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Abstract

Objectives To develop a highly sensitive and reliable method for detecting Monobond Etch & Prime (MEP) residues on
lithium disilicate glass ceramic (LDGC) surfaces treated with different cleaning procedures after MEP treating.

Materials and methods A sensitive and reliable high performance liquid chromatography-tandem triple quadrupole mass
spectrometry (HPLC-TTQ/MS) method was developed for the accurate quantitative determination of tetrabutylammonium
dihydrogen trifluoride (TDTF) in MEP. 100 rectangular LDGC specimens (8.0 x 5.0 x 2.0 mm) were fabricated using CAD/
CAM and then treating with MEP. The residual amount of TDTF in the LDGC specimens surface was tested after different
cleaning procedures with different experience dentists (Junior Dentist, Experienced Dentist), different rinsing times (3 s, 6 s,
9 s) and with or without ultrasonic cleaning (UC) (n=10).

Results The developed method showed good linearity (r> > 0.999) over a wide concentration range. The limit of quantifica-
tion of TDTF for MEP residue was less than 5 ng/mL. The method was then applied to a comparative study of MEP residues
after various cleaning procedures of LDGC specimens. Residual TDTF was detected in all experimental groups with masses
ranging from 62.42 ng to 74,611.74 ng. In the absence of UC, the Experienced Dentist group had lower TDTF residual levels
(5,930.74 ng) than the Junior Dentist group (30,802.05 ng) (P<0.001). The TDTF residue level was significantly lower in the
rinsing 9 s group (3,102.89 ng) compared to the rinsing 3 s group (25,348.57 ng) (P<0.05). After UC, for the same rinsing
time there was no significant difference in TDTF residue between groups (P>0.062). Notably, TDTF residue levels were
substantially lower after UC with the same cleaning dentist and rinsing time (P<0.012).

Conclusions No cleaning procedure can completely remove MEP residues, the dentist’s clinical experience affects the
degree of MEP cleaning, extended rinsing time improves cleaning efficiency, and ultrasonic cleaning is an effective method
of removing MEP residues.

Clinical relevance No cleaning procedure can completely remove MEP, and dentists can increase the efficiency of cleaning
by extending the rinsing time and using ultrasonic cleaning.
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Introduction

Lithium Disilicate Glass-Ceramics (LDGC) is one of the
most commonly used restorative materials in current den-
tal clinics due to its excellent aesthetic, biocompatible and
mechanical properties [1]. Debonding is one of the major
clinical complications of LDGC [2]. The most common
method for improving the bond strength of LDGC is etch-
ing with hydrofluoric acid (HF) followed by silanization [3,
4]. After etching with HF, the glass matrix of the LDGC
is selectively removed and the crystal structure is exposed,
thus the ceramic surface becomes roughened, which is
expected to form micromechanical retention on the ceramic
surface [5]. In addition, the roughened etched surface helps
to provide more surface energy before binding with silane
solution [6]. However, HF is hazardous because it is cor-
rosive, reactive and toxic [7]. In case of direct contact, HF
may cause tissue damage, even necrosis [8], so the use of
HF as a ceramic etching gel is banned in some countries [9].

To avoid health hazards of HF in the dental office, a
self-etching glass-ceramic primer Monobond etch & prime
(MEP) is recommended to be used as a substitute for surface
treatment of HF and silane [9, 10]. MEP not only reduces the
processing steps, but also reduces the potential toxic effects
associated with HF [11]. It was found that the average bond
strength of LGDC treated with MEP was higher or not sig-
nificantly different from HF acid etching and silanization
[12—14]. Unfortunately, although MEP is much less harm-
ful than HF, it is still slightly cytotoxic and should not be
used directly in the mouth [15]. Because the etching com-
ponent of MEP, tetrabutylammonium dihydrogen trifluoride
(TDTF), is corrosive, acutely toxic and irritating [16]. So
the manufacturer recommends thoroughly rinsing MEP off
with water until the green colour has been removed. How-
ever, the exact rinsing method and time are not clear, and
visual judgment alone may result in residual MEP. So it is
necessary to investigate the effect of different cleaning pro-
cedures on the removal of MEP.

