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Abstract

Objectives Resin-based materials are applied in every branch of dentistry. Due to their tendency to release substances in the
oral environment, doubts have been raised about their actual safety. This review aims to provide a comprehensive analysis
of the last decade literature regarding the concentrations of elutable substances released from dental resin-based materials
in different type of solvents.

Materials and methods All the literature published on dental journals between January 2010 and April 2022 was searched
using international databases (PubMed, Scopus, Web of Science). Due to strict inclusion criteria, only 23 papers out of 877
were considered eligible. The concentration of eluted substances related to surface and volume of the sample was analyzed,
considering data at 24 h as a reference. The total cumulative release was examined as well.

Results The most eluted substances were HEMA, TEGDMA, and BPA, while the less eluted were Bis-GMA and UDMA.
Organic solvents caused significantly higher release of substances than water-based ones. A statistically significant inverse
correlation between the release of molecules and their molecular mass was observed. A statistically significant positive cor-
relation between the amount of released molecule and the specimen surface area was detected, as well as a weak positive
correlation between the release and the specimen volume.

Conclusions Type of solvent, molecular mass of eluates, and specimen surface and volume affect substances release from
materials.

Clinical relevance It could be advisable to rely on materials based on monomers with a reduced elution tendency for clinical
procedures.

Keywords Resin-based dental materials - Composites - Elution - Eluate - Monomer - Biocompatibility

Introduction

The continuous demand for esthetic care and the improved
properties of dental materials have led to the increasing use
Francesco De Angelis and Nela Sarteur contributed equally to this of resin-based composites as restorative material in dental
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release, and induction of apoptosis and necrosis [7, 8]. For
example, Bis-GMA stimulates the production of PGE2 with
the expression of COX2, induces pro-inflammatory activa-
tion, and increase of IL-1p, IL-6, and nitric oxide; the (co)
monomer triethyleneglycoldimethacrylate (TEGDMA) is
known instead to cause deoxyribonucleic acid (DNA) strand
breakage [9-11].

The loss of substances from polymeric matrix mainly
occurs following two mechanisms: free monomer release
following the polymerization phase and intra-oral degra-
dation [5, 12-16]. With a curing time usually not longer
than 40 s and a temperature around 37 °C in the oral cavity,
composites are never completely polymerized because of
the propagation of the crosslinking reaction that drastically
reduces the mobility of the monomers [17, 18]. Due to this
incomplete polymerization, dental composites can release
into the oral cavity residual monomers able to affect the
biological compatibility of these materials [19-23]. As con-
firmed by many studies, the less the degree of conversion,
the higher the amounts of elutable residual monomers [24,
25]. In addition, intra-oral degradation of resin-based resto-
rations may induce additional release of components [26],
whose majority have probably not been identified yet [27].
On one hand, they are an effect of mechanical, hydrolytic,
and enzymatic scission, and, on the other hand, a result of
composite aging that leads to more porosities, water sorp-
tion, and degradation [28-30]. Systemic intake of chemical
substances released by resin-based restorations is possible
by three main ways: diffusion to the pulp through dentinal
tubules, gastro-intestinal ingestion, and uptake of volatile
components in the lungs [31, 32].

In view of the progressive development of novel dental
materials and the above-mentioned considerations, the idea
of the present study was to review the recent literature in
order to assess the quantifiable concentrations of elutable
substances released from resin-based dental materials into
oral environment. No up-to-date literature review regarding

this argument has been published after the comprehensive
analysis made by Van Landuyt et al. in 2010 [18], of which
the present paper represents an update based on the litera-
ture of the last decade, aimed at taking into account also the
behavior of new resin-based materials (and included elutable
substances) that were not available at that time.

Materials and methods
Systematic review and meta-analysis protocol

The present study was conducted adhering to the guidance of
PRISMA (Preferred Reporting Items of Systematic Reviews
and Meta-Analyses) in order to follow a uniform and trans-
parent methodology able to provide outcomes comparable
with other meta-analytical studies.

Research resources and strategies

The systematic research strategy was conducted by three
reviewers among multiple databases: PubMed, Scopus, and
Web of Science. The object of this research was all inter-
national literature with no language restrictions, published
among dental journals, in the decade from January 2010
to April 2022, regarding the topic of elution of monomers
from resin-based dental materials. The inserted keywords
were as follows: “resin-based,” “elution,” “eluate,” “den-
tal composite,” “HPLC,” “LC,” LC-MS,” “quantification,”
“release,” “substances,” “ingredients,” “components.” The
search strategy used is summarized in Table 1.

LEINT3 99 ¢

Data collection

All the references obtained through the above-mentioned
keyword searching were collected in EndNote X9 software

Table 1 Search strategy Search strategy

Keywords

Search string

Databases
Subject area
Language
Timeframe

<«

“resin-based”, “elution”, “eluate”, “dental
composite”, “HPLC”, “LC”, LC-MS”, “quan-
e 5 a -

tification”, “release”, “substances”, “ingredi-
ents”, “components”

(“dental composite” OR “resin-based”) AND
(“elution” OR “eluate”) AND (“HPLC” OR
“LC” OR “LC-MS”) AND (“quantification”
OR “release”) AND (“substances” OR “ingre-
dients” OR “components™)

PubMed, Scopus, Web of Science

Dentistry

All languages

January 2010-April 2022
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(Clarivate, MA, USA), where the duplicates were removed.
Subsequently, all the data were loaded into Rayyan [33],
an online free tool for systematic reviews. A systematic
methodology was used to label all the relevant information
for the exclusion or the inclusion of the individual papers.
Titles and abstracts were initially screened to identify studies
that potentially met the eligibility criteria. Afterwards, full
texts were reviewed assessing them on the basis of the inclu-
sion/exclusion criteria specified in the following paragraph.
The decision process was performed by two independent
reviewers. In case of ambiguity or disagreement between the
reviewers, the final decision was reached through consulta-
tion with a third reviewer, a senior experienced researcher.
The results of the selected studies were analyzed to collect
mean values (and standard deviations) for the concentration
of eluted molecules in the soaking solvent (both per surface
and per volume of the resin sample) at a specific incubation
time. Those data were then subjected to the meta-analysis.

