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General comprehension of terms and confounding factors associated with in vitro
experiments can maximize the potential of in vitro testing of substances. In this sys-
tematic review, we present an overview of the terms and methods used to determine
low-dose effects of matrix constituents in polymer resin-based dental materials in
cell-culture studies and discuss the findings in light of how they may influence the
comprehension and interpretation of results. Articles published between 1996 and
2015 were identified by searches in the Scopus, Web of Science, MEDLINE,
PubMed, and Embase databases using keywords associated with low-dose effects,
polymer resin-based materials, in vitro parameters, and dental materials. Twenty-
nine articles were included. Subtoxic (n = 11), sublethal (n = 10), and nontoxic
(n = 6) were the terms most commonly used to describe the low-dose effects of
methacrylates. However, definition of terms varied. Most (82%) studies employed
only one method to define the exposure scenario, and no agreement was seen
between studies on the use of solvents. Prophylactic use of antibiotics was wide-
spread, and mycoplasma screening was not reported. In conclusion, cell-culture con-
ditions and tests used to define exposure scenarios have changed little in the last
decades, despite development in recommendations. Nomenclature alignment is
needed for a better understanding of possible biohazards of methacrylates.
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The increased use of polymer resin-based dental materials
(PRMs) in dentistry has warranted hazard-evaluation of
their ingredients. Methacrylic monomers, the main matrix
constituents of most PRMs, have in particular been iden-
tified as chemicals of interest, as their electrophilic, unsat-
urated o,f carbonyl structure (1) enables them to react
with bionucleophiles such as DNA and proteins (2, 3).

To assess the effects of methacrylic monomers on
cells, data on cytotoxicity are necessary (4). However,
cytotoxicity assays — the main tools used to define suit-
able dose and duration time of exposure, hereby
referred to as the exposure scenario — harbour many
challenges owing to the complex nature of cytotoxicity.
Data on cytotoxicity are in general obtained by testing
substances for their ability to produce gross cytotoxic
events such as cytostasis (inhibition of metabolic activ-
ity and cell proliferation), necrosis, and/or apoptosis
(5). Assessment of these events includes analysis of cell
morphology, cell proliferation, plasma membrane integ-
rity, and cell metabolic activity. Bioassays (i.e. assays

that determine a specific biological activity), are readily
used owing to their simplicity and ability to yield rapid
results (5). Yet, several bioassays, such as the much-
used MTT assay — a colorimetric assay for assessing cell
metabolic activity — only provide an indication of cyto-
toxicity, as cells determined to be metabolically inactive
are not necessarily apoptotic or necrotic. In addition, the
results can vary 100-fold between similar exposure sce-
narios measured using different metabolic assays (6).
Cytotoxicity is therefore a product of the method used to
determine it. Consequently, the lack of gross cytotoxic
events does not signify that a substance is non-toxic; it
only represents a negative measurement. Therefore, care
should be taken when interpreting assay results, espe-
cially if complementary methods are not used (7).
Cytotoxic data, and thus the exposure scenarios, are
further influenced by experimental design. Experimental
conditions that previously have been considered irrele-
vant may cause epiphenomena and artifacts when
increasingly sensitive methods are employed to measure
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changes in the cell transcriptome, proteome, or metabo-
lome. Examples of experimental design reported to
influence cytotoxic results include cell passage number
(8, 9), density of parent stock culture of cells and den-
sity of cells per well in assay (10), dose metrics (concen-
tration—effect  relationships)  (11), the wuse of
prophylactic antibiotics in cell-culture medium (12),
and solvents (12-14). Undetected mycoplasma infec-
tions, and/or other infections in culture may also
severely affect the results (15, 16). A transparent and
complete presentation of material and methods is there-
fore vital for the ability of peers to interpret and com-
pare published data. Incomplete description of
methods, as well as the use of unstandardized nomen-
clature, are detrimental for a universal understanding
of cellular events (7).

With this background, the aim of this review was
two-fold. First, to present an overview of terms and
experimental parameters used in the literature during
the last two decades (1996-2015) to describe and deter-
mine low-dose effects of matrix constituents in polymer
resin-based dental materials in cell studies. Second, to
discuss how the use of expressions and methods may
influence the interpretation of results.

