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After use and disposal of chemical products, many types of polymer particles end up in the aquatic
environment with potential toxic effects to primary producers like green algae. In this study, we have
developed Quantitative Structure-Activity Relationships (QSARs) for a set of highly structural diverse
polymers which are capable to estimate green algae growth inhibition (EC50). The model (N = 43,
R? = 0.73, RMSE = 0.28) is a regression-based decision tree using one structural descriptor for each of
three polymer classes separated based on charge. The QSAR is applicable to linear homo polymers as well
as copolymers and does not require information on the size of the polymer particle or underlying core
material. Highly branched polymers, non-nitrogen cationic polymers and polymeric surfactants are not
included in the model and thus cannot be evaluated. The model works best for cationic and non-ionic
polymers for which cellular adsorption, disruption of the cell wall and photosynthesis inhibition were
the mechanisms of action. For anionic polymers, specific properties of the polymer and test character-
istics need to be known for detailed assessment. The data and QSAR results for anionic polymers, when
combined with molecular dynamics simulations indicated that nutrient depletion is likely the dominant
mode of toxicity. Nutrient depletion in turn, is determined by the non-linear interplay between polymer

charge density and backbone flexibility.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.

E-mail address: tom.m.nolte@gmail.com (T.M. Nolte).

http://dx.doi.org/10.1016/j.chemosphere.2017.03.067

1. Introduction

Use of chemical substances is regulated in various national and
international legal frameworks. In Europe, chemicals can be mar-
keted only if the tonnage is below a threshold of 1 tonne or after the
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possibility of ‘safe use’ has been demonstrated in a REACH regis-
tration dossier (ECHA, 2012). ‘Conventional’ chemicals, such as
polycyclic aromatic hydrocarbons (PAH) and other persistent
organic pollutants (POPs) have been studied and evaluated exten-
sively (Verbruggen, 2012); fate- and effect models exist to aid
chemical safety analysis (Chen et al., 2006). For ‘emerging pollut-
ants’, such models are available to a much lesser extent, particularly
so for micro- and nano-sized particles (Braakhuis et al., 2015;
Leszczynska and Shukla, 2009). While there are methods available
that can estimate the effects of individual parent monomers (ECHA,
2012; Netzeva et al., 2007), the polymeric versions of the com-
pounds are often left unevaluated. It is important to study the
potential effects of nano- and micron-sized polymers because they
represent a wider used class of potential pollutants. It is generally
assumed that the increase in size relative to the monomer causes an
overall decrease in toxicity (Congress 1983; Bergmann et al., 2009).
However, this assumption was found incorrect for certain chemical
species which exert higher toxicity than their individual constitu-
ents, like in the case of asbestos and cationic antimicrobial poly-
mers (Boulanger et al., 2014; Uppu et al., 2016; Tsuji et al., 2006).
Upon their release in the aquatic environment (Lambert and
Wagner, 2016), nano and micro polymers have several potential
detrimental effects on the ecosystem (Bergmann et al., 2009; da
Costa et al., 2016). For example, bioconcentration or a loss in pri-
mary photosynthetic production by green algae may affect organ-
isms higher up in the food chain (von Moos and Slaveykova, 2014;
Khan and Arif, 2012; EFSA, 2016).

For chemicals that occur as nano- and micron-sized particles
there are limited toxicological models available. Specifically, there
is a lack of models for polymeric particles in the aquatic environ-
ment, with most of the models available developed for humans
(Jagiello et al., 2016). Current modelling platforms like EPI Suite and
ECOSAR (US EPA, 2012) include models predicting effects for algae,
daphnia and fish for polymeric materials but have several impor-
tant limitations. Datasets from which such models are derived are
limited in size (and sometimes not publically available). Models are
developed for specific polymer classes, i.e. cationics and anionics
only, and can often give categorical classifications only (e.g. 'toxic’
versus ‘non-toxic’) instead of quantitative estimations (US EPA,
2013). Due to these limitations, often no prediction is possible for
a newly synthesized polymer since it does not conform the pre-
determined applicability domain or required input metric. For
example, the only quantitative structure-activity relationship
(QSAR) for algae toxicity available was developed by Boethling and
Nabholz (Boethling and Nabholz, 1996), who found that the amine
to polymer weight percentage (%A-N) correlated with green algae
chronic toxicity. However, the equation did not apply above a
certain threshold (%A-N > 3.5) for which chronic toxicity was found
constant. Moreover, no statistical parameters were provided. For
other polymer classes like non-ionics and anionics there exists
much variance in algal toxicity data (Dédkova et al., 2014; van
Hoecke et al., 2013; Boethling and Nabholz, 1996) and because
there still exists uncertainty on the mechanisms by which they
exert effect, it has not been possible to capture the variance into a
model.

