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WYKAZ UZYWANYCH SKROTOW

SEM - scanning electron microscope — skaningowy mikroskop elektronowy
EDTA — EthylenoDiamineTetraAcetic — kwas wersenowy

NaOCI — podchloryn sodu

Er:YAG - laser na krysztale granatu itrowo-glinowym domieszkowany erbem

Er,Cr:YSGG — laser na krysztale granatu itrowym-skandowo-galowym domieszkowany
erbem i chromem



| STRESZCZENIE
WSTEP

W nowoczesnej stomatologii technologia laserowa staje si¢ coraz bardziej powszechna dzigki
precyzyijnej aplikacji i minimalnej inwazyjnoéci. Swiatto lasera Er:YAG jest bardzo dobrze
absorbowane przez wode i dobrze przez hydroksyapatyt co pozwala na opracowywanie
tkanek twardych, w tym zgbow i kosci oraz tkanek miekkich. ROwniez nowoczesne materialy
stomatologiczne posiadaja zdolno$¢ absorbcji energii $wiatla laserowego dzigki czemu mozna
go wykorzysta¢ do wusuwania wypelnien bez powstawania warstwy mazistej.
W piSmiennictwie mato jest jednak badan opisujacych sity adhezji materialow
stomatologicznych do tkanek z¢boéw opracowywanych przy pomocy lasera a takze jego
wykorzystania do przygotowania powierzchni do leczenia periodontologicznego,
W szczegodlnosci opierajacych sie na nowej wiedzy zwigzanej z opracowywaniem tkanek zgba
przy pomocy lasera Er:YAG z zastosowaniem bezpiecznych i optymalnych protokotow
naswietlania. Ponadto wspofczesna literatura nie ocenila jednoznacznie wptywu S$wiatla
laserowego na odpowiednie przygotowanie powierzchni zgba do dalszych etapow leczenia.

CEL

Celem pracy byta ocena efektywnosci wykorzystania lasera Er:YAG w przygotowaniu
powierzchni zeba do dalszych etapow leczenia stomatologicznego w poréwnaniu do metod
konwencjonalnych.

MATERIAL I METODY
Materiat stanowigcy podstawe rozprawy doktorskiej podzielono na 2 czesci.

1. Wplhyw lasera Ev:YAG na wartos¢ sity adhezji zamkow ortodontycznych do tkanek zeba
Material badawczy stanowity ludzkie zgby trzonowe i1 przedtrzonowe (n=15), ktore
podzielono na 3 grupy w zaleznos$ci od sposobu przygotowania powierzchni szkliwa:

G.1. trawienie 37% kwasem ortofosforowym (n=>5),

G.2. kondycjonowanie laserem Er:YAG: energia 100mJ, czgstotliwo$s¢ 10Hz, czas
naswietlania: 10s, $rednica aplikatora 600um, gestos¢ energii: 35,37J/cm2, odleglos¢:
1mm od zg¢ba, chtodzenie sprayem wodnym: 80%. (n=5),

G.3. trawianie 37% kwasem ortofosforowym w potaczeniu z kondycjonowaniem laserem
Er:YAG: energia 100mJ, cz¢stotliwos¢ 10Hz, czas naswietlania: 10s, $rednica aplikatora
600um, gestos¢ energii: 35,37J/cm2, odlegtos§¢: 1mm od zgba, chlodzenie sprayem
wodnym: 80%wraz z (n=5).

W celu wyznaczenia warto$ci sity adhezji zamka do powierzchni zgba, przeprowadzono
probe $cinania z uzyciem maszyny MTS 858 MiniBionix® (MTS System, Eden Prairie,
MN USA). Oceng¢ struktury pryzmatycznej szkliwa przeprowadzono z uzyciem
mikrotomografii komputerowej (Skyscan 1172, Bruker, Kontich, Belgia).



2. 2A) Ocena powierzchni zgba po usunigciu wypetnienia kompozytowego za pomocq lasera
Er:YAG, wiertta oraz kondycjonowania preparatem EDTA i NaOCI - analiza SEM
Material badawczy stanowito 30 zgbdéw przedtrzonowych posiadajacych kompozytowe
wypelnienia przyszyjkowe, ktore zostaly usunicte w Katedrze i Zaktadzie Chirurgii
Stomatologicznej Uniwersytetu Medycznego we Wroclawiu ze wskazan ortodontycznych
i periodontologicznych. Materiat podzielono na 6 grup w zalezno$ci od metody usunigcia
materiatu kompozytowego i opracowania z¢biny:

G1 (n=5) wiertlo diamentowe;
G2 (n=5) wiertlo diamentowe + kireta;
G3 (n=5) wiertto diamentowe + EDTA (PrefGel®, Straumann, Szwajcaria)

G4 (n=5) laser Er:YAG (LightWalker®, Fotona, Ljubljana, Slovenia) pracujacy z
parametrami: energia 80mlJ, 15Hz, dlugo$¢ impulsu 50us, aplikator H14 $rednicy 1mm,
gestos¢ energii 10,19)J/cm2:, odleglos$¢: 1,5 mm od z¢ba, chtodzenie sprayem wodnym:
4 woda/4 powietrze);

G5 (n=5) laser Er:YAG + 2% podchloryn sodu;

G6 (n=5) laser Er:YAG + 5,25% podchloryn sodu.
Powierzchnia zgbiny zostala nastgpnie oceniana przy pomocy mikroskopu skaningowego
(SEM).

2B) Usuwanie kompozytowych wypetnien przyszyjkowych przy uZyciu lasera Er:YAG
I wiertla — badanie in vitro.

Na potrzeby niniejszej pracy usuni¢to 14 zebow przedtrzonowych (n = 14) z przyczyn
ortodontycznych. Prostokatne ubytki o szerokosci 3 mm 1 wysokosci 1,5 mm zostaty
przygotowane za pomocg wiertta 0,8mm na katnicy szybkoobrotowej w powierzchni zgba
tuz ponizej polaczenia szkliwno-cementowego (CEJ) 1 wypelione materialem
kompozytowym. Material kompozytowy usuni¢to laserem Er:YAG o mocy 3,4 W, energii
170 mJ, czestotliwosci 20 Hz, czasie trwania impulsu 300 ps, srednicy koncowki 0,8 mm,
chlodzeniu powietrzem/ptynem 3 ml/s i czasie naswietlania: 6 sek, w odlegtosci 2 mm od
z¢bow (grupa G1, n =7) lub wiertlem katnicy szybkoobrotowej (grupa G2, n =7).
Po usunieciu materialu kompozytowego powierzchnie zgbdéw zbadano za pomoca
skaningowej mikroskopii elektronowej (SEM) oraz mikroskopii fluorescencyjnej.

WYNIKI

1. Wpbw lasera Er:YAG na wartosc¢ sily adhezji zamkow ortodontycznych do tkanek zeba
Najwyzsze wartosci sity adhezji (naprezen S$cinajgcych) uzyskano w grupie G3
(laser+wytrawiacz) (9,23+2,38 MPa), a najmniejsze w grupie G2 (laser) (6,44% £2,11
MPa).p<0,05 Badania z uzyciem mikrotomografii komputerowej wskazuja na duze
zmiany powierzchni szkliwa po zastosowaniu lasera siegajace do 9% jego grubosci czego
nie zaobserwowano dla probek kondycjonowanych samym 37% kwasem ortofosforowym.
Ponadto struktura szkliwa naswietlana laserem Er:YAG charakteryzuje si¢ najwigksza
chropowatosci.



2. 2A) Ocena powierzchni zgba po usunigciu wypetnienia kompozytowego za pomocq lasera
Er:YAG, wiertta oraz kondycjonowania preparatem EDTA i NaOCI - analiza SEM
W grupach G1, G2 widoczne byly uszkodzenia mechaniczne powierzchni spowodowane
ruchem obrotowym wiertla diamentowego. W obrazie SEM widoczna byla warstwa
mazista, ktora dala si¢ dopiero usungé chemicznie poprzez zastosowanie 24% zelu
z EDTA (grupa G3). W grupach G4-G6 powierzchnia zgba opracowywana laserem
Er:YAG miata jednorodng strukture bez uszkodzen, z otwartymi kanalikami z¢binowymi
z widoczng denaturacja wilokien kolagenowych. Zastosowanie podchlorynu sodu nie
wplyneto na zwigkszenie widocznosci kanalikow zebinowych.

2B) Usuwanie kompozytowych wypetnien przyszyjkowych przy uzyciu lasera Er:YAG
I wiertla — badanie in vitro

Naswietlanie Er:YAG pozwolilo na catkowite usunigcie materialu kompozytowego
z ubytku ze¢ba. Badanie potwierdzito, ze konce wiokien kolagenowych ulegty jedynie
czgsciowe] denaturacji po zastosowaniu lasera Er:YAG.

PODSUMOWANIE | WNIOSKI:

1. Zastosowanie lasera Er:YAG o parametrach: energia 100mJ, czestotliwos¢ 10Hz, czas
na$wietlania: 10s, $rednica aplikatora 600um, gestos¢ energii: 35,37J/cm2, odleglos¢:
I mm od zgba, chlodzenie sprayem wodnym: 80% w polaczeniu z 37% kwasem
ortofosforowym do kondycjonowania szkliwa prowadzi do wzrostu sily adhezji
zamkow ortodontycznych do zgba w poréwnaniu do samego trawienia 37% kwasem
ortofosforowym czy kondycjonowaniem samym laserem.

2. Zastosowanie lasera Er:-YAG przy ustawieniach pracy wykorzystanych w badaniu
(energia: 100mJ, czestotliwo$¢ 10Hz, czas na$wietlania: 10s, $rednica aplikatora
600um, gestos¢ energii: 35,37J/cm2, odleglos¢: 1 mm od zgba, chlodzenie sprayem
wodnym: 80%), prowadzi do modyfikacji szkliwa 0 znacznie wigkszym stopniu
w poréwnaniu do wytrawiania 37% kwasem ortofosforowym.

3. Powierzchnia zebiny po usuni¢gciu wypetlienia kompozytowego za pomoca lasera
Er:-YAG o parametrach (energia: 80mJ, 15Hz, dlugos¢ impulsu 50us, aplikator H14
srednicy 1mm, gesto$¢ energii 10,19J/cm2:, odlegtos¢: 1,5 mm od zgba, chlodzenie
sprayem wodnym: 4 woda / 4 powietrze) posiada otwarte kanaliki zebinowe i nie
wymaga dodatkowego kondycjonowania za pomocg podchlorynu sodu, nie posiada
uszkodzen mechanicznych 1 pozostato$ci kompozytu w poréwnaniu do klasycznego
opracowanie wierttem diamentowym.



| ABSTRACT
INTRODUCTION

In modern dentistry, laser technology is becoming more and more common thanks to precise
application and minimal invasiveness. The Er: YAG laser light is very well absorbed by water
and well by hydroxyapatite, which allows the preparation of hard tissues, including teeth,
bones and soft tissues. Modern dental materials also have the ability to absorb the energy
of laser light, so they can be used to remove fillings without the formation of a smear layer.
However, there are few studies in the literature describing the adhesion forces of dental
materials to tooth tissues prepared with the use of a laser and its use to prepare the surface for
periodontal treatment, in particular based on new knowledge related to the preparation
of tooth tissues with the Er: YAG laser with the use of safe and optimal exposure protocols.
Moreover, the contemporary literature has not unequivocally assessed the influence of laser
light on the appropriate preparation of the tooth surface for further treatment stages.

OBJECTIVE

The aim of the study was to evaluate the effectiveness of using the Er: YAG laser in the
preparation of the tooth surface for further stages of dental treatment in comparison
to conventional methods.

MATERIAL AND METHODS
The material constituting the basis of the doctoral dissertation was divided into 2 parts.

1. The Effect of Er:YAG Laser on a Shear Bond Strength Value of Orthodontic Brackets to
Enamel—A Preliminary Study.
The research material consisted of human molars and premolars (n=15), divided into
3 groups depending on the method of enamel surface preparation;
G.1. etching with 37% ortho-phosphoric acid solution (n=5),
G.2. Er:YAG laser conditioning with the following operating parameters; energy: 100mJ,
frequency 10Hz, exposure time: 10s, applicator diameter 600um, energy density:
35,37J/cm2, distance: 1mm away from a tooth, water spray cooling: 80%. (n=5),
G.3. Er:YAG laser conditioning with the following operating parameters; energy: 100mJ,
frequency 10Hz, exposure time: 10s, applicator diameter 600um, energy density:
35,37J/cm2, distance: 1mm away from a tooth, water spray cooling: 80% combined with
etching with 37% ortho-phosphoric acid solution (n=5).
To determine the shear bond strength of orthodontic brackets to enamel, a shear bond
strength test was performed with the use of MTS 858 MiniBionix® machine (MTS
System, Eden Prairie MN USA). The enamel prismatic structure was assessed using
X-ray microtomography (Skyscan 1172, Bruker, Kontich, Belgium).
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2. 2A) SEM Evaluation of Tooth Surface after a Composite Filling Removal Using Er:YAG
Laser, Drills with and without Curettes, and Optional EDTA or NaOCI Conditioning.
The research material consisted of 30 premolars with cervical composite fillings, which
were extracted at the Dental Surgery Department of the Wroclaw Medical University due
to orthodontic and periodontal indications. The teeth were divided into 6 groups according
to the method of removal of the composite material and dentine preparation;
G1 (n=5) — a diamond drill;
G2 (n=5) — a diamond drill + curette;
G3 (n=5) — a diamond drill + EDTA (PrefGel, Straumann, Switzerland);
G4 (n=5) — the Er:YAG laser (LightWalker, Fotona, Ljubljana, Slovenia) working with
parameters: energy: 80 mJ, frequency: 15Hz, pulse length: 50us , H14 applicator diameter:
1mm, energy density: 10,19J/cmz2:, distance: 1,5 mm from the tooth, water spray cooling:
4 water / 4 air..;
G5 (n=5) —the Er:YAG laser + 2% sodium hypochlorite (NaOCI);
G6 (n=5) —the Er:YAG laser + 5,25% NaOCI. The dentine surface was then evaluated
using a scanning electron microscope (SEM)

2B) Removal of Composite Restoration from the Root Surface in the Cervical Region
Using Er: YAG Laser and Drill—In Vitro Study

For the purposes of this study, 14 premolar teeth (n = 14) were removed due to
orthodontic reasons. The rectangular shape cavities with 3 mm in width and 1.5 mm in
height were prepared with a 0.8 mm bur on high-speed contra-angle in the tooth surface
just below cemento-enamel junction (CEJ) and filled with the composite material. The
composite material was removed with the Er: YAG laser at a power of 3,4 W, energy
170 mJ, frequency 20 Hz, pulse duration 300 ps, tip diameter 0,8 mm, air/fluid cooling
3 mL/s, and time of irradiation: 6 sec, at a distance from teeth of 2 mm (G1 group, n=7)
or a high-speed contra-angle bur (G2 group, n = 7). After the removal of composite
material, the surfaces of teeth were examined using the scanning electron microscopy
(SEM) and fluorescence microscopy.

