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Isosorbide is a well-investigated and accessible biomass-derived compound that has found wide use in
medicine, cosmetics, and materials science. The efforts to employ this rigid bicyclic diol as a sustainable
building block in high-performance biobased plastics for, e.g., the engineering, coating, and packaging
sectors have grown sharply in recent years. Due to the biomass origin, there is an implicit assumption of a
low toxicity and an environmentally benign nature of isosorbide-derived plastics. In the present work, the
ecotoxicity of isosorbide acrylate and methacrylate monomers and the corresponding poly(meth)acry-
lates, as well as industrially produced latexes from these monomers, were evaluated towards bacteria
(Spirodela  polyrhiza) and invertebrates
(Thamnocephalus platyurus) using widely acknowledged test assays. The measured half maximal effective

(Escherichia coli, Aliivibrio  fischeri), vascular plants
concentration (ECsg) values indicate that the chemically reactive isosorbide acrylate monomers are toxic
towards higher multicellular organisms (S. polyrhiza and T. platyurus, ECso ~ 9 mg L™) and moderately
toxic towards bacteria (E. coli), whereas the corresponding methacrylate monomers can be considered as
practically harmless or harmless on the same test assays. Corresponding isosorbide polyacrylate and poly-
methacrylate polymers are harmless towards the tested organisms (ECso > 1000 mg L™), except towards
E. coli, where two polymers are classified as practically harmless (ECso = 374 and 514 mg L™). Moreover,

industrially produced isosorbide methacrylate derived latexes can be classified as harmless based on

rsc.li/greenchem this study.

Introduction

The development of novel sustainable chemicals and polymers
from renewable resources in response to the growing environ-
mental concerns has been intense during the past decades,
both in academia and industry. Currently, only around 2% of
the plastics world-wide are produced from renewable raw
materials, but this is expected to grow in the near future." The
most common bio-derived plastics produced on the commer-
cial-scale today are poly(lactic acid) (PLA), poly(butylene
adipate-co-terephthalate) (PBAT) and various starch blends.” In
addition, a number of novel biobased plastics are in a late
stages of development, or have recently entered the market,
e.g., poly(ethylene 2,5-furanedicarboxylate) (PEF),> developed as
a biobased alternative to poly(ethylene terephthalate) (PET), and
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isosorbide polycarbonate, a bisphenol A free non-aromatic
polycarbonate for various high-performance applications.

However, it is challenging to develop plastics from bio-
resources that not only fulfill material processability and strict
property requirements, but are also either efficiently recycl-
able, or biodegradable with a negligible impact on the natural
environment. Although the physical and chemical properties
of novel materials are usually thoroughly tested and evaluated
at the early stages of development, the toxic effects on living
organisms other than humans are rarely properly evaluated.’
Early testing, on the other hand, enables the direct identifi-
cation of potentially hazardous compounds, hence avoiding
the unnecessary cost of further developing potentially harmful
chemicals and materials. Furthermore, non-toxicity is one of
the cornerstones of green chemistry,® but which is seldom
thoroughly investigated and verified. A straightforward way is
to use standard ecotoxicity tests that identify physiological and
environmentally significant responses such as mortality,
growth and reproduction disturbances within different groups
of organisms.” Ecotoxicology tests are also required by the
REACH legislation within the EU.®

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Conversion of isosorbide into mono-(meth)acrylate monomers and subsequent radical polymerization.

Isosorbide (Scheme 1), a bicyclic diol manufactured from
p-glucose in an industrial scale,” has been identified as one of
the platform chemicals that could potentially replace fossil-
based counterparts in various applications.’® The compound
is known at least since 1927,"" and its derivatives were initially
used mostly in the pharmaceutical sector. For example, isosor-
bide mono- and dinitro derivatives are today used as vasodila-
tors’> and thus thoroughly evaluated towards humans and
other mammals.’**® On the other hand, data on isosorbide
derivatives towards aquatic species are scarce. The Dutch
National Institute for Public Health and the Environment has
tested isosorbide dimethyl ether, a potential aprotic solvent
used in cosmetic and pharmaceutical products,’”” and found
that the ECs, values towards aquatic species such as algae and
Daphnia exceed >100 mg L™' and the compound was
described as not readily biodegradable.'®