Inclusion and exclusion selection criteria

Only the results of the following studies were included in
this research:

1. Studies investigating monomer elution in resin-based
dental materials as restorative composites, bulk-fill com-
posites, flowable composites, adhesives, resin-modified
glass-ionomer cements, resin cements, CAD/CAM
resin-based materials, dental sealer. Studies conducted
on provisional resin-based materials, acrylic-based
resins for prosthodontics and orthodontics, root canal
sealers, experimental resin-based materials, and fiber-
reinforced composites were not included;

2. In vitro studies. In vivo studies were excluded;

3. Studies where the results were explicitly quantified,
with clear information about mean and standard devia-
tion values. Studies with qualitative or semi-quantitative
results (for example the results referred to internal stand-
ard caffeine expressed in CF%) were not included, as
well as studies where standard deviation was not men-
tioned;

4. Studies which clearly expressed the unit of meas-
urement of their results so as to allow an appropriate
conversion into a common unit of measurement when
needed. Studies using units of measurement that could
not be properly converted were not included. Data for
those molecules whose information about molecular
weight could be gathered neither by searching the avail-
able scientific literature nor by contacting authors or
material manufacturers had to be excluded as well;

5. Studies in which the incubation time for every given
elution measurement was clearly specified. Only stud-

ies providing results for an incubation time of 24 h were
included. If elution data after longer incubations were
also provided, those results were used to calculate the
mean value of total cumulative release. Results of stud-
ies where the elution after 24 h was not reported or the
measurement was just performed at a shorter time were
not included;

6. Studies that clearly reported the sample size (n);

7. Studies that clearly described the manufacturing proce-
dure and the dimensions of the specimens, thus allow-
ing to calculate their exact surface and volume. Stud-
ies where shape and dimensions of the specimens were
unclear were not included. Studies in which the speci-
mens were manufactured as tooth fillings for a cavity of
unspecified dimensions were excluded;

8. Studies where the samples were polymerized and the
methodology did not involve any pre-incubation time
(for example leaving the specimen exposed to air or in
any other medium) or any additional treatment (such as
bleaching) before soaking;

9. Studies clearly defining the volume and quality of the
solvent. Studies where that information was not provided
were excluded.

In case that the paper did not provide all the required
information, the full text could not be obtained or there was
the need for any clarification, the corresponding authors or
the manufacturer of the tested materials were contacted by
email in two attempts. If it was not possible to access the
necessary data in this way, then even potentially relevant
studies had to be excluded.

Recalculation

The collected elution data were inserted into MS Excel 2016
(Microsoft, WA, USA) software and prepared for statistical
analysis. For those studies that did not present results numer-
ically, but in a graph, the author of the article was contacted
to supply the exact data. If it was not possible to obtain infor-
mation in this way and the graph was sufficiently precise to
accurately distinguish the recorded results, the online graph-
ical tool Web Plot Digitizer [34] was used to extract them.
In order to prevent data loss, if any study reported an eluate
concentration “below the limit of detection,” this result was
substituted by the actual value of the limit of detection speci-
fied by the author for that particular eluate. If the authors
did not specify this limit, the result was substituted with the
lowest measured concentration of released molecule among
the results of all the included studies.

The included studies expressed the amounts of eluted
monomers in several different units (mg/ml, pg/ml, ng/
ml, mg/l, mmol/l, pmol/l, nmol/mmz). Therefore, in order
to obtain uniform outcomes, it was necessary to convert
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Table 2 Calculations applied to convert all the outcomes of the included studies into common unit of measurement

Mol/surface area [mol/m?]

Mol/volume [mol/m?]

Concentration (C) [g/1]

Molar concentration (M) [mol/1]
tested specimen [1/m?]

M [mol/1] * volume solvent [1] * 1/surface area of

C [g/1] * volume solvent [1] * 1/Mm [mol/g] *1/surface C [g/l] * volume solvent [1] * 1/Mm [mol/g]
area of tested specimen [1/m?]

*1/volume of tested specimen [1/m?]

M [mol/1] * volume solvent [1] * 1/surface
area of tested specimen [1/m?]

them into a common unit of measurement, namely moles of
eluted molecule per surface of resin specimen (pmol/mm?)
and moles of eluted molecule per volume of resin speci-
men (pmol/mm?). The applied calculations were performed
as previously suggested by Van Landuyt et al. [18] and are
listed in Table 2.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics 24
(IBM Corp., NY, USA) statistical software. The weighted means
and standard deviations (SD) of concentration (per surface and per
volume of tested specimen) of each eluted substance, in the dif-
ferent types of incubation solvent, were calculated for the release
measurements collected at 24 h and for the total cumulative
release (if further measurements were performed also after 24 h).
If the study provided results only at 24 h, then no total cumula-
tive release results were calculated. In case the solvent liquid was
not refreshed after every measurement, then the total cumulative
release was represented by the highest measured amount of eluted
substance. In case of refreshing, the total cumulative release mean
value was calculated as sum of mean values of all measurements
and the SD was calculated as:

Y D)
i=all time periods

The fixed model was used in order to calculate the
weighted mean. The 95% confidence interval (CI) for
weighted mean was also computed, with its lower and upper
limits calculated as follows [35]:

Lower limit =T. —1.96 = SE(T)

Upper limit =T. +1.96  SE(T.)

where T is weighted mean for study and SE is the standard
error.