RESULTS

1. The Effect of Er:YAG Laser on a Shear Bond Strength Value of Orthodontic Brackets to
Enamel—A Preliminary Study.
The highest values of shear bond strength were obtained in G3 group (9,23+2,38 MPa)
and the lowest values in G2 group (6,44+2,11 MPa). p<0,05 The tests with the use of
X-ray microtomography showed significant changes in the enamel surface after the
application of laser, reaching up to 9% of enamel thickness, , which was not observed in
the case of the samples etched with 37% ortho-phosphoric acid solution. Moreover, the
ER:YAG laser-irradiated enamel surface was characterised by the greatest roughness.
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2. 2A) SEM Evaluation of Tooth Surface after a Composite Filling Removal Using Er:YAG
Laser, Drills with and without Curettes, and Optional EDTA or NaOCI Conditioning.
Groups G1 and G2 had mechanical damage of the tooth surface structure caused by the
rotary motion of a diamond drill. The SEM image showed a smear layer that could only be
removed chemically using 24% EDTA gel (group G3). The tooth surface prepared in
groups G4-G6 with the Er:YAG laser had a homogeneous structure without damage along
with open dentinal tubules with visible denaturation of collagen fibers. The use of sodium
hypochlorite (NaOCI) did not increase the visibility of dentinal tubules

2B) Removal of Composite Restoration from the Root Surface in the Cervical Region
Using Er: YAG Laser and Drill—In Vitro Study

The Er: YAG irradiation allowed to remove completely the composite material from the
tooth cavity. The study confirmed, that the ends of collagen fibers were only partially
denatured after the Er: YAG laser application.

SUMMARY AND CONCLUSIONS

1. Using an Er: YAG laser with parameters (energy: 100mJ, frequency 10Hz, exposure
time: 10s, applicator diameter 600um, energy density: 35,37J / cm2, distance: 1mm
from the tooth, water spray cooling: 80%) in combination with 37% orthophosphoric
acid for enamel conditioning, it leads to an increase in the adhesion strength of
orthodontic brackets to the tooth compared to etching with 37% orthophosphoric acid
or conditioning with the laser alone.

2. The use of the Er: YAG laser with the work settings used in the study (energy: 100mJ,
frequency 10Hz, exposure time: 10s, applicator diameter 600um, energy density:
35,37J / cm2, distance: 1mm from the tooth, cooling with water spray: 80 %), leads to
a much greater modification of the enamel compared to the etching with 37%
orthophosphoric acid.

3. The use of the Er:YAG laser (energy: 80mJ, frequency: 15Hz, pulse length: 50us, H14
applicator diameter: 1mm, energy density: 10,19J/cm2, distance: 1,5 mm from the
tooth, water spray cooling: 4 water / 4 air) results in the dentine surface with open
dentine tubules, no smear layer and no mechanical damage. The dentine surface
prepared using the Er:YAG laser does not require any additional NaOCI conditioning.
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1. WSTEP

Stomatologia minimalnie inwazyjna opiera si¢ m.in. oszcz¢dnym opracowaniu tkanek
zgba, tak aby uzyskac jak najlepsza powierzchnie do pofaczenia z materialem wypetniajacym.
Uzyskanie wlasciwej powierzchni ma nie tylko znaczenie przy odbudowie tkanek twardych,
ale takze w regeneracji przyzgbia dla wytworzenia przyczepu nablonkowego bez
uszkadzajacego wplywu na miazge.

Istotnym elementem uzyskania wysokiej adhezji materialow odtwoérczych do tkanek
zgba jest odpowiednie mikromechaniczne i chemiczne przygotowanie powierzchni zgba przed
odbudowg. Klasyczna (standardowa) technika aplikacji materiatbw kompozytowych
zaklada przygotowanie powierzchni szkliwa poprzez wytrawianie 37% roztworem kwasu
ortofosforowego pozwalajacym zwigkszy¢ chropowato$¢ powierzchni 1 tym samym
zwiekszy¢ warto$¢ sity adhezji polaczenia materiat-szkliwo. Obecnie prowadzi si¢ coraz
wiecej badan dotyczacych modyfikacji konwencjonalnych technik przygotowania
powierzchni szkliwa majacych na celu zwigkszenie efektywnosci adhezji [1,2].

Jedng z alternatywnych metod modyfikacji struktury pryzmatycznej szkliwa moze by¢
zastosowanie lasera Er:Y AG. Lasery erbowe cechujg si¢ mozliwoscig preparacji z¢ba poprzez
wywolanie zjawiska podgrzania wody zawartej w tkankach zgba (waporyzacja, efekt
fototermiczny) co prowadzi do rozrywania struktur szkliwa i zebiny poprzez wywotanie
wtornie zjawiska fotomechanicznego. Efekt fotomechaniczny wywotywany przez lasery
o dhlugosciach fal 2940nm (Er:YAG), 2780nm (Er,Cr:YSGG) umozliwia preparacje szkliwa
na rozng glebokos¢, ktora zalezy od wartosci takich parametréw jak: energii, czestotliwosc,
czasu ekspozycji [2,3,4,5].

Kluczowe dla uzyskania wysokiej adhezji pomigdzy zebem a materiatlem
kompozytowym jest wlasciwe przygotowanie (kondycjonowanie) powierzchni szkliwa.
Silvestrona et. al. [6] wyrdznili trzy wzorce powierzchni uzyskanej po wytrawieniu szkliwa za
pomoca kwasu fosforowego. Kondycjonowanie szkliwa za pomocg lasera Er:YAG prowadzi
do wytworzenia na powierzchni szkliwa struktury podobnej do wzorca typu Il i Il wg
Silverstone (uszkodzenie tylko pryzmatow peryferyjnych lub peryferyjnych i centralnych),
ktore cechujg si¢ gorszymi wilasciwosciami adhezyjnymi dla materiatdw kompozytowych
[7,8,9].

Z Kkolei przed chirurgicznym pokryciem recesji dzigsta nalezy przygotowac
powierzchnie korzenia zgba do przyjecia przeszczepu. Na te zabiegi skladajg si¢ zarowno
usuniecie wypeklienia w okolicy przyszyjkowej zeboéw, jak 1 usunigcie kamienia nazgbnego,
osadow oraz obumartej warstwy cementu korzeniowego. Odsloni¢te powierzchnie korzeni
u pacjentow z recesjami dzigsta moga roéwniez wykazywac zanieczyszczenie endotoksynami
[10]. Obecnos¢ wypetnienia w okolicy szkliwno-cementowej lub na korzeniu zgba zaburza
polaczenie si¢ fibroblastow z tkankami zeba i uniemozliwia w ten sposob osiagnigcie
wysokiego odsetka pokrycia catkowitego reces;ji dzigsta [11].

Z kolei podczas korzystania z narzedzi recznych lub ultradzwickowych tworzy si¢ warstwa
mazista, ktora S$cisle przylega do powierzchni korzenia i ktorej nie mozna usungé
konwencjonalnym splukiwaniem woda [10]. Aby usuna¢ warstwe mazista, wielu klinicystow
stosuje $rodki do biomodyfikacji korzeni, takie jak kwas etylenodiaminotetraoctowy (EDTA),
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tetracykline lub kwas cytrynowy, podchloryn sodu czy kondycjonowanie laserem Er:YAG
[12].

Opracowana powierzchnia korzenia po zastosowaniu lasera jest zdekontaminowana
(czysta mikrobiologicznie) i nie posiada glgbokich uszkodzen mechanicznych pod warunkiem
zastosowania odpowiednich parametréw pracy lasera i chlodzenia sprayem wodnym [13, 14].
Co istotne, opracowanie laserem erbowym powierzchni zeba jest rowniez bezpieczne dla
miazgi zeba [15]. Nie bez znaczenia pozostaje takze fakt, ze opracowanie ubytkow laserem
Er:-YAG jest dobrze akceptowane przez pacjentow dzigki mniejszym dolegliwo$ciom
bélowym i rzadszej potrzebie znieczulenia miejscowego przed zabiegiem [16].

Oceny powierzchni zebiny w ktorej powigkszeniu uwidacznia si¢ kanaliki zebinowe,
wiokna kolagenowe oraz ewentualne zlogi we wnetrzu kanalikow czy u ich wejScia mozna
dokona¢ przy pomocy analizy skaningowego mikroskopu elektronowego SEM [17].
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2. CEL PRACY

Celem pracy bylo poréwnanie klasycznych metod opracowania tkanek zeba
1 opracowania z wykorzystaniem lasera Er:YAG do zabiegéw stomatologicznych.

Porownano réwniez sity wigzania zamkéw ortodontycznych do szkliwa oraz
przeprowadzono ilosciowa 1 jako$ciowg ocen¢ powierzchni szkliwa, za pomoca
mikrotomografii komputerowej zebéw, kondycjonowanych 37% kwasem ortofosforowym,
laserem Er:YAG bez lub z dodatkowym kondycjonowaniem powierzchni szkliwa 37%
kwasem ortofosforowym.

Oceniono  takze w  skaningowym  mikroskopem elektronowym (SEM)
mikroporowato$ci struktury powierzchni zeba po usunigciu wypehienia kompozytowego
z okolicy szyjki za pomoca lasera Er:YAG z dodatkowy kondycjonowaniem powierzchni
zgbiny podchlorynem sodu w poréwnaniu do usunigcia wypetnienia diamentowym wiertlem
stomatologicznym i oczyszczeniu za pomocg kirety periodontologicznej lub
kondycjonowaniu chemicznym za pomocg EDTA w kontek$cie przydatnosci w zabiegach
pokrycia recesji dzigsta.
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3. MATERIAL I METODY

Material stanowiacy podstawg niniejszej rozprawy doktorskiej podzielono na 2 czesci.
W kazdej z nich poddano szczegdlowej analizie inny aspekt. W pierwszej czegsci skupiono si¢
na analizie jaka technika kondycjonowania powierzchni szkliwa pozwala na uzyskanie jak
najlepszej sity adhezji materialu kompozytowego do tkanek zgba przy minimalnym ich
uszkodzeniu. Druga cze¢$¢ porownuje wykorzystanie konwencjonalnych narzedzi rotacyjnych
i recznych ,do usunigcia wypehien okolicy szyjki zeba z lub bez dodatkowego chemicznego
oczyszczania powierzchni, z wykorzystaniem lasera Er:YAG do tego celu.

1. Wphw lasera Er:YAG na wartos¢ sity adhezji zamkow ortodontycznych do tkanek zeba

Materiat badany stanowily zdrowe zgby pierwsze przedtrzonowe (n=8) i trzecie
trzonowe (n=7) usuni¢te w Katedrze Chirurgii Stomatologicznej Uniwersytetu Medycznego
we Wroctawiu ze wskazan ortodontycznych. Zeby po usunigciu byty przechowywane w 1%
roztworze tymolu aby zapobiega¢ rozwojowi flory bakteryjnej, ktore podzielono na 3 grupy
W zaleznosci od sposobu przygotowania powierzchni szkliwa;

Grupe pierwsza (G1) stanowily zgby ze szkliwem kondycjonowanym laserem
Er:'YAG z ustawionymi parametrami pracy; energia: 100mlJ, czestotliwos¢ 10Hz, czas
naswietlania: 10s, $rednica aplikatora 600um, gestos¢ energii: 35,37)J/cm2, odleglo$¢: 1 mm
od z¢ba, chlodzenie sprayem wodnym: 80%. Naswietlanie powierzchni zegba 0 polu
o powierzchni zblizonej do wymiaru zamka wykonano rgcznie ruchami w ksztalcie litery “S”.
Grupe druga (G2): probki poddano dziataniu 37% roztworu kwasu ortofosforowego przez
30 sekund po czym splukano wytrawiacz za pomocg wody destylowanej przez 10sekund.
Grupa trzecia (G3): probki zostaly poddane kondycjonowaniu lasera Er:Y AG o parametrach
identycznych jak grupa pierwsza (G1) oraz dodatkowo kondycjonowane za pomoca 37%
roztworu kwasu ortofosforowego przez 15 sekund po czym sptukano wytrawiacz za pomocg
wody destylowanej przez 10sekund.

Do probek zostaty przyklejone metalowe zamki ortodontyczne przez specjaliste
ortodoncji przy pomocy materiatu Transbond XT LC zgodnie z protokotem zalecanym przez
producenta.

W celu okre$lenia wartosci sit adhezji zamkéw ortodontycznych do tkanek szkliwa
zgba przeprowadzono pomiar wartos$ci sity niszczacej w probie Scinania. Kazdy z preparatow
(zab z zamkiem) zamocowano w polietylenowych tulejkach wykonanych z za pomoca
samopolimeryzujacego akrylu do protez

Do wyznaczenia warto$ci sity adhezji zamka do powierzchni zgba, przeprowadzono
probe Scinania z uzyciem maszyny MTS 858 MiniBionix®. Obcigzenie wprowadzone na
probke za pomocg stempla, z predkosciag 1mm/min, skierowane bylo stycznie do powierzchni
bocznej zeba, a tym samym osiowo wzdhiz dluzszej krawedzi przytwierdzonego zamku

Oceng¢ zmian zachodzacych w szkliwie ze¢ba po zastosowaniu réznych technik
kondycjonowana (laser Er:YAG, kwas ortofosforowy, laser Er:YAG+kwas ortofosforowy),
przeprowadzono badania z uzyciem mikrotomografii komputerowej (Skyscan 1172, Bruker,
Kontich, Belgia). Kazdy z preparatow zarejestrowano z rozdzielczoscia 9um przy
nastgpujacych parametrach lampy 90kV/112uA oraz przy uzyciu filtrow Al i Cu.
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2A) Ocena powierzchni zegba po usunigciu wypelnienia kompozytowego za pomocq lasera
Er:YAG, wiertta oraz kondycjonowania preparatem EDTA i NaOCI - analiza SEM

Material badany stanowito 30 zgbow przedtrzonowych posiadajacych kompozytowe
wypehienia przyszyjkowe, ktore zostaly usunigte w Katedrze Chirurgii Stomatologiczne;j
Uniwersytetu ~ Medycznego  we  Wroctawiu  ze  wskazan  ortodontycznych
i periodontologicznych.

Grupa pierwsza (G1) usuni¢to materiat kompozytowy konwencjonalng metodg przy pomocy
kulkowego wiertlta diamentowego z niebieskim nasypem na koncowce turbinowej
z chlodzeniem wodnym

Grupa druga (G2) usunigto material kompozytowy przy pomocy kulkowego wiertta
diamentowego z niebieskim nasypem na koncowce turbinowej z chlodzeniem wodnym,
nastepnie oczyszczone ubutek kiretg Gracey 7.

Grupa trzecia (G3) usuni¢to materiat kompozytowy przy pomocy kulkowego wiertta
diamentowego z niebieskim nasypem na koncowce turbinowej z chlodzeniem wodnym
1 kondycjonowanie powierzchni ubytku za pomocg 24% roztworu EDTA (PrefGel) zgodnie
z protokotem zalecanym przez producenta (aplikacja na oczyszczong powierzchni¢ przez
2 minuty i splukanie woda destylowang).

Grupa czwarta (G4) usuni¢to material kompozytowy laserem Er:YAG z ustawionymi
parametrami pracy; energia: 80mlJ, 15Hz, dlugo$¢ impulsu 50us, Aplikator H14 $rednicy
Imm, gestos$¢ energii 10,19J/cm2:, odlegtos¢: 1,5 mm od zeba, chtodzenie sprayem wodnym:
4 water / 4 air.

Grupa piata (G5) usunicto material kompozytowy laserem Er:YAG o identycznych
parametrach jak Grupa 4, 1 kondycjonowanie powierzchni ubytku za pomoca 2% roztworu
podchlorynu sodu NaOCI poprzez wcierania 2% NaOCI przez 15 sekund i sptukanie woda
destylowang 10 sekund.

Grupa szosta (G6) usuni¢to materiat kompozytowy laserem Er:YAG o identycznych
parametrach jak Grupa 4, 1 kondycjonowanie powierzchni ubytku za pomoca 5,25% roztworu
podchlorynu sodu NaOCI poprzez wcierania 5,25% NaOCI przez 15 sekund i sptukanie woda
destylowang 10 sekund.

Grupy zeboéw utrwalono w 2.5% aldehydzie glutarowym przy uzyciu buforu
fosforanowego o pH 7,4. Nast¢pnie probki plukano w buforze fosforanowym, a nast¢pnie
odwadniano w serii acetonowej (od 50-100%). Zg¢by osuszono, osadzono na pniach
1 napylono grafitem. Badania materialow analizowano w aparacie SEM Evo LS 15.