In theory, polymeric particles can exert toxicity in various ways.
Polymeric materials >20 nm are unlikely to pass the cell wall of
algae, but larger sized polymer particles can disrupt the cell wall,
and cause photosynthesis inhibition (Navarro et al, 2008;
Boethling and Nabholz, 1996; Bhattacharya et al., 2010). This is
especially relevant in the case of cationic polymers since they
electrostatically adsorb to cell walls and are subsequently able to
react as nucleophiles in displacement reactions with various elec-
trophilic moieties. In comparison, neutral and anionic polymers are
usually less toxic and subtle effects could be explained by indirect

shading (i.e. photosynthesis inhibition) or nutrient depletion
through chelation (Nolte et al., 2016, Bhattacharya et al., 2010). For
anionic polymers, chelation of cationic nutrients can be determined
by measuring e.g. stability constants or complexation capacity
(Wilson and Nicholson, 1993; Amjad, 2007), which are both highly
dependent on chemical functionality. Since these potential modes
of toxicity are driven for a large part by surface chemistry of the
polymers, rather than surface area (Depan, 2016), we hypothesized
that algae toxicity may be largely independent of particle size or
underlying non-polymeric material. Therefore, in this study the aim
was to develop mechanistically interpretable QSAR models for
growth inhibition of green algae by a heterogeneous set of poly-
meric materials and polymeric coatings. Because the mode of ac-
tion for anionic polymers is relatively uncertain, we also
investigated the potential involvement of micro-nutrient depletion
from the testing media. This was done by studying the conforma-
tional behaviour of anionic polymers in response to Mg?* and Ca>*
ions using molecular dynamics. Subsequently, the information was
used to explain some of the variance in the growth inhibition data.

2. Methods
2.1. Toxicity data

Data was collected from public literature using Google Scholar
and Web of Science. Toxicity data were mostly 72-h growth inhi-
bition EC50 values for freshwater green algae. However, since data
was limited, marine algae species, 96-h growth-, and photosyn-
thesis inhibition data were included as well. If both 96-h and 72-h
EC50 data were available, the latter was used. Units were stan-
dardized to g/L and transformed logarithmically. No distinction was
made between polymers of different sizes since this was not within
our aim. The final data set contained algal toxicity data both for
particles coated with polymers and pure polymer particles. If
available, selection of compounds was limited to experiments using
the actual exposure concentration (i.e. the suspended polymer)
instead of the nominal concentration, thereby excluding highly
hydrophobic polymers. Most growth inhibition tests were per-
formed using OECD201 guidelines (OECD, 2011; van Hoecke et al.,
2013; ECHA, 2012). For further details on the dataset see SI

2.2. QSAR development

Custom 1D and 2D molecular descriptors were generated with
RDKit using smiles input (RDKit, 2016). Polymer structures were
drawn using Chemsketch (ACD/ChemSketch, 2013) and appro-
priate physiological (pH~7.4) charges attributed to each functional
group. Unless mentioned otherwise, for each polymer eight
repeating units were drawn and hydroxyl groups were added as
termini, assuming radical polymerisation in aqueous media. In case
of esterification and condensation, carboxylates and carbonyls
were included as termini, respectively. Boethling and Nabholz
(Boethling and Nabholz, 1996) did not provide structural repre-
sentations of their polymers. Therefore, we estimated structural
elements based on their detailed textual description (see SI). All the
topological descriptors calculated were normalized using molecu-
lar weight. Correlation-based feature selection was used to extract
relevant features from the pool of molecular descriptors. Subse-
quent feature selection was performed for the three distinct data-
sets separated based on the charge of the polymer. Charge carrying
groups were amine and amidine (cationic), and carboxylic and
sulfonic acid (anionic) groups. Pearson's correlation (R%) co-
efficients, root mean square errors (RMSE) and p-values (at
CI = 0.05) were determined using standard Python and Microsoft
Excel statistical analysis packages (Anaconda, 2016).
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2.3. Molecular dynamics

To investigate the potential role of micro-nutrient depletion on
algal toxicity, we performed molecular dynamics (MD) simulations
on the anionic polymers (poly)maleic acid (PMA) and (poly)acrylic
acid (PAA) in association with magnesium and calcium ions. The
standard 10 ns-long MD simulations of 25-chain long PMA and PAA
at a ratio of 0.4 and 0.2 (0.4 and 0.2 divalent cations (Mg** and
Ca®*) per C(=0)O- unit) was performed in a similar way as
(Assifaoui et al., 2015) which allowed for agglomeration of polymer
chains in a cubic box model (Huynh et al., 2016). For more details,
see SI. The relative immobilization of nutrient elements by the two
polymers was expressed by the radius of gyration (Rg).

