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Abstract

We recently identified a group of chemicals that are misclassified by most, if not all, in vitro
alternative ocular irritation tests, suggesting that nonanimal tests may not fully model the ocular
environment in which these chemicals interact. To address this, we evaluated the composition of
tears, the first defense against foreign substances, and identified the presence of antioxidants that
could detoxify reactive chemicals that otherwise may be falsely identified as irritants in alternative
irritation tests. In this study, we evaluated the effects of tear antioxidants on the ocular irritation
scoring of commonly overclassified chemicals (false positives) using the OptiSafe™ ocular
irritation test. Six tear-related antioxidants were individually added to the OptiSafe formulation,
and the effects on test outcome were determined. Ascorbic acid, the most abundant water-soluble
antioxidant in tears, specifically reduced the OptiSafe false-positive rate. Titration curves showed
that this reduction occurs at in vivo concentrations and is specific to chemicals identified either as
producing reactive oxygen species or as crosslinkers. Importantly, the addition of tear antioxidants
did not impact the detection of true negatives, true positives, or other false positives unassociated
with reactive oxygen species or crosslinking. These results suggest that the addition of tear
antioxidants to in vitro alternative test systems may substantially reduce the false-positive rate and
improve ocular irritant detection.
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Introduction

Consumer products and chemicals are routinely tested for ocular irritancy potential. In the
past, the testing of materials for ocular safety has relied on the in vivo Draize rabbit eye
test, which has become the “gold standard” for chemical classification (Draize et al., 1944;
Lebrun et al., 2020). This live animal test uses a clinical scoring system that grades the
severity and duration of the ocular irritation response that generally occurs from 1 to 21
days after a chemical exposure. The resulting clinical scores and durations of effects are
then applied to either the United Nations Globally Harmonized System (GHS; UN, 2011)
or the U.S. Environmental Protection Agency (EPA) methods of eye irritation classification
(ICCVAM, 2010). Because of animal cruelty concerns, there has been a major effort over the
past several decades to develop alternative strategies (nonanimal tests) that could be safely
used to classify and label potentially harmful chemicals.

In vitro test methods have been developed and validated for the detection of materials

that cause the most severe level of ocular irritation (ocular corrosives, GHS category

1) and the least irritating level [GHS not classified (NC) ocular irritants], but not for

the detection of reversible irritants (GHS categories 2B and 2A) (Lebrun et al., 2019).
Nonanimal tests cannot detect reversible irritants because the false-positive (FP) rate is too
high for the detection of GHS NC, and the false-negative (FN) rate is too high for ocular
corrosives; this combination results in inaccurate predictions for the middle classification
(reversible irritants). For example, we previously compared the Bovine Corneal Opacity
and Permeability, EpiOcular™, Isolated Chicken Eye, Ocular Irritection®, and OptiSafe™
tests and found that they all mispredicted a group of chemicals with FP rates (GHS NC
overpredicted as GHS category 2 or 1) around 40% (Lebrun et al., 2020). The finding

that all of the nonanimal tests overpredict the same chemicals indicates the current in

vitro tests are incomplete models of in vivo eye irritation. “Defined approaches” have been
proposed for testing chemicals for eye irritation (GHS categories 2B and 2A) using specific
physiochemical properties of the materials. These properties are then used to follow a
predetermined flow chart for a theoretically better prediction (OECD, 2017; Alepee et al.,
2019a, b). However, defined approaches require knowing specific physiochemical properties
(e.g., octanol-water partition coefficient, vapor pressure, water solubility, surface tension) of
the material being tested and have only been developed for known liquid chemicals (OECD,
2017; Alepee et al., 20193, b).

The Unique Redox Environment of the Eye

The cornea consists of the stroma that is protected by the corneal epithelium, while the rest
of the eye is covered by the conjunctiva. The cornea and conjunctiva function as barriers to
protect the eye from exposure to environmental insults including foreign bodies, microbes,
and irritating chemicals. In particular, the corneal epithelium uniquely expresses very

high levels of corneal crystallin proteins that are water-soluble enzymes such as aldehyde
dehydrogenases 1A1 and 3A1 that can protect against metabolic insults and oxidative injury
including ambient oxygen, photo-oxidation, ionizing radiation, and chemicals (Jester, 2008).