2B) Usuwanie kompozytowych wypetnien przyszyjkowych przy uzyciu lasera Er:YAG i wiertla
— badanie in vitro.
W ramach kolejnego badania naukowegoj tacznie 14 zgboéw przedtrzonowych zostato

usunietych w Katedrze Chirurgii Stomatologicznej Uniwersytetu Medycznego we Wroctawiu
z przyczyn ortodontycznych.
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Grupe badawcza (G1) ( n =7) kompozytowych wypelien naswietlano laserem
Er:YAG o dhugosci fali 2940 nm i mocy 3,4 W, energii 170 mJ, czestotliwosci 20 Hz, czas
trwania impulsu 300 ps, $rednica koncowki 0,8 mm, chlodzenie powietrzem/ptynem 3 ml/s,
czas naswietlania: 6 s, w odlegtos$ci 2 mm od powierzchni zgba ruchem w ksztalcie litery ,,S”
(technika ruchu). Dodatkowo usunig¢to material wypetniajacy z otaczajacych $cian ubytku.

Grupe kontrolng (G2) ( n = 7) stanowily zgby z usunigtym materialem
kompozytowym przy pomocy wiertlta. Material kompozytowy usuni¢to szybkoobrotowym
wiertlem diamentowym gruboziarnistym (MLX 534, nr 801, ISO 023, 150 um za pomoca
turbiny stomatologicznej z chlodzeniem wodg. Pozostaly material kompozytowy usuni¢to
wolnoobrotowym drobnym wiertlem diamentowym (F 514, nr 801, ISO 023, 45 um, przy
uzyciu mikrosilnika z chtodzeniem wodg. W obu grupach podczas zabiegu usunigto caty
materiat kompozytowy. Co wigcej, przeprowadzil jg ten sam do§wiadczony operator.

Materiat do badan po utrwaleniu w 2,5% aldehydzie glutarowym przy uzyciu buforu
fosforanowego o pH 7,4. analizowano bezposrednio w mikroskopie fluorescencyjnym Nikon
Eclipse 801 z uzyciem filtra UV-2A (EX-330-380 nm, DM-400 nm, BF-420 nm). Nastg¢pnie
probki plukano w buforze fosforanowym, a nast¢gpnie odwadniano w serii acetonowej
(od 50-100%). Zeby osuszono, osadzono na pniach i napylono grafitem. Badania materialow
analizowano w aparacie SEM Evo LS 15.

Szczegbdlowy opis materialu 1 metod zawarto w zataczonych publikacjach.
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4. WYNIKI
1. Wplyw lasera Er:YAG na wartos¢ sity adhezji zamkow ortodontycznych do tkanek zeba

Najwyzszymi wartosciami naprezen $cinajacych (shear stress) charakteryzuje sie
grupa G3 dla ktorej $rednia warto$¢ naprezen wynosi 9,3 MPa, najnizszymi natomiast grupa
G1 érednio 6,4 MPa (kondycjonowana laserem Er:YAG).

Wszystkie przebadane probki ulegly zniszczeniu w wyniku adhezyjnego mechanizmu
zniszczenia, czyli utraty przyczepnos$ci kleju do taczonych elementow. Ten rodzaj zniszczenia
wystepuje, gdy oObcigzenie zewngtrzne przekracza graniczng warto$¢ napr¢zen spoiny
klejowej (kleju) do klejonych materiatow, ktore charakteryzuja si¢ znacznie wyzsza
sztywnoscig. [18]

Analiza uzyskanych wynikow wskazuje ze najmniejszg wartoscig wytrzymalosci na
Scinanie charakteryzuja si¢ probki grupy G1, dla ktorej mechanizm zniszczenia zwigzany jest
odspojeniem kleju wraz z zamkiem ortodontycznym od powierzchni szkliwa. Najwyzszymi
warto$ciami naprezen charakteryzuje si¢ grupa G3, dla ktérej czes¢ z probek posiadajg
warto$ci naprezen przekraczajace 10 MPa.

Badania z uzyciem mikrotomografii komputerowej jednoznacznie wskazujg na
niszczenie warstwy szkliwa po zastosowaniu lasera, niezaleznie czy byta to grupa G1 czy G3.
W kazdej z tych grup warto$¢ mocy i czas dziatania lasera byly takie same dla kazdej
z probek. Analiza grubosci zmian w szkliwie po dzialaniu laserem (przy tak zadanych
parametrach) )wykazala, ze zmiany zachodzg na gl¢gbokosci od 0,01 do 0,09 mm, a wigc
dochodzacg w niektorych miejscach nawet do 8-9% grubosci szkliwa.

Na tych samych powierzchniach szkliwa, przygotowanych celem montazu zamka
ortodontycznego przeprowadzono pomiar parametréw chropowatosci. Wartosci parametrow
chropowatosci wyznaczono dla poszczegdlnych grup pomiarowych (G1-G3), ale réwniez dla
powierzchni nieskondycjonowanej, ktora stanowita grupe referencyjng (szkliwo). Na
podstawie uzyskanych wynikow mozna stwierdzi¢, ze kazda z technik kondycjonowania
zwickszyla chropowato$¢ powierzchni szkliwa, przygotowanej pod montaz zamka
ortodontycznego. Roznice pomi¢dzy grupa referencyjng a kazda z badanych grup byly istotne
statystycznie (p<0,05). Najmniejszg roznicg w parametrach chropowatosci charakteryzuje sie
grupa G2 a najwyzsza rdznicg grupa G1. Grupa G3, kondycjonowana w 2 etapach rowniez
charakteryzowala si¢ wzrostem wartosci chropowatosci w stosunku do grupy referencyjnej
ale spadkiem w stosunku do grupy kondycjonowanej jedynie laserem Er:YAG.

2A) Ocena powierzchni zgba po usunigciu wypelnienia kompozytowego za pomocq lasera
Er:YAG, wiertia oraz kondycjonowania preparatem EDTA i NaOCI - analiza SEM

Powierzchnia zgbiny po usunigciu materiatu kompozytowego za pomoca wiertta
stomatologicznego (Grupa 1) posiada widoczne uszkodzenia mechaniczne. Uszkodzenie
powierzchni zgba wywotlane jest przez kontakt wiertla z powierzchnia zgbiny. W obrazie
SEM widoczne sg kanaliki zgbinowe wypetnione warstwa mazista powstalg z elementow zgba
opracowanego mechanicznie. Widoczne peknigcia na powierzchni zeba spowodowane
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sg intensywnym suszeniem probek przed analiza SEM i nie s3 wywotane przez dziatania
mechaniczne.

Zastosowanie Kkirety stomatologicznej (Grupa 2) do dodatkowego oczyszczenia
powierzchni zgbiny po usuni¢ciu wypetnienia kompozytowego za pomocg wiertta prowadzi
do powstania glebszych rowkoéw i wyzlobien na powierzchni zebiny.

Dzieki zastosowaniu 24% kwasu etylenodiaminotetraoctowego (EDTA) (Grupa 3) po
usuni¢ciu  materiatu  kompozytowego za pomoca wiertlta diamentowego dochodzi do
odstonigcia kanalikow zebinowych

W analizie SEM zaobserwowano regularna ksztalt ubytku powstaly po usunigciu
wypetnienia kompozytowego za pomocg lasera Er:YAG (Grupa 4). Na dnie ubytki widoczne
sg czeSciowo zdenaturowane wigzki widkien kolagenowych. Ponadto pod warstwa
usieciowanych wiokien kolagenowych widoczne sg odstonigte kanaliki zebinowe. Nie
zaobserwowano powstawania warstwy mazistej.

Na zdjeciach probek poddanych kondycjonowaniu 2 i 5,25% podchlorynem sodu
obraz struktury jest podobny jak w probkach naswietlanych samym laserem Er:YAG.
Widoczna jest jednak wtorna krystalizacja podchlorynu sodu wynikajaca z procedur
stosowanych w celu przygotowania materialu do obserwacji w SEM. Kondycjonowanie
zebiny za pomocg podchlorynu sodu (Grupa 5 i 6) nie zwigkszylo jednak efektu odstonigcia
kanalikow zebinowych w poréwnaniu do samego lasera Er:YAG (Grupa 4)

2B) Usuwanie kompozytowych wypetnien przyszyjkowych przy uzyciu lasera Er: YAG i wiertla
— badanie in vitro

W obrazach w mikroskopie fluorescencyjnym wykazano widoczne rdznice
w powierzchni zebow po zabiegu laserowym i1 wiertlem w $cianie przygotowanego ubytku.
W grupie pierwszej widoczna powierzchnia nie zawiera resztek materialu wypeniajacego,
natomiast wlokna kolagenowe zg¢biny ulegaja lekkiemu stopieniu, co powoduje,
ze powierzchnia jest szorstka. W grupie drugiej widoczne sg pozostatosci materiatu
wypetniajacego

Analiza powierzchni zebow w mikroskopie SEM wykazata w grupie drugiej
opracowywanej wierttem widoczny jest efekt mechanicznego dziatania na zebine. Widkna
kolagenowe z¢biny cze$ciowo odrywaja si¢ od macierzy i tworzg liczne luZzne pozostatosci
zalegajace na powierzchni dna przygotowanego ubytku. Ponadto we wngce znajduje si¢ wiele
matych kawatkéw materialu kompozytowego. W przypadku lasera (grupa 2) konce widkien
kolagenowych ulegaja czeSciowemu stopieniu, tworzac jednorodng, chropowaty
powierzchni¢, podobny obraz mozna zaobserwowa¢ na wszystkich przygotowanych
powierzchniach ubytku.

Szczegotowy opis wynikdw wykazano w zatagczonych publikacjach
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5. PODSUMOWANIE | WNIOSKI:

1. Zastosowaniu lasera Er:YAG o parametrach (energia: 100mlJ, czgstotliwos¢ 10Hz,
czas naswietlania: 10s, $rednica aplikatora 600um, gesto$¢ energii: 35,37J/cm2,
odlegtos¢: 1 mm od zeba, chlodzenie sprayem wodnym: 80%) w polaczeniu
z 37% kwasem ortofosforowym do kondycjonowania szkliwa prowadzi do wzrostu
sity adhezji zamkow ortodontycznych do zeba w poréwnaniu do samego trawienia
37% kwasem ortofosforowym czy kondycjonowaniem samym laserem

2. Zastosowanie lasera Er:-YAG przy ustawieniach pracy wykorzystanych w badaniu
(energia: 100mlJ, czestotliwos¢ 10Hz, czas naswietlania: 10s, $rednica aplikatora
600um, gestos¢ energii: 35,37J/cm2, odleglos¢: 1 mm od zgba, chlodzenie sprayem
wodnym: 80%), prowadzi do modyfikacji szkliwa 0 znacznie wigkszym stopniu
w porownaniu do wytrawiania 37% kwasem ortofosforowym.

3. Powierzchnia zgbiny po usunigciu wypetienia kompozytowego za pomoca lasera
Er:-YAG o parametrach (energia: 80mJ, 15Hz, dtugos¢ impulsu 50us, aplikator H14
$rednicy 1mm, gesto$¢ energii 10,19J/cm2:, odlegto$¢: 1,5 mm od zg¢ba, chlodzenie
sprayem wodnym: 4 woda / 4 powietrze) posiada otwarte kanaliki zebinowe i nie
wymaga dodatkowego kondycjonowania za pomoca podchlorynu sodu, nie posiada
uszkodzen mechanicznych 1 pozostatosci kompozytu w porownaniu do klasycznego
opracowanie wierttem diamentowym.
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Abstract: We sought to evaluate the effects of Er:YAG laser (LightTouch, LightInstruments, Israel)
conditioning on enamel roughness and shear bond strength of orthodontic brackets on enamel.
Eighteen human molars (n = 9) and premolars (n = 9), were divided into 3 groups depending
on the enamel conditioning method; Er:YAG laser (G1, n = 6), conventional etching with 37%
orthophosphoric acid (G2, n = 6), Er:YAG laser combined with conventional etching (G3, n = 6).
Er:YAG laser parameters were as follows: energy: 100 mJ, frequency: 10 Hz, exposure time: 10 s,
applicator diameter: 600 um, fluence: 35.37 ] /cm?, distance: 1 mm away from a tooth, cooling: 80%.
An MTS 858 MiniBionix® machine was used to determine the shear bond strength (MTS System,
Eden Prairie, MN, USA). The enamel structure was assessed using X-ray microtomography (SkyScan
1172, Bruker, Kontich, Belgium). The highest values of shear bond strength were obtained in the
G3 group (9.23 + 2.38 MPa) and the lowest values in the G2 group (6.44 + 2.11 MPa) (p < 0.05). A
significant change in the enamel surface was noted after applying laser, reaching up to 9% of enamel
thickness, which was not observed in the etched samples. Moreover, the Er:YAG laser-irradiated
enamel surface was characterized by the greatest roughness. The combined use of an Er:YAG laser
with a conventional etching improves the adhesion of composite materials to the tooth.

Keywords: microtomography; orthodontic brackets; roughness; shear strength; surface conditioning

1. Introduction

Minimally invasive dentistry (MID) aims to preserve as much tooth structure as
possible to obtain the largest possible surface area for restorative material attachment
without dental pulp damage. An important element of obtaining a high shear bond
strength of dental restorative materials to enamel is an appropriate micromechanical and
chemical preparation of the tooth surface. The traditional technique of composite material
application involves preparing the enamel surface by etching it with 37% orthophosphoric
acid solution to increase the surface’s roughness and thus increase the shear bond strength
of the material to the enamel. Currently, increasing studies are being performed to modify
conventional techniques of enamel preparation to increase the adhesion efficiency [1,2].
The modification methods include enamel pre-etching with 32-37% orthophosphoric acid
solution for 10-15 s, followed by using a self-etching bonding system. Another method
leading to increased bonding properties is the prolonged (up to 120 s) application time of
the etching agent [2].

Materials 2021, 14, 2093. https://doi.org/10.3390/ma14092093

https:/ /www.mdpi.com/journal /materials

25



Materials 2021, 14, 2093

20f 11

Nowadays, various lasers are used in dental procedures as innovative therapeutic
procedures that decrease bleeding, swelling, and pain [3-7]. The use of erbium family
lasers has many advantages in conservative dentistry. These lasers allow cavity preparation
(caries removal), caries prevention, a decrease of dentin hypersensitivity, decontaminate the
tooth after caries removal, and are less painful during caries treatment [8]. In conservative
dentistry, one of the alternative methods of modifying the enamel prismatic structure is
using Er:YAG lasers [8]. By using erbium lasers, it is possible to prepare the tooth by
creating the photothermal effect (vaporization) by heating up water contained in the tooth
tissues. That leads to the tearing of the enamel and dentine structures, causing a secondary
photomechanical effect. The photomechanical effect caused by lasers with wavelengths of
2940 nm (Er:YAG), 2780 nm (Er,Cr:YSGG) allows enamel preparation at different depths,
depending on the values of such parameters like energy, frequency and exposure time. The
preparation of tooth tissues with erbium lasers is very effective as it involves vaporization
of water without excessive overheating of the irradiated tissues [9,10].

The key to obtaining a high shear bond strength of the composite material to a tooth is
the proper preparation (conditioning) of the enamel surface. In 1975, Silvestrona et al. [11]
distinguished three types of surfaces obtained after etching the enamel with the phosphoric
acid solution of different concentrations (20-70%) placed on the enamel for 1 to 10 min.
Subsequent studies on shear bond strength of restorative materials to various types of
enamel have shown that the best adhesive properties are obtained for type I etching pattern,
according to the classification of Silverstone, where the central regions of enamel prisms are
dissolved without significant damage to the peripheral regions of prisms [12,13]. In type
IT of Silverstone classification, damage to enamel prisms is limited mainly to peripheral
regions. As a result of the Er:YAG laser conditioning, the structure formed on the enamel
surface is similar to Silverstone’s type III patterns (damage to peripheral and central regions
of prisms) [14,15].

