O

o VAT

lN‘s}

R st

NIH Public Access

A
G
é&? Author Manuscript

Published in final edited form as:

Eur J Oral Sci. 2013 August ; 121(4): 355-362. doi:10.1111/e0s.12052.

Evaluation of plasma treatment effects on improving adhesive/
dentin bonding by using the same tooth controls and varying
cross-sectional surface areas

BLEDIY FO—)LESEIETHEBLEARAL-, EEHM L
STEOEEOREICHNT S TS5 XTABROMBEDEM

Xiaoqing Dong1l, Andy Charles Ritts2, Corey Stallerl, Qingsong Yul, Meng Chen2, and Yong Wang3

1Center for Surface Science and Plasma Technology, Department of Mechanical and Aerospace Engineering, University of Missouri,
Columbia, MO 65211, USA

2Nanova, Inc., Columbia, MO 65203, USA

3Center for Research on Interfacial Structure & Properties, School of Dentistry, University of Missouri-Kansas City, Kansas City, MO
64108, USA

Abstract HBE

The objective of this study is to evaluate and verify the effectiveness of plasma treatment for improving
adhesive/dentin interfacial bonding by performing micro-tensile bond strength (WTBS) test using the same-tooth
controls and varying cross-sectional surface areas. Extracted unerupted human third molars were used by removing
the crowns to expose the dentin surface. For each dentin surface, one half of it was treated with a non-thermal
argon plasma brush, while another half was shielded with glass slide and used as untreated control. Adper Single
Bond Plus adhesive and Filtek Z250 dental composite were then applied as directed. The teeth thus prepared were
further cut into micro-bar specimens with cross-sectional size of 1x1 mm?, 1x2 mm? and 1x3 mm? for uTBS test.
The test results showed that plasma treated specimens gave substantially stronger adhesive/dentin bonding than
their corresponding same tooth controls. As compared with their untreated controls, plasma treatment gave
statistically significant higher bonding strength for specimens having cross-sectional area of 1x1 mm? and 1x2
mm?, with mean increases of 30.8% and 45.1%, respectively. Interface examination using optical and electron
microscopy verified that plasma treatment improved the quality of the adhesive/dentin interface by reducing
defects/voids and increasing the resin tag length in dentin tubules.

modification of dentin is another effective approach to achieve stronger adhesive/dentin interfacial bonding. In
fact, a lot of research work has been done on modification of dentin surface, such as use of collagen cross-linking
agents (4), immediate dentin sealing (5), treatment with hydroxyapatite nanorods (6), etc.
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As an effective surface modification technique, low-temperature or non-thermal plasmas that are usually created at
a reduced pressure in a vacuum chamber have been well adopted for surface treatment/preparation of a variety of
natural and synthetic materials to improve their performance. The rapid development of non-thermal atmospheric
plasma technology in the past two decades has opened the door for the direct use and applications of gas plasmas in
both medical and dental field. Our recent research works (7, 8) have demonstrated that plasma treatment using a
non-thermal atmospheric plasma brush was very effective in deactivating cavity-causing oral bacteria and changing
the surface properties of human dentin. It was found that the a short plasma treatment could change the chemical
structure of the exposed collagen fibrils and increase the dentin surface hydrophilicity, which allowed better
adhesive penetration into dental collagen fibrils and enhance the bonding strength at adhesive/dentin interface. The
treatment of dentin using non-thermal plasma brush has provided about 60 % stronger adhesive/dentin interface
bonding than their untreated controls (7, 8).

Micro-tensile bond strength (uTBS) test has been widely accepted as the most often used testing method for
evaluating adhesive/dentin interfacial bonding because it permits the measurement of regional bond strengths
within teeth with very few cohesive failures. Sanoetal (9) showed that tensile bond strength was inversely related to
bonded surface area, which was also confirmed by PHRUKKANON et al. (10). The bonding strength of
adhesive/dentin showed the dramatic decrease with the increase of the interface area of specimens (11). The
bonding strength of specimens with 1mm2 interface area ranged from 40 to 60 MPa. When the interface area was
increased to 2 mmz2, the bonding strength decreased to 15-30 MPa. This is probably the result of more defects
existing in the large bonding surface area specimens (10).

The bonding strength between restorative materials and dentin is also affected by intrinsic dentin characteristics
such as the number of tubules per mm2 (12), the thickness of dentin (13), water content of dentin (14), tooth
conditions, etc. To better assess the plasma treatment effects on dentin for adhesive/dentin bonding improvement, it
is necessary to collect and compare the adhesive/dentin bonding strength of plasma treated specimens with their
untreated same tooth controls. uTBS test using small bonding surface areas makes it possible to take multiple
treatments within a single tooth (9). Therefore, the aim of this study is to evaluate and verify the effectiveness of
plasma treatment of dentin surfaces for improving adhesive/dentin interfacial bonding by performing uTBS test
using the same- tooth controls and varying cross-sectional surface areas.
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AT, 8%, HFBAKRR T 7 AT FVERER LT 7 XA<iainy, o LHORRK &7 2 APEME 2 AEE L. ABMoRHE
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In order to increase the bonding strength and longevity of dental composite restoration, it is essential to modify the
physical and chemical properties of dentin surface and get a much compatible adhesive/dentin interface. It has been
found that adhesive permeation into dentinal tubules and spaces in collagen fibrils created by etching played an
important role in adhesive/dentin bonding strength and durability (1). Addition of hydrophilic monomer into dental
adhesives would increase the penetration and improve bonding strength of adhesive to dentin (2). Besides
improving the formulation of dental adhesives (3), surface
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Material and methods #1¥bL 5k

