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Abstract
Acrylic polymers (AP) are a diverse group of materials with broad applications, frequent use, and increasing demand. Some of
the most used AP are polyacrylamide, polyacrylic acid, polymethyl methacrylates, and polyacrylonitrile. Although no informa-
tion for the production of all AP types is published, data for the most used AP is around 9 MT/year, which gives an idea of the
amount of waste that can be generated after products’ lifecycles. After its lifecycle ends, the fate of an AP product will depend on
its chemical structure, the environmental setting where it was used, and the regulations for plastic waste management existing in
the different countries. Even though recycling is the best fate for plastic polymer wastes, few AP can be recycled, and most of
them end up in landfills. Because of the pollution crisis the planet is immersed, setting regulations and developing technological
strategies for plastic waste management are urgent. In this regard, biotechnological approaches, where microbial activity is
involved, could be attractive eco-friendly strategies. This mini-review describes the broad AP diversity, their properties and
uses, and the factors affecting their biodegradability, underlining the importance of standardizing biodegradation quantification
techniques. We also describe the enzymes and metabolic pathways that microorganisms display to attack AP chemical structure
and predict some biochemical reactions that could account for quaternary carbon-containing AP biodegradation. Finally, we
analyze strategies to increase AP biodegradability and stress the need for more studies on AP biodegradation and developing
stricter legislation for AP use and waste control.

Key points
• Acrylic polymers (AP) are a diverse and extensively used group of compounds.
• The environmental fates and health effects of AP waste are not completely known.
• Microorganisms and enzymes involved in AP degradation have been identified.
• More biodegradation studies are needed to develop AP biotechnological treatments.
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Introduction

Acrylic polymers (AP) are a diverse group of synthetic mate-
rials based on acrylate monomers, esters with vinyl groups
attached to a carbonyl carbon (Fig. 1). The first AP were
prepared in 1880 from methyl acrylate and methacrylic acid
(Mosley 2017), although the industrial production began in
1927. Since then, the synthesis of new monomers and the
possibility to combine them by polymerization have created
a large number of different polymers with broad properties
varying from good mechanical performance, transparency,
elasticity, flocculation or dispersion to superabsorbent capac-
ity, biocompatibility, and even electric qualities (Cameron
et al. 2000; Mosley 2017). Progress in polymer chemistry
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has led to the production of a large spectrum of AP products
with a widespread use ranging from agriculture across differ-
ent industries, including food packaging, cosmetic, textile,
electronic, automotive, oil, and even medical and pharmaceu-
tical industries (Table 1). Because of their extensive use, large
amounts of AP are manufactured, with growing demands pre-
dicted for the following years (Esmizadeh et al. 2019)
(Table 2). Therefore, vast amounts of wastes, resulting after
AP products’ lifecycles end or even during their synthesis, are
being generated. The different environmental fates an AP
product could reach after its useful life will depend on its
application, the environmental settings where the polymer
was used, and the governments’ norms for waste disposal.
Ideally, all the AP must be recycled to produce new AP ma-
terials. However, for different reasons, this ideal situation is
not reached for most of the AP types. In many cases, burning

for energy waste, landfill disposition, or release in wastewa-
ters and soil are AP ultimate fates (Table 2). Thus, some AP
wastes can be contained. Others, whose application im-
plies their release to the environment, such as soil amend-
ments, additives in detergents, acrylic fibers, and AP used
in the oil industry, cannot. For instance, 700,000
microplastic fibers are discharged in one wash load of
polyester clothes (including acrylic and nylon); thus, half
an MT of these clothes’ fibers end up into the oceans
every year, which will damage the life in ocean ecosys-
tems and can become part of the human food chain (Šajn
2019). In any case, deliberate or unintentional releases
have led to AP accumulation in the environment, promot-
ing landfills’ overflows, greenhouse gas emissions, and
pollution of water bodies and soils, posing serious ecolog-
ical threats (Dell’Ambrogio et al. 2019; Šajn 2019).