The study aimed to compare shear bond strength of orthodontic brackets to enamel
and to provide a quantitative and qualitative assessment of the enamel surface, using
X-ray microtomography of teeth conditioned with 37% orthophosphoric acid solution
and Er:YAG laser, with or without additional etching of the enamel surface with 37%
orthophosphoric acid solution. The null hypothesis in the study was that there are no
differences in adhesion quality and roughness of the enamel after conditioning with Er:YAG
laser or 37% orthophosphoric acid.

2. Materials and Methods

The research material consisted of healthy, noncarious, non-fractured, first premolars
(n =9) and third molars (n = 9) removed at the Dental Surgery Department of Wroclaw
Medical University (Wroctaw, Poland) for orthodontic indications. After the extraction, the
teeth were stored in 1% of thymol solution in physiological saline to prevent developing
bacterial flora. The teeth were stored for one month before the study was performed. The
study was conducted in line with the approval no. KB 132/2019 issued by the Bioethics
Committee appointed by the Rector of Wroclaw Medical University.

2.1. Enamel Surface Preparation

Group one (G1) were teeth with enamel conditioned using Er:YAG laser (LightTouch,
LightInstruments, Yokneam, Israel) with the following operating parameters; energy:
100 m], frequency 10 Hz, exposure time: 10 s, applicator diameter 600 um, energy density:
35.37 ] /em?, distance: 1 mm away from a tooth, water spray cooling: 80%. Irradiation of
the tooth surface, with an area similar to the size of the orthodontic bracket, was performed
manually with S-shaped movements.

Group two (G2)—the samples were treated with 37% orthophosphoric acid solution
(Arkona, Nasutow, Poland) for 30 s, and then the etchant was rinsed with distilled water
for 10 s.
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Group three (G3): the samples were conditioned using Er:YAG laser (LightTouch,
LightInstruments, Yokneam, Israel) with the parameters identical to those for group one
(G1) and, additionally, the samples were etched with 37% orthophosphoric acid solution
for 15 s and then the etchant was rinsed with distilled water for 10 s.

2.2. Orthodontic Brackets Placement

Metal orthodontic brackets (GC Corp., Tokyo, Japan) were bonded to the samples by
an orthodontic specialist, using Transbond XT LC material (3M Unitek, Seefeld, Germany)
according to the following protocol: the surfaces of the enamel were polished using a brush
Pro-Cup® (Kerr, Brea, CA, USA) with non-fluoridated pumice paste Pressage (Shofu Inc.,
Kyoto, Japan) for 15 s, rinsed, and dried with air. Then, the teeth were etched with a 37%
phosphoric acid—etching gel cobalt blue (Chemidental, Pabianice, Poland); for 30 s, rinsed
with water and dried with compressed air. Adhesive primer Transbond™ XT LC (3M
Unitek, Puchheim, Germany) was rubbed onto the enamel for 15 s. Adhesive material
Transbond™ XT LC (3M Unitek, Neuss, Germany) was placed on the inner bracket’s
surface, and then the bracket was placed in the middle of the mesial-distal axis of the
tooth, moving its center 3.5 mm from the edge of the occlusal surface. The brackets were
then exposed to 1200 W/cm? polymerization lamp (Woodpecker, Nanning, China) and
were irradiated from 4 sides (upper, lower, proximal and distal) for 20 s. The teeth were
then stored in 1% thymol solution for one week before the measurement of the bracket
debonding force was made, and the assessment of the enamel surface after the removal of
the brackets was performed.

2.3. Shear Bond Strength Measurement

To determine the shear bond strength of orthodontic brackets to enamel, the shear
bond strength test was performed. Each of the samples (a tooth with an orthodontic
bracket) was placed in a polyethylene container using Duracryl™ Plus self-polymerizing
denture base resin (Spofa Dental, Ji¢in, Czech Republic) (Figure 1). Due to the shape and
curvature of the tooth and the bracket, each sample was dipped in such a way that the
punch could be placed at the front side, tangentially to the tooth surface.

Figure 1. Samples: (A) teeth with an orthodontic bracket prepared for mechanical tests; (B) samples
dipped in a polyethylene container using DuracrylTM Plus denture base resin (Spofa Dental, Ji¢in,
Czech Republic).
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To determine the adhesion value of an orthodontic bracket to the enamel, a shear
bond strength test was performed using MTS 858 MiniBionix® machine (MTS System,
Eden Prairie, MN, USA). The measuring system is illustrated in Figure 2A,B. The load
was applied to the sample using a punch, at a speed of 1 mm/min, tangentially to the
side surface of the tooth and axially along the longer edge of the attached bracket [16].
(Figure 2C)

Figure 2. A working site prepared for the performance of shear bond strength test with a fixed
sample and a picture of a tooth illustrating the direction of application of the load. (A,B) Method of
placing the tooth in a measuring machine. (C) The direction of application of shear force.

The shear bond strength value was determined by the formula [17]. The detailed
results of the test are presented in Table 1 and Figure 3.

T = Pax/b2z

where T—shear stress in the tooth-adhesive-bracket complex, P;;x—a value of maximum
force obtained in the test, b,—width of the glue layer, z—height of the glue layer [17].

Table 1. Comparison of mean values of the shear bond strength, T for the tooth-adhesive-bracket
complex along with standard deviation values, minimum and maximum values, according to the
study group; p < 0.05 using post hoc Tukey’s test.

T ((MP)

Groups Mean Value + SD Range (CI)
Gl 6442 + 211 3.84-9.75
G2 8.34° + 265 3.46-11.61
G3 9.283 + 2.38 4.97-12.09

2 Means with the same letter in the column show significant differences (p < 0.05), ® means with the different
letters in the column show no significant differences (p > 0.05).

2.4. Assessment of the Enamel Surface after Conditioning

To assess the type of changes in the enamel after application of different conditioning
techniques (Er:YAG laser, orthophosphoric acid, Er:YAG laser + orthophosphoric acid),
the X-ray microtomography (SkyScan 1172, Bruker, Kontich, Belgium) was performed.
Each sample was X-rayed, and the image was recorded using a resolution of 9 um. The
following parameters of the lamp were: 90 kV /112 pA and using Al and Cu filters. The
exposure time was 1140 ms, the rotation angle of the support stand was 3607, and the

rotation step was 0.4 . To be able to see the results of the conditioning, each sample was
X-rayed twice—before and after the conditioning of the enamel. In this way, 2 images were
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obtained, which, when placed one on top of the other, allowed to see the elements of the
tooth, which were modified (Figure 4).
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Figure 3. Comparison of average stress—strain values obtained in the shear bond strength test for
3 measurement groups: G1, G2 and G3, * p < 0.05.

before after difference

Figure 4. Comparison of pictures depicting the surface of example teeth of G1-G3 groups, condi-
tioned with different techniques, taken using X-ray microtomography—1172 SkyScan, Bruker. The
pictures depicting differences were obtained by subtractive operation using the DataViewer software
(SkyScan 1172, Bruker, Kontich, Belgium).
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The final stage of the research was to measure the values of parameters describing
the roughness of the tooth’s enamel surface—before and after the conditioning. The
measurement was performed using the DIAVITE DH-5 profilometer (Hahn and Kolb,
Ludwigsburg, Germany). The length of the elementary segment was 0.5 mm, and the
feed speed was v = 0.5 mm/s. Using the profilometer, the following surface roughness
parameters were determined: Ra, Rz, Rmax, R3z, Rt, Rq. The measurement was performed
for the frontal plane of the tooth.

2.5. Statistical Analysis

The mean values of the shear bond strength of the tooth-adhesive-bracket complex
and the mean values of enamel roughness were compared with the variance analysis and
post hoc tests (multiple comparisons using the Tukey’s test). The statistical analysis was
conducted using Origin 5.0 software (OriginLab, Northampton, MA, USA). Values below
p = 0.05 were considered to be statistically significant.

3. Results
3.1. The Results of the Shear Bond Strength Test

The samples in the G3 group were characterized by the highest shear stress values.
The average value of shear stress is 9.28 MPa, while the lowest values were noticed for the
G1 group, an average of 6.44 MPa (conditioned with Er:YAG laser).

3.2. Damage Mechanism of the Tooth-Adhesive-Bracket Complex

All tested samples were damaged due to the adhesive damage mechanism, i.e., loss of
adhesion to bonded elements. This type of damage occurs when the external load exceeds
the stress limit value of the adhesive bond to the materials that require bonding and have a
much higher stiffness. Due to the bonding method and the materials that the tested sample
is composed of the obtained shear strength values depend on the surface preparation (tooth
enamel), which is related to its roughness, surface development and surface quality.

The analysis of the obtained results indicates that the lowest value of shear strength
was typical for G1 group samples, for which the damage mechanism was related to the
loosening of the adhesive and the orthodontic bracket from the enamel surface. Debonding
of orthodontic brackets may occur at two boundaries: bracket-composite and enamel-
composite interfaces. When the bond strength at the enamel-composite interface is greater
than the bracket-composite interface, the bracket is removed, leaving adhesive material
on the tooth’s surface. Whereas, during the opposite situation, the adhesive material is
detached from the enamel. Furthermore, if the bond strength at both interfaces is over
10 MPa, debonding can damage the enamel by detaching the prisms during brackets
removal [9]. The G3 group showed the highest stress values; some samples had stress
values exceeding 10 MPa. Such a high-stress value, present at the tooth-adhesive-bracket
complex, can cause enamel damage when the bracket is removed after treatment. However,
the obtained values coincide with the results published in other studies [11,12]. In both the
G2 group and G3 group, the damage mechanism of the tooth-adhesive-bracket complex
was related to the loosening of the bracket from the adhesive surface, leaving the adhesive
completely or partially on the enamel surface Figure 5.

3.3. The Analysis of the Enamel Surface, Prepared by Different Conditioning Techniques

The surface of tooth enamel treated with orthophosphoric acid solution and Er:YAG
laser was analyzed using X-ray microtomography and roughness measurement. Figure 5
shows pictures for 1 of the example samples from each group. Each sample was analyzed
twice: before and after surface preparation for the bracket. The presentation of surface
differences was obtained by superimposing the obtained projections using the DataViewer
software (SkyScan 1172, Bruker, Kontich, Belgium). The studies using X-ray microtomogra-
phy clearly show damage to the enamel layer after laser application, regardless of G1 or
G3 group. In each of these groups, the power value and laser time were the same for each
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sample. The analysis of the thickness of lesions in the enamel after laser treatment (using
such set parameters) showed that the said lesions occurred at a depth of 0.01 to 0.09 mm.
It means that in some regions, those lesions reached even 8-9% of the enamel thickness.
Figure 6.

Figure 5. Comparison of examples of tooth surface and bracket surface with adhesive residue, adhesive damage of
tooth-adhesive-bracket complex; (1A,1B) example surface of G1 group, conditioned with Er:YAG laser (T = 6.38 MPa);
(2A,2B) example surface of G3 group (t =10.13 MPa).

Figure 6. Example cross-sections (transverse and sagittal) of G1 group tooth, showing lesions in the enamel after laser

conditioning (black). (A) Cross-section in the transverse plane; (B) cross-section in the sagittal plane. Pictures obtained
using the DataViewer software (SkyScan 1172, Bruker, Kontich, Belgium).

3.4. Roughness Parameters Were Measured on the Same Enamel Surfaces Prepared for Orthodontic
Bracket Installation

The values of the roughness parameters were not only determined for individual
groups (G1-G3) but also for the unconditioned enamel surfaces, which constituted the
reference group. The detailed values of the parameters determining the enamel roughness
are shown in Table 1. Based on the obtained results, it could be concluded that each of the
conditioning techniques increased the roughness of the enamel surface prepared for the
orthodontic bracket. The differences between the reference group and each study group
were statistically significant (p < 0.05). The G2 group showed the smallest difference in
roughness parameters (by 25% in the Ra parameter on average and 20% for Rz). The G1
group showed the highest difference (by more than 200% in both Ra and Rz parameter val-
ues). The G3 group, conditioned in two stages, also increased roughness values compared
to the reference group. However, the said group also showed a decrease compared to the
group conditioned with Er:YAG laser (by 16% for the Ra parameter and by 20% for the Rz
parameter) (Table 2).
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Table 2. Comparison of mean values of enamel roughness parameters, obtained for G1-G3 samples and enamel that were

not treated with conditioning.

Groups Rz (pm) Rmax (um) R3z (um) Rt (um) Rq (pm)
Mean + SD Mean + SD Mean + SD Mean + SD Mean 4+ SD Mean + SD
G1 1.353b¢ 4021  6833Pc4+169 126820 +193 5772%Pc 114 14112 +158 2.0423bc 4+0.19
G2 05624 +007 2232d 4053 4234 4149 17624 £ 048 542344088  0.882d +0.18
G3 1132¢d + 025 5462cd 4134 120424 +£386 4233cd +111 129824 +365 1.82cd 4 (37
Enamel 0.44 +0.08 1.79 + 0.5 3.56 + 1.61 1.47 + 036 41+16 0.66 + 0.15

2 comparison between individual groups and the reference group (enamel untreated with conditioning), p < 0.05; ® comparison between G1
and G2 groups, p < 0.05, € comparison between G1 and G3 groups, p < 0.05; ¢ comparison between G2 and G3 groups, p < 0.05.

4. Discussion

One of the main problems that are still present in restorative dentistry is the achieve-
ment of an attachment between the composite materials and the enamel surface durable
enough to maintain the long-term tightness of fillings and also reduces the risk of bacterial
microleakage [8,10]. Composite bonds to the enamel surface as a result of shear bond
strength that depends primarily on the type of the enamel surface, which can be modified
in many ways. The results of the presented study proved that conditioning of enamel with
an Er:YAG laser at 100 mJ /10 Hz led to greater changes of prismatic structures (increased
roughness) compared to 37% orthophosphoric acid. Furthermore, enamel preparation
using Er:YAG laser (100 mJ /10 Hz) combined with classic etching using 37% orthophos-
phoric acid helped to improve the adhesion of orthodontic brackets to the tooth enamel.
The bond strength between the composite material and enamel depends on many factors,
such as conditioning methods, etchant concentration, consistency, etching time, degree and
method of polymerization of the bonding material [18,19].

Excellent adhesion is closely related to the enamel surface pattern obtained after
enamel conditioning. The adhesive properties are related to the uniformly rough enamel
surface in which the central regions of prisms are modified (damaged) to a greater extent
than the peripheral regions of prisms. Such a surface enables a high absorption rate for
materials that bond dental enamel to restorative materials [20-22]. The best adhesive
properties are obtained for type I according to Silverstone’s classification, where the central
regions of prisms of the enamel are dissolved without significant damage to the peripheral
regions of prisms [12,13]. When the enamel is etched with 37% orthophosphoric acid, type
I or IT surfaces are most commonly obtained. Conditioning of the enamel with Er:YAG laser
leads to the formation of a rough structure on the enamel surface. The said structure is
similar to Silverstone’s type I and III patterns (damage only to peripheral regions of prisms
or peripheral and central regions of prisms), which have much worse adhesive properties
for composite materials [11,15,16]. The results obtained in this study also confirmed lower
adhesion for samples conditioned with Er:YAG laser alone.