Additionally, the heterogeneity was estimated using
Cochran Q Statistic as:

k 2
- —d
0= w,(T,»—T.) and I> = 100% QQ i
&

4
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where w; is the weight of each study, 7; is the weighted mean
of each study, Q is the chi-squared statistic, and df is its
degree of freedom. The interpretation of heterogeneity />
according to Cochrane Handbook for Systematic Reviews is
as follows: 0 to 40%, might not be important; 30 to 60%, may
represent moderate heterogeneity; 50 to 90%, may represent
substantial heterogeneity; and 75 to 100%, considerable het-
erogeneity [36].

The difference between weighted means of six most fre-
quently detected monomers (Bis-EMA, Bis-GMA, BPA,
HEMA, TEGDMA, UDMA) in water-based and organic
solvents was examined through z-test. Pearson’s correla-
tion coefficient was applied in order to assess correlations
between the release of these six monomers and molecular
mass, surface of specimen, volume of specimen, and vol-
ume of incubation solvent. The correlation coefficients were
interpreted according to the following scale [37]: 0.00-0.10
as negligible correlation, 0.10-0.39 as weak, 0.40-0.69 as
moderate, 0.70-0.89 as strong, 0.90-1.00 as very strong
correlation.

Results
Systematic review

The electronic research through three different databases
(PubMed, Scopus, Web of Science), inserting the keywords
separately or in combination, generated a total of 1578 refer-
ences, which were reduced to 877 after the duplicate removal.
After the examination of titles and abstracts, 791 studies were
excluded because of their study design incompatibility with
this review (n=653), wrong publication type (n=70) or
wrong type of material undergoing the research (n=68). A
total of 86 potentially relevant studies accessed the full-text
evaluation phase resulting in a final number of 63 articles
excluded with reasons [3, 38—87] (Table 3) and 23 publica-
tions included for further quantitative assessment (Fig. 1).
A list of the included studies and their basic information is
shown in Table 4. Extended information about the same stud-
ies, including more details regarding the protocols and the
methodologies used, is provided in Online Resource 1.

The studied resin-based materials were all commercial
products commonly used in dental treatments, most often
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Table 3 List of references excluded after full text evaluation because they did not match some specific inclusion criteria

Excluded references

Reasons for exclusion

Bandarra 2020, Kopperud 2011, Phan 2014, Randolph 2014, Wolff
2016

Manojlovic 2011, Gul 2021
Grenade 2017, Bationo 2016, Durner 2015

Durner 2010, Durner 2012, Kolaouzidou 2018, Janani 2021, Roussou
2021

Meyer Lueckel 2020
Dursun 2016

Pelourde 2018, Pongprueksa 2014, Cokic 2018, Durner 2014, Hussain
2017, Illie 2014, Kerezoudi 2016, Kerezoudi 2019, Putzeys 2019,
Putzeys 2020, Randolph 2014, Yang 2018, Rothmund 2015, Alam-
oush 2021, De Nys 2021, Kincses 2021, Shahabi 2021, Aldhafyan
2022

Durner 2014, Durner 2015, Durner 2012, Illie 2014, Tuna 2010

Wolft 2016, Hatipoglu 2019, Durner 2020, Durner 2011, Polydorou
2013, Purushothaman 2015, Sunitha 2011, Wolff 2016, Manojlovic
2011, Tak 2015, Durner 2021, Jo 2021

Deviot 2018, Khalid 2018, Song 2020, Bartucigil 2020, Grenade 2017,
Hope 2016, Gul 2019, Schuster 2015, Schuster 2016, Durner 2011,
Ylmaz 2022

Polydorou 2011, Mavishna 2020, Tabatabaei 2011

Temporary provisional resin-based materials, acrylics for prosthodon-
tics and orthodontics, root canal sealers, experimental resin-based
materials, fibre-reinforced composites

In vivo studies, reviews, and meta-analysis
Studies with qualitative analysis
Studies with semi-quantitative analysis

Results of Mean and Standard Deviation not specified

Unit of analysis not clearly specified or unconvertible to common unit
for this study

Studies where the analysis at 24 h was not performed

Volume of solvent not specified
Studies where on the basis of the provided information about specimens

shape and dimensions, it was not possible to calculate the surface and
volume exposed to solvent for elution

Studies involving pre-incubation time or pre-treatment before the

analysis

No full text accessible

resin-based composites for restorations, but also adhesives,
resin modified glass-ionomer cements, resin cements, CAD/
CAM resin-based materials, and dental sealers. The authors
always indicated the product designation and manufacturer.

Most of the studies included in the present research had
a similar protocol. When dealing with materials that had
to undergo a polymerization process, authors applied them
inside prefabricated molds with specified forms and dimen-
sions. These were predominantly discs of various diameter
and thickness (in most cases 5 mm diameter and 2 mm thick-
ness). Subsequently, molds top were covered with glass
slides or matrix strips. The polymerization was performed
with different types of polymerization lamps (halogen and
led lamps) operated with various intensity and power set-
tings. However, a LED lamp on standard curing mode (with
an output irradiance of 1200 mW/cm? and a wavelength
range of 430—480 nm) was prevalent through the included
studies. The quality of irradiance was often confirmed with
calibrated radiometer systems. The polymerization time
respected the manufacturer’s recommendations and the
distance was reduced to a minimum (mostly 0 mm). The
protocol of some studies also included a surface polishing
phase [80, 88, 89].

Once all specimens were prepared, they were soaked in
several types of solvents divided into water-based media
(distilled water, artificial saliva and cell culture mediums as
fibroblast grow medium, minimum essential medium, and

Dulbecco’s Modified Eagle Medium) and organic media
(methanol, ethanol, and their dilutions with water). The
most used solvents were distilled water, 75% ethanol-dis-
tilled water solution, and methanol. The volume of solvent
used among the studies ranged between 0.4 and 10 ml (most
commonly 1 ml). Many authors performed the elution meas-
urements of multiple types of materials in multiple solvents
simultaneously.