Tooth preparation D #E{E
Twelve unerupted human third molars were collected under a protocol approved by the University of Missouri-
Kansas City Adult Health Sciences Institutional Review Board and after obtaining patient consent. All tissue
samples were non-patient identified and all samples were handled and disposed according to the protocols
suggested by Environmental Health and Safety at University of Missouri. The teeth had no caries and were stored
in the PBS (pH7.4) with 0.02% sodium azide to inhibit bacteria growth. Each tooth was cut off the root and enamel
using an Isomet 5000 diamond saw (Buehler, Lake Bluff, IL, USA) to expose the dentin surface. The surface was
polished with 600-grit silicon carbide abrasive paper under wet condition. The dentin surface was further
demineralized for 15 s using Scotchbond phosphoric acid gel (3M ESPE, St Paul, MN, USA) and then thoroughly
washed using a water spray. Excess water was blot dried from the surface with Kimwipes. Half of a tooth was
treated with plasma brush by shielding the other side with a glass slide.
University of Missouri-Kansas City Adult Health Sciences Institutionaliz & » TEB &z 71 b a—Lichty, B
DRIEZEGE, 12ROREEE PEZRKAREZINE L7z, TXTOMBY TR ETHL Z ERRESHL, TTOH
¥ 7 vxUniversity of Missouri-KansasoBg sifiih & 2t it + 2 7 m ko U cht - COBB L 0BRSS E L,
BCIX R 22 < I OB & 9 5 72 9120.02% 7 Ak R U U A% ETePBS (pH7.4) W TR L7, Isomet 50004
A ¥EL FY— (Buehler, KEAV /AWML A2 TT7) AL TCHEEORE T ANVELEIN L, RFERELEHSE
F L, REZEAKRETE 0027V vy FORALT A BUFEMK CHE L7, RFERET. AayFR R U871 (3M
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The plasma treatment method using a plasma brush has been described in our previous work

(8). The plasma brush was operated at a current level of 6 mA (equivalent to a power level of 2-3 W) using
Spellman HV power supply SL60 (Spellman, New York, USA) and an argon flow rate of 3,000 standard cubic
centimeters per minute (sccm). Based on our previous work (8), plasma treatment time was set for 30 s to achieve
the highest adhesive/ dentin interface bonding. After plasma treatment, the dentin surface was rewetted to be
visibly moist before applying dental adhesive (Adaper Single Bond Plus, 3M ESPE). The applied dental adhesive
was then light-cured for 10 s using Spectrum 800 (Dentsply, Milford, DE, USA). Then a dental composite (Filtek
Z250, 3M ESPE) was applied on top of adhesive for three to four times and light cured for 20 s for each
application. The tooth- composite bonded sample was stored in distilled water at 37 °C for 24 h before preparing
micro-bar specimens for micro-tensile bond strength (UTBS) test. The prepared teeth were sectioned with a
diamond saw under water cooling to produce micro-bar specimens with cross-section dimension of ~1x1 mm2,
~1x2 mm2 and ~1x3 mm2. 4 teeth were used for each cross-sectional dimension and the numbers of the microbars
obtained from each tooth were summarized in Table 1. The exact dimension of prepared micro-bar specimens were
measured using a digital caliper.

TIZRART I VEMEA LT T A FEIZOW T, ATOMFE T LE Lz,

(8), 77 XA~ 77 %, Spellman HV 7EJi SL60 (Spellman, ==—3a—7 KEDZ@HEHAL, 7/ i E3,00042HENT )7
TUF A= MM LT, B L UL6 mA(E S L~ 2~3WITHRY) CTEIE S ¥ E Lz, (scem), T4 O LLRTO#FZE(8)
ZHESWT, REOEEMIGF R EESEZERT 72010, 77 AV UBR 230 E LE Lz, 77 XA~k th
#2254 (Adaper Single Bond Plus, 8M ESPE)# & A 2ilc, RAEXRA#HEROE THICAx TEOEE L, K
2, B SNBSS A . Spectrum 800 (Dentsply., V74— K, 7 v 7M., KE)ZMHH L TLORME ML S
BE L, ki, ERAEAH (Filtek 2250, 3M ESPE) Z 27540 EIZ3~4R18AG L, B4 2 & IS0 ML S E L
oo L EAM MBS LIc v 7T, ~ A 7 nBlEBEERETBS)MBA O~ 1 7 n A —illp i 28+ 2102, 37°C @
AREUKPIC24R RIS SV E LT, L7 Z2 KB T TH A YEY R —CUlr L, Wi -1E2501 x 1 mm?, 1 X 2 mm?2,
BRUL X 3mm2D~A 7 A=A EER L E L, SWimE-HEZ4>OEEER L, @1 LE6N~ A 7 n3—0¥
ERUCEEDE L, LI~ 7 m A 3—RB T OEMR AL, TUFV JXRAEERLTHIELE L,

Micro-tensile bond strength (uTBS) test #/N3I3EiEEREE (WTBS) RKER
The micro-bar specimens were examined and screened using an optical microscope (AMscope, City,
California, CA, USA) for possible defects existing at the adhesive/dentin interface. The specimens
that passed the screening were adhered to micro tensile tester (BISCO, Schaumburg, IL, USA)
using a cyanoacrylate adhesive (Zapit, Corona, CA, USA) and tested at a 0.5 mm/min strain rate.
VA 7 R R—RERL, PEEM & RFBEOREIAFAET D TREMED & 5 KKalc DWW T, SREBMEE (AMscope. City.,
California, CA. USA) AL THRABLIOR 7 ) —=v 7 EnFE L, A7 V—=v 7B LICBBAIL, v 7 /77
U L— bEEM Zapit, KED Y 7 =7 MaaP)aEEHA L TvA 7 as|EREE (BISCO, XKEA YV /AN v —7)
WZHEE &, 0.6 mm/y DO OT BGHE Tl SvE L7z,