The use of erbium family lasers on hard dental tissues creates a highly irregular
surface [8,15,16]. The ablative effect of erbium lasers is related to the high water absorption
of the electromagnetic wave at approx. 3000 nm. In the enamel structure, the central
regions of prisms contain more water. Hence initially, they are more efficiently vaporized
compared to peripheral regions of prisms [23]. However, the micro-explosion phenomenon
induced by the laser beam in the hard tissues of the tooth causes additional cracking
and disintegration of the prismatic structure of the enamel, which increases its surface
roughness and irregularity. Thus finally, the enamel is more similar to the Silvestrone
type III pattern. Martinez-Insura et al.’s study showed that the adhesion of orthodontic
brackets was better when the enamel was etched with 37% orthophosphoric acid solution
than at laser preparation at 160-200 mJ/4 Hz [24]. In contrast, Lee et al. [25] found no
statistically significant differences between the groups with enamel conditioned with 37%
orthophosphoric acid solution and those conditioned with Er:YAG laser at 300 mJ/10 Hz.
Interestingly, in contrast to the results of this study, the combined techniques showed a
decrease in shear bond strength. Berk et al.’s [2] study showed that depending on used

32



Materials 2021, 14, 2093

9of 11

laser parameters (75-100 m] /20 Hz), similar or different bond strength of the brackets to
the enamel can be achieved compared to the etchant.

Laser conditioning can be used in many areas of dentistry. According to several
studies, laser conditioning can improve the preservation of fissure sealants [26-28]. Vari-
ous energy and frequency parameters were applied in the literature: 150 mJ/10 Hz [27],
60-100 mJ/2 Hz [28], 80 m]/2 Hz [28]. The latter parameters resulted in good bonding
properties of irradiated dental tissues [28]. Unlike the aforementioned studies, a combina-
tion of lower energy (100 mJ) and higher impulse frequency was used in the presented study,
which, combined with orthophosphoric acid etching, ultimately affected the improvement
of shear bond strength of orthodontic brackets to the dental enamel. Enamel conditioning
was also performed when composite materials were used for the tooth restoration and the
bonding of orthodontic brackets. Akhoundi [29], using 200 mJ/10 Hz parameters, proved
the presence of irregular, amorphous enamel structures in the SEM analysis. The said
structures, however, had gaps that could serve as retention for bonding materials. [29] The
findings are consistent with Olivi’s [30] study. Olivi found that the best predictable enamel
structures were obtained at lower laser parameters (80 mJ/10 Hz). Moritz [31], using
parameters of 180 mJ/2 Hz, achieved a composite bond strength of 48 N, compared to 55 N
when using 37% orthophosphoric acid and 60 N for kinetic preparation of corundum.

The results presented in this study show a significant increase in the values of enamel
surface roughness after laser treatment (Table 1). Moreover, using X-ray microtomography
allowed us to demonstrate the extent of enamel lesions as well as to estimate the depth of
damage. The use of X-ray microtomography, compared to published studies using the SEM
technique, allowed to show the entire region of the enamel where lesions took place [12,32].
Those lesions occurred both in samples functionalized with Er:YAG laser (group G1) and
those additionally etched with a phosphoric acid solution (group G3). Studies concerning
the mechanical properties of the enamel-adhesive-bond complex clearly showed that the
samples conditioned with phosphoric acid solution and laser had the highest shear stress
values. This value for a part of the samples within that group (G3) exceeded the limit of
10 MPa, which additionally strengthened the effect of enamel damage in the case of the
removal of the orthodontic bracket. However, it is a desirable phenomenon when there
is a need to permanently fix the material used for the restoration of a dental defect. The
obtained results are consistent with those published by other authors [33,34]. It should be
underlined that adhesion depends on many variables, including the topography of the
tooth preparation and the level of bonding material viscosity. Therefore, it is suggested
that the tooth surface’s roughness may change the wettability and the bonding quality
of adhesive materials. Furthermore, higher roughness may lead to an adhesion decrease,
especially when a high-level viscosity adhesive system is applied. Therefore, appropriate
bonding systems should be used for the high roughness of tooth surfaces.

The studies using X-ray microtomography show damage to the enamel layer after
using both Er:YAG laser itself and combined with an etcher. The analysis of the thickness
of enamel lesions after laser treatment at 100 mJ/10 Hz showed that those lesions reach
up to 8-9% of the enamel layer in some regions. The studies published in the literature do
not conclusively answer whether the groups conditioned with the standard phosphoric
acid technique are significantly different from those treated with Er:YAG laser. On one
hand, the study by Gokcelik et al. [35] showed no statistically significant differences,
while such a difference was observed in the article published by Hosseini et al. [33] In
the presented publication, a comparison of shear stress values between groups showed
statistically significant differences between the acid- and laser-conditioned group (G3)
and the laser-conditioned group (G1). However, the results of shear stress values show
no statistically significant changes between the laser-conditioned group (G1) and the
phosphoric acid-functionalized group (G2), which is consistent with the results of other
studies [32,35].

The authors of this article are aware of introduced limitations (one laser operating
parameter, several samples, type of bonding material, a method of mounting the samples

33



Materials 2021, 14, 2093 10 of 11

during the shear test), which were minimized at each testing stage. Therefore, further
research should be conducted to, for example, determine the effect of different laser
parameters on the extent and nature of enamel damage on a larger number of test samples.

5. Conclusions

The use of Er:YAG laser at 100 m] /10 Hz (1Watt) combined with 37% orthophosphoric
acid for enamel conditioning results in the increase in shear bond strength of orthodon-
tic brackets to the tooth. The use of Er:YAG laser at operating settings applied in this
study leads to a much higher degree of enamel damage compared to etching with 37%
orthophosphoric acid. Furthermore, Er:YAG laser conditioning increases enamel roughness
in contrast to 37% orthophosphoric acid etching.
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Abstract: (1) Background: This study aimed to evaluate the microporosity of the tooth surface
structure adjacent to the cemento-enamel junction (CEJ) after the removal of composite fillings with a
drill in comparison with removal by an Er:YAG laser and after cleaning with a periodontal curette,
chemical EDTA and NaOCl (sodium hypochlorite) conditioning. (2) Methods: The research material
consisted of 30 extracted premolars with cervical composite fillings. The teeth were divided into
six groups according to the method of tooth preparation: group G1 (1 = 5)—a diamond drill; group
G2 (n = 5)—a diamond drill + curette; group G3 (n = 5)—a diamond drill + 24% EDTA (PrefGel,
Straumann, Switzerland); group G4 (n = 5)—an Er:YAG laser (LightWalker, Fotona, Ljubljana,
Slovenia) set with the following parameters: power: 1.65 W (composite removal, CR), 1.2 (tooth
conditioning, TC), energy: 110 m] (CR), 80 m] (TC), frequency: 15 Hz, pulse duration: 50 ps, tip
diameter: 1 mm, air/fluid cooling: 4, distance 1.5 mm, energy density: 14.01 J/cm? (CR), 10.19 J/cm?
(TC); group G5 (1 = 5)—an Er:YAG laser + 2% sodium hypochlorite (NaOCl); group G6 (n = 5)—an
Er:YAG laser + 5.25% NaOCl. In each tooth, three cavities were made and subjected to analysis. The
dentin surface was evaluated using a scanning electron microscope (SEM). (3) Results: Groups G1
and G2 exhibited mechanical damage to the tooth surface structure caused by the rotary motion
of a diamond drill. The SEM image showed a smear layer that could only be removed chemically
using 24% EDTA gel (group G3). The tooth surfaces prepared with the Er:YAG laser (groups G4-G6)
revealed a homogeneous structure without damage along with open dentinal tubules (without smear
layer) and visible denaturation of collagen fibers. The sodium hypochlorite (NaOCl) conditioning did
not increase the visibility of dentinal tubules. (4) Conclusions: Dentin surfaces have open dentinal
tubules after removal of the composite filling using the Er:YAG laser and therefore do not require
additional NaOClI conditioning.

Keywords: CEJ; collagen fibers; dentinal tubules; gingival recession; smear layer

1. Introduction

Dental filling removal in the cervical region of the tooth is a procedure that is per-
formed before gingival recession coverage [1]. The presence of the filling in the cemento-
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enamel junction (CEJ) or on the dental root surface impairs the connection of fibroblasts
with dental tissues and, thus, prevents successful gingival recession coverage [2]. Gingival
recession can be found in people with very good oral hygiene where it mainly affects
labial surface [3-5]. Gingival recession can also occur among individuals who exhibit
negligence in oral hygiene; in such cases, it affects all tooth surfaces [5]. Restoration of
hard-tissue defects in the labial and buccal regions of the teeth without gum regenerative
procedures may cause other problems, such as dentin hypersensitivity, root caries and
patient discomfort for aesthetic reasons [6,7].

To perform the procedure of gingival recession coverage, the root surface needs to be
free of caries and cannot be covered with any dental material or smear layer, as the connec-
tive tissue attachment can only be formed properly in contact with the dental tissue [8].
Initially, the tooth should be cleaned of calculus and plaque. The use of hand instruments
or ultrasonic instruments forms a smear layer that adheres tightly to the root surface and
cannot be removed by conventional water rinsing [9]. Exposed root surfaces in patients
with gingival recession may also cause endotoxin contamination [10]. Therefore, many
clinicians use root surface bio-modification agents, such as ethylenediaminetetraacetic acid
(EDTA), citric acid, sodium hypochlorite (NaOCl) or Er:-YAG laser conditioning to remove
the smear layer and open the dentinal tubules [11].

When considering all known laser wavelengths, Er:YAG laser radiation at 2940 nm
exhibits the highest absorption of water in all layers of hard dental tissues [12-16]. The core
(medium) of Er:YAG lasers, which are widely used in conservative dentistry, is an erbium
crystal with an admixture of yttrium, aluminum and garnet. The wavelength of 2940 nm
is characterized by shallow tissue penetration in the range of several to several dozen
micrometers. In addition, the higher percentage of water in caries (compared to a healthy
dentin and enamel) influences the selectivity of laser work, leading to faster ablation of sick
tissues and assuring safety in relation to the pulp [1]. The prepared cavity has a surface
structure resembling a surface conditioned with a 37% orthophosphoric acid but with more
significant irregularity [17]. The prepared surface after laser application is decontaminated
(microbiologically clean) and it does not display deep mechanical damage, especially when
using appropriate laser operating parameters and water spray cooling [18,19]. Importantly,
laser preparation is also safe for the dental pulp, as no thermal damage is observed [20-22].
It should also be noted that the procedure is well accepted by patients because of less pain
and reduced need for topical anesthesia before the procedure [23].

This study aimed to evaluate, by means of a scanning electron microscope (SEM), the
microporosity of the tooth surface structure after removal of a composite filling from the
cervical region of the tooth (CE]) when using an Er:YAG laser with additional conditioning
of the dentin surface with sodium hypochlorite (NaOCl) compared to that when using a
traditional filling removal method with a diamond dental drill and periodontal curette
or chemical EDTA conditioning in order to determine their usefulness in procedures for
gingival recession coverage.

2. Materials and Methods

The research material consisted of 30 premolar teeth with cervical fillings. It was
determined from the medical history that the teeth had been restored with composite
fillings between 6 months and 7 years prior (with an average duration of 3 years before
tooth extraction). The teeth had later been removed at the Dental Surgery Department
of Wroclaw Medical University due to orthodontic and periodontal indications. After
extraction, the teeth were stored in 1% thymol solution. The storage period for the teeth
before the SEM analysis did not exceed 2 days. Three cavities were prepared in each tooth
using different methods as described in the below-mentioned paragraph. Sample size
was calculated to be 15 (3 cavities multiplied by 5 teeth) in each group using GxPower
(Kiel University, Kiel, Germany) software assuming 80% power of study, 95% confidence
interval, a level of significance of 0.05 and d = 0.94. The study was conducted in line with
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the approval No. KB 132/2019 issued by the Bioethics Committee appointed by the Rector
of Wroclaw Medical University.

2.1. Mechanical and Mechanochemical Preparation of Dentin

In Group G1 (Drill, n = 5), the composite material was removed by means of a
conventional method using a ball-nose diamond drill #014 (Meisinger, Neuss, Germany)
with blue coating on a water-cooled turbine tip (NSK, Tokyo, Japan).

In Group G2 (Drill + Curette, n = 5), the composite material was removed using a ball-
nose diamond drill #014 (Meisinger, Neuss, Germany) with blue coating on a water-cooled
turbine tip (NSK, Tokyo, Japan), and the cavity was cleaned with a Gracey % curette (Henry
Schein, NY, USA).

In Group G3 (Drill + EDTA, n = 5), the composite material was removed using a ball-
nose diamond drill #014 (Meisinger, Neuss, Germany) with blue coating on a water-cooled
turbine tip (NSK, Tokyo, Japan), and the cavity surface was conditioned with a 24% EDTA
solution (PrefGel, Straumann, Basel, Switzerland) in accordance with the manufacturer’s
recommended protocol (application to the cleaned surface for 2 min and rinsing with
distilled water).

In Group G4 (Er:YAG laser, n = 5), the composite material was removed using an
Er:YAG laser (LightWalker, Fotona, Ljubljana, Slovenia) with the following set parameters:
power: 1.65 W (composite removal, CR), 1.2 W (tooth conditioning, TC); energy: 110 m]J
(CR), 80 m] (TC); frequency: 15 Hz; pulse duration: 50 ps; tip diameter: 1 mm; air/fluid
cooling: 4; distance: 1.5 mm; energy density: 14.01 J/em? (CR), 10.19 J/cm? (TC).

In Group G5 (Er:YAG laser + 2%NaOCl, n = 5), the composite material was removed
using an Er:YAG laser with identical parameters to those of Group G4, while the cavity
surface was conditioned with 2% NaOCl solution (CERKAMED, Stalowa Wola, Poland) by
rubbing it with the aforementioned solution for 15 s and rinsing with distilled water for
10s.

In Group G6 (Er:YAG laser + 5.25%NaOCl, n = 5), the composite material was removed
using an Er:YAG laser with identical parameters to those of Groups G4 and G5, while the
cavity surface was conditioned with 5.25% NaOCl solution (CERKAMED, Stalowa Wola,
Poland) by rubbing it with the aforementioned solution for 15 s and rinsing with distilled
water for 10 s.

2.2. Scanning Electron Microscopy

The teeth in each group were fixed in 2.5% glutaraldehyde using a 7.4 phosphate buffer.
Subsequently, the samples were rinsed with a phosphate buffer and then dehydrated in an
acetone solution series (from 50% to 100%). The teeth were dried and mounted on stubs.
The collected material was analyzed using FE-SEM microscope FEI NovaNanoSEM 230
(FEI Company, Hillsboro, OR, USA). SEM settings during the analysis of the tooth surface
were as follows: HiVac 2 x 10~ Pa, WD 6.1 to 8.4 mm, 5.00 kV, spot 4.5, magnification
100x or 2000 %, 5.00 keV.

2.3. Semi-Quantitative Evaluation of Test Samples

The quantitative evaluation was performed according to Attin [24] with our own mod-
ifications. The importance of each factor was adapted to the requirements of subsequent
procedures. The subjective evaluation made by a histologist (P.K.) took into account the
quality of the tooth preparation (0-2 pts) with the most desired regular cavity shape, the
exposure of dentinal tubules (0-1 pt), the presence of smear layer (0-1 pt) and the degree of
similarity of test samples in a group (0-2 pts). The semi-quantitative evaluation score scale
ranged between 0 and 6. Scores above 3 were rated as desirable [25]. The aforementioned
method of analysis is one of numerous methods described in the literature [24,25].
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2.4. Statistical Analysis

The intragroup comparison of the samples evaluated by the semi-quantitative method
was analyzed with the Kruskal-Wallis ANOVA test. Statistica software (StatSoft, Tulsa,
OK, USA) was used for statistical analysis. Values below p = 0.05 were considered to be
statistically significant.