In some studies, multiple measurements were performed
at different soaking times refreshing the solvent after each
measurement; their results showed, therefore, a decreasing
tendency over time. In other studies, the solvent was not
refreshed: these papers reported increasing results due to
the aggregate amounts of leached molecules over time. In all
the selected studies, a common measurement time interval
of 24 h was observed: even though some studies investigated
the elution of monomers and additives after shorter times,
such as after 1 h [53, 90], and other works followed the
results up to 1 [53, 90, 91], 2 [92, 93], or 3 months [80, 94],
the majority observed the elution between 1 day and 1 week.

Although some authors used gas chromatography/mass
spectrometry (GC/MS) [46, 62, 72, 83, 84, 89, 91, 95-99] or
liquid chromatography/mass spectrometry LC/MS [92, 100,
101], the release of monomers and additives was prevalently
detected by the method of high performance liquid chro-
matography (HPLC). A list of the included studies together
with detailed information on the technical parameters of their

@ Springer
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Fig.1 PRISMA flow diagram used for record retrieval and inclusion

protocols is given in Online Resource 1. All the molecules
detected in the solvents, mainly monomers and additives (as
initiators, inhibitors, etc.), are listed in Table 5. The most
detected molecules were as follows: triethylene glycol meth-
acrylate (TEGDMA), bisphenol A diglycidyl methacrylate
(Bis-GMA), ethoxylated bisphenol A glycol dimethacrylate
(Bis-EMA), 2-hydroxyethyl methacrylate (HEMA), urethane
dimetacrylate (UDMA), bisphenol A (BPA).

In some cases [80, 93-95, 99-102], the authors reported
an elution that was below the limit of detection: to quan-
tify such an information, the actual limit of detection value

@ Springer

reported in the study was used as raw datum. In case the
actual limit of detection was not published [72, 90, 95, 96,
99, 102-104] and not retrievable from the authors, it was
substituted by the lowest measured result of concentration
for every specific molecule among the included studies.
The present review included also studies comparing
substance elution under various conditions, such as dif-
ferent solvent temperatures [88], different polymerization
times, distances and settings [96, 101, 104, 105], polym-
erization through a barrier [106], experimental addition
of antioxidants into the investigated material [98], and
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Table 4 (continued)

Quantified eluates Incubation solvent

Units

Journal Resin Based Material Analytical method

Title

Authors

Methanol

BPA

LC-MS ng/g

Polymers 2022;14,46 Resin-based filling

Bisphenol A release

22 Tichy A., Simkovd M.,

Artificial saliva
Volume: 2 ml

materials and resin-

from dental compos-

VrbovdR., Roubitkovd
A., Duskovd
Bradna M

modified glassiono-

mers

ites and resin-modi-
fied glass ionomers

o

Temperature: 37 °C

Analysis intervals:

under two polymeriza-
tion conditions

1, 4,9, 16, 35, 65, 130,

260 days
Distilled water

Methanol

HEMA

pmol/l

GC/MS, HPLC/UV/

Resin-based composites

Antioxidants as novel Dent Mater

Yang Y, Reichl FX, Ilie
N, Shi J, Dhein J,

23

TEGDMA

BHT
CcQ
CSA

DAD, HPLC/FLD,

FTIR

2019;35(4):650-661 (filling materials)

dental resin-composite
component: Effect on
elution and degree of

conversion

Volume: 1 ml

Hickel R, Hogg C

Temperature: 37 °C

Analysis intervals: 1 day,

7 day

DDHTP

DMABEE
HMBP

Tinuvin P

application of bleaching agents [83, 84, 103]. For those
studies, however, only the data coming from the control
groups, including specimens manufactured in basic con-
ditions and strictly following the producer’s instructions,
were collected.

Release

Tables 6 and 7 summarize the achieved results as weighted
means (and SD) for the release measurements collected at
24 h and for the total cumulative release, per surface and per
volume of tested specimens.

In such cases (BPA, DEGDMA, HPMA), where a high
value of SD could be observed, a great heterogeneity of the
original data could be assumed. For many eluates, a con-
siderable heterogeneity of the resulting data (I*>75%) was
evident, which might be due to several factors, such as dif-
ferent types of materials, materials manufacturers, study pro-
tocols, and analytical methods used to determine the amount
of substance eluted together with various limits of detection
that often had to be calculated.

The results were divided into two groups of water-based
(distilled water, artificial saliva, and different types of cell
media) and organic (methanol, ethanol solution) incubation
solvents. In the majority of the results, a statistically signifi-
cant difference between those two groups was detected, with
a superior elution in organic solvents for most monomers. Bis-
EMA, Bis-GMA, BPA, HEMA, TEGDMA, and UDMA were
the most detected monomers, and their elution in organic and
water-based solvents is summarized in Figs. 2 and 3. Con-
versely, for most additives, the results were rarely reported
in more than one study. In some cases, the value was even
derived from only one sample in a single study; therefore, the
values of SD and heterogeneity could not be calculated for
such molecules. Among the monomers, HEMA demonstrated
the highest elution in both types of solvent (both per surface
and per volume). A slightly reduced elution was recorded for
TEGDMA, BPA, and Bis-EMA, depending on the solvent
nature. Bis-GMA showed the lowest release (per volume
and per surface) irrespective of the solvent, and a very low
release was detected also for UDMA. The release of some
additives appeared similarly high. For example, DMABEE
(ethyl 4-dimethylamino benzoate), CQ (Camphoroquinone),
CSA (Campheracid anhydride), BHT (Butylated hydroxytolu-
ene), HMBP (2-hydroxy-4-methoxybenzophenone), and TINP
(Tinuvin P) showed to elute at levels comparable to those of
some monomers, especially in organic solvents.

The Pearson’s correlation test demonstrated a strong sig-
nificant inverse correlation between the amount of released
molecule and the molecular mass in organic solvents per
surface (r= —0.887; p=0.046) and very strong correlation
per volume (r= —0.914; p=0.011). Such correlation was
not significant in water-based solvents (p > 0.05).