Therefore, the aim of this study was to develop a highly
sensitive and reliable method for detecting MEP residues
and to use it for a comparative study of the effect of different
cleaning procedures on MEP residues on LDGC surfaces
after MEP treatment. The null hypotheses were: (1) There
was no significant difference in MEP residue after clean-
ing by dentists with different experience; (2) There was no
difference in MEP residue by different cleaning time with
water; (3) There was no difference in MEP residue before
and after ultrasonic cleaning.
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Materials and methods
Reagents and materials

Methanol and ethanol of mass spectrometry-grade was
acquired from Merck (Darmstadt). Tetra-N-Butylammo-
nium Dihydrogentrifluoride and tetrapropylammonium
Iodide were purchased from Adamas-beta (Benchmade).
Ultrapure water was prepared by a Milli-Q purification
system (Mill-pore). Ethanol of analytical grade and other
chemical reagents were purchased from Sinopharm Chemi-
cal Reagent Corporation.

MEP marker calibration

TDTF (Adamas-beta) was used as the standard, while tet-
rapropylammonium iodide (TPAI; Adamas-beta) served
as the internal standard (IS)(Fig. 1). The standard working
solution concentrations were 10, 25, 50, 100, 250, 500, and
1000 ng/mL, with the final IS concentration in the samples
set at 50 ng/mL. Based on quantitative detection via Liquid
Chromatograph-Mass Spectrometer (LC-MS, LCMS-8040;
Shimadzu), the standard curve for TDTF and the lower limit
of quantification (LLOQ) were determined through regres-
sion analysis using weighted least squares (W=1/X?). The
equation for the standard curve was y=12182x-9163.3
(r*=0.999), indicating good linearity for TDTF within the
range of 10 to 1000 ng/mL (Table 1). Method validation was
performed using three sets of standardized working solution
concentrations: low (20 ng/mL), medium (400 ng/mL), and
high (800 ng/mL). The validation results demonstrated that
the quantitative detection of TDTF by high performance
liquid chromatography-mass spectrometry (HPLC-MS)
was specific (Fig. 2), exhibiting excellent accuracy, preci-
sion (Table 1), and stability (Table 2).

LDGC specimen fabrication

A rectangular stereolithography (STL) file was designed
using Three-dimension design software (Solidworks,
V2023; Solidworks Corp). The rectangle is 8.0 mm long,
5.0 mm wide, and 2.0 mm thick. A cylindrical bar with a
diameter of 1.5 mm and a length of 5 mm is centered on one
surface of the rectangle (Fig. 3).

The STL file was entered into the computer and 110
identical wax patterns were produced using CAD/CDM
(Wieland). 110 LDGC specimens (IPS e.max Press; Ivoclar
Vivadent) were sintered and fabricated using wax patterns
according to the manufacturer’s instructions. All LDGC
specimens were checked for dimensional consistency, three
of the failed specimens were discarded, and 100 specimens
were randomly selected for experimental study.
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Fig. 1 The structures and product ion mass spectra of organic cations of (A) tetrabutylammonium dihydrogen trifluoride (TDTF) and (B) tetrapro-

pylammonium iodide (TPAL IS)

Table 1 Linearity of the calibration curves, LLOQ), precision and accuracy of HPLC-MS method for detection of TDTF

Analyte Linear range (ng/mL) LLOQ (ng/mL) Regression equation (w=1/x*) Precision (RSD, %) Accuracy
Conc. (ng/mL) Intraday Interday Conc. (ng/mL) RE (%)
TDTF 10~1000 3 y=12182x-9163.3 20 7.17 8.94 20 -2.65
400 5.61 5.43 400 9.89
800 1.61 9.26 800 9.34
RSD, relative standard deviation; Conc., concentration; RE, relative error
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Fig.2 Representative chromatograms of sample: blank solvent sample, blank solvent spiked with quality control (QC) and IS (50 ng/mL of TDTF

and TPAI), sample collected from the MEP residuals after cleaning procedures
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Table 2 Bench-top, short-term, freeze-thaw and long-term stability of TDTF detection