Characterization of fractured surfaces FEETE O ST

After the pTBS test, optical microscopy was used to examine the fractured surface for failure locations. The mode
of failure location was defined as following: Interface failure - fracture occurred in adhesive with no fractured
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dentin on the resin and no remnants of resin on the dentin surfaces; Cohesive failure - fracture is completely
located in dentin, resin or Zapit; Mixed failure - test specimen shows both interface and cohesive failures (15).
nTBS 7 A Mg, JESEBRME 2 8 U CRETiE ORHERE T 2 A L £ L7, BHEEEFTOE— MIIRO LI ITERSNE LT,
RS- LYy RIS SN RFEN L BFEERRICL VY OB VIRIE CHEBRNCHIEN A LE Lz, EREM
BRI RICRIAH, LY, 3 ZapitiTE LR, IRA MR- I mRE & SRR O T 2R L9 (15),

The morphology of the fractured surfaces was examined using a scanning electron microscopy (SEM) (Quanta
600, FEI, City, OR, USA). The fractured bars were fixed on aluminum stubs with the fracture surfaces facing
upward. All samples were imaged using the environmental and/or backscatter modes of the microscope. Specimens
with cohesive failure of dentin or composite were selected for interface quality observation. In order to see hybrid
layer and resin tags, acid-bleach treatment was used by following the procedures reported in previous work (16—
19). In brief, 5 M HCI was used to treat the plasma treated and untreated specimens for 60 s and 30 s, respectively.
After thoroughly washed with distilled water, the specimens were immersed in a NaOCI solution (chlorine 4.00—
4.99%) for 30 min. After rinsing with distilled water, the specimens were dehydrated in ethanol/water mixture with
ascending concentrations starting with 50%, 70% and 85% for 15 min each, followed by 95%, 100% and 100% for
30 min each. After drying, the prepared specimens were mounted on aluminum stubs and coated with 5 nm of
platinum for SEM examination.
kO, EEEFIEMEE (SEM) (Quanta 600, FEI, City, OR, USA) Zfiff L CTHREINE Liz, Ml Limk%,
Wi 2 B CT VI =0 AORY TIZEE Lz, $XTOY T AL, BMEOBREET— R L OV E 138 LT —
Raff L CEglbSnE Lz, RFEEITEEM OBEBED H 2EANREmEBEMICEBRENE L, "7V v
K@ & BHIE & 7 % M8 D721, PARTOBFZE CHE SN FIEICHE - THREALEEAEH S E L72(16-19), fliHIZE
&L BMHCIZE LT, 7T A< UBL L7 AR L RBEOEA Z TN E 60 & SO FIALHE L % L7z, ZREKTHocitd
L7t 3B 2 NaOCHRIR(HF4.00~4.99%) 2305 EIRIE L £ LTz, RBKTTTWER, EAREZT Y 7 —VIKIREIRT
T, 50%. 70%. 85%DIREENHIFD TAISMIMA L, HEVTI5%, 100%, 3L T'100% TH305 MK L E Lz, Haf
%, WESHWIERIT VI =0 LAORZ TIZWMO AT b, SEMBED DI nmD 7' 7 FFTa—7 4 7 ShEL
7o

Data analysis T—4 2#t
The numbers of micro-bar specimens obtained for each cross-section sizes test were detailed in Table 2. The tensile
stress data obtained from uTBS test were used to evaluate the plasma treatment effects on adhesive/dentin bonding
strength. The tensile stress data obtained from all test specimens that have the same cross-section size from
different teeth was combined and analyzed using Welch’s t-test to account for the possibility of unequal variances
after verifying the data distribution normality. Ten sites of the hybrid layer and fifty resin tags shown in SEM
images were analyzed using Image J software to calculate the means and standard deviations of the thickness of
hybrid layer and the length of the resin tags.
FWrE A XRBECR LN~ A 7 nA—3 B O$ & Table2lCfE LS R LE T, uTBS RE) LA LNZEIRIE T —4
EREALT, $EM L QP EOBEBRE KT 2577 A QB OMREZTE L £ Uiz, R 28 OR CHit A A& o~
TORBRANO/ONIGIRICNT — 213, 7 —F 0 MOERMEHEE L%, NESMOAREEEZEZEL TY =L F OtiE
L TRAI ZOOHT SILE Lic, SEMEIEIZRENTZNA 7Y v REO 10 & 508D /E S 7 % Image JV 7 U =
TEERLTOI L, "7V Y FBOES LIS 7 ORSOFH LIFERAELZFRLE L,

Results #8
Figs. 1 and 2 show the mean bonding strength of the micro-bar specimens with cross- sectional size of 1x1 mm2

1x2 mmez,, respectively. As shown in Figs. 1 and 2, the plasma- treated specimens with cross-sectional area of 1x1
mmz, and 1x2 mmz, had much higher mean bonding strength than their corresponding untreated same tooth
controls. When the specimen cross-sectional area was increased to 1x3 mmz, as shown in Fig. 3, the mean bonding
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strength of plasma treated specimens was still higher than their corresponding same tooth controls, although the
difference became less significant than that of the smaller specimen sizes shown in Figs. 1 and 2. It should be
pointed out that, with plasma treatment, the adhesive/dentin bonding strength was improved for all the teeth tested
as compared with the same tooth controls. The results shown in Figs. 1-3 also clearly indicate the effects of
individual tooth on the measured adhesive/dentin bonding strength for both plasma treated specimens and their
untreated controls. It can be seen that individual tooth did have significant effect on the bonding strength of the
resulted adhesive/dentin interface for both plasma treated specimens and the untreated controls.