@ Springer
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Table 5 Molecules detected in solvents

Abbreviation name Full name Function Molecular mass  Number of studies that Num-
(g.mol_l) detected the molecule  ber of
records
2PEA 2-phenoxyethylacrylate Other additive substances 192.21 1/23 1
BEMA Behenyl Methacrylate Ester of methacrylic acid 390.45 1/23 3
BHT Butylhydoxytoluen Free-radical polymerization 220.36 6/23 31
inhibitor
Bis- EMA Ethoxylated bisphenol Aglycol Monomer 452 7123 65
dimethacrylate
Bis-EFMA 9,9-Bis[4-(2-hydroxyethoxy) Monomer 546.6 1723 20
phenyl]fluorene)
Bis-GMA Bisphenol A diglycidyl meth- Monomer 512.59 9/23 120
acrylate
BL Benzil Other additive substances 210 1723 2
BPA Bisphenol A Contaminant 228.29 11/23 81
BPE Phenylbenzoat Other additive substances 198.22 1/23 1
CQ Camphorquinone Photoinitiator 166 5/23 39
CSA Campheracid anhydride Other additive substances 182 2/23 18
DCHP Dicyclohexyl phthalate Softener 330 3/23 4
DDDMA 1,10-decanediol Dimethacrylate =~ Monomer 310 2/23 5
DDHTP Diethyl 2,5-dihydroxytrepthalate ~ Other additive substances 254.24 2/23 8
DEDHTP Diethyl 2,5-dihydoxyterepthalate ~ Other additive substances 254.08 1723 2
DEGDMA Di(ethylene glycol) dimeth- Monomer 242 1723 2
acrylate
DMA N-dimethylacrylamide Polymer syntesis intermediate 99.13 1723 10
DMABEE 4-N,N-Dimethylaminobenzoic Coinitiator 193 3/23 20
acid ethyl ester
DODDMA 1,12-Dodecanediol dimeth- Comonomer 338.5 1/23 1
acrylate
EGDMA Ethylenglycol dimethacrylate Monomer 198 3/23
HDMMA 1,6-Hexandiol dimethacrylate Comonomer 254.32 1/23 2
HEMA 2-hydroxyethyl methacrylate Monomer 130,14 9/23 64
HMBP 2-Hydroxy-4-methoxy benzophe- Photostabilizer 228 4/23 20
none
HPMA 2/3-Hydroxypropyl methacrylate ~ Comonomer 144.17 1/23 6
HQME Hydroquinone methyl ether Other additive substances 124.13 1/23 3
MAA Methacrylic acid Monomer degradation product 100.12 1723 3
MMA Methylmethacrylate Monomer 86 1/23 3
PI P-(octoyloxy phenyl) phenyl iodo- Other additive substances 641.5 1/23 1
nium hexafluoro antimonate
SDR UDMA Sure fill flow (SDR) modified Modified monomer 849 1/23 1
UDMA
TCD-DI-HEA Bis (acryloyloxymethyl) tricyclo ~ Other additive substances 304.38 1723 2
[5.2.1.02,6] decane
TEGDMA Triethylene glycol dimethacrylate Monomer 286.32 17/23 140
TIN P Tinuvin P Photostabilizer 225 3/23 7
TMPTMA Trimethylpropane trimethacrylate Comonomer 338.4 1/23 2
TPP Triphenyl phosphane Other additive substance—Impu- 262 1/23 1
rity
TPSb Triphenyl stibane Catalysator residual of Bis-GMA 352 1723 6
synthesis
UDMA Diurethane dimethacrylate Monomer 470.56 10/23 130

@ Springer
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For results expressed as monomer elution per surface

i3 g 2 @ ) > .

Lo ;e e e el (pmol/mm~), a weak positive correlation was detected

o o = ow = o % between the total surface area of the specimen and the

35 %% 5 &% t of released eluate, both when data coming f

@9 25 2 9 amount of released eluate, both when data coming from
all the different types of solvents were pooled together

% % % g % g é (r=—0.283; p=0.025) and for organic solvents alone

S S5 0SS 3 (r=—0.303; p=0.037); such correlation was not evident

® o ~ 8 o o a e o m when just water-based solvents were concerned (p > 0.05).

22 85082 S :

TS Z23s3 g s 8 For results expressed as monomer elution per volume
(umol/mm?), the same weak positive correlation between
the release amount and the specimen surface was found
when data coming from both types of solvents were pooled

Y R R ) together (r=0.0.223; p=0.027). Such a correlation was

SR ass83IFTILLEE . .

e T A - e T B B S detected even when the organic solvents were considered

% separately (r= —0.302; p=0.022), but it could not be con-
° - = firmed (p > 0.05) for the results independently coming from
== ) o o 9 o o o ¥ =

SScSsgsscssscsg8esg| g the water-based solvents.

N 2 A weak positive correlation was found between the
%3 'é sample volume and the amount of released eluate per vol-
el e L E e sl = ume (pmol/mm3) considering data from organic solvents
k- B (r=-0.278; p=0.036), while there was not any correla-
§ : tion when considering water-based solvents (p > 0.05).No
:é‘ o correlation (p > 0.05) was detected between the release of
NN = AN = = o — O —~ 0 n
3 monomers (both per surface and per volume) and the volume
Ry R 3| o of solvent, independently on the solvent nature.
o~ [ N ' ' ' ' [ [ =R 'E‘
8
)

<8 34 S Discussion

S — . Q N = =

- o S o =] c S §

o
= The present meta-analytical review included in vitro studies

<+ © o @ =~ o o 5 . . . .

