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ABSTRACT: Water-soluble polymers (WSPs) have unique
properties that are valuable in diverse applications ranging from
home and personal care products to agricultural formulations. For
applications that result in the release of WSPs into natural
environments or engineered systems, such as agricultural soils and
wastewater streams, biodegradable as opposed to nonbiodegrad-
able WSPs have the advantage of breaking down and, thereby,
eliminating the risk of persistence and accumulation. In this
Commentary, we emphasize central steps in WSP biodegradation,
discuss how these steps depend on both WSP properties and
characteristics of the receiving environment, and highlight critical
requirements for testing WSP biodegradability.

B WATER-SOLUBLE POLYMERS (WSPs): USE AREAS
AND ENTRY PATHWAYS TO THE ENVIRONMENT

WSPs are chemically diverse, ranging from linear uncharged
homopolymers (e.g., poly(ethylene oxide)s) to branched and
charged copolymers (e.g., polyacrylates, modified polysacchar-
ides, and polyamino acids)." Because of their chemical
diversity, WSPs cover a wide range of properties and
functionalities (e.g., thickening, stabilization, and emulsifica-
tion) that are critical to their use in numerous applications.
The use of WSPs in some applications results in the release of
WSPs into engineered and natural environments. For example,
WSPs in home and personal care products enter wastewater
streams and sewage treatment plants. Similarly, WSPs used in
agrochemical formulations can enter agricultural soils.” Despite
the known entry pathways and high usage, little attention is
In this

context, replacing nonbiodegradable with biodegradable WSPs

currently paid to the environmental fate of WSPs.?

offers a unique benefit: biodegradable WSPs undergo break-
down to defined metabolic end products.”™® In this
Commentary, we highlight key concepts on the biodegradation
of WSPs in natural and engineered environments and discuss
experimental approaches to test WSP biodegradation as well as
challenges associated with these approaches. The environ-
mental fate of nonbiodegradable WSPs is beyond the scope of

this commentary.'
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B WSP BIODEGRADATION AND KEY INFLUENCING
FACTORS

WSP biodegradation is the process in which all components of
a WSP are completely metabolically utilized by organisms in
the receiving environment (Figure 1). For carbon-based WSPs,
biodegradation describes the conversion of polymer carbon to
the metabolic end products CO, and biomass under aerobic
conditions (and potentially also CH, under anaerobic
Demonstrating the dissipation of a WSP
(without demonstrating the conversion to defined end

. 6
conditions).

products) is insufficient for claiming its biodegradation. In
regulatory and product certification contexts, this definition
needs to be complemented by a time period over which an
explicit, minimal extent of biodegradation needs to be attained
(which can be application specific) and by specifying the
environment in which biodegradation is assessed. Importantly,
while biodegradation is a desired trait of some WSPs, the
properties of a WSP that bestow biodegradation ideally do not
compromise the functionality and performance of the WSP
during its use period.
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Figure 1. Schematic depiction of the environmental biodegradation of water-soluble polymers (WSPs) and key factors governing this process. WSP
factors: the presence of a bond in the backbone that is susceptible to cleavage in the receiving environment (glycosidic and peptide bonds shown as
examples), chemical vicinity of the breaking point (e.g., variation in the chemistry of the repeating units, substitutions, and stereochemistry), and
degree of polymerization. Environmental factors: types and amounts of adsorbents (e.g., mineral phases, organic matter, and extracellular polymeric
substances), abiotic conditions (e.g,, redox, temperature, and pH), and abundance and activity of degrading organisms and enzymes. The process
depiction of biodegradation (middle) focuses on carbon. R = H or a substitution such as CH,COOH or CH,CH,OH; R’ = amino acid side chain.

To inform the design and the regulation of biodegradable
WSPs, the rates and extents of biodegradation need to be
studied and the factors influencing these parameters need to be
understood (Figure 1). In the following paragraphs, we discuss
known and anticipated key factors. Importantly, WSP
biodegradability is a function of both polymer chemistry and
the characteristics of the receiving environment.

As opposed to small organic molecules, the large molecular
weight of most WSPs impairs their direct uptake into microbial
cells, which is required for intracellular metabolic utilization to
the above-defined biodegradation end products.”® Conse-
quently, the initial, and presumably often rate-limiting, step in
the biodegradation of WSPs is the extracellular breakdown of
the WSP that results in products sufficiently small for cellular
uptake. WSP biodegradation is expected to slow down with
increasing WSP chain length because more cleavages are
needed to form sufficiently small products. However, system-
atic studies on the effect of WSP molecular weight on
biodegradation rates are missing. The breakdown of the WSP
can either be catalyzed by enzymes or occur abiotically and
typically involves hydrolytic (e.g, in the case of polyamino
acids or polysaccharides) or, less commonly, oxidative
reactions (e.g, in the case of poly(ethylene glycol)). It is
conceivable that some WSPs, unlike structural polymers, may
be directly taken up by microorganism, as previously described
for alginate uptake by a Sphingomonas strain.” Biodegradation
rates of such WSPs may be less dependent on extracellular
breakdown.