3. Results
3.1. QSAR

Correlation-based feature selection and linear regressions were
performed for the full dataset and ‘polymer class’ datasets using the
selected 2D descriptors generated using RDKit. Results are given in
Table 1 and Fig. 1. Using the results for individual polymer classes, a
decision tree (DT) (Puzyn et al., 2010) model was built.

3.2. Cationic polymers

The descriptor with highest correlation with observed algal
toxicity was the total number of carbon-nitrogen bonds (#CN) of
the nitrogen in the central amine (or amidine) functional group,
normalized for polymer charge density. As the desirable number of
data points per independent variable should be > 10—15 (Draper
and Smith 1998; Frost, 2015; Tropsha, 2010) and the dataset for
cationic polymers was small, no other polymeric descriptors were
regarded potentially meaningful. The uniparameter QSAR for
cationic amine and amidine polymers is:

—log(ECsg) = —1.73 x 1072#CN + 5.78

(N=912=075p = 3e-3) M

3.3. Neutral polymers

The IPC index, normalized for molecular weight, explains most
of the variance in the observed endpoint being positively correlated
with algae toxicity to neutral polymers (Table 1). The IPC index is
the information content of the coefficients of the characteristic
polynomial of the adjacency matrix of a hydrogen-suppressed
graph of a molecule (Bonchev and Trinajstic, 1977). An adjacency
matrix is a square matrix used to represent a finite graph. The

Table 1
Polymeric descriptors identified using correlation-based feature selection.
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Fig. 1. Graphical representation of the decision tree QSAR using 1 polymeric descriptor
for each polymer class, i.e. #CN, IPC and PEOE_VSA9 (R? = 0.73; RMSE = 0.28). Cationic
(green squares); non-ionic (blue circles); anionic (red diamonds). Two outliers, poly-
maleic acid (PMA) and polyacrylic acid (PAA) are shown separately (yellow triangles).
log(EC50) in g/L. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

elements of the matrix indicate whether pairs of vertices (i.e.
atoms) in the graph are adjacent and what the distribution of dis-
tances is. Effectively, the IPC index quantifies the ‘structural
complexity’ of the polymers (Avula et al., 1983; Bonchev and
Trinajstic, 1977) (Fig. 2). One outlier (ID = N14, see SI) was
removed from the original dataset (N = 19) as this was a polymeric
surfactant not adhering to the linear IPC graph representation due
to its tertiary structure in aquo.

Apart from the IPC index, SlogP_VSA3 showed a significant in-
verse correlation. SlogP_VSA3 is a subdivided surface area
descriptor based on the all-atom summation of the approximate
accessible van der Waal's surface area with contribution to the
partition coefficient (octanol/water). Here it is calculated for each
atom with polarities in the range of 0—0.1 and can be regarded as a
measure for hydrophobicity (Wildman and Crippen, 1999; Labute,
2000). The uniparameter QSAR for non-ionic polymers is:

—log(ECsg) = —1.43 x 10~ 'IPC + 6.88

(N =17,12 = 0.60, p = 3e—4) (2)

Polymer type Cationic (N =9) Non-ionic (N = 17)

Anionic (N = 16)

Full dataset (N = 43) Full dataset (N = 43)

LR LR LR MLR" Decision tree
Descriptor®: #CN: IPC index: PEOE_VSA9: #CN;PEOE_VSA12; Kappa3: #CN; IPC; PEOE_VSA9:
R>=0.75 R* = 0.60 R? = 0.46 R*>=0.64 R>=0.73
p = 0.003 p < 0.001 p = 0.005
Descriptor®: N/A SlogP_VSA3: Hall&Kier index: N/A N/A
R% =0.49 R?=0.44
p = 0.002 p = 0.007

@ #CN: normalized number of carbon-nitrogen bonds on the central nitrogen; IPC index: information for polynomial coefficients based information theory; PEOE_VSA9:
MOE-type descriptor using partial charges and surface area contributions; SlogP_VSA3: MOE-type descriptor using SLogP and surface area contributions; Hall&Kier index: Kier

and Hall valence connectivity index.

b The MLR QSAR developed was: log(ECso) = —1.54 x 10? #CN + 1.75 x 10" PEOE_VSA12 + 1.66 x 10" Kappa3 + 4.76.