Table 1 Acrylic polymer types and applications

Acrylic polymer Abbreviation Applications

Polyacrylic acid PAA Hand sanitizing gels, super absorbent polymers (SAP) used in diapers, surgical pads,
incontinence, feminine napkins, soil enhancers and hydrogel thickeners, paints, syn-
thetic rubbers, leather sealants, detergent builders, dispersants and flocculants in water
treatments, drilling muds for crude oil recovery

Polysodium acrylate PNaA SAP, growing toys, dispersants in paper manufacturing, clearing of potable and industrial
water, drilling muds for crude oil recovery

Polypotassium acrylate PKA SAP, coatings, adhesives, detergents

Polyacrylamide PAAm SAP, food-contact papers, dyes, paints, varnishes, gels, adhesives, tapes, toiletries,
cosmetics, textile processing, clearing of potable and industrial water, drilling muds for
crude oil recovery

Poly(n-alkyl acrylates)

Polymethyl acrylate PMA Coatings and paints

Polybutyl acrylate PBA Kitchen countertops, dental materials, electronic screens, adhesives, coatings, paints,
plastic wraps, and aircraft windows

Polyhydroxyethyl acrylate PHEA Hydrogels, drug delivery systems, coatings, contact lenses and culture flasks

Polyhydroxybutyl acrylate PHBA Fibers, adsorbents, surface modifiers of polyurethane tubing for biomedical applications

Poly(n-alkyl methacrylates)

Polymethyl methacrylate PMMA Hydrophobic coatings and paints, adhesives, tissue scaffolds, dental materials, bone
cements, corneal prostheses, acrylic sheets, glasses for lenses, electronic screens, and
aircraft windows

Polyethyl methacrylate PEMA Dental materials, corneal prostheses, bone cements, and contact lenses

Polyhydroxyethyl methacrylate PHEMA Hydrogels, contact lenses, cell-culture flasks coatings

Acrylic polymers with cyano groups

Polyacrylonitrile PAN Fibers for clothing, packaging materials, food containers, kitchenware, toys, musical
instruments, automotive trim components, material used in 3D printers, safety helmets

Polycyanoacrylate PCA Superglue, foams, fibers and implants for bone and tissue substitution

Styrene acrylonitrile copolymer SAN Water bottles, food containers, kitchenware, packaging material, computer products,
battery cases, and plastic optical fibers

Acrylonitrile styrene acrylate copolymer ASA Filaments for 3D printers, mirrors, radiator grillers, electrical panels, furniture, sporting
goods, headlights, instrument panel in vehicles

Acrylonitrile butadiene styrene copolymer ABS Toys, musical instruments, protective headgear, 3D printers filaments, automotive trim
components, automotive bumper bars, colorants for tattoo inks, inhalers, nebulizers,
tendon prostheses
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Because of their polymeric nature, i.e., their high molecu-
lar weight, AP have been supposed as inert and non-toxic,
with low risk of bioaccumulation in plants and animals, as
they cannot pass through biological membranes (Xiong et al.
2018; Dell’Ambrogio et al. 2019); however, these must not be
assumed. Little information is known about AP persistence
and accumulation in the environment, and although several
environmental risk assessments have been published recently
(De Matos 2019; DeLeo et al. 2020), the impact of AP in
ecosystems is almost unexplored, and specific regulations
for their use and disposal are scarce and change from country
to country (Dell’Ambrogio et al. 2019). Therefore, more stud-
ies on environmental risk assessments and international rules
for controlling AP waste disposal and treatment are needed.
Moreover, some AP monomers, which persist in the final
products, to some extent, are considered health threats since
they are toxic to human health (Xiong et al. 2018;
Dell’Ambrogio et al. 2019). Acrylamide (AAm) monomers
penetrate the intact skin, mucous membranes, and digestive
tract, exhibiting mutagenic, teratogenic, and carcinogenic ef-
fects and inducing neuropathies (Maksimova et al. 2018),
while acrylonitrile (AN) monomers are skin, respiratory, and
severe eye irritants that cause dermatitis and are potent hepa-
totoxic, mutagenic, and carcinogenic factors (Abo-Salem et al.
2011). Also, methyl methacrylate monomers are eye, skin,
and respiratory tract irritants and promote degenerative and

necrotic lesions in the liver, kidney, and brain and atrophic
changes in spleen and bonemarrow in rats (Borak et al. 2011).
Even though some microorganisms can degrade AAm mono-
mers, biodegradation is not efficient, especially at high con-
centrations (Bedade and Singhal 2018).