More recently, the use of isosorbide as a building block or a
plasticizer in polymer and material science has grown
sharply.'>?® For example, the French company Roquette has
introduced POLYSORB® ID, an isosorbide diester, to be used as
a phthalate-free plasticizer that is compatible with polyvinyl
chloride (PVC) resin.>! Furthermore, the incorporation of struc-
turally rigid isosorbide units into polymer structures affords
materials with relatively high glass transition temperatures
(Tgs). Such bioderived high-T, plastics are in large demand for a
wide range of product areas, including coatings, automotive
components, engineering plastics and packaging materials.>>
The most investigated isosorbide-based condensation polymers
are polycarbonates (PC), polyesters (PE) and polyurethanes (PU),
some of which are commercially available. For example, the UV
and scratch resistant isosorbide-containing polycarbonate
DURABIO™ is offered by the Mitsubishi Chemical Corporation
and used in the car industry, for sunglasses production and
other purposes.”® Isosorbide-based polyesters (PEIT) and poly-
urethanes are currently developed by Roquette.>*

In addition to condensation polymers such as PE, PC and
PU, isosorbide is also interesting for monomers for chain poly-
merizations. We*>*® and other research groups® ' have
recently developed isosorbide mono-acrylates and -methacry-
lates, where the polymerizable group is only attached to either
endo or exo hydroxyl group. Such monomers can undergo
radical homo- or co-polymerization and afford corresponding
poly(meth)acrylates where the isosorbide units form pendant

This journal is © The Royal Society of Chemistry 2023

side groups attached to all-carbon backbones (Scheme 1).
Depending on the specific characteristics, these thermoplastic
isosorbide poly(meth)acrylates offer viable biobased alterna-
tives as a potential replacements of fossil counterparts in coat-
ings, adhesives, and plastics. In particular, they have the
potential to replace conventional fossil-derived poly(methyl
methacrylate) (PMMA) and polystyrene (PS) in several plastics
and coating products.>®?>?7:3>

Whereas the toxicity of PS and several types of other conven-
tional plastics such as polyethylene, PET, PU, PVC, have been
evaluated in bioassays,* the data on isosorbide-based mono-
mers and polymers is scarce. However, prior to larger-scale
industrial development, the ecotoxicity and other environ-
mental aspects of these new materials should be carefully evalu-
ated. The introduction of various reactive functional groups
needed for polymerization can affect the properties of the com-
pound in different ways and even minor changes in the chemi-
cal structure may have large impact on its biological activity.***

Derivatives with acrylate- and methacrylate functional
groups have been reported to possess moderate to high toxicity
towards algae and other organisms.>*° In general, acrylates
have somewhat higher toxicity, compared to corresponding
methacrylates, and the toxicity decreases when the compounds
become more lipophilic. For example, whereas the acrylic acid
has shown high toxicity towards algae, methyl methacrylate
showed moderate toxicity in similar tests.*® Thus, due to
potential toxicity-related issues with acrylates and methacry-
lates, any such new derivate of potential industrial use needs
to be thoroughly assessed.

In the present work, we evaluated the ecotoxic effect of iso-
sorbide mono-acrylates and mono-methacrylates, respectively,
and the corresponding polymer materials prepared by radical
polymerization. The ecotoxicity was evaluated on several
aquatic organisms with various biological complexity, includ-
ing bacteria, vascular plants, and invertebrates.