¢ See also Fig. 1 for a graphical representation of the DT QSAR.



52 TM. Nolte et al. / Chemosphere 179 (2017) 49—56

log(IPC)=19.4
log(1/EC50)=-3.9

log(IPC)=11.6
log(1/EC50)=-5.0

on/\/o\/\o/\/o\/\o/\/o\/\o/\/o\/\o'ﬂ

log(IPC)=4.1
log(1/EC50)=-7.0

Fig. 2. The MW-normalized IPC index calculated for three neutral polymer segments and corresponding algal toxicity.

3.4. Anionic polymers

The 2D descriptor with highest correlation was PEOE_VSA9,
which is a MOE-type descriptor using partial charges and surface
area contributions and captures direct electrostatic interactions
(Labute, 2000). The outlier poly(maleic acid) was removed from the
original dataset (N = 17) because of its high charge density (—0.24
per heavy atom) (Lyklema, 2005; Koper and Borkovec 2010) and its
behaviour was further investigated using molecular dynamics. The
Kier&Hall molecular connectivity index (normalized for polymer
weight) was weakly positively associated with algal toxicity to
anionic polymers. The Hall&Kier index () is a series of numbers
designated by “order” and “subgraph type.” The subgraph types
path, cluster and chain emphasize different aspects of atom con-
nectivity within a polymer, for example, the amount of ring
branching and flexibility (Kier and Hall, 1976). The uniparameter
QSAR for anionic polymers is:

—log(ECs0) = 2.39 x 1072PEOEyssg + 4.58*107!

(N = 16, 1> = 046, p = 5e - 3) 3

3.5. Combination of model classes

Multi linear regression using 2D descriptors on the entire
dataset (N = 44) gave poor model performance, see Table 1. The
descriptor with highest relevance was POE_VSA9. Because of the
poor model performance, instead the three model classes (Egs.
(1)—(3)) were combined using a decision tree, generating a satis-
factory model (Table 1). In this model >90% of the predictions were
within 1 order of magnitude, see Fig. 1.

3.6. Molecular dynamics simulation

The nutrient cations Ca®>* and Mg?* show affinity to both the
PAA and PMA oligomers, see Fig. SI2. In response to the association
of Ca** and Mg?* the radii of gyration of all oligomer complexes
decreased over time, though the effect was more significant for PAA
oligomers, see Fig. 2. Rg is a measure of compactness and stability of

a polyeletrolyte complex (Tadros, 2015), and its relative decrease
for PAA compared to PMA indicates that PAA is more prone to
immobilize cationic nutrients. The relative order of stability was
PAA/Ca’" > PAA/Mg?>" > PMA/Ca’" > PMA/Mg?". The average
persistence lengths, a measure for the stiffness of a polymer, of 25
monomers stayed relatively constant over the course of 10 ns
simulations and were 9, 7, 25 and 29 for PAA/Ca%*, PAA/Mg?*, PMA/
Ca®* and PMA/Mg?™, respectively (SI).