Likewise, human tears consist of three layers composed of mucin, water, and lipids
(inner to outer) that also contribute to the health and maintenance of the ocular surface
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(Conrady et al., 2016). Lacrimal glands produce the aqueous layer of the tear film, which

is produced at a basal rate of up to 2 pL/minute (Kim et al., 2019) and up to 100-fold
higher in response to mechanical, thermal, or chemical exposure (reflex rate). Importantly,
these increased aqueous tears have the potential to dilute, clear, and detoxify chemicals.
Rabbit tears and human tears are similar (Chen et al., 2009). Proteins present in rabbit

tears include lysozyme, B-hexosaminidase, lactate dehydrogenase, angiotensin-converting
enzyme, plasminogen activator, and prostaglandin E, (Thorig et al., 1985). Proteins present
in human tears include lysozyme, immunoglobulins (IgG), lactoferrin, albumin, and protein
G (Wollensak et al., 1990).

The cornea is exposed to reactive oxygen species (ROS) that include superoxide anion
(02,7), hydrogen peroxide (H,0,), hydroxyl radical (HO*), hydroperoxides (ROOH),
peroxyl radicals (ROO*), and singlet oxygen (O2) (Nita and Grzybowski, 2016; Ung et al.,
2017; Kumari et al., 2018). Cellular phospholipid bilayers are susceptible to ROS-induced
damage via lipid peroxidation, which occurs when free radical species including oxyl,
peroxyl, and hydroxyl radicals remove electrons from lipids and subsequently produce
reactive intermediates that can cause considerable damage via redox cycling (Njie-Mbye
et al., 2013; Babizhayev, 2016; Tangvarasittichai, 2018; Su et al., 2019). The oxidation

of nucleotides and proteins may also lead to changes in gene expression, mutations, and
the formation of insoluble protein aggregates. Sources of ROS include ultraviolet light
induction, ozone, cigarette smoke, pollution, and accidental chemical exposure (Wakamatsu
et al., 2008; McMonnies, 2014; de Jager et al., 2017; Ung et al., 2017; AlKahtane et al.,
2020).

Importantly, the eye is protected against these oxidative stresses not only by the expression
of intracellular corneal crystallin proteins that provide enzymatic protection, but also by the
presence of nonenzymatic antioxidants in the cornea, aqueous humor, and tears. As shown
in Table 1, human tears and agueous humor have similar concentrations of antioxidants.
Tears are the first biological fluid to interact with and potentially detoxify chemicals that
contact the eye. Nonetheless, nonanimal tests do not model tears or the tearing process.
Agqueous humor production and turnover are also dynamic processes, which like tearing,
are not modeled by nonanimal tests. In human tears, ascorbic acid and uric acid account
for approximately 50% of the total antioxidant activity, with ascorbic acid being the

most abundant (Chen et al., 2009). Other small molecules, including reduced glutathione,
L-cysteine, and L-tyrosine, make up the rest. Enzymes include superoxide dismutase (SOD),
which has an activity around 3.5 U/mL (Behndig et al., 1998). In the order of abundance

in human aqueous humor, nonenzymatic antioxidants include ascorbic acid (530 uM), L-
tyrosine (78 uM), uric acid (43 uM), L-cysteine (14.3 uM), and glutathione (5.5 uM). SOD
activity is not believed to contribute significantly to the antioxidant defense mechanisms of
the aqueous humor (Chen et al., 2009).

Even though scientists in the area of ophthalmology have characterized the importance of
protective antioxidant effects on the eye in disease and during wound healing, current in
vitro eye tests are theoretically limited by their ability to model the response to oxidative
stress. Based on our literature review, current nonanimal eye irritation tests have not
specifically accounted for the antioxidant capabilities and properties of the eye, especially
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the tear response that occurs when chemicals contact the ocular surface. Since we have
noted that in vitro tests overpredict many of the same chemicals (Lebrun et al., 2020),
we questioned whether these FPs might have common chemical reactions that involve
the formation of ROS. After evaluating the chemistries of commonly missed FPs, it