Experimental
Test compounds

We chose four isosorbide-based monomers and the four
corresponding polymers for the study (Fig. 1). The selection of
the samples was based on two main criteria: (a) the potential

Green Chem., 2023, 25,1626-1634 | 1627
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Fig. 1 Overview of the chemical structure, abbreviation, name, and molecular weight of the compounds studied in the present work.

applicability of these compounds has been demonstrated in
several applications, and thus, they have the relevance and
wide industrial interest; (b) they are soluble in water or water/
DMSO mixtures (using up to max 30% of DMSO in water). The
monomers and homopolymers were synthesized according to
the previously published methods (see ESI for
detailsT)‘ZS,ZG,ZS,SO

The number average molecular weight (M,,) of the polymers
tested varied from 4.8 to 69.3 kg mol™'. The M, values were
determined by size-exclusion chromatography (SEC) using
either THF or DMF as eluents (Fig. S9-S127). Isosorbide
poly(meth)acrylates are rigid plastics with relatively high Ty,
ranging from roughly 95 °C in the case of PIAA*® to 170 °C in
case of PIM.>

Isosorbide methacrylate-containing emulsion polymers
IMA-latex, IMP-latex, IMB-latex, as well as a corresponding
fossil-based food-contact approved industrial standard styrene-

1628 | Green Chem., 2023, 25, 1626-1634

acrylate (SA) latex binder (CHP BAR 1400, for Technical Data
Sheet, see ESIT)* listed in Table 2, were received as a gift from
CH-Polymers (Finland). Compared to the industrial SA latex
(CHP BAR 1400), the polymerization recipes and processes of
IMA-latex, IMP-latex, IMB-latex were analogous, except that
50% of the styrene monomer was replaced by isosorbide
5-methacrylates, either by the 2-acetate (IMA), 2-propionate
(IMP), or 2-butyrate (IMB) derivative. Semi-continuous emul-
sion polymerizations were carried out in glass reactors in lab-
oratory setting. Aqueous solutions of poly(methacrylic acid)
(PMAA) and poly(acrylic acid, sodium salt) (PAA), both in the
sodium salt form, were purchased from SigmaAldrich.

Ecotoxicity testing

General. In this study, the ecotoxicity on bacteria, plants and
invertebrates were evaluated using four commercially available
tests. Ecotoxicity studies on bacteria was carried out using the

This journal is © The Royal Society of Chemistry 2023
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Toxi-Chromo Test™ (Escherichia coli) and the WaterTOX™ STD
(Alitvibrio  fischeri) tests, respectively, purchased from
Environmental Bio-Detection Products Inc. (Ontario, Canada).
The toxicity effects on vascular plants and invertebrates were
determined by the DuckWeed Toxkit F (Spirodela polyrhiza)
and the Thamnotoxkit F (Thamnocephalus platyurus) tests,
respectively, purchased from the Microbiotests (Gent,
Belgium). All tests were performed according to the oper-
ational procedure prescribed for each kit. To carry out the tox-
icity tests in an aquatic environment, the water solubility of
compounds was first determined. IM, IA, PIA, and the sodium
salts of PMAA and PAA were assigned as soluble in water. IMA,
IAA, PIMA and PIAA were dissolved in a water/DMSO (85/15,
v/v) mixture, and PIM in a water/DMSO (70/30, v/v) mixture
(Table S17). A fresh stock solution with the highest tested con-
centration was prepared for each test, thus ensuring the con-
centration accuracy throughout the studies. Serial dilutions of
the stock solution were then performed to obtain the lower-
concentration solutions. The potential background effect of
DMSO on the test results was also evaluated and found to be
negligible (Table S27).

For the bacterial test on E. coli, the range of concentration
of each sample was: [12500-781 mg L™'] for IM, [40 000-2
500 mg L] for IMA, [1 000-62.5 mg L] for IAA, [80-4.8 mg
L7"] for 1A, [2 500-312.5 mg L™"] for PIM, [3 125-391 mg L]
for PIMA, [20 000-2500 mg L] for PIA, [1000-125 mg L] for
PIAA, [132 500-8281 mg L™'] for PAA, [195 000-12 187 mg L]
for PMAA. Sample concentrations for testing on A. fischeri were
based on the results from the tests on E. coli. For tests on
plants and invertebrates, the concentrations of the test sub-
stances were used according to the operational procedure pre-
scribed for the kits: 0.1 mg L™, 1.0 mg L™*, 10 mg L™*, 100 mg
L' and 1000 mg L™", respectively.