Analyte Conc. (ng/mL) Bench-top stability (37°C, Short-term stability (4°C,  Freeze-thaw stability (three Long-term stability
8h) 12 h) cycles) (-80°C, 30 days)
Bias (%) RSD (%) Bias (%) RSD (%) Bias (%) RSD (%) Bias (%) RSD
(%)
TDTF 20 -1.77 2.09 0.25 12.53 0.86 10.64 5.31 11.19
400 -6.00 0.20 2.00 4.14 5.51 3.95 6.42 3.13
800 -2.68 13.88 0.82 222 4.94 2.24 5.79 2.43
Conc., concentration;RSD, relative standard deviation
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Fig. 3 Experimental design of the study. (A, Etching. B, Flushing. C, Testing)

Treatment of LDGC specimens with MEP

100 LDGC specimens were ultrasonically (BioSonic
UCI125; COLTENE) cleaned with distilled water for 5 min
and then air dried. 10 uL of MEP (Ivoclar Vivadent) solution
was uniformly applied to the test surface of each specimen
using a pipette (Single Channel Digital Variable Pipette;
Shanghai Zhouhui Biochemical Instrument Co., Ltd.). Rub
the MEP on the surface of the specimen with a miniature
brush for 20 s, then let it stand for 40 s.

Cleaning procedures

The LDGC specimens were divided into 10 groups (n=10)
according to the cleaning procedure, showed in Table 3.
The junior dentist was a dentist with less than 2 years of
clinical practice, and the experienced dentist had more than
15 years of dental clinical practice. The air pressure of air-
water spray in present study was 2.5 MPa.

@ Springer

After rinsing with water, each specimen was immersed in
an EP (Eppendorf AG) tube containing 600 pL of prepared
aqueous methanol solution (methanol: purified water=1: 1)
(Methanol; Concord Technology) for 24 h.

HPLC-MS/MS analysis of MEP

Stock solutions, quality control and calibration standard
samples

Accurately weigh TDTF, TPAI, and use purified water to
make up to a final concentration of 1 mg/mL for the stock
solutions, which were then stored in a refrigerator at 4°C.
Dilute the stock solution of TDTF with purified water, vor-
tex mix thoroughly to prepare three sets of quality control
working solutions at low, medium, and high concentrations.
The concentrations for TDTF (QC) working solutions were
20, 400, and 800 ng/mL, with the final concentration for
TPAI maintained at 50 ng/mL. A certain volume of the
TDTF and TPAI stock solutions was diluted using a dilution
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Table 3 Cleaning procedures of different experimental groups

Group Cleaning Cleaning condition Cleaning Ultra-
operator time sonic
cleaning
5 min
JD Junior Unrestricted, unrestricted No
JDUC  dentist flushing the LDGC Yes
ED Expe- specimen etched No
EDUC rienced sgrface with an. Yes
dentist air-water spray in
accordance with
individual clini-
cal practice. The
duration, mode,
and distance of the
cleaning procedure
were unlimited.
T3 Expe- Flushing the LDGC 3's No
T3UC rienced specimen etched Yes
T6 dentist surface vertically ¢ No
T6UC with an air-water Yes
spray at a distance
9 of 1.0 cm. s No
ToUC Yes

JD: Rinse under running water by Junior dentist; JDUC: Rinse under
running water by Junior dentist+ Ultrasonic Cleaning; ED: Rinse
under running water by Experienced dentist; EDUC: Rinse under
running water by Experienced dentist+ Ultrasonic Cleaning; T3:
Rinse under running water for 3 s; T3UC: Rinse under running water
for 3 s+ Ultrasonic Cleaning; T6: Rinse under running water for 6 s;
T6UC: Rinse under running water for 6 s+Ultrasonic Cleaning; T9:
Rinse under running water for 9 s; TOUC: Rinse under running water
for 9 s+Ultrasonic Cleaning

factor with purified water and mixed thoroughly to pre-
pare a series of standard working solutions for the calibra-
tion curve. The concentrations in the working solutions for
TDTF were 5, 10, 25, 50, 100, 250, 500, 800, and 1000 ng/
mL, while the final concentration for TPAI was maintained
at 50 ng/mL. Regression analysis was performed using 1/
X? weighting to obtain standard curves and linear ranges
for each component, with the lowest concentration point in
each standard curve serving as the LLOQ.