was noticed that a group of chemicals showed reactive chemistries, particularly for ROS
and crosslinker (CL) potential. CLs covalently bind molecules via electron transfer and
redox cycling between reduced and oxidized molecules that can lead to the generation
of ROS (van Amsterdam et al., 2001; Kovacic et al., 2002). Based on observations that
chemicals associated with ROS-generating chemistries and CLs are more likely to be FPs,
we hypothesized that the addition of antioxidants to nonanimal eye safety tests to more
closely resemble the tear defense mechanism might significantly improve (lower) the FP
rate. To test this hypothesis, various antioxidants were titrated into the OptiSafe test, and
improvements were assessed.

The OptiSafe method was conducted as previously described (Choksi et al., 2020). Briefly,
samples were initially evaluated for solubility, pH, and foaming using a standardized
procedure. Based on the outcomes, a decision tree was followed to allow for standardized
procedural modifications for substances with the following properties: 1) extreme pH, 2)
insolubility, and 3) categorized as a surfactant. The procedure differed for materials with
these properties. For substances with an extreme pH, the buffering power was evaluated,
and standards were adjusted to match. Insoluble materials were floated instead of placed
on membrane discs. Surfactants were diluted. Materials were tested for potential to damage
to water-soluble or -insoluble macromolecules. The OptiSafe test is supplied as a complete
kit (Lebrun Labs LLC, Anaheim, CA), which includes the OptiSafe “active agent” reagent
formulation (see Choksi et al., 2020 for additional details). Test chemicals were added to
“ocular discs” to control the delivery of the chemical to be tested as it enters the reagent
mixture. The resulting optical density (OD) and pH values were compared with quality
controls and a standard curve to generate a score. The score was then applied to a prediction
model (15 = NC; >15 — 45 = category 2; >45 = category 1) to classify the material tested.

An initial screen of the six major abundant antioxidants present in agueous humor and

tear film (listed in Table 1) was first performed. Antioxidants were added directly to

the OptiSafe formulation and mixed; the pH was then adjusted to 6.36. For the pilot
studies, the antioxidants evaluated included L-tyrosine (78 pM, Sigma Aldrich, Milwaukee,
WI; catalogue number: T3754), uric acid (43 uM, Sigma Aldrich, Milwaukee, WI;
catalogue number: U2625), L-ascorbic acid (5.3 x 102 uM, Sigma Aldrich, Milwaukee,
WI; catalogue number: A5960), L-cysteine (14 UM, Sigma Aldrich, Milwaukee, WI;
catalogue number: 30089), and glutathione (5.5 uM, Sigma Aldrich, Milwaukee, WI;
catalogue number: PHR1359. The initial screen was conducted with a representative “true
positive” (TP, cyclohexanol; Lebrun et al., 2020), “true negative” (TN, 2,4-pentanediol;
Lebrun et al., 2020), and FP (triethylene glycol; Lebrun et al., 2020) associated with ROS
generation (Table 2). After an 18-hour incubation at 31 °C, the OD was measured with a
spectrophotometer. The resulting OD and pH values were compared with quality controls
and a standard curve. Scores are assigned to classifications based on the OptiSafe prediction
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model. A score of 15 or less predicts GHS NC, and an OptiSafe score greater than 45
predicts a GHS category 1. Scores that fall within these cutoffs are predicted as GHS
category 2A/B.

After the screening of six antioxidants, L-ascorbic acid was selected, and its effect on

the OptiSafe score for a broader range of chemicals was assessed (Table 2). A serial

2-fold titration series with four concentrations above and four concentrations below the
approximate physiologic level was conducted for L-ascorbic acid (concentrations of 3.3 x
101 pM, 6.6 x 101 uM, 1.3 x 102 uM, 2.7 x 102 uM, 5.3 x 102 pM, 1.1 x 108 pM, 2.1

x 103 uM, 4.2 x 103 uM, and 8.5 x 103 pM) with 5.3 x 102 uM as the physiologic tear
concentration. Each concentration was prepared by weighing and solubilizing the material in
the OptiSafe test reagent and adjusting the pH to 6.36. Complete standard series and quality
assurance chemicals were run in parallel with each condition, and all chemicals tested were
purchased from Sigma Aldrich (Milwaukee, WI).