The level of toxicity of a substance was determined by estab-
lishing the effective concentration, ECs, i.e., the concentration
of substances in the environment that will affect 50% of the
organisms in the test population under specified conditions.
The ECs, values for monomers and polymers were defined as
mg L™ and the evaluation of toxicity followed the toxicological
categories adopted by the European Commission.*" According
to this classification, the categories of aquatic toxicity are the
following: very toxic: ECso < 1 mg L™, toxic: EC5o = 1-10 mg
L', moderately toxic: ECso = 10-100 mg L™", practically harm-
less: ECso = 100-1000 mg L' and harmless compounds with
ECso > 1000 mg L™ in this study.** The ECs, values for indus-
trial latexes were defined as grams of total solids of latex in 1 L
of latex. All samples were tested in triplicate for each assay to
ensure test reproducibility, the ECs, data were represented by
mean values and confidence intervals (95% CI) were calculated
for each concentration.

Toxi-chromo test™: bacterial chromo inhibition test using
Escherichia coli.*® This analysis is based on the test com-
pound’s ability to inhibit the de novo synthesis of inducible
B-galactosidase in a highly permeable mutant of Escherichia
coli. Tests are carried out in 96-wells plates in the kit’s stan-
dard diluent. Mercury chloride [4-0.6 pg mL "] is used as posi-

This journal is © The Royal Society of Chemistry 2023
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tive highly toxic control. Samples with the bacterial mixture
are incubated at 37 °C for 90 minutes. During the first incu-
bation, the bacteria consume the sample components and
attempt to induce the production and excretion of
B-galactosidase. Next, a chromogen solution is added, lysing
the cells and forming a blue color due to the presence of
B-galactosidase. The color intensity, a measure of the toxicity,
was recorded at 600 (+20) nm by a spectrophotometer. The
obtained data (Table S6t1) was used to calculate the ECs,
values.

WaterTOX™ STD: bacterial luminescence inhibition test using
Alivibrio fischeri. Toxicity of samples towards the biolumines-
cent marine bacterium A. fischeri is measured by comparing
initial and final light emission after 15 min according to the
ISO standard 11348-3: 2007.** The toxic effect caused by a
decrease in cellular metabolism is expressed as a decrease of
the luminescence intensity. Tests were carried out at 15 °C in
the kit’s standard diluent. Potassium dichromate [100-12.5 mg
L™'] was used as a reference positive control. A series of
dilutions were prepared for each sample according to the man-
ufacturer’s instructions. The measured data (Table S7}) was
used to calculate the EC5, concentrations.

DuckWeed Toxkit F: growth inhibition test with Spirodela poly-
rhiza. The Spirodela duckweed microbiotest is based on the
measurement of growth retardation of the germinated
dormant vegetative buds (turions) after 3 days of exposure to
samples according to the ISP standard.”” Before testing,
S. polyrhiza turions are germinated in the Petri dish with
Streinburg’s medium for 3 days at 25 °C with continuous “top”
illumination (at least 6000 lux). The tests were carried out on a
48-wells plate containing a dilution series of the monomers or
polymers at 25 °C in the plant growth chamber, using an illu-
mination system enabling at least 6000 lux. Potassium chloride
[18 000-1800 mg L] was used as a positive control. A digital
photo of the multiwell plate was taken at the start of the test
and after the incubation to measure the growth inhibition by
Image Analysis (Image J, National Institute of Mental Health,
Bethesda, Maryland, USA, software for image processing and
analysis) to determine the size of the vegetative buds (turions)
before and after incubation. Next, by comparing the data
obtained from the test plate, the growth of the duckweeds was
calculated by subtracting the mean of “initial” size of the first
frond from the mean “final” size, in the control and at various
concentrations of diluted samples. The 72 h ECs, concen-
tration of the compound was obtained from the percentage of
growth inhibition of the duckweed as described in ESI
(Table S87).