;e 23 SR ST with the following common research protocol: preparation

Ul o on — —
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Fig.2 Elution per sample pumol/mm?
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The elution of a total of 36 substances could be observed
within the included studies. The majority of data referred to
monomers. Monomers are a significant component of resin-
based composites as they represent about 20-40% of their
content. Undesirable effects are attributed to monomers,
which are released during incomplete monomer-polymer
conversion [109]. The inorganic fillers as quartz, borosili-
cate, lithium—aluminum-silicate glasses, and amorphous
silica, represent about 60—80% of resin-based composite

&l

BisGMA

" A all L

I{.I it ; =i
Total 24h Total 24h Total 24h Total 24h Total
BPA HEMA TEGDMA UDMA

OWater-based [ Organic

content, but they do not seem to play a major role in the bio-
compatibility of these materials [5]. Additives, that usually
play a role in promotion, modification, or inhibition of the
polymerization reaction, represent only about 1-3% of the
composition. Manufacturers are not obliged to disclose the
ingredients in the composition of the materials if they do
not exceed 1% of total volume [89]. Besides that, Material
Safety Data Sheets (MSDS) of products are often incom-
plete [110, 111].
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In the present study, HEMA (2-hydroxyethyl meth-
acrylate) was the most released monomer. It can be described
as a low molecular mass monomer (130 g/mol) with small
dimensions, highly soluble in both types of solvents. Actu-
ally, in case of HEMA, no statistically significant difference
between the release in organic and water-based solvents at
24 h was observed (Figs. 2 and 3). Due to its hydrophilic
character, HEMA is a co-monomer frequently added in com-
mercial resin-based materials in order to prevent the sepa-
ration between water and hydrophobic co-monomers [112,
113]. On the other hand, some negative physic-mechanical
features of HEMA (as low degree of conversion and water
retention impairing a good polymerization) were reported
[114]. Moreover, HEMA demonstrated a certain degree of
cytotoxicity affecting cell viability [115-117], which might
be aggravated by HEMA water solubility. Hydroxyethyl
acrylamide (HEAA) and diethyl acrylamide (DEAA) are
regarded as the two most promising alternatives to HEMA
[114].

TEGDMA, BPA, and Bis-EMA revealed a quite high
solubility (depending on the solvent) as well. TEGDMA
demonstrated relatively high levels of release, specifically
in organic solvents. TEGDMA is a low viscosity and low
molecular mass (286.32 g/mol) molecule often added into
composite materials in order to reduce the viscosity of the
mixture [118, 119] and thus increase the degree of conver-
sion (DC). Unfortunately, the higher DC determined by
TEGDMA also increases the polymerization shrinkage of
the material [120]. For this reason, TEGDMA is often at
least partially substituted by another monomer of higher
molecular mass and lower viscosity (for example Bis-EMA)
[119]. Cytotoxic effects of TEGDMA on gingival and human
fibroblasts clinically related to pulp inflammation and necro-
sis were reported [121, 122].

BPA demonstrated quite high values of release in results
expressed as substance elution per volume (pmol/mm?), and
significantly higher release was detected in organic solvents.
Despite BPA is not directly present in resin-based compos-
ites, it still occurs in form of impurities [123]. Bis-DMA
(bisphenol A dimethacrylate) can be converted into BPA by
hydrolysis after its exposure to the esterase enzymes con-
tained in saliva [124, 125]. Although Bis-GMA (synthetized
from BPA and glycidyl methacrylate) does not undergo
this reaction presumably because of its chemical structure
which prevents hydrolysis at the ester linkage [118], Bis-
GMA-based materials still showed detectable BPA release
[126—128]. BPA molecule is insoluble in water but dem-
onstrates a good solubility in organic solvents as alcohols,
ethers, and fats [129]. BPA molecular mass corresponds to
228.28 g/mol. The European Food Safety Authority (EFSA)
stated in 2015 that the temporary Tolerable Daily Intake
(TDI) for BPA is 4 pg/kg/day [130]. During the measure-
ments of a human BPA exposure, it was estimated that an

@ Springer

average human organism directly or indirectly receives about
30.76 ng/kg per body weight per day [131-134]. Resin-
based dental restorations are listed among the main sources
of oral BPA intake [123, 135-137]. The negative human
health effects of BPA are related to its endocrine disrupt-
ing activity [138-142] and have greater impact in early-life
exposure [140, 143]. Alternative forms of bisphenol, as BPS
(bisphenol S) and BPF (bisphenol F) were introduced to sub-
stitute BPA in order to avoid such an endocrine-disrupting
chemical, but recent studies referred a similarly unfavorable
behavior [142, 144].

High values in results expressed as monomer elution per
surface (pmol/mmz) were detected for Bis-EMA in both
types of solvents but the release was significantly increased
in organic solvents. Bis-EMA is a hydrophobic analog of
Bis-GMA used as a basis monomer of several dental resin
materials in order to reduce their viscosity [17]. Low viscos-
ity is caused by the absence of free hydroxyl groups which
allows major incorporation of inorganic filler [47]. Bis-EMA
is a low volatile hydrophobic molecule with a molecular
mass of 452 g/mol. It was reported that also Bis-EMA con-
taining materials released BPA as an impurity resulting from
Bis-EMA degradation [128].

The records for UDMA release were generally very low,
especially in water-based solvents. UDMA is another co-
monomer commonly applied in dental resin-based materials
to enhance the viscosity. Considered to be an alternative to
Bis-GMA [145], UDMA usage is limited by its high molecu-
lar mass (470.56 g/mol), which results in a remarkable volu-
metric shrinkage clinically related to greater marginal gap
between tooth and restoration [120]. Regarding its cytotox-
icity, it has been reported that UDMA inhibits cell growth
in vitro at the concentration of 0.1 mM [146].