Although recycling is the best alternative to avoid AP
waste accumulation, most AP recycling methods are still ex-
perimental (Table 2). Only a few types of AP such as
polymethyl methacrylate (PMMA), polyacrylonitrile (PAN),
and polyacrylic acid (PAA) and PAAm used in diapers, hy-
gienic pads, and incontinence products as superabsorbent
polymers (SAP) can be processed and used as raw materials
for the synthesis of new products. Unfortunately, recycling
methods have been implemented in some EU countries, but
in most others, AP waste treatment and disposition are not
regulated; thus, landfilling and environmental release are the
primary AP fates (Table 2) (P2L 2019; Fater 2020; PMMA
2018; Shimi 2020). Therefore, because of the severe environ-
mental deterioration the planet has reached, generated by dif-
ferent types of pollutants, including the excessive use of plas-
tic polymers, regulations for the utilization, reduction, conten-
tion, treatment, and recycling of different types of plastic ma-
terials, including AP products, are crucial to avoid larger prob-
lems to the environment and human societies.

In this regard, the development of biotechnological ap-
proaches for treating AP wastes would be of great help.

Table 2 Global production, environmental fates, and recycling methods of some acrylic polymers

Acrylic
polymer

Global
production
(MT/year)

Environmental fate of AP wastes 1Experimental and *industrial recycling
methods

Reference

PAA 2.0/2013 Landfills, wastewaters, sediments, soil humid
fractions, surface waters, recycling

Oxidative, photooxidative, and thermal
degradation, UV radiation, pyrolysis,
*mechanical (FaterSMART technology)

Shukla et al. 2009; Nuss
and Gardner 2013;
Oksińska et al. 2019;
Dell’Ambrogio et al.
2019; Fater 2020

PAAm 1.77/2018 Landfills, wastewaters, sediments, soils,
surface waters, groundwaters, recycling

Photolytic, oxidative, thermal, and
free-radical degradation, Fenton reaction,
hydrolysis, membrane processes
(microfiltration), *mechanical
(FaterSMART technology)

Caulfield et al. 2002;
Wiśniewska 2018;
Xiong et al. 2018; Zhao
et al. 2019;
Dell’Ambrogio et al.
2019; Fater 2020

PMMA 3.36/2019 Landfills, wastewaters, soils, incineration,
recycling

Thermal degradation, *pyrolysis (P2L
technology), *dissolution/reprecipitation,
*mechanical, *incineration for cement raw
materials production, and energy recovery
(fuels); cracking (Shimi technology)

Kikuchi et al. 2014;
Pemberton and
Lohmann 2014; Mosley
2017; Esmizadeh et al.
2019; P2L 2019; Shimi
2020

PAN 2.73/2006 Landfills, wastewaters, soils, surface waters,
incineration, recycling

Oxidative and thermal degradation,
low-energy ion beam, UV radiation,
pyrolysis, mechanical, material
separation/blending, *patented Shimi tech-
nology

Aggour and Aziz 2000;
EURAR 2004;
Fischer-Colbrie et al.
2006; Adegbola et al.
2020; Shimi 2020

1Most recycling techniques are experimental; only the ones indicated by an asterisk are used in industrial recycling processes
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Biotechnological approaches would benefit from utilizing AP
biodegrading microorganisms that have evolved the capacity
to attack them. AP biodegradation has been experimentally
tested in bioreactors and activated sludges, with promising
results depending on the AP type and microorganisms tested.
Assisted bioremediation, a hybrid methodology that combines
physical and chemical treatments with biological processes,
has been explored for improving AP mineralization (Lu and
Wei 2011; Yongrui et al. 2015). Numerous articles have ana-
lyzed different aspects of AP biodegradation for almost three
decades, mainly focused on PAA and PAAm (Joshi and Abed
2017; Nyyssölä and Ahlgren 2019). Nevertheless, since AP is
an extensive group of materials with wide-range applications,
a broader revision, including biodegradability analyses of oth-
er AP types, is needed. In this mini-review, we describe the
most relevant AP types and their uses. We analyze the factors
that influence AP biodegradation and its quantification (bio-
degradability), which depends not only on the AP type or the
microorganisms involved but also on the technique used for
its measurement. We examine the enzymes involved in AP
biodegradation, displayed by bacteria and fungi, and the bio-
chemical pathways proposed for the C-C backbone cleavage,
the most recalcitrant structure in the APmolecule. Besides, we
suggest some reactions that could be involved in the biodeg-
radation of poly(n-alkyl methacrylates), an AP that contains
quaternary carbons that make the microbial attack a biochem-
ical challenge. We conclude this revision by emphasizing that
studies on AP biodegradation are needed for improving the
understanding of AP impacts on ecosystems and for develop-
ing and improving biotechnological approaches for AP waste
treatment. Moreover, legislation to control the use and the
treatment of AP wastes are urgently needed.