Figs.l ¥ X U\Figs.21Z. ZNFHEEY A X 1x1 mm2, 1X2 mm2D~ A 7 v 3—RER Fr O ME 2R L TWET,
Figs. 1B X UFigs. 21" T L9 IC, WHA 1 x 1 mm2,BL U1 x2mm?2, OF T A< SN BRI, G125 RLFEOF
UHOGIREL D HILDMICE O PR GMEZ A LTz, Figs.3Ind £ 210, #BRT OBrmEA 1 X 3 mm2, 280 L 7243
B 7T AR LT RBT OEAES TR L, KRS 2RI CEOXIRE D IR E L TR oTed, TOEL, EFZEHE
TR 720 £ LIz, K 0/h& 722l X% Figs. 18 L OFigs. 2lR LE T, 77 X< iR CiE. [ Uxlifth & bhie L
T, R LT RN TCOROESLE T ERFEOHEAMEN M L L2 L2 L T LERDH Y £, R EFigs.12> 5317
T, FEiz. Figs.1hH31E, 77 AL ST AEAR & RIEED 6t O 712DV THRIE SV 7oH275 1115 GG A SR (x5
Dl 2 DOWOFEE PRI R L TWET, Hx O, 7T XA WIS NIAEAR & RILILO K RO T2 DOWT, iz
FERNIG A E S OBAERE | HERREE T L &R £,

Besides bonding strength, the fracture location of the tested specimens provides information for further evaluation
of adhesive/dentin interface quality. The fractured surface of all the tested specimens including both plasma treated
specimens and the untreated controls was carefully examined and analyzed under an optical microscope. Table 1
summarizes the number of micro-bar specimens from each individual tooth and the fractured location percentage
after the uTBS test for the micro-bar test specimens from each individual tooth. It can been seen from the Table 1
that interface failure was observed more frequently in the specimens obtained from the untreated controls than that
in the plasma-treated specimens. The large percentage of cohesive failure was found with tested specimens that
have larger cross-sectional size of 1x3 mm2 for both the untreated controls and the plasma-treated ones.

BEATREE TN A T, B ORI ALE T, BAEM LR FHEOREOMEZ S DICFHET 2720 DifHae Rt LES, I X~
SR U TR & ARALFR O Kt RO T 5 % 10 9™~ C ORBRIEAR O & Yo P B CIEER<MA L, 28T LE L7z, Tablel
X, BEBOEID DO~ A 7 a =3B 0oL BEBOWEIE D~ A 7 m S —3 BT O TBSERERE ORHENLE OFIE %
FLDIZbDTY, Table 16, FEMEIX, 77 AL INTFEL Y RLILOIRNOE LN IZFBHI BT L Y
BB I NI bbb, ROAEOXIIRE 7T A< L7 B O 5T, 1x3 mm2, &\ )5 L0 K& ZRWE A &
T OB CEHEMEDO RELRFIGHRRONE L,

Fig. 4a shows the statistical comparison of nTBS test data obtained from all the test specimens from different teeth
with cross-sectional size of 1x1 mm2, 1x2 mm2 and 1x3 mmz2. It was noted that the adhesive/dentin bonding
strength of plasma treated specimens with both 1x1 mm2 and 1x2 mmz2 interface area was significantly higher than
that of respective untreated controls (p<0.01). When the interface area was increased to 1x3 mmz2, the mean value
of the WTBS tensile strength for plasma treated specimens was higher than the corresponding untreated controls,
but significant difference was not observed between them. To further show the plasma treatment effect, the
percentage increase in pWTBS test data due to plasma treatment is presented in Fig. 4b. Regardless of the individual
tooth effect and different cross-sectional area, plasma treatment substantially enhanced the adhesive/dentin
bonding strength with an average of 15-45 % increase as compared with the untreated controls. It should be noted
from Table 1 that only 1-4 specimens with cross-sectional area of 1x3 mm2 could be prepared from a single tooth
because of the limited dentin area. Table 2 summarizes the sample sizes used for the statistical analysis and the
predicted sample size required to get an accurate estimate of the mean bonding strength at a confidence level 90%
using QI Macros. As seen in Table 2, the numbers of the test specimens with both 1x1 mm2 and 1x2 mm2
interface area used in this study were larger than the predicted sample sizes. However, the number of the test
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specimens with 1x3 mm2 needs to be increased in order to improve the analysis reliability.
Figs.4ald. WiV A X1x1 mm2, 1X2 mm2, 1x3 mm2D 372 5 H DT X CTOREBF )55 5N 7-pTBSRBRT — # O ikt
AR L TOWET, REEF1X1 mm2EB L OIX2 mm2OW G 264 2 77 A~ B S T AEAR O /R B G 51
ZNENORLI RO ZN LY bHEICEN 2722 EMER SV E L72(p<0.01), S HEAE2 13 mm2 Ny 5 &, 77
A= JLBERER i OpTBS 5| R S OFEMEIE, MG T D ARLHEGRE Y &< 20 LR, 2 b OMICHERITBIZ SN
FHATLI, 7T AWM RE S BITRTTZDIT, 77 7\“7&& 12 X 2uTBSERERT — % O % Figs.4blZ/R L E
T M2 O OHERCWTHEBEOE NIRRT AT LY ?ﬁéﬁl | & G OHEAETREE DS KR A B L, ARALEE D
MR bl LT 15~45% 1N L £ L7z, Figs1h b, RIE WEME LTS T2, IAROEH G WififT1x3 mm? DOFEA
DI~4H LR TE oo 2 L ITEE LT EEW, Figs2ld, #HEHAIICER L7 4 X QIv o m & fl
U TR HE90% T -2t A 5REE O IEfE 7R HEE I A TS T 2 72 DI E R TRV 7L 4 XEF L=t D TY, Figs.2
WCRBND K DIT, Z O T éhtlxmm%otouzmmmﬁﬁ TR A R ORB A OL, FllsnY T A
PSURY 2/ 7’_0 722U, fRATOEREMEZ 1A B S 572 ®I2iE, IX3mm2ORER T O A BT RERH Y £7,

The adhesive/dentin interface of the plasma treated specimens and their untreated controls as examined by using an
optical microscope. It was noted that the plasma treated specimens had less defects or voids existing at the dentin
/adhesive/ composite interface than the untreated same tooth controls. Moreover, the size of the voids at the
interface was also smaller for the plasma treated specimens.