The lowest release was demonstrated for Bis-GMA,
which might be explained by its high molecular mass
(512.599 g/mol) and very slight solubility in all types of
solvents. Bis-GMA is a BPA derivate that is most frequently
used as the base of resin-based composites. Bis-GMA mol-
ecule is composed by methyl methacrylate groups added
to the hydroxyl groups of BPA via a glycidyl spacer [147].
Bis-GMA is a base matrix compound generally convenient
for its low volumetric shrinkage after polymerization, good
mechanical properties, high refractive index, low volatility,
and diffusivity into tissues and excellent adhesion to enamel
[127, 148]. Great voluminosity, strong molecular interac-
tions driven by H-bonding, and large molecular mass are the
determinants of its particularly high viscosity [149]. Never-
theless, the raised doubts about Bis-GMA low viscosity that
might negatively affect mechanical properties of materials
[150] and its possible cytotoxic effects linked to BPA [151,
152] have started the search for alternatives and led to the
marketing of Bis-GMA resin-based materials [147, 153],
such as Bis-EFMA-based composites [99].
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The sequence of release of the substances corresponds to
the order of their cytotoxic potential assessed by Reichl et al.
[154]: HEMA < TEGDMA < UDMA < Bis-GMA. In that
study, a 50% reduction in cell viability was reported after
exposure of human gingival fibroblasts to Bis-GMA at a
concentration of 0.087 mmol/L, to UDMA at 0.106 mmol/L,
and for HEMA at 11.530 mmol/L. For TEGDMA, such via-
bility decrease was detected at 3.460 mmol/L. The reduction
of cell viability was related to the increased amount of reac-
tive oxygen species and oxygen stress, and to DNA strand
damage and cell cycle alterations [109]. Comparing the
dental resin-based materials containing or non-containing
Bis-GMA, a greater cytotoxic and genotoxic potential of
materials releasing Bis-GMA and TEGDMA was observed
[122]. The concrete effects of monomers applied in direct
contact with dental pulp cells, as inflammation and inhibi-
tion of dentin mineralization, were described in many studies
[155-157].

Among the included studies, the release of many addi-
tives was detected as well. Although the additives are present
in the composition of resin-based materials only in a small
percentage, some still showed quite high release, reaching
the levels of frequently eluted monomers (Tables 6 and 7).
However, the results for additives need to be considered
with caution, as only few studies analyzed their elution and
therefore the input data were not as strong as for monomers.

In the present study, results were given both for the elu-
tion at 24 h and for total cumulative release. The analysis at
24 h was considered the reference, as it is quite common in
many studies and was present in all included studies. Con-
cerning the total cumulative release, it must be underlined
that the cumulative time period varied among the different
studies from days to months.

The release among the included studies was confronted
in different solvents. Most of the studies tested the materi-
als in more than one solvent, prevalently diluted ethanol,
distilled water, and methanol. Some protocols also tested
elution in artificial saliva and in various types of media
commonly used for cell culture growth. Most but not all
studies clearly specified if the solution was refreshed after
every analysis or if the results were of cumulative character.
Water-based solvents as artificial saliva or distilled water
can mimic intraoral conditions. Organic solvents are char-
acterized by a major dissolution efficiency probably ascrib-
able to their better penetration, sorption, and swelling of the
polymer material [18]. Based on the outcome of this study,
there was a significant difference between elution of water-
based and organic solutions (Figs. 2 and 3), which offered
a prevalently better environment for greater elution. Since
monomers are generally hydrophobic, and the original stud-
ies declared similar differences between the major release
in organic solvents and water-based ones, this outcome only
confirmed the expectations.

Examining the influence of molecular mass on the
amount of released molecules, a strong negative correlation
was reported. This would mean that small molecular mass
molecules tend to have greater mobility and polarity, and
to release faster and more easily, unlike heavier and larger
molecules. Such supposition corresponds to the results of
the current paper considering the release of the six mainly
examined monomers. HEMA, as a very light molecule, was
released the most, followed by TEGDMA, BPA, and Bis-
EMA. Lower release was detected for UDMA, and even
lesser for Bis-GMA, the molecule with the highest molecu-
lar weight among these monomers.

The importance of the surface area exposed to the sol-
vent was confirmed by the weak but statistically significant
correlation between the amount of released molecule and
the surface of specimens in the results for both surface and
volume; this was valid for the results of both the type of
solvents pooled together, and also for the organic ones sepa-
rately. A faster elution from surface and subsurface layers
compared with deeper layers was reported in previous stud-
ies [43, 158]. Therefore, it can be hypothesized that the more
extensive the surface of the restoration is, the higher the risk
of monomer elution becomes. Such theory might have an
interesting clinical impact. Considering the minimal amount
of intraorally polymerized resin-based material used for the
cementation of indirect restorations, the created surface of
material exposed to oral environment is minimal. From this
point of view, indirect restorations would be the optimal
solution regarding to the risk of monomer release and poten-
tial toxicity. Only two studies [92, 100] specified the actual
surface area that was in contact with the solvent without
considering the area contacting the bottom of the container
all the time during the soaking phase. The rest of the studies
did not mention this aspect.

A weak correlation between the release and the volume
of specimens was detected when data for both solvents were
pooled together. Such correlation may sustain the hypoth-
esis that the major volume and so the major thickness of
the material increment determines the major release. The
descending efficiency of polymerization with the increas-
ing thickness increment of cured material led to incomplete
polymerization and reduced the degree of conversion in the
deep layers. This results in the persistence of free monomers
and their potential subsequent release [159, 160].

A correlation between the release of substances and the
absence or presence of oxygen inhibition layer (OIL) could
not be determined, as there were not enough data for such
calculation. Only few studies [53, 90, 91, 99, 100] provided
results in the presence of OIL; all the remaining studies
clearly specified the steps taken to prevent the presence of
the OIL (blocking the contact of the surface of material with
oxygen before the curing process through glass, matrix strip,
or glycerin gel). The presence of atmospheric oxygen may
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inhibit the correct polymerization of monomers and create
a surface layer of unreacted monomers. The decrease of DC
in the presence of the OIL was demonstrated [161], as well
as an increase of DC after removing the OIL by polishing
and finishing [162]. The correlation seemed to confirm the
hypothesis that the release of monomers would be higher in
the presence of OIL.