Acrylic polymers’ chemistry, properties,
and applications

AP are produced via free-radical polymerization of acrylic
monomers containing a vinyl group with a C-C double bond
that acts as an active center that propagates to produce poly-
mer chains (Fig. 1). Depending on the monomers used in
polymerization, AP may have diverse qualities, useful for dif-
ferent applications. PAA is synthesized from acrylic acid
(AA) monomers. PAA and its salts, polysodium acrylate,
and polypotassium acrylate (Fig. 2a) are used to synthesize
different products, such as additives in detergents and hand
sanitizing gels and for manufacturing SAP. SAP are hydro-
philic gels with molecular weight (Mw) ranging from 103 to
106 Da, which can absorb 500- to 1000-fold the amount of
water relative to their mass (Zohuriaan-Mehr and Kabiri
2008). SAP are widely used as soil enhancers, in diapers and
feminine napkins (Table 1). PAAm (Fig. 2a) is a high Mw
polymer (103 to 107 Da), synthesized from AAm monomers,

using thermal initiators and redox systems. It has multiple
applications as homopolymer or copolymer with PAA for
SAP production, used as a soil conditioner in agricul-
ture, enhancer of solid/liquid separation in mineral ex-
traction, and other applications (Xiong et al. 2018;
Nyyssölä and Ahlgren 2019) (Table 1).

Poly(n-alkyl acrylates) (PnAA), such as polymethyl
( PMA ) , p o l y e t h y l ( P EA ) , p o l y b u t y l ( PBA ) ,
polyhydroxyethyl, and polyhydroxybutyl acrylates, are de-
rived from acrylate monomers having an n-alkyl side group
(Fig. 2a). This structure confers them peculiar crystallization
and thermal and gas permeability properties, making them
ideal for the fabrication of complex plastics with specialized
purposes in biomedical, agricultural, and electronic industries
(Mahalik and Madras 2005; O’Leary and Paul 2006; Morro
et al. 2016; Serrano-Aroca 2017) (Table 1).

Poly(n-alkyl methacrylates) (PnAMA) are synthesized
from acrylic monomers with a methyl substituent in the α-C
and an alkyl, or hydroxyl alkyl, bound by an ester, forming
quaternary carbons in their main chain after polymerization.
The most used are PMMA, polyethyl methacrylate, and
polyhydroxyethyl methacrylate (Fig. 2b). They are very resis-
tant and versatile, with high environmental stability; PMMA,
for example, is the material of choice for outdoor applications,
used as a glass substitute (casting or extruded acrylic sheets).
In the context of the Covid-19 pandemic, a new application
for acrylic sheets as protective barriers has emerged across the
globe to prevent coronavirus from spreading. Also, PMMA
resins are molded for lens production because of their biocom-
patibility and optical properties (Table 1).

PAN and polycyanoacrylate (PCA) are AP containing cy-
ano substituent bound to theα-C in their structure (Fig. 2a and
b). PCA also contains a methyl group bound by an ester bond
to the α-C. PAN is widely used to produce textile fibers
(acrylic) (Serrano-Aroca 2017) and PCA is used as a structural

Fig. 1 Acrylic polymer synthesis. Acrylate monomers containing a vinyl
group (box) are polymerized in a free-radical reaction. At initiation, an
active center is developed in the double bond, and radicals are produced;
then, monomers’ addition generates chain’s propagation; finally, termi-
nation occurs by the radicals’ disproportion
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adhesive for plastics, rubbers, and ceramics and can be applied
as surgical adhesive (Rustamov et al. 2014). Cyano substitu-
ent is also included in some styrene copolymers such as
styrene-acrylonitrile (SAN), acrylonitrile styrene acrylate
(ASA), and acrylonitrile butadiene styrene (ABS), a widely
used group of thermoplastics to produce light, rigid, molded
materials for toys, safety helmets, electronics, automobile
bumps, and building construction (McKeen 2012) (Table 1).