3. Results
3.1. Effects of the Drill and Curette on Dentin Structure

After the composite material was removed using a dental drill, the dentin surface
exhibited visible mechanical damage. Damage to the tooth surface was caused by the
contact of the drill bit with the dentin surface. The SEM image shows dentinal tubules
filled with the smear layer formed from elements of the mechanically prepared tooth. The
visible cracks on the tooth surface were due to the intensive drying of the samples prior to
the SEM analysis and not by mechanical actions (Figure 1A). The use of a dental curette for
additional cleaning of the dentin surface after removal of the composite filling using a drill
led to deeper cracks and grooves on the dentin surface. The curettage procedure did not
remove the smear layer (Figure 1B).

Drill Drill+Curette
(G1) (G2)

100x

2000x

Figure 1. Dentin surface after removal of the composite filling using a diamond drill (A,C) and after
additional cleaning of the dentin using a dental curette (B,D).

3.2. EDTA Application on the Dentin Surface

The use of 24% EDTA after the removal of the composite material using a diamond
drill exposed dentinal tubules that were clearly visible at 2000 x magnification. Inside the
dentinal tubules, secondary residues of the activity of EDTA were present, mainly in the
form of fine crystal structures formed by the drying of the samples before the SEM analysis.
The lateral walls of the inside of the dentinal tubules showed loose collagen fibers forming
the stroma of the dentin, which were released after chelation by EDTA. These changes were
clearly visible at 2000 x magnification (Figure 2).
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Drill+EDTA (G3)
100x 2000x

Figure 2. Dentin surface after the composite filling was removed using a diamond drill and 24%
EDTA conditioning.

3.3. Er:YAG Laser Applicaion on the Dentin Surface

The SEM analysis showed the regular shape of the cavity, which was formed by the
removal of the composite filling using the Er:YAG laser. Partially denatured collagen fiber
bundles at the bottom of the cavity were present. Moreover, the dentinal tubules under
the layer of cross-linked collagen fibers were also exposed. No smear layer formation was
observed (Figure 3A).

Er:YAG laser Er:YAG laser+2%Na0Cl  Er:YAG laser+5.25%Na0Cl
(G4) (G5) (G6)

100x

2000x

Figure 3. Dentin surface after the removal of the composite filling using the Er:YAG laser (A,D) and
after additional dentin conditioning with 2% NaOClI (B,E) and 5.25% NaOCl (C,F).

In the images of samples conditioned with 2% and 5.25% NaOCl], the structure image
was similar to those of the samples irradiated with the Er:YAG laser alone. However, there
was an evident secondary crystallization of NaOCl resulting from the procedures used for
preparation of the material for observation in the SEM analysis. The sizes of NaOCl crystals
were directly proportional to NaOCl concentration. However, dentin conditioning with
NaOCl (Groups 5 and 6) did not increase the effect of dentinal tubule exposure compared
to the Er:YAG laser alone (Group 4) (Figure 3B,C).

3.4. Semi-Quantitative Evaluation

The results of the semi-quantitative evaluation indicated superiority of preparation
using an Er:YAG laser compared to the traditional approach: a drill or drill + curette. The
use of drills generated an excessive amount of smear layer that was almost impossible to
completely remove even by 24% EDTA conditioning. The use of the Er:YAG laser did not
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form any smear layer. The surfaces prepared with the Er:YAG laser had regular structures
and open dentinal tubules. The images of the dentin surfaces after the use of the erbium
laser were similar for all tooth samples under analysis. The results of the quantitative
analysis indicated significant differences between the samples irradiated with the Er:YAG
laser (G4, G5, G6) and those treated with the drill alone and in combination with the curette
(G1, G2) p < 0.05 (Table 1).

Table 1. The results of semi-quantitative studies concerning samples. Similar small (a, b, ¢, d) letters in a column indicate

statistical significance between groups. (p < 0.05).

Drill Drill + Curette Drill + EDTA Er:YAG Laser

Er:YAG Laser + Er:YAG Laser +

Group 2% NaOCl 5.25% NaOCl
G1 (G2) (G3) (G4) (G5) (G6)
Quality of preparation
0°2) 1 1 1 2 2 2
Exposure of dentinal
tubules (0-1) ¢ ¢ . : . !
Absence of smear layer
(0-1) 0 0 1 1 1 1
Repeatability of results
obtained
(Similar sample image) ? ¢ . = = .
0-2)
Scoring 1abe 1 abe 4d 64 6" 6¢
G4 vs. G2,G1p <0.05
p Value G5vs. G2,G1p <0.05

G6vs. G2,G1p<0.05

4. Discussion

Open dentinal tubules (absence of smear layer) on the tooth surface are among the
critical elements that determine the quality of fibroblast adhesion to the dental root sur-
face [26]. To ensure fibroblast proliferation on the radicular dentin, its surface should have
open dentinal tubules without the presence of the smear layer [10,27,28]. The smear layer
is a layer composed of the collagen molecules and mineralized matrix that are present after
mechanical tooth preparation [1]. Studies suggest that the smear layer may function as a
barrier to the formation of the connective tissue attachment to the root surface [29]. During
cavity preparation using a drill, the smear layer is present on the entire dentin surface,
which was also confirmed by this study.

The results of this study indicate that mechanical preparation of dentin is associated
with the smear layer formation. Furthermore, tooth surfaces prepared with the Er:YAG
laser had a homogeneous structure without damage, along with open dentinal tubules
(without smear layer) with visible denaturation of collagen fibers. However, the use of
different sodium hypochlorite (NaOCl) solutions (2% and 5.25%) often used in dentistry
did not increase the visibility of dentinal tubules. Smear layer formation is associated with
contact preparation of the dentin, and it leads to the plugging of dentinal tubules [30,31].
The layer (thickness of 2-15 pm) is composed of organic and inorganic material, with
particle sizes ranging from less than 1 pum to more than 15 pm; therefore, it can close (plug)
dentinal tubules of different diameters. The smear layer is tightly bonded to the tooth
surface, and it can be practically removed only by demineralizing solutions, such as EDTA,
which was used in this study [32].

Various methods are used for removing the smear layer, e.g., chemical (37% orthophos-
phoric acid, EDTA, NaOC], citric acid), ultrasonic and laser, or their combinations. Among
the many chemicals that remove the smear layer, EDTA is widely used in dentistry. In their
study, Demirytirek et al. [33] showed that the application of 17% EDTA followed by 5%
NaOCl facilitates complete removal of the smear layer (opening of the dentinal tubules) by
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generating surface erosion. Moreover, other studies have confirmed the combination of
EDTA with NaOCl as highly effective for smear layer removal [34,35]. Furthermore, Lo
Giudice G et al. [36] proposed using protocols that applied ultrasound-activated EDTA
alone or associated with orthophosphoric acid as the most effective in smear layer removal
and cleansing of the dentinal surface. EDTA is a biocompatible compound that is well
tolerated by tooth tissues, and it exhibits strong chelating properties. Unlike NaOCl, EDTA
does not exhibit antimicrobial or dissolving activity in relation to organic tissues [37]. When
the smear layer is removed, chelating agents demineralize the dentin, exposing collagen
fibers. The depth of demineralization (approx. 1-6 pm) depends on the concentration and
activity of the chelating agent [37,38]. The 24% EDTA applied for 2 min used in this study
managed to sufficiently remove the smear layer formed. It should be noted, however, that
EDTA does not affect decontamination of the dentin surface but leaves bacterial colonies
on it, which may affect the formation of connective tissue attachment [11].

In their published study, Hibst and Keller presented SEM observations of the hard-
tissue surface of the tooth after application of Er:YAG laser radiation [18,39]. These ob-
servations showed no damage to the hard tissues of the tooth. In other studies by Hibst
and Keller [39], and also by Esteves-Oliveira M et al. [26], the following advantages of
the preparation of hard tissues using the laser method were emphasized: a rough surface
with no signs of demineralization, open dentinal tubules, the absence of the smear layer
and cleanliness of the obtained surface. These findings are similar to the observations of
this study. Kuhn et al. [40], meanwhile, indicated that during preparation of the dentin
using an Er:YAG laser, there was denaturation of overlapping collagen fibers, which is
also visible on SEM in this study. It should be noted that due to the higher percentage of
water in the intertubular dentin than that in the peritubular dentin, erbium lasers ablate the
intertubular dentin to a greater extent, which leads to formations in the microscopic surface
of the dentin resembling protrusions (outgrowths). Therefore, optimal laser parameters
set during composite filling removal and dentin conditioning are essential [41]. In the
study, after composite filling removal with an Er:YAG laser, the pulse energy was decreased
from 110 m] to 80 mJ. Decreasing the pulse energy aimed to obtain a less rough and more
homogeneous surface in the cavity and to reduce the denaturation effect in the collagen
fibers. In addition, it should be underlined that after laser irradiation, we faced some
water dehydration that impaired dentin strength and caused shrinkage of the collagen
fibers. Thus, when preparing the tooth clinically in vivo, the surface of the dentin should
be rehydrated by irrigating the tooth with the distilled water [1].

The use of an erbium laser, as indicated by the SEM images of the dentin, causes
partial denaturation of the collagen fibers located in dentinal tubules [40]. The removal of
denatured collagen fibers can be effected by the use of NaOClI [42]. Sodium hypochlorite
(NaOCl) additionally shows strong bactericidal and antiviral activity. Due to its corrosive
properties, NaOCl exhibits cytotoxicity to the oral mucosa and facial skin [43]. It lacks
demineralizing properties, and, thus, it affects only the organic part of the smear layer [42].
According to studies by other authors, it is not possible to remove the smear layer with the
use of NaOCl alone without chelators [44]. Nevertheless, NaOCl is a good complement
to EDTA and citric acid because, in addition to dissolving the organic part of the smear
layer, it leads to decontamination of the tooth surface [45]. In the present study we did not
include the combination of NaOCl and EDTA, because the dentin surface irradiated by
erbium laser was free of the smear layer. Only 2% and 5.25% NaOCl were used to check its
ability to remove denatured fibers and open wider dentinal tubules. Some studies [40,46]
used properties of NAOCI at different concentrations to clean and open dentinal tubules on
the surface prepared with an Er:YAG laser. In this study, the use of NaOCl at concentrations
of 2% and 5.25% as an additional step after the dentin surface preparation using the erbium
laser did not change its microstructure (opening of dentinal tubules). Based on these results,
cleaning the dentin surface with NaOCl to remove denatured collagen fibers and to better
expose dental tubules is not recommended as an additional step in root preparation before
a surgical recession coverage procedure.
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An important limitation of in vitro study when using SEM is the difficulty in the
discrimination of smear plugs and laminae limitantes in dentin after the demineralization
and deproteinization of tooth samples [47]. Therefore, further studies should be conducted
to evaluate the differentiation of the tag-like structures from laminae limitantes in dem-
ineralized and deproteinized specimens. Furthermore, given the relatively small number
of test samples and disadvantages of an in vitro testing, further studies should examine
the effectiveness of gingival recession coverage after root surface preparation using an
Er:YAG laser in comparison with the use of a drill with additional chemical conditioning
(e.g., EDTA + NaOCl combination) of dentin in vivo.

5. Conclusions

The use of an Er:YAG laser for composite filling removal (energy density: 14.01 ] /cm?)
with additional laser dentin conditioning (energy density: 10.19 ] /cm?) results in a dentin
surface with open dentin tubules, no smear layer and no mechanical damage. The main
clinical relevance based on this in vitro experiment is that when preparing the dentin
surface using an Er:YAG laser before recession coverage, additional NaOCl conditioning to
achieve better exposure of dentinal tubule openings appears unnecessary.
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Abstract: Background: Recently, the defects of the tooth surface in the cervical region are often
restored using composite filling materials. It should meet the needs of the patients regarding esthetics
and material stability. The aim of the study was to analyze the tooth root surface at the cervical region
after the removal of the composite filling material by means of the Erbium-doped Yttrium Aluminium
Garnet (Er: YAG) laser or drill using the scanning electron microscopy (SEM) and fluorescence
microscopy. Materials and Methods: For the purposes of this study, 14 premolar teeth (n = 14) were
removed due to orthodontic reasons. The rectangular shape cavities with 3 mm in width and 1.5 mm
in height were prepared with a 0.8 mm bur on high-speed contra-angle in the tooth surface just below
cemento-enamel junction (CE]) and filled with the composite material. The composite material was
removed with the Er: YAG laser at a power of 3.4 W, energy 170 mJ, frequency 20 Hz, pulse duration
300 ps, tip diameter 0.8 mm, air/fluid cooling 3 mL/s, and time of irradiation: 6 sec, at a distance from
teeth of 2 mm (G1 group, n = 7) or a high-speed contra-angle bur (G2 group, n = 7). After the removal
of composite material, the surfaces of teeth were examined using the scanning electron microscopy
(SEM) and fluorescence microscopy. Results: The Er: YAG irradiation allowed to remove completely
the composite material from the tooth cavity. The study confirmed, that the ends of collagen fibers
were only partially denatured after the Er: YAG laser application. Conclusion: It has been proved that
using the Er: YAG laser is an effective and safe method of composite removal for the dentin surface.

Keywords: cervical root surface; Er: YAG laser; laser ablation; smear layer; vaporization
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1. Introduction

The progress that has been made in the recent years in the field of dentistry enables more proficient
and safer work, as well as a predictable treatment outcomes [1-3]. One of the brand-new technologies
is a laser that is becoming more and more popular in dental clinics and supports traditional forms of
treatment while replacing classic technologies [4-9]. The Erbium-doped Yttrium Aluminium Garnet
(Er: YAG,) laser presents several advantages over a conventional bur preparation [10]. Conventional bur
preparation is a source of bone-conducted noise and vibration that can cause a painful sensation [11].
One of the essential advantages of the laser therapy is a lack of vibrations. Therefore, the local
anesthesia is reduced or not needed [12]. When compared to drill during the osteotomy procedure,
Panduric, et al. [13] showed, that the Er: YAG laser produced preparations with regular and sharp
edges, without bone fragments and debris, in a shorter preparation time. Laser irradiates rough
surfaces, turning them into clean surfaces with opened dentin tubules and without smear layer [14].
This procedure is crucial and enables a complete and exact removal of filling material penetrating
dentin tubules, which is impossible to achieve with conventional bur [15].

The scientific literature confirmed that both the scope of pulp carbonization and the pulp irritation
during irradiation by the Er: YAG laser are lower in comparison with the use of micro-motor and
turbine at the same conditions of air/water spray [16-19]. Its wavelength is in the mid-infrared region
of the electromagnetic spectrum, so it is readably absorbed by water particles [20]. Special care should
be paid to the prevention of thermal damage to the dental pulp with high-power lasers [7,21,22].
High absorption of the Er: YAG laser in water results in its shallow penetration depth [23]. The high
absorption of 2940 nm wavelength and its low penetration depth enable the vaporization of the tooth
tissues without pulp overheating. For instance, an intrapulpal rise of 5.5 °C caused pulpitis or pulp
necrosis in 15% of irradiated teeth [21]. Temperature rise by 10 °C on the external tooth surfaces caused
a bone resorption and root ankylosis [22]. Therefore, the application of high-power lasers requires
the determination of parameters and a proper treatment protocol in order to limit the thermal damage
and to assure the safe composite filling removal expected.

The removal of the composite material using a drill leads to leaving a remnant particles inside
the dentinal tubules. It results in the formation of a smear layer which is removed together with
the composite when a laser is used during treatment. The smear layer is an amorphous irregular
layer formed during biomechanical preparation [24]. According to the scientific literature the Er: YAG
laser showed high effectiveness in the removal of composite material from both enamel and dentin
surface without the creation of the smear layer [25-27]. Moreover, Almeida et al. obtained shorter time
required for the composite resin ablation after brackets debonding in comparison with a conventional
drill [25]. Furthermore, another study, in which the Er: YAG laser was used for caries treatment,
highlighted that its small spot diameter of 1 mm enabled more detailed and selective ablation while
preserving the surrounding tissues [28].