In general, the results of the current review are broadly
consistent with Van Landuyt et al. [18] 10-year-old find-
ings. However, slight differences deserve to be mentioned.
The present work showed a statistically significant positive
correlation (although weak) between the amount of released
molecule and the specimen volume, which was not evident
in Van Landuyt et al. article. In turn, their review revealed
a weak but significant (positive) correlation between the
released amount of each eluate and the amount of solution
in which the resin-based specimen was immersed, which our
findings failed to demonstrate.

The present meta-analytical review provided an exhaus-
tive summary of the current evidence regarding substances
elution from resin-based dental materials in vitro. Therefore,
taking into account all the inherent drawbacks of in vitro
studies, caution is recommended in generalizing the above-
mentioned results. In vitro experiments regarding dental
materials and their properties usually tend to mimic the
environment of oral cavity, maintaining the reproducibility
and stability of applied analytical methods. In the oral cavity,
there is a constant influx of new saliva, which washes the
surfaces of tooth and restorations, and which is subsequently
drained by swallowing. The composition of natural human
saliva is very complex and variable, depending on several
individual factors (such as food intake, bacterial coloniza-
tion, and others), which fundamentally affect intraoral pH.
For those reasons, it is not exactly possible to create a syn-
thetic formula identical to natural saliva [163]. However,
the use of natural human saliva is unreliable as well, due
to its lack of stability outside the oral cavity [164]. In case
of monomer elution research, it would be therefore neces-
sary to ensure an extraction solvent that resembles natural
saliva and its constant exchange. It could be speculated that
refreshing the extraction solvent could prevent reaching the
chemical balance that progressively slows down monomer
elution, thus letting this phenomenon run naturally without
restrictions. On these bases, the protocols where the solvent
was periodically refreshed after each measurement adhered
more closely to the real intraoral conditions [18]. Never-
theless, reproducing the precise intraoral conditions seems
very difficult, and this should be taken into account when
evaluating the results of in vitro studies that may not fully
correspond to the in vivo situation.

Finally, besides all the inherent drawbacks of in vitro
studies, other potential limitations to the present review were
related to the lack of standardization of the included studies:
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variability of original units of measurement, specimens size,
samples polymerization and storage, and absence of limit of
detection values, in fact, complicated the paper comparison.

The variability of the original units of measurement and
their conversion into a common one were among the most
important issues that needed to be solved in order to obtain
uniform outcomes which could be subsequently compared
and analyzed. The primary results were expressed mostly in
concentration, while some of them were already related to
surface and volume. The choice to express the outcomes into
common units, moles per surface and volume, was based
on the considerations given by Van Landuyt et al. [18].
These authors preferred this approach in order to express
the amount of released molecules per surface and volume
that may be confronted with actual dimensions of in vivo
restorations.

There were other points in the selected original studies
which were rarely standardized, thus making the compara-
bility of the studies more difficult. Although the specimens
were mostly disk-shaped, their size varied in every study.
The details about the setting of the curing unit, the polym-
erization time (respecting or not the time recommended
by the manufacturer), and the distance of the curing unit
from the specimen surface were not always complete. Only
some studies [62, 83, 84, 92, 94, 96-98, 101, 102, 165]
provided very detailed information about the storage condi-
tions during the soaking phase, namely the exact tempera-
ture and light-conditions. However, a clear specification of
the solvent characteristics and its volume was one of the
most important information that was required in the present
review, and, if not clearly specified, represented an exclusion
criterium. In the included papers, the specimens were soaked
into the extraction liquid almost immediately, without any
pre-incubation period.

Another important element that was often missing among
studies was the limit of detection value. It was decided to
supplement the original results under the limit of detection
by the value of limit of detection itself. In case this was
missing, then the lowest measured result within the included
studies for the given molecule was used as a substitute value.
This approach permitted not to lose but valorize data of
measurements under the limit of detection; however, it might
also represent a minor source of inaccuracy for the primary
results. Moreover, some authors provided the results of their
studies only in the form of graph and not in exact numbers.
Only the studies where those graphs were clearly legible
were included. Although a precise digital graphical tool was
used to extract numerical values, this procedure might have
still led to a minimal additional inaccuracy in obtained data.

In light of the above-mentioned limitations, the authors
of the present paper emphasize the necessity for standardi-
zation, as already underlined by Van Landuyt et al. Despite
their 10-year-old attempt to suggest several guidelines for
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study design standardization, in fact, no evident improve-
ment has been detected in the literature regarding monomer
elution from resin-based dental materials of the last 10 years.
The authors of the present study recommend, therefore, that
future works follow the above-mentioned guidelines and
reaffirm the need to overcome the great heterogeneity ruling
in the literature through the standardization of the follow-
ing points: dimension and form of the specimen, specimen
manufacturing protocol (including polymerization condi-
tions such as intensity, modality, time of polymerization,
and prevention of OIL), volume and types of soaking sol-
vent (pH), soaking conditions (temperature, light, and real
specimen surface exposure to the solvent), methodology of
analysis, and units of measurement to quantify the results.

Conclusions

Based on the findings of this meta-analytical systematic
review, it was possible to draw the following conclusions:

1. The difference of monomer elution between organic and
water-based solvents was evident, as organic solvents
provoked major substances release.

2. The strength of molecule elution is negatively correlated
to its molecular mass: a lighter molecule elutes more,
while molecule with higher molecular mass is released
less.

3. The surface area of specimen plays an important role:
the major release of substances was observed in speci-
mens of more extended surface.

4. The volume of specimen may be an important factor
as well: the more voluminous specimen demonstrated
slightly major elution tendency.

It must be underlined, however, that the comparison of
the different studies was not always effortless, given the wide
variability of protocol set-ups, methodologies, and materi-
als. In order to improve the homogeneity of future studies, it
would be advisable to standardize the following aspects for
in vitro experimental protocols on composite elution: speci-
men size, polymerization setting, solvent character, analyti-
cal method and results expressed numerically.
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