Factors affecting acrylic polymers’
biodegradability

During AP biodegradation, physical, chemical, and biological
processes occur, which are also influenced by environmental
factors such as temperature, UV radiation, pH, and humidity.

AP biodegradation involves enzyme-catalyzed reactions that
transform the polymer chemical and physical properties.
During the initial transformation, usually described as primary
biodegradation, low Mw components from the polymeric struc-
ture are released and transported into microbial cells. Once inside
the cells, ultimate biodegradation or mineralization occurs, using
these components as energy and C source for biomass formation,
resulting in fully reduced or oxidized products (CO2, H2O)
(Kolvenbach et al. 2014). In the assessment of AP biodegrad-
ability, the essential aspects that should be considered are: the
polymer structure, the microbial AP attacking capacity sustained
by proper culture or environmental conditions, and the tech-
niques used for biodegradation quantitation. Altogether, these
aspects will define the time an AP will last for being degraded,
that is, its biodegradation rate. The main aspects of AP structure
that affect biodegradation include the C-C backbone length, the
side groups, quaternary carbons, andmolecular organization (lin-
ear, branched, or cross-linked). Other characteristics such as pu-
rity of the product and degree of hydrolysis also influence AP
biodegradability assessment (Seybold 1994; Larson et al. 1997;
Kay-Shoemake et al. 1998a; Stahl et al. 2000).

C-C backbone size and recalcitrance

The C-C backbone confers a very stable, thus recalcitrant
molecular structure, whose cleavage is a crucial step in AP
mineralization. Even that AP biodegradation rates reported in
different articles are diverse, when comparing experiments
where similar polymers, microbial systems, laboratory condi-
tions, and analytical techniques were tested, they show an
inverse correlation between the size of the C-C backbone
and the mineralization rate (Supplementary table S1). For in-
stance, complete biodegradation of acrylic acid monomers
and dimers (100% CO2 production) was observed in 28–32
days (Freeman et al. 1996; Cook et al. 1997; Larson et al.
1997), while PAA oligomers and PNaA (trimers to decamers)
can be extensive but incompletely degraded (60–80% CO2

production) in 14–32 days (~ 3% per day) (Hayashi et al.
1993; Freeman et al. 1996; Larson et al. 1997). For PAA
and PNaA of 1000 Da, biodegradation values of 30–40%
measured as CO2 production in 28–32 days (~ 1.16% per
day) (Freeman et al. 1996; Larson et al. 1997), 7.4%measured
as BOD/ThOD in 10 days (0.74% per day) (Kawai 1993), and
73% measured as total organic carbon (TOC) in 14 days
(5.21% per day) (Hayashi et al. 1994) have been reported.
For larger polymers (2000–4500 Da), biodegradation levels
of 8–20%measured as CO2 production in 28–32 days (~ 0.5%
per day) (Freeman and Bender 1993; Freeman et al. 1996;
Larson et al. 1997), 2–3.9% measured as BOD/ThOD in 10
days (~ 0.3% per day) (Kawai 1993), and 20% measured as
TOC in 14 days (1.4% per day) (Hayashi et al. 1994) have
been determined. Therefore, the size of the C-C backbone is a
critical factor in AP biodegradation. Interesting results were