Material and methods

A systematic search of the literature was performed in
PubMed [National Center for Biotechnology Information
(NCBI), US National Library of Medicine, Bethesda,
MD, USA], MEDLINE (US National Library of Medi-
cine), Web of Science (Thomson Reuters, New York, NY,
USA), Scopus (Elsevier, Amsterdam, the Netherlands),
and Embase (Elsevier) search engines. Inclusion and exclu-
sion criteria are presented in Fig. 1A. The publication date

range, 1996-2015, was chosen to follow the development
in methods and terminology used to describe and deter-
mine low-dose effects of methacrylate monomers. Prestudy
searches were conducted to identify an ideal search pro-
cess. Search terms associated with low-dose effects, PRMs,
in vitro cell studies, and dental materials were identified
for the Scopus search engine before adapting these terms
to the indexing of the MEDLINE, Embase, and PubMed
search engines (Table 1).

Articles that passed the title, abstract, and full-text
screening were examined for substance tested, method used
to determine cytotoxicity, solvent (type and concentra-
tion), use of prophylactic antibiotics, mycoplasma testing
of cell cultures, cell origin and passage number, dose met-
rics, and terminology and definition used to describe the
effects of the test agent.

Results

Twenty-nine articles were included in the final review.
The identification, screening, and selection processes
are presented in Fig. 1B. The number of articles found
using the different search engines ranged from 65 (Sco-
pus) to 13 (MEDLINE). Among the 187 articles found
in the initial identification process, only 40 were dupli-
cates, which supports the use of several search engines.
Table 2 presents a summary of the terminology used
in the 29 articles were reviewed. ‘Subtoxic’ (n = 11),
‘sublethal’ (n = 10), and ‘nontoxic’ (n = 6) were the
most commonly used expressions to describe low-dose
effects of PRMs. These terms were defined in most of
the articles; however, the definition varied among the
authors. For example, subtoxic could be defined as no
effect compared with the control (17, 18) or as the con-
centration that yielded 50% of the maximal toxic effect

A B
Inclusion criteria Search engine # articles
=
- In vitro cell studies of matrix % SCOPUS . 65
constituents of PRMs that employ ] ‘&Vggﬁflg'e"“ :g
terms from table 2, column 1, to E EMBASE #“
describe their results. q:) PubMed 28
=
- English Totaln = 187
- Publication dale: Removal of duplicates (1 = 40) |
01.01.1996 - 23.07.2015
o L 2
Exclusion eritatia qE_, Title and abstract screening (n = 147) H EXEIUdEd
3 =99
- Review 3] .
w
- In vitro studies with eluates/extracts Full text screening (n = 48) E*g':ged
from dental materials (e.g. endodontic
sealers, dental composites) ’
C i H I i .
- In vitro studies of matrix constituents =] Studles Inclied/in review: 28
o | (23 from database inquiry, 5 from reference
of PRMs that do not employ terms = search, 1 by hand search)
from table 2, column 1, to describe o '
their own results. -

Fig. 1. The identification, screening, and inclusion processes. (A) Overview of the exclusion and inclusion criteria applied to arti-
cles to be included in the review. (B) Overview of the number of articles included and excluded during the identification, screen-
ing, and inclusion processes. PRMs, polymer resin-based dental materials.



513

Methods in cell studies of biomaterials

“91R[AIoRYJOWIP JUBYIAIN VNN
Q)e[AIoeylawip [094]8 QUAYIOL) ‘VINAOHIL 1e[A1orylowl [AYow VNN 1e[A1orylowl [AYIRAXOIPAY-7 ‘VINAH doouod apordxa ‘dxa ejlioeyiow [Ayja(ourueAyowi)-¢ ‘VINAVINA
suoumbiroydwes ‘O ejAoeylow [APAIS Vv [AUdYdSIq ‘YIND-SIF SPIOMASY uoam1dq Ieadde ued jey) SpIom JO Idqunu ‘[pe opLpAyue dej[owL) AYIeAxXo[AojAIoelow-y VI NP