Chemicals that were tested (Table 2) included one TP, two TNs, and 10 FPs that generated
either ROS (n=4), CL (n=2), or were nonreactive (n=4).

A limited set of chemicals were used to initially screen different tear antioxidants. Figure

1 shows results for this study, which included a positive control (A. cyclohexanol) with
scores of 73.5 for the no antioxidant condition, 71.7 for L-tyrosine, 73.2 for uric acid, 73.1
for ascorbic acid, 71.9 for L-cysteine, and 66.1 for glutathione, which are all above the
OptiSafe cutoff (score of 45) for GHS category 1 classification (dashed line at a score of
45). The negative control (B. 2,4-pentanediol), with scores of 5.3 for the no antioxidant
condition, 7.7 for L-tyrosine, 6.4 for uric acid, 10.1 for ascorbic acid, 7.1 for L-cysteine,
and 7.7 for glutathione) were all below the cutoff (dashed line, OptiSafe score of 15) for
GHS NC classification (dashed line). By comparison, the FP (C, triethylene glycol), showed
a significant reduction in the OptiSafe score when ascorbic acid was included (23.2 for no
antioxidant and 3.3 for ascorbic acid). The effect of this response resulted in a change of
classification of triethylene glycol from a FP to a TN (dash line, OptiSafe score below 15).
No effects were identified for the remaining tear antioxidants (23.9 with L-tyrosine, 24.3 for
uric acid, 25.7 for L-cysteine, and 22.1 for glutathione).

Based on these screening results, L-ascorbic acid was selected for more detailed testing

to evaluate the effects of different concentrations of the antioxidant on a broader range

of chemicals. For this study, the titration of ascorbic acid ranged from 0 to 8.5 x 103

mM, a range that covered one log unit above and below the physiologic concentration of
5.3 x 102 uM in the tears. As shown in Figure 2, the positive control (A. cyclohexanol)
ranged from OptiSafe scores of 61.4 to 79.7, which remained above the category 1 irritant
cutoff of 45. On the other hand, the negative controls (B, 2,4-pentanediol; C, dodecane)
had scores ranging from 5.9-11.1 and 0.0-3.4, respectively, which are all below the score
for a NC classification. Of the four FPs not associated with reactive chemistries (Table 2),
three showed no effect with triphenyl phosphite (D) ranging from 127.4 to 157.6, ethyl
acetate (E) ranging from 25.2 to 15.0, and 2,4-pentanedione (F) ranging from 56.4 to 79.1.
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All of these remained FP based on their OptiSafe score, while ethyl acetate showed a
borderline TN score of 15 at the physiologic ascorbic acid concentration. The fourth FP
(G, 2,2-dimethyl-3-pentanol) became a TN, with an initial OptiSafe score of 23.2 that was
reduced to 9.7 at the highest concentration of ascorbic acid tested.

Of the six FPs that showed reactive chemistries (Figure 3), all showed a marked
improvement in the OptiSafe score and five showed an improved GHS category prediction
(from FP to TN). For 2-(2-ethoxyethoxy)ethanol (A), the scores ranged from 23.5 t0 9.9
with score of 14.4 at the in vivo ascorbic acid concentration, resulting in a TN OptiSafe
prediction. Triethylene glycol (B) decreased from 19.8 to 1.7 with the score of 1.7 at the in
Vivo ascorbic acid concentration. Styrene (D) ranged from 46.9 to 0.8 with a score of 0.8 at
the in vivo concentration. The CL 1,9-decadiene (E) ranged from 46.0 to 0.4 with a score
of 20.0 at the in vivo concentration, and 2-ethoxyethyl methacrylate (F) ranged from 143.9
to 4.5 with a score of 4.5 at the in vivo concentration. For all five of these formerly FN
chemicals, the addition of ascorbic acid lowered the OptiSafe score to below 15, resulting in
a reclassification to a TN. The sixth chemical tested, ethylene glycol diethyl ether (C), also
showed a reduction in the OptiSafe score from 30.3 to 15.2 and was borderline for the TN
OptiSafe classification. Interestingly, the FP chemicals with ROS and CL activity showed
a marked reduction in the OptiSafe score at or near the physiological tear concentrations
(arrow, in vivo concentration). For all overclassified ROS chemicals, there was an average
decrease in the OptiSafe score of 68.9% (comparing no antioxidant to the highest ascorbic
acid concentration) and an average decrease of 67.7% (comparing no antioxidant compared
to the in vivo ascorbic acid concentration). For the two CL chemicals, there was a marked
decrease in the OptiSafe score from 42.8 to 0.9 for 1,9-decadiene (E) and 122.1t0 5.5