Quantitative analysis of MEP

Chromatographic separation was performed using an Ulti-
mate® XB-C18 column (50 x2.1 mm, 3.5 pm) with a mobile
phase consisting of 0.01% acetic acid in water (A) and
methanol (B). The flow rate and column temperature were
maintained at 0.2 mL/min and 40 °C, respectively. A gra-
dient elution program was applied as follows: 0—1 min: B
(%) 35-40; 1-3 min: B (%) 40-80; 3—5 min: B (%) 80-90;
5-7 min: B (%) 95; 7-13 min: B (%) 35; with 35% B used
for equilibration.

Analysis was conducted using the Shimadzu HPLC-
MS 8040 triple quadrupole mass spectrometer in Multiple
Reaction Monitoring (MRM) mode. The MRM transition

parameters for positive ionization mode, as shown in Fig. 1,
indicate that for tetrabutylammonium the selected precursor
and productions were m/z 242.00 — 142.00 with a collision
energy (CV) of -24.0 'V, and for tetrabutylammonium iodide,
they were m/z 186.00—114.00 with a collision energy of
-24 V. The electrospray voltage was set to 6000 V, nebulizer
gas flow was 3 L/min, drying gas flow was 15 L/min, DL
temperature was maintained at 250°C, and heat block tem-
perature was set at 400°C.

Samples preparation

EP tubes impregnated with LDGC specimens were pro-
cessed as follows: sonicated in 0°C water for 5 min, vortexed
for 3 min (vortex mixer, NY-1; Enyi Instrument Manufac-
turing Co., Ltd.), and centrifuged at 1000 g/min for 15 min
(centrifuge 5430 R; Eppendorf AG). 200 pL of supernatant
from each EP tube was transferred to individual vials, and 5
puL of IS was added to each vial for quantitative analysis by
HPLC-MS [17].

Statistical analysis

Data were performed using GraphPad Prism software
(v8.0.2; GraphPad Software Corp). Tests of normality, inde-
pendent Two-Sample T-Tests, and one-way ANOVA tests
(a=0.05) were used to assess the significance of the results.

Results
Method development and validation

In the validation process, typical MRM chromatograms of
the analytes and IS were analyzed in three different scenar-
ios: (A) drug-free solvent, (B) solvent spiked with QC and
IS, and (C) samples collected from LDGC specimens that
had been treated with MEP and subsequently cleaned. As
depicted in Fig. 2, no interfering endogenous peaks were
observed in the blank solvent samples obtained from the
subjects.

The method for quantifying MEP in rinsed plasma dem-
onstrated excellent accuracy and precision, with calibration
curves showing a linearity of 12 > 0.999 across concentra-
tions of 5-1000 ng/mL, and intra- and inter-day precision
(RSD) for quality control samples remaining below 9.26%,
while the accuracy ranged from -2.65 to 9.89%. After inves-
tigating specificity, linearity, precision, stability, matrix
effects, extraction recovery, and dilution effects, the method
for detecting MEP was confirmed to be accurate, stable, and
reliable.
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Table 4 Amount of TDTF for different experimental group

Group N Mean (ng) SD P

D 10 30805.48 16152.79 <0.001™"
JDUC 10 264.77 123.75

ED 10 5827.63 2602.18 <0.001™""
EDUC 10 229.44 36.40

T3 10 25348.57 24587.13 0.002""
T3UC 10 400.14 111.87

T6 10 8304.97 6697.79 <0.001™""
T6UC 10 443.88 184.66

T9 10 3102.89 2358.14 0.012"
TOUC 10 316.17 89.93

N, number of specimens; SD, standard deviation; *, ** **** means
statistically significant differences

* % %k %k
50000 1 ,
mm Without UC
4 -
0000 mm With UC
— 30000

N
(=4
(=4
o
o
1

1
7000
6000 -
5000
4000 I
JD ED

Fig.4 Bar chart of mean TDTF residue values between the groups with
different operator. ns means not significant; and **** means P<0.001
between the marked groups

TDTF Residues (ng
oocos
233
35

Table 5 Brown-Forsythe and Welch ANOVA tests between groups
with different time and without ultrasonic cleaning