The breakdown of WSPs necessitates the presence of labile
chemical bonds in the WSP backbone that are susceptible to
cleavage reactions. Many biomacromolecules, including
polysaccharides and polypeptides, contain such “intended
breaking points” (i.e., glycosidic and peptide bonds), and
biomacromolecules thus offer structural motifs for biodegrad-
able WSPs.'”!! However, cleavage rates of bonds of the same
class can vary depending on the chemistry and steric factors of
neighboring functional groups, particularly if the cleavage is
catalyzed by enzymes requiring a specific conformation of the
backbone in their active site. Examples that can modify rates of
bond cleavage include the side-chain (stereo)chemistry of
polyamino acids and the type and degree of substitution of
polysaccharides. Importantly, side-chain chemistry, stereo-
chemistry, and the type and degree of substitution may not
be uniform along the WSP chain, giving rise to variable rates of
backbone cleavage and thus intramolecular variations in the

biodegradability of a WSP.
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Additional variability in degradation arises from WSP chains
being highly flexible (in contrast to chains in structural
polymers), allowing for the WSP to adopt different
conformations depending on the environmental conditions
such as solution pH and ionic composition. These con-
formations may have different susceptibilities to enzymatic
breakdown. Furthermore, WSPs may adsorb to environmental
surfaces (e.g, mineral phases and organic matter in soils or
extracellular polymeric substances in wastewater), a process
that generally decreases the availability of the WSP to degrade
enzymes and microbial cells. Adsorption may slow down
biodegradation, particularly for WSPs that require breakdown
by enzymes in solution.'” Preferential adsorption of specific
segments of a WSP chain may result in slower biodegradation
of these segments.

Among the environmental factors that control the
biodegradation of WSPs are the abundance and activity of
enzymes and organisms that are capable of breaking down and
metabolically utilizing WSPs as well as abiotic factors such as
temperature (which affects the enzymatic activity), water
content (e.g., in soils), nutrient availability, solution pH (which
determines the protonation and charge state of ionizable
WSPs, enzymes, and adsorbents and thus governs polymer—
sorbent electrostatic interactions), and redox conditions
(which control the rates and pathways of intracellular
metabolic processing)."

B TESTING WSP BIODEGRADATION

Rigorous experimental testing is needed to establish, certify,
and register a WSP as biodegradable and to thereby ensure that
the WSP will not persist in the environment. This testing must
involve demonstrating that the WSP is converted to the above-
defined biodegradation end products."* Beyond demonstrating
biodegradation in a targeted format for regulatory purposes,
there is a need for systematic studies that reveal generalizable
principles on WSP biodegradation. In the following section, we
discuss promising experimental and analytical approaches to
study WSP biodegradation, and we highlight associated
challenges. Notably, these approaches and challenges are
independent of the feedstock of the WSP and thus equally
apply to synthetic, fossil-based WSPs and to WSPs derived
from natural biopolymers.

The most direct approach to demonstrate WSP biode-
gradation is the use of laboratory experiments in which a WSP
is incubated in the desired medium (e.g., soil or wastewater)
under conditions representative of the respective receiving
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environment and in which respirometric analysis is used to
quantify the amount of formed CO, (or CO, and CH, under
methanogenic conditions).”” In aerobic incubation experi-
ments, CO, formation measurements can be complemented
with measurements of O, consumption. However, processes
other than WSP biodegradation may lead to O, consumption
(e.g., nitrification) and need to be considered and, if needed,
controlled for.

Guidelines for testing the biodegradation of small molecules
(e.g, OECD 301 B and F, OECD 310) as well as methods for
testing the biodegradation of structural polymers (e.g., ISO
17556 and ISO 19679) in defined environmental compart-
ments may serve as a useful starting point for testing WSP
biodegradation. However, the applicability of existing methods
to WSPs needs to be critically assessed, and if needed, methods
require WSP-specific adaptations. For example, biodegradation
tests for small molecules commonly use a microbial inoculum
from the targeted environment (e.g, the aeration tank of a
wastewater treatment plant). This inoculum is typically diluted
and aerated to decrease the amount of natural substrate prior
to the incubation experiment. Such treatments likely remove
most or all extracellular enzymes from the inoculum. When
used in biodegradation experiments of WSPs that require
breakdown by extracellular enzymes, such treatments may
result in artificially Jow biodegradation rates. Another aspect
that warrants careful consideration is the temperature at which
biodegradation tests are conducted. For example, conducting
tests at the annual mean temperature of a certain environment
might not adequately capture biodegradation rates in these
systems if biodegradation rates do not scale linearly with
temperature. Systematic studies on the temperature depend-
ence of WSP biodegradation are needed to inform the
selection of adequate testing temperatures and to critically
assess the use of experimental biodegradation rates at higher
temperatures to predict biodegradation rates at lower,
environmentally relevant temperatures. Finally, extrapolating
biodegradation extents over time from experiments in which
small biodegradation extents were measured needs to be
approached carefully given the above-mentioned multitude of
factors that can lead to variable rates of biodegradation along
the WSP chain (i.e, nonuniform chemistry along the WSP
chain, conformational changes in WSPs in response to changes
in environmental conditions, and adsorption of WSPs to
environmental surfaces).

