and
may be presented as a difference between ,,the hig-
hest hill* and the ,,deepest valley*. This is defined as
a difference between the biggest measured height
Zmax and the least measured height Z.;,, measured
with piezo scanner along its z axis during the
analysis of the scan (4):

3)

Rz Rmax Rmin (4)

Regression parameters of the analyzed sample
per roughnesses (Ra, Rz, Rzijs, Rq) are presented in
Table 2.

Table 2. Regression parameters of Resilience Orthodontic bonding solutions — Total data (with arithmetic means of

measuring image )

Regression equation Determiqation Correla.tion
Parameter code (y=ax+b) a b coefﬁgzlent coefficient
(R9) (r)
4—Res— Ra y=—0.7456x + 29.661 —0.7456 29.661 0.0631 0.2512
4— Res— Rz y=—4.9704x + 133.18 —4.9704 133.18 0.2072 0.4552
4— Res— Rzijs y =—18.884x + 431.94 —18.884 431.94 0.6377 0.7986
4—Res— Rq y =—1.0445x + 35.75 —1.0445 35.75 0.101 0.3178

Based on the conducted regression analysis
and the obtained correlation coefficients (r) which is
within the limits 0 < r < 0.25 we can conclude that
there is no good statistical relation between the
adhesive roughness and the measurement places of
scanned samples, which shows that the nanostructu-
res of analyzed adhesive samples are homogenous.

Based on correlations of arithmetic means of
debonding forces (I) and average adhesive roug-
hnesses (Ra, Rz, Rzijs, Rq) for the sample of Resili-
ence Orthodontic bonding solutions, Ortho
Technology inc. Florida, we obtain the same depen-
dence of the debonding force upon the roughness,
i.e. with an increase in roughness increases the bond
strength too [34—36].

If we compared the obtained roughness results
for individual materials with the obtained values in
literature for bond strengths [37—36] we could see

that with all the roughness parameters (Ra, Rz, Rzijs
and Rq) the strongest bond was made with Resilien-
ce Orthodontic bonding solutions, followed by Heli-
osit, Orthodontic (Ivoclar, Vivadent), GC Fuji Ortho
LC, and the weakest with ConTec LC — Dentarum.
The differences between the last three adhesives are
not so noticeable. On the other hand, the biggest
material roughness was reported with GC Fuji Ortho
LC, followed by Rezilience Orthodontic bonding
solutions, while with the other two, it is by far lower.
If we take into account that GC Fuji Ortho LC is a
glass ionomer-based material and that it does not
require etching the enamel with acid, we assume that
its big roughness increases the total contact surface
through which the chemical bond between the
hydroxyl groups of polyacrylic acid with calcium
ions in hydroxylapatite is realized [47,48].

On the other hand, higher roughness of Rezi-
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lience Orthodontic bonding solutions at a nano level
probably enables higher number of thorns that pene-
trate into micro recesses formed under the action of
acids. Higher roughness is a consequence of the
chemical structure itself of the composite material.
[49,50].

It is quite known that the orthodontic treat-
ment with fixed dentures increases the risk of the
carious process which endangers the treatment itself
and discourages the patient. The patient’s risk is
decisive in all that, but the additional factors such as
the materials that are applied may contribute even
more. The placing of the fixed device itself disturbs
the ecosystem in oral cavity leading toward increa-
sing the number of cariogenic bacteria and the deve-
lopment of white spots [51,52].

4. CONCLUSIONS

Based on the obtained results of the study,
their statistical processing and detailed analysis, the
following conclusions may be drawn:

— AFM technology is suitable for following
the enamel structure from individual crystals to
prisms (from nano to micro level). At lower magni-
fications it presents the enamel prisms as deep reces-
ses. Individual crystals are positioned in parallel and
show an elongated hydroxylapatite plane. Crystal
surfaces are unevenly compacted forming in that
way the roughness of enamel surface. At higher
magnifications the crystals show characteristic
hexagonal appearance, placed to each other at a 60°
angle.

— AFM has a number of significant advanta-
ges for testing the dental tissues, compared to other
techniques and especially SEM (Scanning Electrone
Microscopy), and is a basic possibility for obtaining
the three-dimensional profile of tested surface.

— We can see that with all the roughness
parameters (Ra, Rz, Rzijs and Rq), the strongest
bond was with Resilience Orthodontic bonding solu-
tions, and that this is followed by Heliosit, Ortho-
dontic (Ivoclar, Vivadent), GC Fuji Ortho LC, while
the weakest bond was with ConTec LC — Dentarum
adhesive.

— Higher roughness of Rezilience Orthodon-
tic bonding solutions at a nano level is probably
enabled by a bigger number of thorns penetrating
into micro cavities formed under the action of acids.
Bigger roughness is a consequence of the structure
itself of composite material.

— After debonding the orthodontic brackets
fixed with composite material by way of enamel
etching, a long and complex treatment of enamel

remineralization is necessary.
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FOR

ADOM NCITUTUBABE HAHOCTPYKTYPE RESILIENCE ORTHODONTIC
BONDING SOLUTIONS OPTOAOHTCKOI' AIXE3VBA

Caxerak: Y paany je nomohy atomcke Mukpockonuje (ADM) ananuzupaHa HaHO-
ctpyktypa Resilience Orthodontic bonding solutions OpTOJZOHTCKOI agxe3WBa KOju Ce
JaHac Hajuenrhe KOPUCTH Y OPTOJOHTCKOj npakcu. HakoH oipeljuBama cBojcTBa aaxe3uBa
YCIOCTaBJbEHA je Kopenauuja uaMel)y HaHOCTPYKTYpe HCIMTHBAHOT aJXe3UBa U jauylHE
Bese Opasuiie 3a 3y0. Ha ocHoBy ADM ciika aHATU3UPAHOT aIXe3uBa, MOMOly Kopenawu-
ja apUTMETHYKHX CpelrHa jaunHe Be3e AeOoHaupama (I) u mpocjedHnx XpamaBoCTH ajIxe-
3uBa (Ra, Rq, Rzijs, Rz) momazumo 1o 3akspydka ga ca moBehamem MpocjedHIX XpamaBoCcTh
aJxe3uBa pacTe W jaunHa Bese nebonmupama (). 3atuM je u3BpieHo mopeheme mo0ujeHnx
pe3yJnrtara ca IpyruM aaxe3uBuMa Koju ce Takole Hajuelrhe kopucre. YOUeHO je Jia je Koa
cBux mapamerapa xpanaBoctd (Ra, Rz, Rzijs u Rq) Hajjaua Be3a octBapena ca Resilience
Orthodontic bonding solutions, na 3arum Heliosit, Orthodontic (Ivoclar, Vivadent), GC Fuji
Ortho LC, a Hajmame ca ConTec LC — Dentarum. Beha xpanaBoct Resilience Orthodontic
bonding solutions Ha HaHO HUBOY BjepoBaTHO oMmoryhaBa Behu Opoj TpHOBa KOjU 3aAMPY Yy
MHKpOyAyOJberha HacTala MOA JCjCTBOM KucennHa. Beha xpamaBocT je mocibenuna came
XEMHjCKe CTPYKTYype KOMIIO3UTHOT MaTepHjaia.

Kiby4yHe pHjeun: OpTOZOHTCKH aIXe3UB, HAHOCTPYKTYpa, aTOMCKa MHUKPOCKOIIHja

(ADM).