*SoUISUD YOIBas I9YJ0 A} JO SUIXOPUI oY) }INS 0} SISBq dUO-01-9UO B UO PAIO)[B 1M PUE ‘SIYOIBIS JOYJO0 oY) 10J 21e[dwo) & SB Pasn aI1om SwLIo)-yoreds sndoog.t
JOqUIAS UOTJBOUNI] 4

VINAVINA 10 VININ

10 VLA 10 0D 10 VINAN

10 VINO-SIg 10 VINdDI.L 10

VINAH 10 s1uady Surpuog-unuag

10 /reudrew arsodwods dxa 10

/Teudyewr [eyudp dx9 10 / s[eLejewr
[eIUdp pue [eoIpawolq, dxd 10 [BIUd(J

VINAVIANA 10 VINIA 10 VIIIN

-¥ 10 0D 10 VINAN 10 VIND

-Sig 10 VINAOH.L 10 VINAH 10

SJUd3y Surpuog-unud( 10 Sjudy

Surpuog-unua Io /Anspuag

dx2 10 [RIUP 1O /Furpuog [BIUI(] 1O
/s1uouIR)) [BIUS( 1O /S[RLIARIA [BIUd

VINAVINA

10 VININ 10 VIHIN-¥ 10 0D 10

VINdN 10 VIND-SIF 10 VINAOH.L

10 VINHH 10 sjuady Suipuog
-Unua(J JO [BLIdJBW [BIUIP IO [RIUd

VINAVINA

10 VINA 10 VLAIN-¥ 10 QD 10

VINAN 10 VIND-SIF 10 VINAdDA.L

10 VINAH 10 siuady Surpuog
-Unua(J 10 [BLIdJBW [BIUIP IO [BIUS

VINAVINA

10 VINIA 10 VILHN-# 10 QD 1o

VINAN 10 VIND-SIF 10 VINAOI.L

10 VINAH 1o siuady Surpuog
-unuo( 10 [BLIDJEW [BJUSP 10 [BIUd(]

ANV

ANV

ANV

ANV

ANV

/3unsay K3101x031 dxo YO
/realans 1120 dxo YO /our
1199 dxa YO Apnis o1IA U

/TeAIAIng

1°D dxa 10 /8159, A1101X0O

dxa YO /senbruyos arnymno
1199 dxo 10 /sonbruyodl onia uy

(.om1a uy,

ANV [Usol s Ki1xor,)

O [usolealang 12D,

MO [USANLAUIT (19D, O
[yso].sonbruyosy omIA uj,

[RAIAINS [[90 YO KBssY YO
Apnis ONIA U] YO ININd [[3D)

[BAIAINS [[90 YO ABSSY YO
Apnis ONIA U] YO ININD [[3D)

ANV

ANV

ANV

ANV

ANV

/rowouow dxa 10
/103en1UI1030Yd IO /OAIIBALIOD
proe osrjAoeyow dxo

MO /euerofs dxo 10 /ursar dxg

SeANIppE

10 /sursay aueIofis dxa YO

103enutojoyd YO /onoyuig
‘sursoy dxo YO /sarejAy dxg

sIdwouowr IO sIauwouow

SNOUISAI 10 SIANIppeR

A0 [ysoN].PnatIukg
‘sutsay, YO [Usolsare[foy,

SUERIONS YO SANIPPY
A0 #UISA YO (KB
MO TWoUoW YO 4IR[AIOY

QUBIO[IS O 2ANIPPY
O <UISAL YO «[A10BYIRN
MO Towouow YO 4ANB[AIDY

ANV

ANV

ANV

ANV

ANV

[PYIRUON YO (9sop

Zfpe mo) YO (esop glpe [jews)

YO 21%0101K0q0§ O [PYIR[NS
O AIXOIUON YO d1X0Iqng

[BYI[UON JO (9s0p

Zfpe mo) YO (esop glpe [jews)

MO 21%010340q0g YO [eYIvqng
O OIXOWON YO dAx01qng

[eyIe[UON

IO (:250p MO, YO 950P-M07T)