4. Discussion
4.1. General

Several important limitations of the model developed are
apparent and are mostly due to the internal variability in the
dataset from the open literature. Firstly, data for different algal
species, e.g. P. subcapitata and Chlorella sp., was combined. Such
algae species may have different sensitivities towards synthetic
polymers due to differences in metabolism, nutrient requirements
and physiology (Singh and Singh, 2015; Domozych et al., 2012; Fogg
et al, 1973). Interestingly, when algae species other than
P. subcapitata were excluded from the non-ionic polymer dataset
model performance improved (R?> = 0.72, N = 9). However, inter-
species differences are relatively small compared to absolute
polymer toxicity (Finkle and Appleman, 1953; Goecke et al., 2015;
Noro, 1985; Boethling and Nabholz, 1996; Fu et al., 2015), and
interspecies difference in PVP toxicity was within 1 order of
magnitude (see Table SI2). Secondly, particle sizes were in the range
20 < d < 200, but larger particles were likely also included (SI).
Generally, toxicity decreases with size which is linked to the
decrease of (reactive) surface area. For instance, for inorganic
nanoparticles, a factor ~2 for CeO,-14 compared to Ce0,-29 (72h
EC50) (Van Hoecke et al., 2009), and a factor ~5 for nZVI-20
compared to nZVI-100 (96h IC50) (Lei et al., 2016) have been
observed. When expressing the concentration in surface area (m?/
L), van Hoecke et al. found no significant difference in toxicity by
either SiO, or CeO; (Van Hoecke et al., 2008, 2009). The combined
results indicate that more robust polymer-QSARs can be developed
using new data expressed in m?/L. Also, media chemistry (e.g. pH,
ionic strength) (Zamani et al., 2014), exposure regime (effective
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suspended vs. nominal conc.) and duration (Casado et al., 2013) can
result in discrepancies for a tested polymer in different conditions
as this influences test outcomes in non-linear ways. For example,
added nutrients complex with anionic polymers whereas dissolved
organic carbon (DOC) mitigates the aquatic toxicity of cationic
polymers (Boethling and Nabholz 1996). To date, only few methods
exist to predict the influence of media chemistry on toxicity by
nanoparticles (Nolte et al., 2015; Van Hoecke et al., 2011).

Apart from the variability discussed above, there is also uncer-
tainty in our dataset (Table SI1) as for 8 of the 44 polymers we
either needed to estimate the repeating unit or the distribution
within the polymer as there was only textual information available
on the polymeric structures. In theory, this can introduce errors in
the calculations of the descriptors used, e.g. an incorrect number of
carbons in a side chain or branching in the polymer. Specifically, we
estimated the distribution of the monomers based on a polymer
segment consisting of 8 repeating units and it was assumed that
this segment is repetitive for the entire polymer while this may not
be the case. However, most of the structures estimated are
reasonable estimates based on basic polymer chemistry (Wilson
and Nicholson, 1993; Young and Lovell 2011), and the fact that
textual descriptions in publications are detailed (Boethling and
Nabholz 1996). Moreover, it was known what chemical function-
alities the polymer had. Some of the polymers used were coatings
on metal (oxide) nanoparticles but pooling this data (factor differ-
ence <3 for HASE and starch polymers) is justified since these
underlying materials are inert (e.g. gold, PbS), see SI.

When using the total dataset (N = 43), conventional multiple
linear regression using three 2D descriptors led to moderate pre-
dictions of algal polymer toxicity (Table 1). Multi linear regression
on the total dataset was unsuccessful because the method is not
suitable to deal with such diverse chemical structures in the rela-
tively small dataset. Class-specific models performed substantially
better, and thus a decision tree could be used to combine models for
individual polymer classes, improving overall performance (Fig. 1).
From our QSAR analysis we identified several descriptors that
correlate with algal toxicity (Table 1). Applications of QSAR/QSPR
approaches to estimate polymer properties typically use similar
descriptors derived for repeating units, such as molecular weight of
a repeating unit, end-to-end distance, van der Waals volumes,
charged partial surface areas, topological indices, and cohesive
energy (Bicerano, 2002; Seitz, 1993). Because of the wide use of
these descriptors, it is likely that they represent a wider range of
properties including algal toxicity. Common modelling validation
practice (>10—15 data points per independent descriptor) (Draper
and Smith 1998; Frost, 2015; Tropsha, 2010) indicates that the
two-parameter models are not desirable. However, all descriptors
identified (Table 1) have mechanistic interpretations which are
discussed in the next sections.

4.2. Cationic polymers

The model developed for cationic polymers gives quantitative
estimations for algal toxicity using the number of C—N bonds (#CN)
as a single generic descriptor. We were unable to compare the
developed model to a previous model developed by Boethling and
Nabholz (Boethling and Nabholz, 1996) for chronic algal toxicity
because no detailed structural information or statistical parameters
were provided: log[Green Algae ChV] = 1.057—1 x %A-N (with %A-
N representing the amine to polymer weight percentage). However,
both the previous and newly developed model reflect the same
potential modes of toxicity. The limited data used (N = 9) did not
allow generating a statistically robust QSAR for cationic polymers
(Draper and Smith 1998; Frost, 2015; Tropsha, 2010). However, the
descriptor selected (#CN) strongly relates to the mode of toxicity,

underpinning its validity. All polymers were linear except 1
(PAMAM) but limited influence due to branching (backbone ar-
chitecture) needs to be expected (Costa et al., 2014).