Biodegradation tests benefit from including substrates
known to biodegrade in the respective environment.'® First,
the use of such substrates ensures the proper operation of the
testing systems and confirms biological activity. Second, such
substrates may also be used as references to compare
biodegradation across WSPs and environments. Although
frequently used reference substrates such as glucose and
cellulose serve the first purpose, they may biodegrade so
readily across systems that they cannot help identify the system
factors that control WSP biodegradation. A careful selection of
reference substrates is particularly warranted if the conversion
extent of WSP carbon to CO, is reported relative to the
conversion extent of the reference substrate carbon to CO,.
Such normalization stipulates that the fraction of carbon that is
converted to CO, vs incorporated into biomass is similar for
WSP and the reference substrate.

Carbon isotope labeling of WSPs provides the unique
opportunity to directly track their conversion to biodegrada-
tion end products CO, (and CH,) and microbial biomass at
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high sensitivity and selectivity. Such labeling, particularly with
the radioisotope '*C, has commonly been used to study the
biodegradation of small organic molecules. There also is
precedence for using "*C labeling to study the biodegradation
of structural polymers.6 However, isotopically labeled mono-
mers or biomolecules used as building blocks in WSPs are
expensive (if available), which restricts the syntheses of labeled
WSPs to small scales. Such small-scale syntheses may result in
WSPs with properties differing from those produced on a
larger, industrial scale. Therefore, we consider isotope-labeling
approaches not generally suited for broad and general testing
of WSP biodegradation but rather for detailed investigations of
specific polymers and receiving environments. Examples are
the elucidation of the biodegradation of a specific part of a
WSP or of a biotransformation intermediate.

Respirometric analyses are practically restricted to laboratory
incubations and cannot readily be used for in situ tests in
receiving environments. The latter would, however, be possible
through analytical techniques that allow the quantification of
the decrease in the concentration of a WSP during its
biodegradation. Approaches to analyze WSPs based on liquid-
and size-exclusion chromatography coupled to mass spectrom-
etry were recently presented for PEG'”'® but await the
demonstration of their applicability to other WSPs. This
demonstration may prove difficult for WSPs with different
chemistries (e.g., charged polyelectrolytes as opposed to
uncharged PEG). A major challenge in quantifying WSPs in
environmental samples is the development of protocols that
enable exhaustive extraction of the WSP prior to quantifica-
tion.'® Additionally, the polydispersity of most WSPs, in
combination with the typically low concentrations under
realistic scenarios, requires analytical techniques to be highly
sensitive. Once developed, however, such methods would open
new possibilities to obtain insights into biodegradation
pathways and to study the effect of WSP adsorption on WSP
biodegradation."”

Because WSP biodegradation experiments are time- and
labor-intensive, there is a need for automation and
miniaturization of testing setups as well as for establishing
scientifically sound methods for the fast preliminary screening
of candidate WSPs. Furthermore, experimental studies ought
to be complemented with modeling efforts. Integrative
statistical analyses of the data generated in biodegradation
testing, models based on the parametrization of kinetics and
the pathways of WSP biodegradation, and in-depth analyses of
physicochemical parameters of WSPs are prerequisites to
advancing our capability to predict WSP biodegradation and
guide the design of biodegradable WSPs.

The development and testing of biodegradable WSPs can
leverage the previously generated knowledge on the biode-
gradation of small molecules and structural polymers. Akin to
small molecules, WSPs are prone to adsorption to particle
surfaces in the environment, calling for a consideration of the
effect of adsorption on biodegradation. Contrary to small
molecules, however, WSPs can adopt different conformations
in response to changes in solution chemistry. Furthermore,
because the chemistry can vary along the chain of a WSP,
WSPs likely show more complex biodegradation dynamics
than low-molecular-weight molecules. Akin to biodegradable
structural polymers, biodegradable WSPs commonly require
extracellular breakdown for biodegradation to occur. Contrary
to structural polymers, however, WSPs do not possess a solid
surface that on one side can be colonized by degrading
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microorganisms and to which enzymes can bind and on the
other side can limit the availability of the bulk material to
biotic degradation. Biodegradation tests of WSPs need to be
both scientifically rigorous and highly practical. We acknowl-
edge that biodegradability is but one desired property of WSPs
that ought not to interfere with other warranted properties of
the WSP during use and production (e.g, functionality,
stability, nontoxicity, and sustainable feedstock sourcing).'
An interdisciplinary approach with expertise from polymer
chemistry, environmental chemistry, microbiology, and envi-
ronmental engineering, among other fields, is therefore needed
for the development of biodegradable WSPs.
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