for 2-ethoxyethyl methacrylate (F; comparing no antioxidant to the highest ascorbic acid
concentration). Overall, for the two CL chemicals there was an average decrease of 74.8%
from no antioxidant compared to the in vivo concentration.

To assess the effect on OptiSafe chemical classification by adding ascorbic acid, triplicate
repeats for the formulation without antioxidants (OptiSafe) and with antioxidants (L-
ascorbic acid at the approximate in vivo concentration of 5.7 x 102 uM) was performed.

This new formulation with antioxidants is called OptiSafe2 (O0S2). The results of this test are
presented in Table 3 for controls and Table 4 for chemicals with ROS and CL chemistries.
As shown, the OptiSafe classification for the control chemicals were essentially unchanged,
with the exception of 2,2-dimethyl-3-pentanol, which became a borderline TN with an
average FP score of 19.2, improving to an average score of 15.1. On the other hand, as
shown in Table 4, all of the chemicals associated with ROS or CL had a reduction in score,
and five of the six showed improvements in classification from a FP to TN. For example,

the average OptiSafe score for triethylene glycol was 13.2, and the average OS2 score was
5.1 with a standard deviation of 1.7. Significant improvements were seen with styrene, from
a score of 53.5 to a score of 3.5, and 2-ethoxyethyl methacrylate, from a score of 97.1to a
score of 14.5; both were previously predicted as GHS category 1 chemicals. While there was
a large score reduction for 2-ethoxyethyl methacrylate from an average of 97.1 to 14.5, the
consensus classification of the triplicate data predicted this chemical as a category 2.
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Discussion

In this study, we show for the first time that when previously identified antioxidants known
to be present in tears are added to the formulation for the OptiSafe test, there is a marked
reduction in the OptiSafe score that results in an improvement in classification from FP to
TN for chemicals that have reactive chemistries. Importantly, this effect seems to be limited
to only those FP chemicals with reactive chemistries. The addition of antioxidants has little
or no effect on the OptiSafe score or irritancy classification for other chemicals not having
reactive chemistries that are classified as a TP, TN, FP, or FN. These findings may have a
broad impact not only on our design and interpretation of alternative ocular irritation tests
but also on the ocular response to chemical injury.

First, while nonanimal eye tests have been in development for over 30 years (Hartung

et al., 2010), they do not take the composition of tears into consideration or specifically

add antioxidants to the test matrix or chemical to be tested. On one hand, the prevention

of damage by the addition of antioxidants is counterintuitive because nonanimal tests are
biased toward high sensitivity; intuitively, the reduction of measured damage by inactivating
reactive molecules might be viewed as reducing the sensitivity of the test method.
Nonetheless, we show for a limited set of chemicals that the addition of antioxidants does
not affect the measured classification of FP for nonreactive chemicals (not identified by
literature review as ROS generators or CLs) and, most importantly, does not appear to
change the scores or classifications of TPs. However, this finding requires a larger screening
of chemicals to establish that tear components do not interfere with the detection of other
ocular irritants by the OptiSafe method, which is currently ongoing. Furthermore, further
investigation of the effects of reformulating exposure conditions for other alternative tests
seems warranted in light of this work. The importance of our findings is also emphasized by
the fact that the most effective concentrations of the antioxidant, ascorbic acid, was about the
same concentration range as in tears, strongly suggesting that antioxidants play a critical role
in mitigating ocular irritation following eye exposure.