Groups T3 T6 T9

T3 / 0.135 0.045"
T6 0.135 / 0.098
T9 0.045" 0.098 /

*Statistically significant differences (P<0.05)

The test results of TDTF for each experimental
groups

The test results of TDTF for each experimental groups were
shown in Table 4. TDTF were found in all groups, with
mass ranging from 62.42 to 74611.74 ng. Without limit-
ing the cleaning time, ultrasonic cleaning had a statistically
significant effect on the difference in TDTF for the same
cleaning dentist (P < 0.05, Table 4). In the absence of ultra-
sonic cleaning, the amount of TDTF after cleaning by expe-
rienced dentist (5827.63 ng) was significantly lower (P <

@ Springer

Table 6 Duncan multiple comparisons analysis between groups with
different time and with ultrasonic cleaning

Groups T3UC T6UC TOUC
T3UC / >0.999 0.188
T6UC >0.999 / 0.062
TOUC 0.188 0.062 /

0.001, Fig. 4) than the result of cleaning by junior dentist
(30805.48 ng).

In the absence of ultrasonic cleaning, by the same experi-
enced dentist, the amount of TDTF was significantly less in
the 9-second cleaning group than in the 3-second cleaning
group (P<0.05, Table 5). And the differences between the
cleaning 6-second group and both the 3-second (P=0.135)
and 9-second groups (P=0.098) were not statistically sig-
nificant. However, after ultrasonic cleaning, there was no
difference in the amount of TDTF for different cleaning
times (P>0.062, Fig. 4; Table 6).

Discussion

The aim of this study was to develop a highly sensitive and
reliable method for detecting MEP residues on LDGC sur-
faces after MEP treatment and to compare the effects of dif-
ferent cleaning procedures on MEP residues.

HPLC-MS is an invaluable method for the detection of
residues because of its high sensitivity for trace detection,
excellent separation efficiency for compound identification
and quantification, versatility in analyzing a wide range of
chemical substances, quantitative analytical capability to
ensure compliance with safety standards, and automation
features that minimize errors and enable high-throughput
detection [18, 19]. Method validation was an essential step
in ensuring that the HPLC-MS analytical procedure for
monitoring trace amounts of MEP residues in dental set-
tings produces reliable and reproducible results. This study
focuses on the validation of an LC-MS/MS method for
the detection and quantification of MEP. After investigat-
ing specificity, linearity, precision, stability, matrix effects,
extraction recovery, and dilution effects, the method for
detecting MEP was confirmed to be accurate, stable, and
reliable. Therefore, a highly sensitive and reliable method
was developed to detect MEP residues in this study.

According to the results, without ultrasonic cleaning,
the amount of TDTF after cleaning by experienced dentist
(5827.63 ng) was significantly lower (P < 0.001) than that
of cleaning by junior dentist (30805.48 ng). Extending the
cleaning time reduced the amount of TDTF and there was a
significant difference between cleaning for 3 s and 9 s. After
ultrasonic cleaning, there was no difference in the amount of
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TDTF for different cleaning times (P>0.062). So all the null
hypotheses were rejected.

Bonding between glass-ceramic and resin cement is
dependent on the physical and chemical interaction between
them, which is considered to be one of the key factors for
long-term clinical success [20]. HF etching and subsequent
silane application was considered the gold standard for
bonding glass-ceramics [4]. However, HF is highly toxic
and exposure to dentin produces amorphous fluoride depos-
its [21]. Therefore, the contact of HF to dentin should be
avoided [22]. MEP is one of the substitutes to HF that is
currently commonly used in clinical dentistry to achieve
similar acid etching effects as HF [10, 11], but with much
less toxic side effects.

MEP aims to eliminate the possible toxic effects and
related unfavorable outcomes of using hydrofluoric acid
[23]. MEP contains an etching-agent for ceramic, a silane,
and a priming agent in a bottle, which enables surface etch-
ing coupled with silanization in one step [24]. Several stud-
ies have compared the differences in bond strength between
treatments with MEP and HF. A number of studies have
found that the bond strength of LDGCs treated with MEP
was not significantly different [9, 11, 13, 14, 25] or even
higher [12, 26] than that treated with HF. So MEP was intro-
duced as a revolutionary self-etching ceramic primer [27].
However, although MEP is much safer than HF, it cannot
be used in the oral cavity due to its slight cytotoxicity [15].
Therefore, after treatment with MEP, it needs to be thor-
oughly cleaned.