O ((250P [[ews, YO 2SOp-[[ews)

O 01x010340q0g YO [eYIv[qng
O OIXOWON YO dAx01qng

[EYIA[UON O (es0p

¢fpe moT) YO (9sop glpe [[puws)

IO 01%010340qng YO [eYIR[qnS
O AIXOIUON YO d1X0Iqng

[BYIR[UON O (3s0p

¢fpe mo) YO (esop glpe [rews)

O 01x0103K5q0g YO [eYIe[qns
MO JIXOJUON YO 21x¥0Iqng

ASVAINA

ANITAIIN

PaINqnd

0UAIOS JO QoM

,SNdODS

NREII
[BIUSP )M POIBIOOSSE SULID [,

s1ojowrered
OI}IA UI Y}IM PIJBIOOSSE SWLIT,

S[BLIdJRW Paseq-1owA[od
[IIM PIIRIOOSSE SWLIQ T

1000
9SOP-MO] [}IM POJBIOOSSE SULID ],

QUISUD [OIBIS

SQUISUD 1Y2DIS JUIDJJIPp Y] Ul PISN SULIDI-DIDIS

[ 2lqeL



514 Nilsen et al.

Table 2

Terminology used to describe low-dose effects of matrix
constituents of polymer resin-based dental materials in the
articles included in the review

No. of Variance in
articles using No. of definition (in
Terms the term definitions  relation to EC*T)
Subtoxic 12 4 ECO to EC50
Sublethal 10 4 ECO to EC50
Nontoxic 6 2 ECO to ECI15
Non-lethal 1 - ECO
Non-cytotoxic 1 - ECO
Subcytotoxic 1 - EC20

*EC, effective concentration. EC50 represents the concentration
of a substance that yields a 50% effect in comparison with the
maximal effect in a given assay — usually a negative control. ECO
is the no-effect concentration.

"The EC values represent our interpretation of the information/
data presented in the articles reviewed.

(19, 20). All articles used nominal dose metric (added
dose) to describe the concentration of the matrix con-
stituents.

Table 3 presents a summary of experimental parame-
ters. Triethylene glycol dimethacrylate (TEGDMA) and
2-hydroxyethyl methacrylate (HEMA) were the mono-
meric methacrylates most commonly studied and the
effect of these two substances was tested in 59% and
45% of the studies, respectively. Seventy nine per cent
of the articles used only one method to define the low-
dose exposure scenario. The MTT assay, which mea-
sures the ability of cells to reduce the tetrazolium dye
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide] to its insoluble formazan, was the most
commonly used bioassay, and was employed in 69% of
the studies. Dimethylsulphoxide (DMSO), ethanol, ace-
tone, and tetrahydrofuran were used as solvents. How-
ever, the concentration of solvent used for similar
methacrylic monomers varied between studies (not
shown).

A summary of cell types and cell-culture conditions
is given in Table 4. Almost 80% of the cell lines used
for cytotoxicity testing were of human origin. The
immortalized human monocyte cell line, THP-1, was
used in 34% of the studies. The majority (60%) of the
studies were performed with immortalized cells. Passage
number was reported for 93% of the non-immortalized
cells, whereas only one study reported passage number
for immortalized cells (21). Most cells (i.e. 71% of the
immortalized cells, and all non-immortalized cells) were
cultured in medium with antibiotics.

A comprehensive summary of methods and terminol-
ogy is presented in Table 5.

Discussion

The nomenclature used to describe low-grade toxic
effects of PRMs varied between the studies reviewed.
Moreover, the terms assessed were non-uniformly

Table 3

Experimental parameters used in the 29 articles included in the
review

Variable Value*
Matrix constituents tested’
TEGDMA 59% (17)
HEMA 45% (13)
UDMA 14% (4)
Bis-GMA 21% (6)
Exposure time used
<I2h 24% (7)
12to <24 h 7% (2)
24 h 66% (19)
48 h 10% (3)
72 h 10% (3)
>72 h 31% (9)
Number of methods used to determine cytotoxicity
1 79% (23)
> 7% (2)
No information 14% (4)
Bioassay
MTT 69% (20)
ATP 7% (2)
Other* 17% (5)
No information 14% (4)

*Percent of the 29 reviewed articles that used the variable (num-
ber).