SFBMBEAEN L TRE L, 77 AV LTEAR L 2 ORI O R OBAEM IR TGN E, 77 A~ L ST gEA
3. RUBOFR U OB E Y &, FE HER EEMEO R ICHFET 2 KM E I2ITZEZRB D722 LR ER shis,
I, REDERDOYA X, 77 AVRELE NIRRT O 0hS <70 F LT,

In the backscatter mode SEM images, high atomic number elements backscatter electrons more strongly and
appear brighter than low atomic number elements. Fig. 5 shows the representative backscattered images of fracture
surfaces of the plasma treated specimens and their untreated same tooth controls after uTBS test. As seen from the
images, the composite appeared brighter because of containing Ba and Si elements, while the adhesive and the
etched dentin looked darker because they contain only C and O elements. The images of the fractured surfaces
revealed that the untreated control specimens mainly failed at the adhesive/dentin interface with dentin exposed,
while the plasma treated specimens showed a mixed failure with more cohesive failure of composite and Zapit.
Through the SEM images with higher magnifications shown in Fig. 5, the dental tubules can be clearly seen on the
exposed dentin surface due to adhesive pull out, while only composite was observed on the fractured surface for
plasma treated specimens due to cohesive failure of the composite.

%I EELE— FOSEMEE TIE, HFEFORWILRITET 2 LV BMBELTHELL, Fr&ETORWITRERL LI RAE
9, Figs.5 (%, u TBSuft%ﬁ?‘£®7 T A JUPR S AT REAR & AR D[R] Ut D et FR O I D AR 224 S HGELEIR 47 LTV E
T HBENDB DD LIS, EAMENIBalSitEEELR2H L VAL A T2, #EM Ly TF L/ ENERFHILC
LOREDOHEE Ut&bﬁi < RAFET, WEOBEEG, RO REAILEICHEM L RFEORE CTHIE L. $HEN
HHLTWDDIZK L, 77 X< LT AEAL %”/\*/TkZaplt@ot DB A ML D IRAME A R LI Z E RSN
L7z, Figs 5IORd mfs ROSEMEL CTlE, B#EAOL LK VERH LR FEREICHMEN T 0 LR TEET
W, TT A IR U T ARAR ORI R BRI 1Y %Eé%@zm %éﬁ% ShET,

The quality of hybrid layer and resin tag were examined using SEM with the microbar test specimens prepared by
the acid-bleach technique (16-19). As seen from the typical SEM images shown in Fig. 6 for plasma treated
specimens and the untreated same tooth controls, the adhesive/collagen fibril hybrid layer and adhesive resin tags
penetrated into tubules were clearly observed. Through Image J software the thickness of hybrid layer for plasma
treated specimens was 1.92+0.15um, which was apparently much thicker than that of 1.13+0.15um for untreated
specimens. It was also noted the length of resin tags in plasma treated specimens was 38.47+10.80 um, which was
much longer than the length of 20.17+5.50 um in the untreated specimens.
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Discussion iR
Plasma treatment using inert gas argon has been widely used to modify biomaterial surface (19, 20). When
electronically activated into plasma state, argon plasmas consist of many energetic and chemically reactive species
including high energy electrons, ionic species, electronically excited neutrals, and free radicals, etc. These active
species in argon plasmas can react with the treated surface and thus modify the surface chemistry and properties
without affecting the bulk material properties (21, 22). It has been reported that, after treated with argon plasma,
the water contact angle of collagen surface was significantly decreased (23, 24). Dentin surface contains a fibrous
collagen network after removing drilling debris and some surface minerals by acid etching. Our recent results (7, 8)
showed that, after argon plasma treatment, the hydrophilicity of the dentin surface was increased and an increased
number of carbonyl groups were found on the surface. Surface hydrophilicity increase will improve the penetration
of hydrophilic monomer components (e.g. hydroxyethylmethacrylate, HEMA) of dental adhesive into collagen
fibrils and dentin tubules. After light curing, the penetrated monomers polymerize and provide micromechanical
retention of resin to the dentin surface (1). Another reason for enhancing the adhesive/dentin bonding strength is
that plasma treatment could introduce activated sites, such as free radicals or peroxides, to the dentin surface,
which would initiate polymerization of adhesive monomers and graft resin onto the collagen fibrils through
covalent chemical bonding. Our previous FT-IR result has shown that plasma treated dentin surface could induce
HEMA graft polymerization on dentin collagen fibrils (7). It is indubitable that the covalent bond formation
between HEMA and dentin collagen fibrils would lead to stronger adhesive/dentin bonding strength.
RNEWHATHLT N A L2 7T A~ BiE, B ORE 2 WE T 27O EHE T ET 19, 20), &
FICIEME L SN TT T ARIEICAR D L, TAIV T T AL, MR —ET, A AU, B Sz ikt
TIV=F VN EEET, £ DZRLF—{LERGHEOE TR INET, TAIy 7T RXHD s OIEHRET,
RIS LRI & SUS LT, RiAZYET DWREMENRH D £, AT MEOREIZEEZ 52 5 Z &7 < RKiiO(LFRIE
Bt am SN TEETQ2L, 22), TAIVT TR TUE L%, 27 —F L REOKEANE L L
T2 ENMEINTND23, 24), REFBEOREITIE, BTy F o 7 X o> THAMA & —HORE I X T VERE LICE,
BHERD 2T =7 Xy P = RNEENTOWET, Fx OFEORRT, 1%, TN F 77 A<tk GFEREOBK
PEDMEIN L, RENCH VR NVEEOBPIN LI 2 L &R LE Lic, REOBAKMENEE D &, WRHBEEROBKIEE ) ~
—msy (B Rrf¥vzF x4 7Y L—h, HEMA 72 Y) ©a7—57 U FRMECGAFEME ~OREN I ELE4, ek
%, BE LT v EA L, SAEREITHIR 2 MO IR L E T, BEMESFEOBERELHDDH 1
SOBMT, T AVAEIZLY 7 ) — T U H A e L OIS S S FEREICEA S, EARAIC L Db
FEEMLTad =7 VR L CHEENE / ~—L 777 MO ESE D RB S D AR H D Z & T, Fx OLIFIO
FT-IRFERIE, 77 AU SN =R ERENRAE 27— 7 VIR ECHEMAY 7 7 NEAZ#HRET 5 MR b 5 2
LERLEL®D, HEMAE R HE 27 — 7 VRRHER O LG REGORRIC L0 | K0 8172885 IR FEREGTRENHE S
NDZ TR ORMMBH Y FH A,