It is generally agreed upon that cationic particles affect algae
through adsorption on and/or disruption of the outer cell wall. The
cell walls of green algae contain assemblages of polymers including
cellulose, pectins, hemicelluloses, arabinogalactan proteins (AGPs),
extension, and lignin (Domozych et al., 2012). These structural el-
ements contain hydroxyl and carboxyl groups giving the cell wall
its anionic character attracting cationic amine and amidine poly-
mers. Moreover, polymeric amines and amidines can participate as
nucleophiles in displacement reactions with electrophilic carbonyl
functionalities present in the algal cell wall. Secondary amines
(RyNH) are usually less reactive than primary amines (RNH;)
because of steric hindrance by the hydrocarbon groups reducing
the ability of an incoming reactant molecule to interact with the
central nitrogen atom. The reactivity of amines as nucleophiles and
imine formation depends upon the presence of a free electron pair
on nitrogen, and therefore, quaternary ammonium polymers
(R4NT) do not undergo such reactions and are relatively inert
(IUPAC, 2014). Also, because they exist as permanent cations, they
do not diffuse readily across biological membranes. The precise
reactivity of amines (and amidines) and electrostatic attraction of
quaternary ammonium compounds depends on local steric in-
fluences and resonance effects, which in turn may also be induced
by conformational changes of the polymer (Young and Lovell,
2011). Currently there is insufficient data to such select such de-
scriptors and develop a model able to distinguish between and
quantify the different modes by which cationic polymers can exert
toxicity to algae.

4.3. Neutral polymers

Feature selection and linear regression indicated that the IPC
index, which quantifies ‘structural complexity’, is the most relevant
theoretical descriptor. It is known that the amount of branching in a
polymer can increase toxicity, as well as the introduction of elec-
trophilic functional groups like aldehydes, anhydrides and conju-
gated double bonds (Kaur et al., 2016; Kafil and Omidi, 2011;
Wilson and Nicholson, 1993; Boethling and Nabholz, 1996)
(Fig. 2). The highest algal growth inhibition for a neutral polymer in
our dataset was found for poly(isobutylene-alt-maleic anhydride)
(PIAM) (Van Hoecke et al., 2011), and accordingly this polymer has a
high IPC index, Fig. 2. PIAM can act as a nucleophile in ring opening
and closure reactions which can interfere with nucleophilic sub-
stitution catalysed by enzymes in vivo (Bortel and Stysto, 1990).

SlogP_VSA3 which represents the accessible van der Waal's
surface area and hydrophobicity was found to describe toxicity as
well. Non-ionic polymers are generally of low concern for aquatic
hazard. However, hydrophobic polymers or residues may absorb
through or disrupt the thylakoid membrane, but they would need
to pass the algal cell wall (pore size ~20 nm) (Navarro et al., 2008).
Polymers which have Mw > 1000 kD are not expected to be
absorbed through biological membranes and it is more likely that
they exert toxicity by affecting the outer cell wall of algae. In case of
highly agglomerating polymers, hydrophobicity can also inhibit
photosynthesis via shading. Non-ionic polymers that have mono-
mers grouped in such a way that it exerts surfactant or dispersant
properties, cause excessive toxicity to aquatic organisms. This is
clearly the case for the triblock copolymer poloxamer (ID = N14,
see SI) which has an amphiphilic structure and showed a high algal
toxicity compared to model prediction. This clearly shows that the
developed model is not suitable for polymeric surfactants, for
which other QSARs exist (Mayo-Bean et al., 2012).
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4.4. Anionic polymers

Previous studies showed that a potential toxic mode of action
for many (poly)carboxylic acids is complexation of nutrient ele-
ments needed by algae for growth (Boethling and Nabholz 1996).
Secondary effects like shading may also affect growth by directly
inhibiting photosynthesis (Hartmann et al., 2013; Bhattacharya
et al,, 2010). However, it is less likely for the polymers in this
study since they are mostly non-agglomerated suspensions.
Moreover, effect concentrations for anionic polymers are relatively
low and photosynthesis wavelengths do not fully overlap with
absorption/scattering wavelengths of polymers (Nolte et al., 2016).
The descriptors selected using QSAR modelling reflect the polymer
properties influencing cation binding and the main mode of toxic
action (i.e. nutrient depletion). The 2D descriptors PEOE_VSA9 and
the Hall&Kier index capture direct electrostatic interactions as well
as branching and flexibility, which are related to the polymers
ability to complex and/or chelate nutrient elements (Duca and
Hopfinger 1999).