"These were the four most common matrix constituents tested.
PI, MTS, XTT, Annexin V-FITC and LDH.

Annexin V-FITC, Annexin V-FITC Apoptosis Detection Kit (several
parameters); ATP, adenosine triphosphate based assay (viability
assay); Bis-GMA, Bisphenol A and glycidyl methacrylate; HEMA, 2-
hydroxyethyl methacrylate; LDH, lactate dehydrogenase (cytolysis
assay); MTS, 2,3-bis-(2-methoxy-4-nitro-5-sulphophenyl)-2H-tetrazo-
lium- 5-carboxanilide (viability assay); MTT, 3-(4,5- dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium (viability assay); PI, propidium iodide
(cytolysis assay); TEGDMA, triethylene glycol dimethacrylate;
UDMA, urethane dimethacrylate; XTT, 2,3-bis- (2-methoxy-4-nitro-5-
sulphophenyl)- 2H-tetrazolium-5-carboxanilide (viability assay).

defined and definitions overlapped between terms. Defi-
nitions of the terms used to describe low-grade effects
of potentially cytotoxic substances varied also between
dictionaries (Table 6), suggesting that this type of
nomenclature should be used with caution. Regardless
of this, non-standardized expressions are heavily
adopted in the general scientific literature, as illustrated
by a PubMed search on the use of the terms subtoxic,
sublethal, or non-toxic in the period 01.01.1996-
31.12.2015, that gave 16,623 hits, with progressively
more results towards the present day.

The drawback of using non-standardized nomencla-
ture becomes particularly apparent when terms are not
defined, used as synonyms, and/or cited from a previ-
ous study. In one of the articles included in the present
review, it was stated in the material and methods sec-
tion that ‘The lethal concentration of TEGDMA in
THP-1 monocytes was determined to be 1.5 mM for
72 h ... Therefore, 1.25 mM, a sublethal concentration
and 3 h, a short exposure time, were chosen for hydro-
lase activity determination.” (22). In this example, the
method wused to define the Ilethal or sublethal



Table 4

Cells and culture conditions in the 29 articles included
in the review

Variable Value*
Cell type used
THP-1 34% (10)
HCP 10% (3)
HGF 21% (6)
DPSC 10% (3)
Other' 45% (13)
Cell origin
Human 80% (28)
Non-human 20% (7)
Immortalized cells 60% (21)
Non-immortalized cells 40% (14)
Passage number reported
Immortalized cells
Yes 4% (1)
No 96% (20)
Non-immortalized cells
Yes 93% (13)
No 7% (1)
Reported use of antibiotics
Immortalized cells
Yes 71% (15)
No 29% (6)
Non-immortalized cells
Yes 100% (14)
No 0%

*Value differ by variable. Cell type used: Percent of the 29
reviewed articles that used the variable (number of articles). Cell
origin: Percent of total number of cell studies. Passage number
reported, and Reported use of antibiotics: Percent of total number
of immortalized cells or non-immortalized cells.

TRK-13, BHK-21, TR146, EVC304, 1929, U937.

BHK-21, Hamster Kidney fibroblast; DPSC, human dental pulp
stem cells; EVC304, human umbilical vein endothelial cells; HCP,
keratinizing hamster buccal cheek pouch epithelial cells; HGF,
human gingival fibroblasts; 1929, mouse C3H/An connective tis-
sue; RK-13, rabbit kidney cells; THP-1, human monocytic cell line
derived from an acute monocytic leukaemia; TR146, cell line of
human buccal epithelial origin; U937, human leukaemic monocyte
lymphoma cell line.

concentration was not described, and it was unclear
whether the authors had extrapolated cytotoxic data
from a study on THP-1 cells to U937 cells. The same
group of authors may also use the same term (i.e. sub-
lethal) differently between papers (23-25).