Our results shown in Figs. 1, 2 and 4 have evidently indicated that argon plasma treatment has significantly
increased the bonding strength measured using micro-bar test specimens with cross-sectional area of both 1x1
mm2 and 1x2 mm2. The mean bonding strength of plasma treated specimens with 1x2 mm2 interface area has
been found showing 45% increase as compared with untreated specimens. It was also noted that (Table 1) the
percentage of interface failure in the plasma treated specimens was less than that in the untreated specimens,
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indicating the adhesive/dentin bonding strength of the plasma treated specimens was even stronger than the
measured data by uTBS test. Examination of the fractured surfaces using an optical microscope and SEM showed
that (Table 1, Fig. 5) plasma treated specimens had more cohesive failure than the untreated controls. The SEM
images shown in Fig. 6 also revealed that plasma treatment made the adhesive wet the dentin surface better and
penetrate deeper into the tubules with longer resin tags when compared with the untreated controls.

HFox OfER % Figs.2. 31”7, Figs.l, 28 L0, WAMEA IXx1mm2BI ORI x2mm?OliF0~A 7 o —@ %
AU CHIE L BERAREN, T Tr 7T X< IR L > TRIBICHMULIZZ L2 LNTR LTS, FRREHEEN
1X2mm20D 7T A~ ALHE S U7 T O SRS A IR 1T, ARLBLORBRA & L L T4h% NI 5 Z & nbinh L7, £

To. TR LI AEARICBT 2R mEBEOEE (Figs.1) 1%, RUEOEARL D D70 o/ Z LI ER L TLES

WV, ZAUE, 7T AU USROS IR A EEAREN, pTBS 7 A MIEAMET —F L0 b I B o7 Z & &R
LCWET, HFBEMEE L SEMAEMR LIl ORAEIZL Y, 77 A~ S 73BT 3R O K 0 S EREREEN S
NI ERDAY E L7=(Figs.1, Figs.5), Figs.61Z~ 3 SEMEI4IE, RAFOGH L Ll LT, 77 A< LHIZ LY BEM R
FEREZ LV EIKHEL L, FVRWEIIRY 7284 2MEICRAIRET 5 Z L b LM LE LK,

Examination of the micro-bar test specimens using an optical microscope indicated plasma treatment led to less
voids or defects at the adhesive/dentin interface than the untreated controls. The voids or defects at the interface,
which have also been observed in the previous work (25), would affect the bond strength measured data by pTBS
test. Finite-element analyses have shown the voids or defects in the adhesive/dentin interface induced the
propagation of fracture (26, 27). A large number of voids at interface were associated with low bond strength. The
voids also would expose collagen fibrils and result in an increased risk for collagen degradation and dentine
sensitivity. In contrast, the increased surface hydrophilicity of dentin due to plasma treatment enhanced the
diffusion and penetration of adhesive monomers into the collagen fibril network and tubules on dentin surface,
which reduce the number of defects and voids at the adhesive/dentin interface and thus improve interface quality.
SFBWEBE A Lo~ A 7 o A= ORETIE, I AT LY, ROBOMR LY 5 L 2P RO REICH
T2 ZE R E TR T D 2 L3RS E Uiz, LARTOIERE) THBLZ SN RE DR A FEITKMIE, 1 TBST A
MR DEEBREDONET — 2 TR BE 5 A DFRMENH Y £, ARERMT TII, B8 H/S T - R D220 £ 7213 KA
BEOIREZ B SR ZTZENRINTWET(26, 27), REIZZEOZERNRH D L, BEBEMER 20 £3, £z, 2R
CRD A= UERMERERIN L. 2T =7 D0k EQFEOMEREO VA7 BEILE£3, dRIIC, 77 X< ABic
K2 FEORMEBUKIEOWNINT, #EME ) ~—ORFEREDO 3T — 57 VMR v b T — 7 LB~ L 23 24
HEL, BEMERFEORE CORE EZEROBEWS L, REzdELE£T,

As noticed in Figs. 3 and 4, for test specimens with an interface area of 1x3 mmz2, the mean values of the measured
bonding strength are clearly higher for the plasma treated specimens than those for the untreated controls, although
statistically significant difference was not found between the plasma treated and untreated specimens. As shown in
Fig. 6, however, examination of the adhesive/dentin interface with SEM showed that the plasma treated specimens
had a thicker hybrid layer and longer resin tags than the untreated controls. This result indicates that plasma
treatment provides an improved adhesive/dentin interface quality, which attributes to enhanced interfacial bonding
strength (28).