Thamnotoxkit F: crustacean toxicity screening test for fresh-
water using Thamnocephalus platyurus. This test determines the
lethal effects of toxicants on the T. platyurus after 24 h
exposure. The 24 h immobilization test was performed in a
multiwell test plate using the fairy shrimp T. platyurus hatched
from cysts based on ISO standard.’® Cyst hatching was
initiated before the start of the toxicity test in Petri dish with
Standard Freshwater medium at 25 °C for 20-22 h, under con-
tinuous illumination (at least 3000 lux). The test incubation

Green Chem., 2023, 25,1626-1634 | 1629
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was carried out on a 24-well plate containing a dilution series
of the monomers or polymers in darkness for 24 hours. The
number of immobilized (dead) organisms was counted after
24 h under microscope (magnification 10-12x). Potassium
dichromate [0.32-0.032 mg L™"] was used as a positive control.
The obtained data (Table S91) was used to determine the ECjs,
values.

Statistical analysis. A comparison between tested substrates
was analysed using one-way ANOVA, and a post-hoc pairwise
comparison using Tukey test in R (version 3.6.0) using aov( )
and TukeyHSD( ) on ECs, data.

Results and discussion
Toxicity evaluation of monomers

The results of the toxicity measurements on the monomers
and polymers are presented in Fig. 2. First, we evaluated the
toxicity of the isosorbide methacrylate- and acrylate monomers
(IM, IMA, IA, and IAA). The methacrylate monomers IM and
IMA exhibited a non-toxic behavior towards bacteria (E. coli
and A. fischeri, Fig. 2a and b, respectively), vascular plant (S.
polyrhiza, Fig. 2c), and invertebrate (7. platyarus, Fig. 2d).
Certain effect of the acetate group in IMA was observed, most
notably on S. polyrhiza turions where the ECs, value of 139 mg
L™ (95% CI: 115.8; 162.9) was below of threshold of the practi-
cally harmful range. Interestingly, monomer IM, lacking the
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acetate group, showed an ECs, value above 1000 mg L' in the
same test. We speculate, that the somewhat higher toxicity of
the acetate derivative IMA could be due to the possible for-
mation of free acetic acid, which has been reported to inhibit
the growth of duckweed.”” The acetic acid might form as a
result of de-esterification of the acetate, catalyzed by carboxy-
lesterases present in the plants.*®

Replacing the methacrylate group by the acrylate group,
altered the results considerably. The isosorbide acrylate with
free -OH group (IA) was clearly toxic to S. polyrhiza [ECso = 9
(95% CI: 5.8; 12.2) mg L] and T. platyarus [ECso = 8.7 (95%
CI: 6.5; 11.1) mg L™']. The corresponding acrylate with acetate
capped -OH (IAA), showed the same level of toxicity towards
S. polyrhiza [ECso = 9 (95% CI: 6.8; 11.3) mg L™'], but was
slightly less toxic towards T. platyarus [ECso = 15.6 (95% CI:
8.46; 22.88) mg L '], thus, being harmful.

In the bacterial tests, however, IA showed moderate toxicity
towards E. Coli [ECso = 16 (95% CI: 8.8; 24) mg L™", Fig. 2a],
but is practically harmless towards A. fischeri [ECso = 456 (95%
CI: 418; 511) mg L™, Fig. 2b]. Acetate capped IAA, on the other
hand, showed a non-toxic behavior towards both E. coli [ECs, =
124 (95% CI: 114; 158) mg L™"] and A. fischeri [ECso = 585 (95%
CI: 420; 749) mg L]

The aquatic toxicity of acrylic and methacrylic acids, as well
as the alkyl esters, has been studied previously.*®?*° These
studies support our findings, that methacrylates are in general
less harmful compared to the corresponding acrylate deriva-
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Fig. 2 Values of the mean effective concentration (ECso, mg L™) of the tested monomers (light-blue columns) and polymers (dark-blue columns).
The compounds are ordered according to the level of toxicity: values in green represent the harmless (ECsq values > 1000 mg L™ and the practically
harmless (ECso values 100-1000 mg L™ compounds; values in yellow denote moderately toxic (ECso values 10-100 mg L) compounds and
values in orange designate toxic compounds (ECsg values 1-10 mg L™%). For numerical 95% Cl values, see Table S4.1 For statistically significant differ-

ences between ECsg values, see Table S5.7
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tives. For example, in the test using freshwater invertebrate
Daphnia magna, the ECs, value for methacrylic acid was
>130 mg L™, while for acrylic acid the ECs, value was some-
what lower (95 mg L"),