Second, it is widely accepted that alternative ocular irritation tests that do not require the use
of animals generally fail to identify or model essential components of the live eye and have
either poor specificity or sensitivity. Overall, the lack of understanding of the underlying
reasons for this limitation has generally hindered the validation and acceptance of honanimal
tests for eye safety testing and chemical classification. In particular, all high-sensitivity
alternative ocular irritation tests have a high FP rate (40% or more, Lebrun et al., 2020).

It has been suggested that this high FP rate is because nonanimal tests are only able to
measure initial damage and do not accurately model the repair/reversibility of damage

after initial injury. However, as demonstrated in this study, the FP rate of at least one
nonanimal test (OptiSafe) may also be due to a failure to adequately model the ocular
chemical defense mechanisms that can potentially mitigate ocular injury during chemical
exposure. Our findings appear to argue against the inability of these tests to model repair

or reversibility as the reason for their poor performance. Rather, our findings support the
contention that a better understanding of the acute and immediate interaction of irritants with
the eye could lead to refinement of current alternative tests and produce improvements in
both predictability and sensitivity.
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Highlights

. Current nonanimal eye irritation tests do not model tear-related antioxidants
and have high false-positive rates.

. Tear-related antioxidants at physiological concentrations lower the false-
positive rate for chemicals associated with reactive oxygen species without
impacting the detection of true negatives, true positives, or other false
positives not associated with reactive oxygen species.

. Refinement of current alternative eye irritation tests to include tear
antioxidant chemicals may improve the false-positive rate for these tests.
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Figure 1.

Screening study of antioxidants at in vivo concentrations (control = no antioxidant, L-
tyrosine at 78 UM, uric acid at 43 pM, ascorbic acid at 530 pM, L-cysteine at 14.3 pM,
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and glutathione at 5.5 uM). Three representative chemicals, (A) cyclohexanol GHS category
1; (B) 2,4-pentanediol GHS NC; and (C) triethylene glycol GHS NC, were used to screen
the effects of each antioxidant. Dashed lines show the NC and category 1 cut-offs for the
OptiSafe prediction model.
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Figure 2.

Control titrations. (A) Positive control (cyclohexanol). (B and C) Negative controls (B)
2,4-pentanediol and (C) dodecane. (D-G) FP controls (D) triphenyl phosphite; (E) ethyl
acetate; (F) 2,4-pentanedione; and (G) 2,2-dimethyl-3-pentanol. The dashed lines show the

GHS NC and category 1 cut-off values.
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ROS and CL antioxidant titrations. (A—-D) ROS chemicals (previously classified as FPs)
(A) 2-(2-ethoxyethoxy)ethanol; (B) triethylene glycol; (C) ethylene glycol diethyl ether;
and (D) styrene. (E and F) CLs (previously predicted as FPs) (E) 1,9-decadiene and (F)

2-ethoxyethyl methacrylate. The dashed lines show the GHS NC and category 1 cut-off

values.
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Table 1.

Antioxidants Present in Aqueous Humor and Tears
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Antioxidant Aqueous Humor? | Tear Film®
L-Tyrosine 78 uM 45 UM
Uric acid 43 uM 328 UM
Ascorbic acid 530 uM 665 pM
L-Cysteine 14.3 uM 48 UM
Glutathione 55uM 107 pM
Superoxide dismutase 51 uimL? 35 u/mL?