Phrases used to explain the assay results varied.
However, while most authors used phrases that are
descriptive of the effect measured, some used phrases
like ‘percent viable cells’ (26), ‘cell survival’ (19), or
‘mortality’ (27) to describe results, despite the fact that
this was not what the assays measured. The Nomencla-
ture Committee on Cell Death (NCCD) has advised
that assays should use expressions that clearly indicate
what is measured to strengthen a common understand-
ing of terms [e.g. the MTT assay assesses succinate
dehydrogenase activity (not viability), a propidium
iodide (PI) assay assesses Pl-positive cells (not necro-
sis), and a caspase-3 assay measures caspase-3-positive
cells (not apoptosis)] (7, 28). This is in line with
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abandoning terms such as non-toxic, subtoxic, and sub-
lethal.

The next paragraphs will elaborate on how experi-
mental design may influence the design of the exposure
scenario and the results.

Assays

Cytotoxicity is a complex event that is not easily charac-
terized. Cells deemed viable by one method may display
characteristics that are not obvious (e.g. early apoptotic
cells will still be metabolically active) (29). In addition,
similar assays can differ in sensitivity, as well as in results,
because of interferences and method weaknesses (6).
Interestingly, cell-culture conditions, as well as the meth-
ods used to determine cytotoxicity of matrix constituents
of PRMs, were relatively similar in articles published
between 1999 and 2015, despite many methodological
advancements in the same period and the publishing of
the outline on Good Cell Culture Practice in 2002 (30).

In the reviewed articles, the MTT assay was the most
frequently used bioassay. MTT assays have been fre-
quently used in cell research since 1983 (31), and are
cheap in use, but have some disadvantages compared
with other assays. In contrast to, for example, ATP
assays, MTT has to be incubated with viable cells before
reading. During this period, cells are damaged by crystal
formation. This, combined with the ability of MTT to
react with certain chemicals, can contribute to artifacts
when evaluating cytotoxicity (32, 33). While some studies
report good correlation between MTT and ATP assays
(34, 35), large variations also occur (6). WEYERMANN
et al. reported a 100-fold difference between the MTT
assay and an ATP bioluminescence assay used to esti-
mate the half-maximal effective concentration of chloro-
quine (MTT assay, 10 mM; and ATP assay, 0.1 mM)
and sodium azide (MTT assay, 300 mM; and ATP assay,
3.7 mM) (6). If only one of these results had been used
to determine an appropriative exposure scenario, differ-
ent states of the cells would have been assessed.

Toxic reactions need to be interpreted in light of an
exposure scenario. The reason for this is that metabo-
lites, transcripts, and cell functions will change in a
time- and dose-dependent manner following chemical
insults (4) (Fig. 2). Depending on the exposure scenario,
the response measured may be partly because of non-
specific adaptation mechanisms, and thus obscure the
detection of relevant events (4). Therefore, NCCD
encourages researchers to quantify cell-death events by
more than one assay (7). However, the majority of the
articles included in this review used only one method to
define the exposure scenario. This finding was indepen-
dent of the publishing date.

Cells and cell-culture conditions

Most studies used cells of human origin, including all
articles published after 2007. This is in line with the
National Research Council report, “Toxicity testing in
the 2Ist century: a vision and a strategy (21.tox)’,
which states that human biology ought to be the basis
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Table 6

Dictionary definitions of terms

Term Definition Source

Subtoxic 1. ‘A dose that causes 1. Mould F. Richard.
consistent changes in Introductory
haematological and Medical

biochemical
parameters and
might thus herald
toxicity at the next
higher dose level
with prolonged
duration’

2. ‘Less than toxic’ 2. Wiktionary (75)

Sublethal 1. “a dose of a 1. Mosby’s Medical
potentially lethal Dictionary, 9th
substance that is not edition (76)
enough to cause
death’

2. ‘In medicine = not
sufficient to cause
death’

3. ‘less than but usually
only slightly less than
lethal (a sublethal
dose)’

Non-toxic 1. ‘not toxic’

Statistics, 3rd
edition, 1998 (74)

2. Stedman’s Medical

Dictionary, 2002 (77)
3. Merriam-Webster
Dictionary (78)