Figs.2/» b0 5 K 512, Figs. 3L Figs 43 L 212, RmmfE 1x3 mm2OREBR T 04, IE S -G TRE O SEE
3. I AR URBRA O BRLEOHBO S DXL B ENCELS R TWETR, 77 XA~ & 7T A~ OMIIEHE
FHICABERET RS FHAT LU, ABEFEADIER L RABLOEAR, LovL, Figs.6lIRT & 912, BAEM/RHE R
ZSEMTRET L L, 77 AV LT EARIIRLEOMIB LD bIEV AN, 7Y REERWEIEY 7267252 &R Eh
F Lz, ZORRIEL, 7T AR L EEMSRFERmOMEN M EL, ZhRARESEEREDON EICHET 52 & &R
L TWET(28),

There might be two reasons for no significant difference found within the specimens having 1X3 mm2 interface area.
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First, it is probably due to the less number of test specimens. As shown in Tables 1 and 2, because of the larger
cross-section area, only ~ 6 specimens, i.e. ~ 3 plasma treated and ~ 3 untreated, can be prepared from one single
tooth, while there are 13-20 specimens with 1x2 mmz2 interface area and 13-25 specimens with 1x1 mmz2 interface
area. With 4 teeth used for micro-bars with 1x3 mm2 surface area, only 10 plasma treated test specimens were
obtained along with 10 test specimens as their untreated controls. To achieve statistical significance, a larger
sample size is necessary and more teeth will be needed. According to the analysis using the Sample Size function
of QI Macros shown in Table 2, the number of samples with 1x1 mm2 or 1x2 mm2 interface area used in this
study resulted in an accurate bonding strength with 90% confidence level and 4 MPa margin of error. To get the
same confidence level analysis result, 8 more plasma treated and 12 more untreated specimens, equal to 4 — 5 more
teeth, would be needed for 1x3 mmz2 interface area for the given standard deviation. Second, it is hard to measure
the true ultimate bonding strength because of a large number of cohesive failures in composite, denting, and/or Zapit
as summarized in Table 1. PASHLEY et al. reported that large bonded surface areas would produce cohesive failure at
relatively low bond strengths (11). SANO et al. also found that when the cross-sectional area of bonded specimens is
reduced, the number of cohesive failures fell down (9). Therefore, use of specimens with 1x3 mm2 interface area might not
be suitable for evaluating plasma treatment effects.

REHERD 1x3 mm2ORBR AN CTHEZRENRONBRWEIIE2OZE X bNET, 7. RBTOER D2 EBRKE T
9, Figs. 138 X UFigs. 212" 9 K 512, WiaFEN K E Wb, IROHE D DITRKEDER LT A, 2FED, M
BRI T DREARDR KRB D, RAABLOEANR IR DT, IROWNSERTE ET2, 1x2 mm20 S ik & £ OB
1313~20ME, FEfEE 1X1 mm2ORBRA1L183~25H Y £, REELIX3 mm2D~ A 7 0 "—{Z42D K EHEH L
B RUHEORHE L TIOEORERR & &bz, 77 AR I NTZRBRA D10 LG O EFATL, MEHHAEEE
ERT D123, KVRERYF TN A INPLETHY, LV L OEPBEIT/RY 7, Figs.2lRmTQl ~7 nd¥ 7
YA B AEH L2 Wric L B &0 2O THEM L721x1 mm2E 721 1x2mm20 FURfER & R o 7 08ic £ v |
90% DAE FE/KYE & AMpa D IERE /R B2 TRE NS B E Lz, MPaldidzeO#ii <9, F CIEEKEOSIEREZS 511X, A
TE DFEMEMRZE00 18 mm2S A IC kT LT, S HIZ8ED T T X~ MUHIE A DOREAR & X HIZ 12O RLBEOREAR BB 72
T, ZHUIHOA~EARICHY LET, H22, Figs.lllxtHonNTWb EHic, HAM., ~ZH, BLOVE LT Zapitic i
SELDOBREMIEN T AT D 7200 EOMIREAS R 2 ET 5 OIXREECT, K& RBE RS AR 5 R ClRsE
WEE G X o2 L AW LE L1, Sanoetal 7=, 835 Sl OB R 35 & | BEEMEO S 3
HZEBLRRLELRO), Laio T, REmES 1x3 mm2ORBA OFEMIL, 77 A~ WUBLO R % FHli 25 O 135 &
TRVTTREMED DV £7,

In this study, we were able to evaluate plasma treatment effects using the same tooth controls. It is known that
tubule size, orientation and water content of dentin vary widely from tooth to tooth (29), which significantly
influence the adhesive/dentin bonding strength. Different tubule size and orientation will lead to difference in
adhesive permeability (1).Water content of dentin is another factor that affects interface bonding because dental
adhesive systems are very sensitive to the water content on dentin surface (30). An under- wet surface will lead to
the collapse of collagen fibrils. On the other hand, an over-wet surface will lead to adhesive phase separation (31).
As shown in Figs. 1-3, even with the untreated controls, the adhesive/dentin bonding strength varied from tooth to
tooth. By using the same tooth controls, in this study, we were able to evaluate the plasma treatment effectiveness
in improving adhesive/dentin interface quality and the resultant interfacial bonding strength by eliminating the
effects of individual teeth that usually have the huge difference in composition, tubule size and orientation, etc.
ZOWIETIE. FUEOMBEMLET L TT 7 AVIGRODREZTET 5 Z LN TEE Lz, ZFEOMEDOY A X, B, &
KEITH T EICKRE SRRV (29), BBEM L LT HOBEEBREICRERPELEZA D LAMONTVET, MEDTA XL
ME NI D & BEEMOBEER R £3(),