2 Chen et al., 2009

bBehndig etal., 1998.
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Table 2.
Chemicals Used
; p | InVivo ROS/C .
Chemical Name CASRN | catalog # Ghs? 0os L Description Reference
Cyclohexanol 108930 | 105899 ca1 | TP | No [ Noevidenceforros/cL | Fisher 2000. Frater,
2,4-Pentanediol 625-69-4 156019 NC TN No No evidence for ROS/CL | Tei, 2002. Wang, 2003.
Dodecane 112-40-3 | 297879 NC | TN [ No [ NoevidenceforRos/cL [ - CMeMm 2009 Huber
Forms hydrogen .
2-(2- : Adedara, 2013. Bodin
111-90-0 537616 NC FP ROS peroxide and . '
Ethoxyethoxy)ethanol hydroperoxi des 2003.
Forms hydrogen .
Triethylene glycol 112276 | 95126 ne | Fp | Rros peroxide and Zhu, 2012, Mikulas,
hydroperoxi des ’
: Forms hydrogen .
Ethylene glycol diethyl | 679.14-1 | 224111 Ne | P | ROs peroxide and DiTommaso, 2011
hydroperoxi des ’ )
Zhang, 2017.
. Belvedere, 1981.
Styrene 100-42-5 S4972 NC FP ROS Forms styrene oxide Carlson, 2006. Niaz,
2017
. Used as a crosslinker to Palmlof, 2000.
1,9-Decadiene 1647-16-1 118303 NC FP CL promote polymerization Smedberg, 1997.
2-Ethoxyethyl Used as a crosslinker to Chirila, 1991. Garcia,
methacrylate 2370-63-0 280666 NC FP CcL promote polymerization 2002. Faraguna, 2015.
Schwetlick, 1987,
Triphenyl phosphite 101-02-0 T84654 NC FP No No evidence for ROS/CL 1995. Kovacs, 1973.
Liu, 2019.
. Suksomtip, 2010.
Ethyl acetate 141-78-6 270989 NC FP No No evidence for ROS/CL Nakchat, 2014,
. . Mottley, 1991.
2,4-Pentanedione 123-54-6 P7754 NC FP No No evidence for ROS/CL Rodrigues, 2006.
Dwarakanath, 1998.
2,2-Dimethyl-3-pentanol 3970-62-5 D173622 NC FP No No evidence for ROS/CL Gierke, 1999. Hurley,
2008.

CASRN = Chemical Abstracts Service Registry Number; GHS = Globally Harmonized System of classification and labelling of chemicals; Cat. =
Category; NC = Not classified; ROS = Reactive oxygen species; CL = Crosslinker.

aLebrun etal., 2020.

bAII chemicals were obtained from Sigma Aldrich, Milwaukee, WI.
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Table 3.
OptiSafe and OS2 Score Comparison
Chemical Name GHS Condition OptiSafe Score, AVG + STD | OS2 Score, AVG + STD
Cyclohexanol (108-93-0) Cat. 1 Pos. 526+1.1 66.9 +4.9
2,4-Pentanediol (625-69-4) NC Neg. 12014 10.2+0.7
Dodecane (112-40-3) NC Neg. 09+08 3.0+£26
Triphenyl phosphite (101-02-0) NC | NOTROS/CL 113321 169.0+9.9
Ethyl acetate (141-78-6) NC NOT ROS/CL 239+20 25624
2,4-Pentanedione (123-54-6) NC NOT ROS/CL 453+1.4 42.3+6.6
2,2-Dimethyl-3-pentanol (3970-62-5) NC NOT ROS/CL 192+12 151+04

OptiSafe (without antioxidants), OS2 = OptiSafe2 (OptiSafe with antioxidants added); GHS = Globally Harmonized System of classification and
labelling of chemicals; Cat. = Category; NC = Not classified; Pos. = Positive control; Neg. = Negative control; AO = Antioxidant; ROS = Reactive

oxygen species; CL = Crosslinker; AVG = Average; STD = Standard deviation.
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Table 4.

OptiSafe and OS2 Score Comparison for ROS/CL Antioxidant Titrations

Page 19

Chemical Name GHS | Condition | OptiSafe Score, AVG £ STD | OS2 Score, AVG + STD
2-(2-Ethoxyethoxy) ethanol (111-90-0) NC ROS 21.7+0.3 12.0+0.3
Triethylene glycol (112-27-6) NC ROS 13.2+35 51+17
Ethylene glycol diethyl ether (629-14-1) NC ROS 25418 216+25
Styrene (100-42-5) NC ROS 53.5+10.1 35+0.8
1,9-Decadiene (1647-16-1) NC CL 225+3.6 114+6.4
2-Ethoxyethyl methacrylate (2370-63-0) NC CL 97.1+18.2 145+27

OptiSafe (without antioxidants), OS2 = OptiSafe2 (OptiSafe with antioxidants added); GHS = Globally Harmonized System of classification and
labelling of chemicals; NC = Not classified; ROS = Reactive oxygen species; CL = Crosslinker; AVG = Average; STD = Standard deviation.
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