After the composite material removal from the cervical tooth area with a dental bur is crucial
to remove the remaining smear layer, which can impede the success of the gingival recession
coverage [29,30]. In such a scenario, the laser enables immediate surgical recession coverage thanks to
its ability to remove the composite material without the smear layer formation [31]. In comparison,
a drill can only remove the composite material, leaving the smear layer intact, which results in a lack
of adhesion of gingival tissue over the cavity [32]. It is known that with the Er: YAG laser the dental
composite is removed very carefully, especially from the tooth cavity. It could enable better integration
of new material, e.g., with the adjacent mucous membrane of exposed cervical areas of the teeth.
Frequently, dentists artificially extend the clinical crowns by applying a layer of composites to the root
surface instead of providing an appropriate periodontal treatment [33]. The gingiva lacks the ability of
attachment to the composite material, which may eventually lead to a gingival recession [34]. Therefore,
in order to remove the filling material either a laser or a drill is used [35].

In the case of a hard-tissue in dentistry, a wavelength of a laser plays a key role. The Er: YAG
laser wavelength is most suitable for the hard-tissue ablation treatment because it is operated in
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the region of the largest absorption peak for water (see Figure 1). Moreover, depending on different
water content levels in human dentine and enamel, the absorption coefficients for the Er: YAG lasers
are approximately 150 mm~! in enamel, and 200 mm ™! in dentine. Thus, the Er: YAG laser wavelength
penetrates approximately 7 micrometers in enamel and 5 micrometers in dentine.
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Figure 1. The absorption curve of water in the middle infrared region. The position of Erbium-doped
Yttrium Aluminium Garnet (Er: YAG) laser (2.94 um) used for hard-tissue ablation has been shown in
the plot (based on Handbook of optical materials) [36].

The Er: YAG laser vaporization leads to the thermal rise of the irradiated tissues. Therefore,
the aim of the study was to assess the changes in the dentinal surface of the root after the composite
removal using 2940 nm wavelength by using SEM and fluorescence microscopy. Also, the roughness
of the root surface was evaluated with the same methods in comparison with the same procedure
performed with the dental drill.

2. Materials and Methods

2.1. Sample Preparation

For this scientific work, a total of 14 premolar teeth were removed because of orthodontic reasons.
They were cleaned from the blood and debris, and rinsed with 0.9% saline solution and frozen in —20 °C.
Then they were unfrozen and randomized to one of the study groups. The section material used in
the procedures was acquired from the Dental Surgery Department of Wroclaw Medical University.

All the procedures were carried out in accordance with appropriate guidelines and regulations of
the Republic of Poland as well as in accordance with the Declaration of Helsinki. The premolar teeth
used in the present study were obtained with the consent of the owners and according to all ethical
guidelines and requirements applicable in such cases. The experiment in this study was approved by
the Ethics Committee of the Wroclaw Medical University (No. KB-132/2019).

2.2. Composite Restoration Procedure

The rectangular shape cavities with 3 mm in width and 1.5 mm in height were prepared with
a 0.8 mm high-speed, contra-angle bur on the buccal surface of teeth just below the cemento-enamel
junction (CEJ). Etching of the cavity’s surface was performed within 15 s. OptiBond Solo Plus (Kerr,
Italy) was used as a bonding agent, and curing time was 40 s. Then, cavity was filled with the composite
material (Filtek Ultimate A3D, 3M, St. Paul, MN, USA) (see Figure 2). The depth of the cavities was up
to 0.4 mm (half of the bur diameter).

48



Materials 2020, 13, 3027 40f11

Figure 2. The image of a model preparation of the root surface in the cervical region.

2.3. Composite Removal Techniques

2.3.1. G1 Group (Er: YAG laser)

The study group (n = 7) of composite filling materials was irradiated using the Er: YAG laser
(LightWalker, Fotona, Ljubljana, Slovenia) with a wavelength of 2940 nm at a power of 3.4 W, energy
170 m], frequency 20 Hz, pulse duration 300 ps, tip diameter 0.8 mm, air/fluid cooling 3 mL/s, and
time of irradiation: 6 sec, at a distance of 2 mm from the tooth surface with an “S” shape movement
(motion technique). Removal of the composites was performed accordingly to our previously described
technique for orthodontics ceramic brackets debonding [37]. Additionally, filling material from
the surrounding walls of the cavity was removed.

2.3.2. G2 Group (Dental Bur)

The control group (n = 7) of composite filling materials was treated with the use of a dental bur.
The composite material was removed with a high-speed coarse diamond bur (MLX 534, no. 801, ISO 023,
150 um, Poldent, Warsaw, Poland) using a dental turbine and a water cooling. The remaining composite
material was removed with low-speed fine diamond bur (F 514, no. 801, ISO 023, 45 um, Poldent,
Warsaw, Poland) using micromotor and water cooling. The whole composite material was removed
during the procedure in both groups. Moreover, it was carried out by the same, experienced operator.

2.4. Fluorescence Microscope Analysis

The test material after fixation was analyzed directly in a Nikon Eclipse 80i fluorescence microscope
(Nikon, Tokyo, Japan) using a UV-2A filter (EX-330-380 nm, DM-400 nm, BF-420 nm) (Nikon, Tokyo,
Japan). The magnification during an examination was 40x.

2.5. Scanning Electron Microscopy

The collection of the teeth from both groups (laser and drill) were fixed in 2.5% glutaraldehyde
using 7.4 phosphate buffer. Subsequently, the samples were rinsed in a phosphate buffer and then
dehydrated in an acetone series (from 50-100%). The teeth were dried, mounted on the stubs and
sputter-coated with graphite. Material testing was analyzed in a SEM Evo LS 15 (Zeiss, Oberkochen,
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Germany). SEM settings during the examination of a surface modified by drill were as follows: WD
5.3 or 5.4 mm, 5.00 kV, spot 4.0, magnification 500x or 5000%, and 5.00 keV.

3. Results

The completion of the restoration removal in the both groups was verified by means of the SEM
and fluorescence microscope inspection. The control group examination with the use of the fluorescence
microscope and the scanning electron microscopy (SEM) showed an unstable arrangement of the fibers
with a smear layer and residual composite material of the bottom of the cavity, while the study group
analyzed with the use of the Er: YAG laser showed regular bottom surface of the cavity without
composite residues and smear layer. The fluorescence microscope and SEM images showed the overall
results related to the whole cavity surface. Similar dentin surface characteristics were also found in
other samples of the studied groups (laser—G1 and drill—G2).

3.1. Teeth Surface in a Fluorescence Microscope

Figure 3 has shown the visible differences in the surface of teeth after the laser (Figure 3A,C)
and a drill treatment in the wall of prepared cavity (Figure 3B,D). A—The visible surface does not
contain any residues of the filling material, while the dentin collagen fibers undergo a slight material
melting, which makes the surface rough (arrow). B—residues of the filling material visible (arrow).
C and D—bottom of the cavity. C—visible rough surface of the cavity bottom (arrow) that does not
contain any residues after the treatment. D—visible small residues after the mechanical action (arrow),
magnitude 40X. The similar image can be observed on all surfaces related to the prepared cavity.

Figure 3. Surfaces of teeth after laser (A,C) and drill treatment (B,D) examined by fluorescence
microscope, magnification 40x.

3.2. Teeth Surface Analysis in a SEM Microscope

In Figure 4, the bottom of prepared cavity has been shown. In the pictures on the left are presented
the results of the preparation with the use of the drill (Figure 4A,C) and on the right with the use
of the laser (Figure 4B,D). The effect of mechanical action on dentin is visible. The dentine collagen
fibres are partially detached from the matrix and form numerous loose remains lying on the surface

50



Materials 2020, 13, 3027 60f11

of the bottom of the prepared cavity. The arrangement of the fibres is unstable, which results in
the foundation for new collagen fibres growing in the cavity. In addition, there are numerous small
pieces of a composite material in the cavity (white arrow). In the case of a laser, the ends of collagen
fibres are partially melted, creating a homogeneous, rough surface, a similar image can be observed on
all the surfaces of the cavity prepared.

Figure 4. Analysis of tooth surface after laser (A,C) and drill (B,D) preparation.

4. Discussion

The success of the composite removal from the root surface in the cervical region of the tooth could
be a complex problem, especially in case of the patients with the gingival recessions. The main aim of
the study was to assess the changes in the dentinal surface of the root after the composite removal
using the Er: YAG laser and/or a dental bur with the help of SEM and fluorescence microscopies. Both
analyses showed an unstable arrangement of the fibers with a smear layer and residual composite
material on the bottom of the cavity in the control group (dental bur). Moreover, the study group with
the Er: YAG laser showed the regular bottom surface of the cavity without a composite debris and
a smear layer. However, it has been found that denatured/melted collagen fiber ends the partially
closed dentinal tubules. Surfaces treated by the lasers appear rough and free from harmful residues,
lipopolysaccharides that may interfere with the adhesion of connective tissue cells that might be useful
for root conditioning in periodontal therapy [15,38].

The evaluation of root dentin surface after the composite material removal by a dental bur on
a high-speed contra-angle handpiece showed a residual composite resin with the formation of a thick
hybrid layer. The appearance and the dimension of the resin tags observed in our present study are
similar to other findings [39,40]. The use of a diamond dental bur evoked a presence of a smear layer that
penetrated the dentinal tubules up to around 5 micrometers, which formed smear plugs. The crucial
procedure before the tooth restoration or recession coverage procedure is to remove the smear layer in
order to open dentinal tubules and establish a highly adhesive structure of the tooth surface [41]. This
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procedure forces the clinicians to use a phosphoric acid EDTA (EthyleneDiamineTetraacetic Acid) to
open the dentinal tubules that can irritate the pulp [42,43].

The Erbium-doped yttrium aluminum garnet (Er: YAG) laser is an effective tool that can be used
not only for the cavity preparation [44,45], but also for composite filling removal due to its selectivity
and effectivity [46,47]—the effect of the Er: YAG laser.

YAG laser on composite filling and the dentin lying underneath is crucial. The pattern of a dentin
surface after the laser application is strictly related to the amount of water component in different
parts of the root dentin [37,48,49]. The 2940 nm wavelength is characterized by the highest absorption
coefficient (absorption peak) in water [50]. This feature influences a variable speed of dental root
vaporization in a specific part of the dentin. The intertubular dentin has a more considerable amount
of water than the peritubular zone [51]. This causes a faster ablation of the intertubular dentin and
increases the roughness of its surface after the Er: YAG laser application [48,49].

A disadvantage of the Er: YAG laser ablation is an increase in the temperature which can melt or
carbonize the dentin. In our present study, the melting of the dentin was insignificant, however, we
found a slight fusion of the ends of collagen fibers. That process caused a partial blockage of dentin
canals that can disturb the adhesion of filling materials or interrupt the formation of new clinical
attachment after the periodontal recession coverage [52,53]. In order to solve this problem as well
as open dentinal tubules as well as to increase its adhesion, the application of sodium subchloride
was recommended by many authors [53-55]. Furthermore, any residues left in the cavity will result
in inefficient adhesion [29] of gingival tissue to the tooth’s surface. In that case, the filling removal
and the cavity preparation with the use of drill is not enough to successfully finish the treatment of
patient with such recessions. Our study showed that the application of the Er: YAG laser resulted
in the regular bottom surface of the cavity without the composite residues after the filling material
removal. Our results were similar to the study of Almeida et al. [25] who confirmed significantly
better effectiveness of the Er: YAG laser than the conventional technique for removing the composite
remnants. Nevertheless, contrary to our findings, the study of Correa-Afonso et al. [46] showed that
the Er: YAG laser at 250 m], 2-10 Hz presented a higher amounts of the remaining restorative material.
The Er: YAG laser application with a scanning technique was utilized in our present research at
a lower energy (170 m]) and higher frequency (20 Hz) at a distance of 2 mm, enabling the removal of
the composite restoration completely in a way which is safer for the pulp.

The safeness of the dental pulp is of supreme value during high power laser irradiation [37].
We irradiated the composite filling without contact with a water spray cooling. However, others
recommended laser-assisted composite vaporization by placing the laser tip perpendicular to
the material [56]. To avoid the injury of the laser tip or mirror, which may occur during perpendicular
laser irradiation due to the reflection of the beam, it can be recommended to use the Er: YAG laser from
a slight distance of at least 1-2 mm with minimal angulation of the laser tip [37]. Within the restrictions
of this ex vivo study, the results suggest that it is safe to use the Er: YAG laser during the composite
vaporization employing our present method described. Considering the limitations of the in vitro
experiment additional studies to confirm the results of the research in a human model for a different
tooth cavities dimension are needed.

5. Conclusions

This research proves the superiority of the Er: YAG laser over the drill use in case of the composite
filling removal. The Er: YAG laser application showed the regular bottom surface of the cavity without
composite debris and smear layer. In contrast, the use of dental bur for composite material removal
showed an unstable arrangement of the fibers with a smear layer and residual composite material
on the bottom of the cavity. Moreover, the preparation with the use of the dental bur resulted in
the formation of an uneven cavity surface with the composite residues.
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Matgorzata Matecka—A, C,D, H, |, J, K
JanKiryk=A,C,D,H, 1,J, K

Zbigniew Rybak - C, E, G, H

Marzena Dominiak—A, C, D, H, I, J, K
Kinga Grzech-Lesniak—A, C, D, H, |, J, K
Katarzyna Wiglusz-C, E, G, H
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Wroctaw, 20.04.2022
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Oswiadczam, ze w ponizszej pracy moj wktad stanowit zgodnie z rozdzielnikiem

Wojciech Zakrzewski', Maciej Dobrzynski’, Piotr Kuropka®, Jacek Matys*, Malgorzata Malecka®, Jan Kiryk*, Zbigniew
Rybak®, Marzena Dominiak®, Kinga Grzech-Lesniak®, Katarzyna Wiglusz® Rafal J. Wiglusz*> Removal of Composite
Restoration from the Root Surface in the Cervical Region Using Er: YAG Laser and Drill—In Vitro Study. Materials 2020,
13, 3027. https://doi.org/10.3390/ma13133027
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2. Opinia Komisji Bioetycznej

KOMISJA BIOETYCZNA

przy

Uniwersytecie Medycznym

we Wroctawiu

ul. Pasteura 1; 50-367 WROCLAW

OPINIA KOMISIJI BIOETYCZNEJ Nr KB — 132/2019

Komisja Bioetyczna przy Uniwersytecie Medycznym we Wroctawiu, powotana
zarzadzeniem Rektora Uniwersytetu Medycznego we Wroctawiu nr 133/XV R/2017 z dnia 21
grudnia 2017 r. oraz dzialajagca w trybie przewidzianym rozporzgdzeniem Ministra Zdrowia
i Opieki Spotecznej z dnia 11 maja 1999 r. (Dz.U. nr 47, poz. 480) na podstawie ustawy
o zawodzie lekarza z dnia 5 grudnia 1996 r. (Dz.U. nr 28 z 1997 r. poz. 152 z pdzniejszymi
zmianami ) w skladzie:

dr hab. Jacek Daroszewski, prof. nadzw. (endokrynologia, diabetologia)

prof. dr hab. Krzysztof Grabowski (chirurgia)

dr Henryk Kaczkowski  (chirurgia szczgkowa, chirurgia stomatologiczna) . *
mgr Irena Knabel-Krzyszowska (farmacja) =3
prof. dr hab. Jerzy Liebhart (choroby wewnetrzne, alergologia)

ks. dr hab. Piotr Mrzygtdd, prof. nadzw. (duchowny)

mgr Luiza Miller  (prawo)

dr hab. Stawomir Sidorowicz (psychiatria)

dr hab. Leszek Szenbom, prof. nadzw (pediatria, choroby zakazne)

Danuta Tarkowska (pielegniarstwo)

prof. dr hab. Anna Wiela-Hojenska (farmakologia kliniczna)

dr hab. Andrzej Wojnar, prof. nadzw. (histopatologia, dermatologia) przedstawiciel
Dolnoslaskiej Izby Lekarskiej)

dr hab. Jacek Zielinski (filozofia)

pod przewodnictwem
prof. dr hab. Jana Kornafela ( ginekologia i potoznictwo, onkologia)

Przestrzegajac w dziatalnosci zasad Good Clinical Practice oraz zasad Deklaracji Helsinskiej,
po zapoznaniu si¢ z projektem badawczym pt.