R A v AT MIRFEREOKMIEFITBETH D720, RFEOKGEARIINER-AEITHEL 52569510
DERKTH(30), KEAHILTWRWE , a7 —F U FMHENRE L £9, —FH., REABEITHNL TN D & BEEAIHOS
BED A C £ 97(31), Figs.l, 21279 & 51T, Figs.1mb3ITmRT L 510, RIFKOMETH > Th, HAEM &L LFEOHAERE
TS EICR R ET, ZOMETIE, Bz bae— Va2 FRAT5Z LT MASHEICREZEWD D Sl 4 DD
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Our experimental study evidently demonstrated the effects and effectiveness of plasma treatment on improving
adhesive/dentin interface bonding by using the same tooth controls and varying the interface area of the microbar
test specimens. The experimental results showed that, using micro-bar test specimens with interface areas of 1x1
mm2 and 1x2 mm2, the adhesive/dentin bonding strengths were significantly enhanced by non-thermal argon
plasma treatment. Microscopic examination of the fractured surfaces using both optical microscopy and SEM
revealed that plasma treatment could reduce the interface defects/ voids and thus improve the interface quality,
which could be attributed to the increased hydrophilicity on dentin surface by plasma treatment. On the other hand,
microbar test specimens with an interface area of 1x3 mm2 were found not being suitable for evaluating plasma
treatment effects using the same tooth controls because of a small quantity of specimens from each single tooth and
a large number of cohesive failures of the test specimens. In conclusion, the experimental results from this study
further demonstrate that non-thermal argon plasma treatment is very effective in improving adhesive/dentin
interface bonding strength, which is crucial for increasing longevity of dental composite restorations.

B BOEBRIIGEIE, RUEOa sy hu—nZ2fH L, ~A 7 e A—RBA OREEMAEZZ D 2 LIck v, #5M S 0Y
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Figure 1.

Comparison of micro-tensile strength of 1x1 mm? specimens treated with plasma and the
untreated same tooth controls
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Figure 2.

Comparison of micro-tensile strength of 1x2 mm? specimens treated with plasma and the
untreated same tooth controls
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Figure 4.

Comprehensive comparison of micro-tensile strength of specimens of different interface size
treated with plasma and the untreated controls of all teeth. * represents the significant
difference (p<0.01).
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Figure 5.

Representative backscattered SEM micrographs of the fractured surfaces of (A, B) untreated
specimens, and (C, D) plasma treated specimens form tooth 2b with the 1x2 mm? interface

area at different magnifications.
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Figure 6.

Representative SEM images of acid-bleach treatment interface of (A, B) untreated
specimens, and (C, D) plasma-treated test specimens from tooth 3a with the 1x3 mm?
interface area
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Table 1

Number of the micro-bars and the percentage of each failure mode of the uTBS tested specimens obtained from each tooth with cross-section size of 1x1
mm?2, 1x2 mm2, and x3 mm2.
Wi oA A A3 xImm?2, 1x2mm?, x3mm2D4 75> 615 57 uTBSIRER i O~ A 7 1 "— 0¥k & KiiEE€— FOEIA,

1 2 3 4
Micro-bar
Cross- Tooth
secuon Itrlgz;:(ga Control l(r'g;'t'e'a‘ Control i;g‘;'tga‘ Control 'trlgao"(gal Control
¢ 0-bars 9 5 16 9 7 9 8 5
1x1mm?  Interface & mixed failure™ (%) 33 60 63 44 29 44 100 100
Cohesive failure™ (%) 67 40 27 56 71 56 0 0
Number of micro-bars 9 5 8 5 7 8 11 9
1x2 mm? Interface & mixed failure (%) 33 80 100 100 71 100 82 89
Cohesive failure (%) 67 20 0 0 29 0 18 11
Number of micro-bars 3 2 2 3 4 3 1 2
1x3 mm? Interface & mixed failure (%) 33 50 0 67 50 33 100 100
Cohesive failure (%) 67 50 100 33 50 67 0 0

Interface failure: fracture occurred in adhesive with no fractured dentin on the resin and no remnants of resin on the dentin surfaces; Cohesive failure: fracture is completely located in dentin, resin or
Zapit; Mixed failure: test specimen shows both interface and cohesive failures
ARG 2 O TR L7355 ORI, 254 & 5 (R o R g Interface failure (3> 5 W I BESEME) &, B840 N CREBEASE 2 % EREATIECohesive failure’ b 5, £7-, #25
D3R < A IR B S AR 2 B & 1 TS (R D BRI Mixed failure (5 (KTEE) Cb %



Table 2

Total number of the micro-bars for each cross-section size and estimation of sample size at a specified confidence level and error using QI Macros.

Ql ~7 vz L7z, FWiHY A XD~ A 7 u =il | fESNIEEAKETOY 7L F A ZOHEE S L UWRE

1x1 mm? 1x2 mm? 1x3 mm?

Cross-sectional
R riaaa Control riaaa Control riasina Control

treated treated treated
Total number of micro-bars 40 28 35 27 10 10
Predicted sample size 33 21 25 17 18 22
Confidence level (%) 90 90 90 90 90 90
Error (MPa) +5 +4 +4 +4 +4 +4