It has been shown previously that isosorbide itself is a non-
toxic compound towards mammals including humans.'?
Thus, the toxicity of studied compounds seems to be related to
different functional groups, that are attached to isosorbide.
Both acrylate and methacrylate groups possess an electron-
deficient double bond that can undergo different chemical
transformations. For example, various carbon or heteroatom
nucleophiles can be added to acrylates and methacrylates via
Michael addition reaction forming a new carbon-carbon or
carbon-heteroatom single bond.’® In the biological systems,
this kind of nucleophilic Michael addition reaction is a poss-
ible origin for the cellular toxicity of these compounds target-
ing amino acids.’"** For example, a reaction with the -SH
functional group present in glutathione has been documen-
ted.”® In the case of methacrylates, the additional methyl
group increases the electron density around the double bond,
thus making it less prone to nucleophilic attack. This could be
the reason for the lower toxicity of methacrylates compared to
acrylic acid derivatives. Another detoxification mechanism for
acrylic and methacrylic monomers could be carboxylesterase-
mediated hydrolysis, since the carboxylic acid formed is not
electrophilic under physiological conditions.”® For methacry-
lates, the hydrolysis could be the main metabolic pathway.>®

In addition, the aquatic toxicity of monomers was modeled
using Ecological Structure Activity Relationships (ECOSAR)
predictive model.>® ECOSAR predictions were roughly in line
with our experimental results - for acrylic monomers (IA and
IAA) the model predicted slightly lower toxicities, but in case
of methacrylates (IM and IMA), the experimental and predicted
values were in the same range (practically harmless or harm-
less, Table S3+).

Toxicity evaluation of polymers

In the next phase, we studied polymers PIM, PIMA, PIA, and
PIAA. These polymers were prepared by free-radical polymeriz-
ation of the corresponding monomers as described in the
Experimental section. The molecular weight (M,,) and polydis-
persity index (D) of the studied polymers are listed in Fig. 1.
Although radical polymerization is a highly efficient polymeriz-
ation method with good control over polymer structure and
molecular weight, small amounts of unreacted monomers may
remain in the material due to incomplete conversion.’”
Moreover, the polymerization-depolymerization equilibrium
can, especially in cases with relatively low ceiling temperature,
result in trace monomer contents at ambient temperatures.>®
For example, a ceiling temperature of poly(methyl methacry-
late) is 220 °C, resulting in equilibrium monomer concen-
trations of 0.14 M and 0.001 M at 110 and 25 °C, respectively.’®
Consequently, acrylate and methacrylate monomers may leach
out from polymer materials and thus their potential impact on
the toxicity must be considered. In our present study, the poly-
mers were purified by precipitation, as described in the

This journal is © The Royal Society of Chemistry 2023
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Experimental section, ensuring the removal of any residual
monomer in the tested polymers beyond that determined by
the polymerization-depolymerization equilibrium.

All the isosorbide-based polymers showed harmless or prac-
tically harmless effects on all the tested organisms (Fig. 2a-d).
Thus, the toxicity levels observed with the acrylic monomers
were not carried over to the corresponding polymers. Tests on
vascular plants (S. polyrhiza) and invertebrates (T. platyurus)
showed that isosorbide-based polymers are harmless, with the
ECs, values over 1000 mg L', which was the highest tested
concentration. In the bacterial tests, the specific ECs, values
could be determined for all tested polymers, except for PIAA
and PIM(b) on A. fischeri, which had ECs, values over 4000 mg
L' and 2000 mg L™, respectively. Due to the limited solubi-
lity, these were the highest tested concentrations for PIAA and
PIM(b).

We did not find any obvious correlation depending on the
structure of polymer main chain (polymethacrylate vs. polya-
crylate) and the measured ECs, values. Likewise, the effect of
the isosorbide side chain (2-OH vs. 2-OAc) on E. coli did not
seem to follow a clear trend. The EC;, values for the polymers
with acetyl substituents (PIMA and PIAA) were 1081 (95% CI:
800; 1364) mg L' and 514 (95% CI: 433; 595) mg L™, while
the corresponding non-acetylated polymers PIM and PIA(a)
exhibited ECs, values of 374 (95% CI: 280; 468) and 12100
(95% CI: 5757; 18 443) mg L™, respectively.