1. Merriam-Webster
Dictionary (79)

2. Oxford Advanced
American
Dictionary (80)

Oxford dictionaries

(81)
Merriam-Webster
Dictionary (82)

Wiktionary (83)

2. ‘not poisonous or
not harmful to your
health’

Non-lethal ‘not causing death’

Non-cytotoxic  ‘not toxic to cells’

‘Of a dose or
concentration. less
than cytotoxic’

Subcytotoxic

for in vitro toxicity assessment (36). The human THP-1
cell line and primary human gingival fibroblasts were
the most commonly used cells. A trend towards
increased use of non-immortalized or primary cell lines
in the later years was also observed.

Cell type can greatly influence cytotoxic results.
Mouse BALB/c fibroblasts have shown 2.7- to 14-fold
higher sensitivity for HEMA, bisphenyl A glycidyl
methacrylate (Bis-GMA), and urethane dimethacrylate
(UDMA) compared with THP-1 cells (37, 38), whereas
THP-1 cells have shown 5- to 10-times higher sensitiv-
ity for HEMA, TEGDMA, and Bis-GMA compared
with primary peripheral blood monocytes (39). Extrap-
olation between cell types should therefore be carried
out with caution. In the reviewed articles, such extrapo-
lation was in general not evident, and only performed
in one study referred to previously in the discussion
(22). With regard to exposure scenarios, great variation
can be seen when similar substances and cells are
tested, even when the term used to describe these expo-
sures suggests likeness — as illustrated in Fig. 3.

The passage number of cells in culture may also
influence their response to xenobiotics (8). Passage num-
ber was reported for most non-immortalized cells, but in

Methods in cell studies of biomaterials 521

only one study using immortalized cells. However, high
passage numbers have been reported to influence cyto-
toxic results also when using immortalized cell lines (8,
9), reflecting the instability of these cell systems.

All studies in non-immortalized cell lines, and 71%
of those in immortalized cell lines, reported to have
employed prophylactic antibiotics. In the latter cate-
gory, all articles from 2002 on reported use of antibi-
otics, despite the publishing of good cell-culture
practice guidelines in 2002 that discourage routine use
of antibiotics in cell-culture media (40). Antibiotics
have been suggested to interfere with cellular parame-
ters of interest (12, 13, 40), as well as to increase the
prevalence of antibiotic-resistant strains, and to sup-
press infections that would otherwise be detected (13,
40). In addition, antibiotics do not reliably protect
against mycoplasma infections in culture, as 90% of
mycoplasma strains are resistant to commonly used
antibiotics (16, 40, 41). Interestingly, none of the
included articles reported to have screened for myco-
plasma. Mycoplasma has been, and still is, a widespread
problem for the quality of in vitro cell research (15, 16,
41). The advance of guidelines for good cell-culture prac-
tice (30, 40), as well as development of more convenient
mycoplasma screening methods, may have lessened the
prevalence of mycoplasma. However, recent studies sug-
gest that this infection is still prevalent in cell-culture sys-
tems and poses a risk to research quality (15).

Solvents

Many matrix constituents of PRMs are insoluble in
cell-culture growth media and are therefore diluted in a
polar solvent before toxicity testing. This may alter the
toxicity of substances, as solvents interfere with cell-
membrane permeability and increase the cellular uptake
of chemicals (42). The majority of the studies reviewed
reported use of ethanol, DMSO, or acetone to dissolve
the test substances. However, the concentration of simi-
lar solvent varied between studies — also when an
author used the same substance in different studies (23,
43). Findings by Nocca et al. suggest that solvents can
affect the toxicity of methacrylates, as TEGDMA dis-
solved in DMSO or ethanol yielded significantly lower
cell viability (as defined by an MTT assay) compared
with  TEGDMA added directly to the cell-culture
growth medium (14). The same authors also questioned
the need for solvents to dissolve TEGDMA in cell-cul-
ture medium (14). This question may be relevant for
other methacrylate monomers as there seems to be no
consensus in terms of the use of solvents for in vitro
tests of toxicity regarding these substances.