Macronutrients that algae need are nitrogen, phosphorus, sul-
fur, carbon, magnesium and calcium. Of these only magnesium and
calcium can chelate with (poly)carboxylic acids. Effects of algal
micro-nutrient deficiencies have widely been reported. For
example, Mg deficiency (<2.8 ppm) interrupted cell multiplication
and reduced photosynthetic activity of the PSII system (about 20%)
in C. vulgaris (Finkle and Appleman, 1953) and the absence of Mg?*
decreased algal Chl content by 60% and reduced photosynthetic
activity of the PSII system by 24% in C. reinhardtii (Volgusheva et al.,
2015). In Ca®>* deficient conditions, photosynthetic oxygen evolu-
tion, growth rate and chlorophyll content are affected (Adam and
Issa, 2000). Ca®* and Mn?* also exist in the oxygen-evolving
complex of algal PSII as water oxidation takes place at a catalytic
Mn(4)-Ca site, which is embedded in the thylakoid membrane
(Yachandra and Yano, 2011; Hou and Hou, 2013). Very similar ef-
fects, i.e. photosynthesis inhibition and decrease in PSII activity,
have been reported for P. subcapitata and C. reinhardtii exposed to
carboxylate-functionalized polystyrene and (poly)styrene-co-butyl
acrylate, for which growth inhibition data was included in our
dataset (Table SI1). Of the complexation constants of PAA for
nutrient elements discussed, by far the highest was found for Mn?™,
see Table 2 (Wilson and Nicholson, 1993). Other trace elements
might also be relevant, and it is difficult to assess which nutrient
element is the limiting factor. From existing data, it seems apparent
that chelation of Mn?* may be the most important factor for PAA
toxicity, while there may also be synergetic and antagonistic effects
involving other nutrients (Fogg et al., 1973; Singh and Singh, 2015).

Effect levels for anionic polymers vary more than 2 orders of
magnitude, with e.g. the EC50's for PAA and PMA 7.44 and 560 mg/
L, respectively (Table SI1). The effect level for PAA corresponds to
3.2 mmol/L carboxylate groups. Consequently, upon addition of
PAA the calculated free concentration of nutrients in the growth
medium (see SI) is far lower compared to ideal growth conditions
[OECD201, 2011] (Table 2). PAA is moderately toxic to algae and it

Table 2

appeared to be the most potent (poly)carboxylic acid regarding its
ability to chelate nutrients (Boethling and Nabholz, 1996), Table 2.
This however, is counterintuitive since PMA (an outlier in our
model, see Fig. 1) exerts low toxicity even though it has twice as
much carboxylate density on the polymer backbone, especially
since it was shown that the introduction of maleic acid monomers
significantly increases the calcium binding capacity of PAA poly-
mers (Serin et al., 2013). Apart from charge density and distribu-
tion, the extent and rate of interaction between hydrated counter
ions and polyanions also depends on polymer structure and
conformation, acid strength, and the degree of dissociation of the
polymer chain. Weak anionic polyelectrolytes undergo conforma-
tional changes, depending on the system pH and salinity. Generally,
the strength of ion binding is enhanced when the arrangements of
the functional groups permit chelate formation (Wilson and
Nicholson, 1993). While PMA has a higher cation binding capacity
than PAA, this does not directly imply that more cations are bound.
Stabilization (%) of d-block metals (Fe>* and Mn?* investigated) in
the presence of 20 ppm polymers containing C(=0)0- groups was
62% for polyacrylic acid (PAA) and 65% for polymethacrylic acid but
only 4% for polymaleic acid (PMA) (Amjad, 2007).

4.5. Molecular dynamics simulation

It was observed that Mg?* and Ca®* electrostatically interact
with both PAA and PMA. The radius of gyration (Fig. 3) of PAA
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Fig. 3. The evolution of the radius of gyration of polymaleic acid (PMA) and poly-
acrylicic acid (PAA) during a 10-ns equilibration in the presence of 10 Ca®* and 10
Mg?* ions. Blue: PMA/Mg?*, red: PMA/Ca®*, green: PAA/Mg?*, purple: PAA/Ca®*. Dark
data series denote moving averages of 1 ns. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Elemental nutrient requirements of green algae, concentrations in OECD201 tests, and complexation constants with poly(acrylic acid), PAA.