The results on the polymers indicated that closely related
structures can exhibit rather different levels of toxicity, and
that the toxicity may vary significantly depending on the
organism used. Thus, it is of great importance to study organ-
isms across biological complexity and trophic levels such as
e.g., bacteria, plants, and invertebrates, and to systematically
test closely related compounds one by one. We investigated the
effect of polymer molecular weight (M,) on ECs,. Polymers
PIM, PIA, and PIMA were synthesized with different molecular
weights and evaluated in the Toxi-Chromo inhibition test with
E. coli (Table 1). In all cases, the ECs, values increased slightly
with increasing M,. Still, the effect remained relatively small.
The effect was most noticeable in the case of PIMA where a
roughly 5-fold increase of M, (from 12.5 to 64.2 kg mol )
increased the ECs, value from 1083 mg L™' [PIMA(a)] to
1895 mg L™ [PIMA(c)]. This trend is probably caused by the

Table 1 Ecotoxicology results of isosorbide-based polymers with
different molecular weight in the bacterial Toxi-Chromo inhibition test
with E. coli

Entry Polymer name M,, kg mol™* B ECso, mg L™ (95% CI)
1 PIM(a) 36.1 2.03  319.5 (153; 486)

2 PIM(b) 69.3 1.3 374 (280; 468)

3 PIA(a) 4.8 2.36 12100 (5757; 18 443)
4 PIA(b) 42.9 2.2 16410 (12 026; 20 794)
5 PIA(c) 55.1 1.8 18973 (15507; 22 438)
6 PIMA(a) 12.5 2.35 1083 (800; 1364)

7 PIMA(b) 45.7 1.95 1215 (917; 1514)

8 PIMA(c) 64.2 1.9 1895 (1260; 2530)
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Table 2 Ecotoxicology effect of industrially prepared latexes on A. fischeri
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WaterTOX™ A. fischeri

Entry Sample name Sample description Process type Toxicity” ECso, g L™ ? (95% CI)
1 IMA-latex SA-latex, 50% of styrene replaced by IMA lab synthesis Harmless 158.2 (141.3; 175)

2 IMP-latex SA-latex, 50% of styrene replaced by IMP lab synthesis Harmless 245.5 (157.2; 333.8)

3 IMB-latex SA-latex, 50% of styrene replaced by IMB lab synthesis Harmless 451.5 (372.1; 575.8)

4 CHP BAR 1400 Conventional SA-latex binder production grade Harmless >500°

“H - harmless (ECs, values > 1000 mg L™"). ” Weight corresponds to total solids of latex in 1 L of latex. “ ECs, value could be observed even at the

undiluted samples (i.e., at maximum viable concentration).

generally lower bioavailability of higher molecular weight
polymers.>**°

In the studied polymers, isosorbide unit was attached to
the polymer backbone via an ester bond. The hydrolytic clea-
vage of this ester was a possible degradation pathway in these
polymers, which would afford polyacrylic (PAA) or methacrylic
acid (PMAA), or a salt thereof, and the corresponding isosor-
bide unit. Neutralized PAA is widely used in superabsorbents
and detergents,®" and the salt of PMAA is found in, e.g., hydro-
gels and biomedical applications.®* For this reason, we evalu-
ated the effect of PMAA and PAA sodium salts in bacterial tests
with A. fischeri and E. coli, and found these polymers to be
harmless (Fig. 2). This is in accordance with previously
reported data.®?

Evaluation of industrially prepared latexes

Finally, we tested the industrially produced isosorbide meth-
acrylate-containing polymer dispersion samples IMA-latex,
IMP-latex and IMB-latex, which are presently under develop-
ment as novel “greener” coatings, and compared the results to
the standard styrene-acrylate-based latex CHP BAR 1400
(Table 2). In the former emulsions, 50% of the styrene
monomer was replaced by isosorbide 5-methacrylates with
either 2-acetate (IMA), 2-propionate (IMP), or 2-butyrate (IMB)
side chains, respectively. When these isosorbide-based barrier
dispersions were coated on a paperboard, they demonstrate a
uniform film formation, and their barrier properties in general
match, or even exceed that of reference CHP BAR 1400
coating.®® Hence, it is important to measure and assess the
ecotoxicological effects of these materials prior to the further
industrial development of these materials.