»Wplyw lasera Er:YAG na sity adhezji wybranych materialéw stomatologicznych do tkanek
zeba”
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zgtoszonym przez lek. dent. Jana Kiryka zatrudnionego w Katedrze i Zakladzie Chirurgii
Stomatologicznej Wydziatu Lekarsko-Stomatologicznego Uniwersytetu Medycznego we
Wroctawiu oraz zlozonymi wraz z wnioskiem dokumentami, w tajnym glosowaniu
postanowita wyrazi¢ zgode na przeprowadzenie badania w Katedrze i Zakladzie Chirurgii
Stomatologicznej Wydzialu Lekarsko-Stomatologicznego Uniwersytetu Medycznego we
Wroctawiu pod nadzorem prof. dr hab. Marzeny Dominiak pod warunkiem zachowania
anonimowosci uzyskanych danych.

Uwaga: Badanie to zostato objete ubezpieczeniem odpowiedzialnosci cywilnej Uniwersytetu
Medycznego we Wroctawiu z tytulu prowadzonej dziatalnosci:

Pouczenie: W ciggu 14 dni od otrzymania decyzji wnioskodawcy przyshuguje prawo
odwotania do Komisji Odwotawczej za posrednictwem Komisji Bioetycznej UM we

Wroclawiu

Opinia powyzsza dotyczy: projektu badawczego bedacego podstawag rozprawy doktorskiej

Wroctaw, dnia -22 lutego 2019 r.

BW
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3. Dorobek naukowy autora

1. Publikacje w czasopismach naukowych

1.1 Publikacje w czasopismie naukowym posiadajacym Impact Factor
Lp Opis bibliograficzny Rok IF PK

1. Invitro SEM analysis of desensitizing agents and 2020 1,727 70,00
experimental hydroxyapatite-based composition
effectiveness in occluding dentin tubules. [AUT.
KORESP.] LUKASZ RAFAL PALKA, [AUT.] ZBIGNIEW
RYBAK, PIOTR KUROPKA, MARIA KRYSTYNA
SZYMONOWICZ, JAN KIRYK, KRZYSZTOF MARYCZ,
MACIEJ DOBRZYNSKI. Adv.Clin.Exp.Med. 2020 Vol.29
no.11 s.1283-1297, ryc., bibliogr. 47 poz., summ. DOI:
10.17219/acem/128197

2. Removal of composite restoration from the root surface 2020 3,623 140,00
in the cervical region using Er: YAG laser and drill - in
vitro study. [AUT.] WOJCIECH ZAKRZEWSKI, MACIEJ
DOBRZYNSKI, PIOTR KUROPKA, JACEK MATYS,
MALGORZATA MALECKA, JAN KIRYK, ZBIGNIEW
RYBAK, MARZENA DOMINIAK, KINGA GRZECH-
LESNIAK, KATARZYNA WIGLUSZ, [AUT. KORESP.]
RAFAL J. WIGLUSZ. Materials 2020 Vol.13 no.13 art.3027
[11 s.], ryc., bibliogr. 56 poz., summ. DOI:
10.3390/mal13133027

3. SEM evaluation of tooth surface after a composite filling 2021 3,623 140,00
removal using Er:YAG laser, drills with and without
curettes, and optional EDTA or NaOCI conditioning.
[AUT.] JAN KIRYK, [AUT. KORESP.] JACEK MATYS,
KINGA GRZECH-LESNIAK, [AUT.] MARZENA
DOMINIAK, MALGORZATA MALECKA, PIOTR
KUROPKA, RAFAL J. WIGLUSZ, MACIEJ
DOBRZYNSKI. Materials 2021 Vol.14 no.16 art.4469 [10
s.], ryc., tab., bibliogr. 47 poz., summ. DOI:
10.3390/mal4164469

4. The effect of Er:YAG laser on a shear bond strength 2021 3,623 140,00
value of orthodontic brackets to enamel - a preliminary
study. [AUT.] JAN KIRYK, [AUT. KORESP.] JACEK
MATYS, [AUT.] ANNA NIKODEM, KAROLINA
BURZYNSKA, KINGA GRZECH-LESNIAK, MARZENA
DOMINIAK, MACIEJ DOBRZYNSKI. Materials 2021
Vol.14 no.9 art.2093 [11 s.], ryc., tab., bibliogr. 35 poz.,
summ. DOI: 10.3390/ma14092093

12,596 490,00
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1.2 Publikacja w czasopiSmie naukowym nieposiadajacym IF
Lp Opis bibliograficzny Rok IF PK

1.  Zastosowanie technologii przyrostowych w medycynie 2015 0,000 4,00
rekonstrukcyjnej twarzoczaszki (The use of additive
technologies in maxillofacial reconstructive medicine).
[AUT.] KACPER BEBENEK, ANNA BLASZCZYK, JAN
KIRYK, DAWID KOTOWSKI, KATARZYNA
KOWALSKA, TOMASZ SZCZYGIELSKI, ANDRZEJ
PAWLAK, PATRYCJA SZYMCZYK, MACIEJ
DOBRZYNSKI, ZBIGNIEW RYBAK. Inz.Fiz.Med. 2015
Vol.4 nr 6 s.341-347, ryc., bibliogr. 35 poz., streszcz., summ.

2.  Zastosowanie technologii CAD/CAM w stomatologii 2016 0,000 4,00
odtworczej - przeglad pismiennictwa (The application of
CAD/CAM technology in restorative dentistry - literature
review). [AUT.] KACPER BEBENEK, ANNA BLASZCZYK,
JAN KIRYK, DAWID KOTOWSKI, KATARZYNA
KOWALSKA, TOMASZ SZCZYGIELSKI, EMILIA
MAZGAJCZYK, PATRYCJA SZYMCZYK, GRZEGORZ
BADORA, EWELINA BRYLA, MACIEJ DOBRZYNSKI,
ZBIGNIEW RYBAK. Inz.Fiz.Med. 2016 Vol.5 nr 2 5.99-104,
ryc., bibliogr. 32 poz., streszcz., summ.

3. Analiza wybranych parametrow zuchwy u plodow 2017 0,000 3,00
blizniaczych (The analysis of mandible parameters in twin
fetuses). [AUT.] JAN KIRYK, KATARZYNA KOWALSKA,
KACPER BEBENEK, TOMASZ SZCZYGIELSKI,
KATARZYNA STASZAK, WIESLAW KURLEJ. Twdj
Przegl.Stomatol. 2017 nr 4 s.71-77, ryc., tab., bibliogr. 14 poz.,
streszcz., summ.

4.  Helicobacter pylori w biofilmie nazebnym - przeglad 2017 0,000 4,00
piSmiennictwa (Helicobacter pylori in dental biofilm - a
review of the literature). [AUT.] KACPER BEBENEK,
ANNA BLASZCZYK, JAN KIRYK, DAWID KOTOWSKI,
TOMASZ SZCZYGIELSKI, MARIA SZYMONOWICZ,
PIOTR KOSIOR, EWELINA BRYLA, MACIEJ
DOBRZYNSKI, ZBIGNIEW RYBAK. Gerontol. Wspdicz.
2017 Vol.5 nr 1 5.18-22, ryc., bibliogr. 27 poz., streszcz.,
summ.

5. Zastosowanie lasera diodowego SIROLaser Blue w 2017 0,000 4,00
stomatologii (The application of diode laser SIROLaser
Blue in dentistry). [AUT.] KATARZYNA DUDZIAK-
MILKOWSKA, KACPER BEBENEK, ANNA BLASZCZYK,
JAN KIRYK, DAWID KOTOWSKI, KATARZYNA
KOWALSKA, TOMASZ SZCZYGIELSKI, MARIA
SZYMONOWICZ, ZBIGNIEW RYBAK, PIOTR KOSIOR,
EWELINA BRYLA, MACIEJ DOBRZYNSKI. Inz.Fiz.Med.
2017 Vol.6 nr 2 5.115-118, ryc., bibliogr. 24 poz., streszcz.
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Bite reconstruction in the aesthetic zone using one-piece 2018 0,000 15,00
bicortical screw implants. [AUT.] STEFAN IHDE, L UKASZ

PALKA, MACIEJ JANECZEK, PIOTR KOSIOR, JAN

KIRYK, MACIEJ DOBRZYNSKI. Case Rep.Dent. 2018

V0l.2018 art.4671482 [4 s.], ryc., bibliogr. 11 poz., summ,

DOI: 10.1155/2018/4671482

Mozliwosci rekonstrukcji uzebienia przy pomocy 2018 0,000 4,00
implantow bikortykalnych - przeglad piSmiennictwa (The

possibilities of dentition reconstrction with the use of

bicortical implants - review of literature). [AUT.] KACPER

BEBENEK, ANNA BLASZCZYK, JAN KIRYK, DAWID

KOTOWSKI, KATARZYNA KOWALSKA, TOMASZ

SZCZYGIELSKI, MARIA SZYMONOWICZ, ZBIGNIEW

RYBAK, WLODZIMIERZ WIECKIEWICZ, PIOTR

KOSIOR, EWELINA BRYLA, MACIEJ DOBRZYNSKI.

Inz.Fiz.Med. 2018 Vol.7 nr 2 5.121-124, bibliogr. 21 poz.,

Srodki antyseptyczne i preparaty wspomagajace higiene 2018 0,000 4,00
jamy ustnej - przeglad piSmiennictwa (Antiseptics and

preparations supporting oral hygiene - a review of the

literature). [AUT.] KATARZYNA HERMAN, JAN KIRYK,

IWONA DOBRZYNSKA, PIOTR KOSIOR, MARCIN

MIKULEWICZ, MACIEJ DOBRZYNSKI. Gerontol. Wspéicz.

2018 Vol.6 nr 1 5.37-40, tab., bibliogr. 32 poz., streszcz.

Wykorzystanie autogennego materialu augmentacyjnego 2018 0,000 4,00
pozyskiwanego z zebow wlasnych pacjenta (The use of

autogenous augmentation material obtained from the

patient’s own teeth). [AUT.] KACPER BEBENEK, JAN

KIRYK, PIOTR KOSIOR, TOMASZ SZCZYGIELSKI,

MARCIN MIKULEWICZ, MACIEJ DOBRZYNSKI.

Inz. Fiz.Med. 2018 VVol.7 nr 4 5.289-292, ryc., bibliogr. 17 poz.

Zachowawcza rekonstrukcja zebow siecznych bocznych 2018 0,000 4,00
szczeki po leczeniu ortodontycznym z zastosowaniem

materialu zlozonego. Opis przypadku (Conservative

reconstruction of the upper lateral incisors after

orthodontic treatment with the use of composite material.

Case report). [AUT.] MIKOLAJ SULEWSKI, AGNIESZKA

WOLSKA, JAN KIRYK, PIOTR SMOLKA, PIOTR KOSIOR,

MACIEJ DOBRZYNSKI. Gerontol. Wspéicz. 2018 Vol.6 nr 3

s.105-108, ryc., bibliogr. 10 poz., streszcz., summ.

Kliniczno-terapeutyczne aspekty prochnicy korzenia z 2019 0,000 5,00
uwzglednieniem lasera Er:YAG i ozonoterapii (Clinical and

therapeutic aspects of root caries including the Er:YAG

laser and ozone therapy). [AUT.] AGNIESZKA WOLSKA,

JAN KIRYK, JAKUB ROGULA, MIKOLAJ SULEWSKI,

ANNA HAN, RAFAL J. WIGLUSZ, MACIEJ

DOBRZYNSKI. Inz.Fiz.Med. 2019 Vol.8 nr 2 5.153-156, ryc.,

tab., bibliogr. 26 poz.,

0,000 55,00
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2. Monografie naukowe i skrypty

2.2 Autorstwo rozdzialu w monografii naukowej

Lp Opis bibliograficzny

1.

2.2.1 Autorstwo rozdzialu w monografii pokonferencyjnej

Charakterystyka wspoélczesnych systeméw CAD/CAM
wykorzystywanych w stomatologii odtworczej - przeglad
piSmiennictwa. [AUT.] PIOTR KOSIOR, KACPER BEBENEK,
JAN KIRYK, MARCIN MIKULEWICZ, MACIEJ
DOBRZYNSKI. W: Zdrowie dla regionu. T.3: W trosce o
zdrowie i urode Radom 2021, Instytut Naukowo-Wydawniczy
Spatium, s.60-71, bibliogr. 36 poz., streszcz, 978-83-66550-83-4.

Lp Opis bibliograficzny

1.

Zastosowanie technologii CAD/CAM w stomatologii
odtworczej. [AUT.] KACPER BEBENEK, TOMASZ
SZCZYGIELSKI, ANNA BLASZCZYK, JAN KIRYK, DAWID
KOTOWSKI, KATARZYNA KOWALSKA, EMILIA
MAZGAJCZYK, PATRYCJA SZYMCZYK, GRZEGORZ
BADORA, MACIEJ DOBRZYNSKI, ZBIGNIEW RYBAK. W:
I11 Konferencja Tech-Med "Materiaty biologicznie aktywne".
Swieradow Zdroj, 8-10.04.2016. Referaty plenarne Wroctaw 2016,
Oficyna Wydawnicza Politechniki Wroctawskiej, s.7-11, bibliogr.

12 poz, 978-83-7493-900-3.

4. Streszczenia zjazdowe
Lp Opis bibliograficzny

1.

Helicobacter pylori in dental biofilm. [AUT.] A. BLASZCZYK,
K. BEBENEK, JJAN] KIRYK, D. KOTOWSKI, T.
SZCZYGIELSKI, Z[BIGNIEW] RYBAK. W: 2nd Polish-Czech
Probiotics Conference "Microbiology, immunology & allergy”.
Bielawa, Poland, 24-26 May 2015 Wroctaw 2015, Institute of
Immunology and Experimental Therapy Polish Academy of
Science, s.40 poz.C.1, bibliogr. 4 poz, 978-83-928488-4-4.

Mandibular reconstructions using 3D technologies. [AUT.]
KAMILA KOLODZIEJCZYK, KATARZYNA KOWALSKA,
ANNA BLASZCZYK, KACPER BEBENEK, JAN KIRYK,
DAWID KOTOWSKI, TOMASZ SZCZYGIELSKI. J.Regen.Med.
2017 Vol.6 no.2 suppl. s.32, International Conference on 3D
Printing Technology and Innovations. Frankfurt, Germany, July

5-6, 2017.

Ocena mechanizmu odrywania si¢ zamkow ortodontycznych
od powierzchni zebow. [AUT.] KAROLINA BURZYNSKA,
ANNA NIKODEM, JAN KIRYK, JACEK MATYS, MARZENA
DOMINIAK, MACIEJ DOBRZYNSKI. W: IIT Ogélnopolska
Konferencja Naukowa IMPLANTY 2021 "koncepcja a realia we
wspotczesnych rozwigzaniach". On-line, 18 czerwca. Ksigzka
abstraktow Gdansk 2021, Politechnika Gdanska, s.54 poz.5,

bibliogr. 2 poz, 978-83-961981-0-5.
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Rok IF
2021 0,000

Rok IF
2016 0,000

Rok IF
2015 0,000

2017 0,000

2021 0,000
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PK
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0,00

0,00

0,00