Nutrient element Optimal algal growth levels, mmol/L

OECD algal growth test concentration, mmol/L!

PAA complexation constant®

Mg+ 0.1-1.7 (2.8—49 mg/L)* 0.1 (2.9 mg/L) 6.0 x 10!
ca?t ~0.05 (~2.4 mg/L)" 0.1 (4.9 mg/L) 1.0 x 10?
Mn?* 0.002—0.02 (0.1-1.0 mg/L)* 0.002 (0.115 mg/L) 23 x 10°

2 For C. vulgaris [Finkle and Appleman, 1953].
b For D. quadricauda [Goecke et al., 2015].

¢ For D. tertiolecta [Noro, 1985].

4 [OECD201, 2011].

¢ [Wilson and Nicholson, 1993].
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decreases significantly with the addition of Ca®* and Mg?* due to
chelation and complexation. While chelation of Ca?* occurred for
both PMA and PAA, chelation of Ca®* (as well as complexation of
Mg?+) by PMA only slightly affected the radius of gyration of the
PMA polymer. Moreover the persistence lengths of PMA polymers
were high (SI). This strongly implies that PMA is not as flexible as
was quantified using the Hall&Kier index (). Under alkaline con-
ditions, electrostatic forces are strong enough to break the intra-
molecular cohesion due to deprotonation of carboxylic groups on
PAA and PMA (e.g. 6 > 0.2 for PMAA) (Lyklema, 2005) leading to
stretching of polymer backbones and good solubility. This was
reproduced by simulations for fully deprotonated PMA and PAA in
pure water (Fig. SI2). In contrast to PAA, the backbone of PMA as-
sumes a near linear conformation to minimize its internal elec-
trostatic potential, even in high cation concentrations (Fig. 2). This
supports literature data for PAA which is a spherical ball in
unionized form, but is a winding chain in ionized form (Jacobson
1962). Since, in monovalent solutions, the fraction charged on
PMA (5 < pKa <7 (Sigrid et al., 2010)) is only slightly lower than on
PAA (pKa~4.2 (Cesarano et al., 1988; Gebhardt and Fuerstenau,
1983)), protonation (6paa~0.8 (Koper and Borkovec, 2010) and
0pma~0.5 (Lyklema, 2005; Koper and Borkovec 2010) at pH~7.5)
alone cannot explain the near-two orders of magnitude difference
in algal toxicity between PMA and PAA (Fig. 1, Table SI1). The per-
formance of the QSAR model for anionic polymers was not satis-
factory (Table 1, Equation (3)), and it is hypothesized that the
interplay between polymer charge density and flexibility causes
non-linearity between the descriptors used (i.e. the Hall&Kier in-
dex, ) and algal toxicity. Our molecular dynamics study demon-
strates that carboxylate polymer flexibility is dependent not only
on the number of rotatable bonds but also charge on the backbone.
As a result, nutrient binding is enhanced by physical immobiliza-
tion due to chelation and complexation (PAA), but too high charge
on the backbone limits nutrient stabilization due to short-range
self-repulsion, i.e. the loss of polymer flexibility (PMA). Polymer
properties such as the electrostatic persistence length may be able
to better capture the effect of nutrient depletion on algal toxicity
(Ullner et al., 1997; Cranford and Buehler, 2012). Whether nutrient
depletion can be achieved under field conditions depends on the
relative concentrations of both the nutrient levels and polymeric
functional groups introduced. However since the absolute volume
of nutrients is relatively large, minimal algal toxicity should be
expected in the field.

5. Conclusion

We have developed QSARs for highly structurally diverse poly-
mers which are capable to estimate green algae toxicity (EC50)
within 1 order of magnitude, independent of polymer particle size
and underlying inorganic core material. The models may be applied
in risk assessment and are applicable for linear homo polymers as
well as copolymers. The model performs best for cationic and non-
ionic polymers with 20 < d < 200 nm while for anionic polymers
specific properties of the polymer and test conditions need to be
known for further evaluation. Highly branched polymers, non-
nitrogen cationic polymers and polymeric surfactants are not
included in the model and thus cannot be evaluated. In the future,
new growth inhibition data for specific algal species using more
appropriate dose metrics will aid to support advanced modelling
techniques using decision trees, 3D descriptors and molecular dy-
namics simulations.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://

dx.doi.org/10.1016/j.chemosphere.2017.03.067.
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