The instruction for MEP calls for rinsing with water and
determining complete removal based on color, but do not
specify the time, distance, or manner of running water rins-
ing, which depends heavily on the dentist’s clinical experi-
ence. The TDTF amount in the experienced dentist group
was significantly lower than that of junior dentist group
without ultrasonic cleaning (P<0.001), suggesting that clin-
ically experienced dentists have advantage in better removal
of MEP residues. However, the inability of both experienced
and junior dentists to completely remove MEP suggests that
visual color recognition alone is not completely effective in
removing MEP, which should be of great concern to clinical
dentists. Clinical experience and color recognition are not
truly effective in removing MEP.

Cleaning methods for removing acid etchant residues
from ceramic surfaces included the use of ultrasonic baths
[28, 29], 37% phosphoric acid [30], and running water
rinsing [31], whereas fewer residues were observed when
ultrasonic cleaning was used [32, 33]. The use of ultrasonic
cleaning has been shown to be an effective procedure for the
removal of residual fluorosilicates [34]. Similar results were
found in this study, where the addition of ultrasonic clean-
ing to running water rinse was the most effective method for

removing MEP residues. In present study, the use of ultra-
sonic cleaning resulted in a significant reduction of MEP
residue (P<0.012) when the operator or running water
cleaning time was same. So the use of running water rinsing
followed by ultrasonic cleaning is highly recommended for
clinical use of MEP.

The principle of ultrasonic cleaning is to remove particles
through the cavitation effect produced by the liquid medium
[35], and cavitation caused by changes in temperature and
pressure will also cause chemical changes that accelerate
the cleaning efficiency [36]. It should be noted, however,
that the ultrasonic cleaning did not completely eliminate
the TDTF either, suggesting that further refinement of the
cleaning procedure may be required.

Cleaning time is another critical factor. Unlike inlays,
onlays, crowns and other restorations that have a variety of
irregular anatomical structures on the surface, in this study,
the tested specimens had flat surfaces, regular structures,
and small surface areas. Therefore, three relatively short
running water rinse times of 3 s, 6 s and 9 s were set, with
the main purpose of testing the effect of rinsing time on the
cleaning situation. The results that the amount of the MEP
residue decreases with the increase in cleaning time, with
a significant difference between the results of rinsing for
3 s and rinsing for 9 s (P=0.045). So extending the rinsing
time is therefore an effective way to clean the etchant. And
after ultrasonic cleaning, there was no longer a statistically
significant difference (P=0.188) in the amount of TDTF
between 3 s and 9 s of rinsing time, which again demon-
strates the importance of ultrasonic cleaning.

Gels do not flow easily and can be used for small area
applications, whereas solvents are not easily contained
within a small fixed area and tend to spill over the target
etching surface. The etchant chosen for this study was a
solvent that tends to spill over the etching surface during
the study and cannot be completely controlled on the acid
etching surface, which may be another reason why MEP
residues were measured in all experimental groups. How-
ever, in dental clinical work, there are also cases of MEP
overflowing the edge of the acid etching surface. Therefore,
the setup of this study was consistent with the clinical real-
ity, which suggests that clinical acid etching should be done
with gel-based acid etchers rather than fluid solvents when-
ever possible.

In addition, although MEP residues were measured in all
experimental groups, it is unknown whether MEP residues
affect the bond strength and whether they have toxic effects
on the dentin and surrounding tissues, which will be further
studied in future.
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Conclusions

Withing the limitation of present study, the follow con-
clusions can be drawn: (1) No cleaning procedure can
completely remove MEP residues. (2) The dentist’s clini-
cal experience affects the degree of MEP cleaning. (3)
Extended flushing time improves cleaning efficiency of
removing MEP residues. (4) Ultrasonic cleaning is an effec-
tive method of removing MEP residues.
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