The ecotoxicity of the dispersions was evaluated using the
marine bacteria A. fischeri (WaterTOX), because the tests on
the other aquatic organisms are not fully compatible with the
turbid dispersion. Our results indicated that the isosorbide
containing latexes only had measurable ECs, values at very
high concentrations (Table 2, entries 1-3), and that no ECs,
value could be measured for the commercial reference SA-latex
(entry 4) due to the lack of an effect even at the highest concen-
tration tested. We speculate that the difference between the
reference (CHP BAR 1400) and isosorbide-based samples may
originate from the small amounts of unreacted isosorbide-
methacrylate monomers that may remain in the emulsion. The

1632 | Green Chem., 2023, 25, 1626-1634

length of the side chain on isosorbide monomers also had a
slight effect on A. fischeri in this test. The ECs, concentration
increased as the length of the isosorbide alkanoate side chain
increased from acetate (C2) to propionate (C3) and butyrate
(C4), i.e., as the corresponding monomer became less hydro-
philic. A similar trend has also been observed with acrylic acid
esters, where the aquatic toxicity decreased in the following
order: acrylic acid > methyl acrylate > ethyl acrylate > butyl
acrylate.*® However, the high concentration levels of isosor-
bide-containing latexes that are required to achieve a measur-
able ECs, value with A. fischeri are not practically reached in
the aqueous environment, and thus these latexes can be con-
sidered as harmless according to the WaterTOX test.

Conclusion

The results obtained in the present study indicate that isosor-
bide acrylates monomers were toxic or moderately toxic
towards vascular plants and invertebrates, but the effect was
smaller on bacteria (moderately toxic or practically harmless).
In contrast, the corresponding isosorbide methacrylate mono-
mers gave significantly higher ECs, values, and could be classi-
fied as harmless, or practically harmless towards bacteria, vas-
cular plants, and invertebrates.

The monomer toxicity towards bacteria (both E. coli and
A. fischeri) was correlated to the hydrophilicity, ie., more
hydrophilic monomers showed a higher toxicity. Hence, the
toxicity was found to decrease in the order: isosorbide acrylate
> isosorbide acrylate-acetate > isosorbide methacrylate > iso-
sorbide methacrylate-acetate. When it came to vascular plants
and invertebrates, both acrylate monomers IA and IAA had
ECs, values in the same range (ECs, from 8.7 to 15.6 mg L™,
toxic to moderately toxic), while the corresponding methacry-
late monomers were harmless (ECso > 1000 mg L"), with the
exception IMA, which was practically harmless towards duck-
weed (ECso = 139 mg L™"). The latter might be caused by the
presence of acetic acid, which may form through de-esterifica-
tion of the acetate group in IMA, catalyzed by carboxylesterases
present in the vascular plants.

All isosorbide polyacrylate and polymethacrylate polymers
were found to be harmless towards all tested organisms (ECs,
> 1000 mg L"), except PIAA, which was found to be practically
harmless towards E. coli (ECso = 514 mg L™"). The molecular

This journal is © The Royal Society of Chemistry 2023
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weight of the polymers had only a small effect on the toxicity,
and low molecular weight polymers had slightly lower ECs,
values in the MicroTox test (E. coli), probably due to somewhat
better bioavailability. The three industrially produced isosor-
bide methacrylate-containing latexes can be considered as
completely harmless towards E. coli, as only very highly con-
centrated samples (>155 g L") gave measurable ECs, values.

Overall, our results demonstrate that bioderived isosorbide
polyacrylates and polymethacrylates can be considered as an
ecotoxicologically viable alternative to conventional fossil-
based polymers, provided that no significant amounts of the
acrylate monomers remain in the materials.
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