Fig. 2 Chemical structures of some acrylic polymers (AP). (a) AP
derived from acrylate monomers have different functional groups
bound to the carbonyl (R1): PAA, polyacrylic acid; PNaA, polysodium
acrylate; PKA, polypotassium acrylate; PAAm, polyacrylamide. Poly(n-
alkyl acrylates) (PnAA) are polymers derived from acrylate monomers
with an n-alkyl side group: PMA, polymethyl acrylate; PBA, polybutyl
acrylate; PHEA, polyhydroxyethyl acrylate; PHBA, polyhydroxybutyl
acrylate. PAN, polyacrylonitrile, has a cyano group substituent bound
to the α-C. (b) Poly(n-alkyl methacrylates) (PnAMA), are synthesized
from acrylate monomers with a methyl group attached to the α-C (R1),
and different functional groups bound by an ester (R2): PMMA,
polymethyl methacrylate; PEMA, polyethyl methacrylate; PHEMA,
polyhydroxyethyl methacrylate. PCA, polycyanoacrylate, has a cyano
substituent bound to the α-C and a methyl bound by an ester
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observed when analyzing long-time biodegradation experi-
ments in soil, with labeled PAA to quantify the C-C backbone
cleavage. In microcosm experiments containing soil microor-
ganisms, mineralization rates of 3.6% in 90 days (0.04 per
day) or 6% in 42 days (0.14 per day) were observed for 14C-
labeled PAA, previously solubi l ized in cul tures
of Phanerochaete chrysosporium induced to produce peroxi-
dases or cellobiose dehydrogenase (CDH), respectively (Stahl
et al. 2000). In similar experiments, a 13C-labeled PAA of
unknown size was mineralized by soil microorganisms in four
common agricultural soils, 0.12–0.24% in 6 months (~
0.001% per day) (Wilske et al. 2014) (Supplementary table
S1). These results show differences in biodegradation rates
between experiments performed in culture media during short
times compared to experiments performed in soil during more
prolonged periods. These results may have been obtained be-
cause short-term analysis measures the more straightforward
degradation reactions, but in the more extended experiments,
the more complex, late biodegradative reactions are also mea-
sured. These also exhibit that the biodegradation rate is not a
linear process, which should be considered when planning
experiments for measuring this parameter.

Side groups

The existence of side groups in AP chemical structure must be
taken into account in biodegradation assessment. Since they
are the first groups cleaved during biodegradation, a quantifi-
cation analysis based only on the side groups’ release will
overestimate the polymer biodegradation rate. For instance,
removal efficiencies of 70–76% in 5 days (~ 14.6% per day)
for PAAm (16,000 kDa) were reported when the starch-
cadmium-iodine (SCI) method that quantifies the release of
amides was used for the analysis (Wen et al. 2010). On the
other hand, when 14C-labeled PAAm and more extended
monitoring periods were followed, slower biodegradation
rates were observed. Thus, mineralization of 22.5%was quan-
tified for a cationic 14C-labeled PAAm/[2-(acryloyloxy) ethyl]
trimethyl ammonium chloride (AETAC) copolymer (6000
kDa) exposed to sludge-treated soils for 2 years (0.03% per
day) (Hennecke et al. 2018). Also, a removal efficiency of
32.9% of hydrolyzed PAAm (HPAAm) (22,000 kDa), deter-
mined by TOC analysis, was obtained after 20 days of incu-
bation (1.6% per day) with mixed cultures of Bacillus cereus
and Rhodococcus strain EF028124, which was almost three
times slower than that measured in a similar system by the SCI
method, i.e., 89.8% in 20 days (4.5% per day) (Sang et al.
2015) (Supplementary table S1). Interestingly, evidence that
the presence of amide groups facilitates AP biodegradation
was shown in experiments where 14C-labeled PAAm/PAA
or PAA were exposed for 76 days to soil microcosms inocu-
lated with P. chrysosporium, causing mineralization rates of
7.3% (0.1% per day) and 0.95% (0.01 per day), respectively

(Stahl et al. 2000) (Supplementary table S1). The influence of
other side groups, such as nitriles or alkyl groups, as methyl in
PnAMA, has not been analyzed in AP biodegradation. Even
though the enzymatic elimination of these side groups before
the biochemical attack to the APC-C backbone has to occur, it
is unknown if their presence facilitates the whole polymer’s
biodegradation. Therefore, studies to analyze this possibility
are needed. The existence of repetitive quaternary carbons in
PnAMA (Fig. 2) increases the C-C backbone’s recalcitrance,
strongly limiting biodegradation. PnAMA recalcitrance was
evident when a sodium methacrylate oligomer was exposed,
in a 14-day experiment, to Arthrobacter sp. strain NO-18,
capable of degrading Na acrylate oligomers, but not the meth-
acrylate oligomer (Hayashi et al. 1993). In a future section, we
will suggest, based on what has been observed in other types
of compounds with quaternary carbons, that enzymatic reac-
tions attacking quaternary carbons in PnAMA could be
possible.