Dose metric

Concentration—effect relationships are central to under-
stand the potency of chemicals (11, 44). The amount of
freely available substance in cell cultures determines the
amount of substance that potentially can interact with
cells (45). This may vary considerably from the added,
nominal, dose, depending on the physicochemical
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Fig. 2. Illustration of the relationship between measurable
effect and exposure scenario. Before exposure, all cells are
viable (blue circles). After exposure, different responses are
measured depending on the scenario. The ability to detect
gross cytotoxic events varies between methods, and one
method alone is not sufficient to characterize the extent of
cytotoxicity. Beside cytotoxicity, other effects can vary
between exposure scenarios. Cells in A and B yield results
reflecting changes in pathways that are affected by the initial
chemical insult, whereas cells in C and D yield results that are
related also to homeostatic/adapting mechanisms.

60 1
50 4 3 :
< Non-cytotoxic (MTT) @ Subtoxic (MTT)
40 A
%]
—
3 30 A
T ¢ Non-cytotoxic (MTT)
] : w Nontoxic ASublethal
50 o Subtoxic (PI) (XTT) (MTT)
10 -
Sublethal
(MTT)
0 T T T T )
04 0.6 0.8 1.0 12 14
mM TEGDMA
®  Engelmann et al. 2002 *
¥ Reichl et al. 2008 *
A Gregson et al. 2008 %7
< Mavrogonatou et al. 2010%
® Nisio etal. 2014 ¥

Fig. 3. Terms and methods used by authors to describe the
effects of triethylene glycol dimethacrylate (TEGDMA) on
human gingival fibroblasts in relation to concentration and
exposure duration. Great variation is seen, even though the
term used to describe exposures suggests likeness. MTT, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (viability
assay); PI, propidium iodide (cytolysis or membrane leakage
assay); XTT, 2,3-bis-(2-methoxy-4-nitro-5-sulphophenyl)- 2H-
tetrazolium-5-carboxanilide (viability assay).

properties of the substance tested, as well as the experi-
mental set-up (e.g. exposure duration and medium
composition) (45, 46). Nominal doses are currently the
norm in cell research and are used in all the articles
reviewed. However, alternative does metrics, such as
freely available substance, are deemed an important
role for successfully employing in vitro to in vivo
extrapolation in the future, as they are not dependent
on culture conditions in the way in which nominal
doses are (4, 45).

Many cells are dependent on serum supplement in
culture. At the same time, serum protein binding has
been identified as the main cause of reduced bioavail-
ability of substances in vitro (14, 47). The impact of
this phenomenon on ECS50 (i.e. the concentration of a
substance that yields a 50% effect in comparison with
the maximal effect in a given assay) values may vary
from none to considerable, depending on the sub-
stance as well as on the serum concentration in the
cell culture (44). The type of serum might also affect
this value: fetal bovine serum has been reported to
decrease toxicity less than human serum, probably as
a result of different substance-binding properties (44).
In the articles reviewed, the serum concentrations var-
ied from 5% to 15%. This difference may have impact
on the EC50 values obtained, especially for low-doses
of substances (<600 uM), as albumin-binding sites are
saturated at higher serum concentrations (48). Con-
cerning matrix constituents of PRMs, variation in
added and detectable concentrations of TEGDMA in
cell cultures has been observed (14). Circumstantial
evidence supports that protein binding of methacry-
lates occurs in eluates (47, 49). Studies in mouse
reporting the ability of methacrylic compounds to
form hapten—protein complexes, also support this
notion (50-52). The dose of methacrylate monomers
inducing biological effects may therefore be less than
the added dose. Dose metrics further complicate the
interpretation of in vitro research, and this underlines
the importance of reporting results in line with the
method used to obtain the results.

In conclusion, non-standardized nomenclature is still
commonly used to describe the in vitro results of stud-
ies on the biological effects of PRMs. This may impair
universal understanding of cytotoxic events. Cell-
culture conditions and methods used to characterize
exposure scenarios have remained largely unaltered
during the last two decades, despite development of
recommendation and guidelines. By adapting standards
and guidelines when new research projects are initiated,
a common, strong platform for in vitro hazard charac-
terization may be achieved.
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