Residual monomers and linear polymers

Commercial AP are not pure chemical products; they gener-
ally contain variable amounts of residual monomers or, in the
case of cross-linked AP, they also have linear molecules (Bai
et al. 2015; Dell’Ambrogio et al. 2019). Although these com-
ponents do not contribute to the polymer’s functionality, they
might affect the polymer biodegradation assessment. No re-
ports analyzing how residual monomers affect AP biodegra-
dation have been published. However, the presence of mono-
mers in polymer products could lead to overestimation of the
biodegradation rates. On the other hand, for cross-linked
PAA, the linear fraction present in the product is relevant for
calculating biodegradation rates. Biodegradation measure-
ments of two different Mw linear PAA were used to calculate
their contribution to a cross-linked PAA’s biodegradation rate,
considering that about 4% remains linear (Bai et al. 2015;
Wilske et al. 2014). The analysis showed that short-sized lin-
ear polymers have a more considerable contribution than
the long-sized linear polymers in the cross-linked poly-
mer’s biodegradation rate (Bai et al. 2015). Therefore,
since impurities on AP products influence biodegrada-
tion assessment, they should be pondered during exper-
im e n t s t o a v o i d o v e r e s t im a t i n g p o l ym e r s ’
biodegradability.

Enzymatic activities and pathways involved
in microbial AP degradation

Several environmental microorganisms are capable of
biodegrading some AP types, and they have been studied
either isolated or in communities (Supplementary table S1).
Identifying AP biodegrading microorganisms and elucidating
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the catabolic pathways responsible for this capacity are fun-
damental for understanding the biodegradative process and
developing or improving biotechnological techniques for AP
waste treatment. Biochemical analysis of AP biodegradation
has been mainly focused on PAA or PAAm, and several en-
zymatic reactions and metabolic pathways have been de-
scribed, based on the metabolites and the enzymatic activities
detected (Joshi and Abed 2017; Nyyssölä and Ahlgren 2019).
Since all AP have basic structural similarities, we propose that
most AP may be biodegraded in a two-phase process.

First phase: enzymatic elimination of side groups

In this phase, the different AP side groups, i.e., amide, nitrile,
or alkyl groups bound by ester bonds, are cleaved from the C-
C backbone by hydrolytic enzymatic activities, resulting in
PAA or PAA-like molecules and low Mw intermediates
(Fig. 3a). Enzymatic activities such as amidases, nitrile-
degrading enzymes, esterases, and lipases have been respon-
sible for AP side group modifications (Tauber et al. 2000;
Mahalik and Madras 2005; Fischer-Colbrie et al. 2006; Zhao
et al. 2019; Gitalis et al. 2019: Huang et al. 2018).

Amidases

Amidases or amidohydrolases are ubiquitous and versatile
enzymes that cleave C-N bonds (Sharma and Nand 2009).
Amidases that hydrolyze amides from AAm monomers, pro-
ducing ammonium and acrylic acid, have been detected in
several bacterial species (Joshi and Abed 2017). Different
aspects such as culture conditions for inducing maximal ex-
pression, gene regulation, protein purification, and even di-
rected evolution have been studied in amidases degrading
AAm monomers (Jebasingh et al. 2013; Joshi and Abed
2017; Silman et al. 1991). However, little is known about
PAAm amidases, which are inducible extra- and intracellular
enzymes produced by microorganisms isolated from PAAm-
treated soils selected by enrichment in cultures with PAAm as
the only N source. Since PAAm cannot get across the cell
membrane, it has been suggested that PAAm amidase induc-
tion is mediated by an unknown metabolite resulting from
initial degradation steps (Kay-Shoemake et al. 1998a, b). In
Pseudomonas putida HI47, a 35-45 kDa PAAm-induced ex-
tracellular aliphatic amidase converted the amide groups of a
high Mw PAAm (17,000–22,000 kDa) into carboxyl groups
under aerobic conditions (Yu et al. 2015). Also, amidase ac-
tivity was demonstrated to be responsible for transforming
PAAm into PAA during anaerobic biodegradation with a
was tewate r mic rob ia l communi ty tha t inc ludes
Bacteriodetes, Firmicutes, Proteobacteria, Spirochaetes, and
others (Dai et al. 2015). Also, urease activity has been corre-
lated with HPAAm degradation in an upflow anaerobic sludge
blanket reactor system, where Proteobacteria, Chloroflexi,

Bacteriodetes, Fusobacteria, and others were identified
(Zhao et al. 2019). The significant role of ureases on
HPAAm biodegradation was demonstrated by enzyme inhibi-
tion experiments in aerobic cultures of Bacillus megaterium
SZK-5. The total nitrogen removal rate was lower at higher
urease inhibitor concentration, but the HPAAm Mw was not
affected as observed with no inhibitor, suggesting that the
polymer backbone’s cleavage requires the previous removal
of the amide group by urease. This urease activity was mainly
detected in the extracellular fraction (Song et al. 2019).

Nitrile-attacking enzymes

Nitrilases hydrolyze nitriles to carboxylic acids and NH3,
while nitrile hydratases catalyze nitriles conversion to amides
that subsequently are hydrolyzed to carboxylic acids and NH3

by amidases (Yamada and Kobayashi 1996; Gong et al.
2012). Several bacteria produce one or both nitrile-attacking
enzymes, which transform PAN into PAA (Fig. 3a) (Tauber
et al. 2000; Fischer-Colbrie et al. 2006; Matamá et al. 2007).
Both enzymes are produced under inducible or constitutive
conditions, depending on the nutrients utilized during micro-
bial cultivation (Yamada and Kobayashi 1996; Gong et al.
2012), being an advantage for future studies on PAN waste
biodegradation. The direct conversion of PAN into PAA by
the action of nitrilases was demonstrated by incubating the
polymer with commercial enzymes and measuring ammonia
release (Matamá et al. 2007) and analyzing the modifications
in nitrilase-treated PAN by ATR-FTIR spectra (Akkaya and
Ozseker 2019). The nitrile hydratase/amidase system pro-
duced by R. rhodochrous NCIMB 11216, induced by
propionitrile, hydrolyzes PAN (granular and fibers) measured
as ammonia release by spectrometry and confirmed by X-ray
photoelectron spectroscopy (Tauber et al. 2000).
In Agrobacterium tumefaciens BST05, the nitrile hydratase/
amidase system was induced in a medium containing acetoni-
trile. Here, the enzymatic reactionwas analyzed on PAN-pow-
der, and the increase in O/C ratio (80%) on its surface indi-
cates the incorporation of oxygen into the polymer, which
results from the hydrolysis of nitrile to amide (Fischer-
Colbrie et al. 2006). Theoretically, nitrilases and the nitrile
hydratase/amidase system could similarly act on PCA, elimi-
nating the cyano group as we propose in Fig. 3c. However, no
information exists about the role of these activities on PCA
biodegradation. Nitrile-attacking enzymatic reactions are of
environmental interest for decontamination of soil and water
(Müller and Gabriel 1999; Chand et al. 2004).

Esterases

The esterases’ role in attacking AP ester bonds (Fig. 3a) was
first suggested for the biodegradation of a copolymer of AAm
and cationic monomers based on ester-containing compounds
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(Chang et al. 2005). In other work, esterase activity was de-
tected when the biodegradability of fiberglass acrylic compos-
ite filters made of poly(ethylene terephthalate), polyvinyl al-
cohol, PMA, and PEA by two Trichoderma harzianum strains
was analyzed (Sein et al. 2009). Studies on biodegradation of
dental composites have shown that neutrophils in the oral
cavity contain cholesterol esterase-like activities that could
contribute to the degradation of methacrylate resins (Gitalis
et al. 2019). Recently, studies on biodegradation of a methac-
rylate restoration tooth composite have shown that an esterase
(SMU_118c) of Streptococcus mutans UA159, an etiological
agent in dental caries, is capable of catalyzing the hydrolysis
of the resinous matrix of polymerized composites and adhe-
sives by overexpression of the esterase gene (Huang et al.

2018). Moreover, our research group found that extracellular
esterase activity from microbial communities selected from a
landfill was higher when grown in a commercial acrylic dis-
persion (Bayhydrol®) than when grown in a non-acrylic poly-
urethane dispersion (Neorez®), used as sole carbon sources.
Besides, an increase in FTIR’s carbonyl signal when the poly-
mer was exposed to the selected microbial communities sup-
ports esterase activity participation in AP biodegradation
(Vargas-Suárez et al. 2019). The role of lipases has also been
studied in AP biodegradation. In vitro biodegradation of PBA,
PEA, and PMA by commercial lipases such as Novozym 435,
Lipolase, and an enzyme from porcine pancreas (Sigma) was
investigated in different solvents (benzene, toluene, xylene,
chlorobenzene) and at various temperatures. The highest

Fig. 3 Metabolic pathways for
acrylic polymers (AP) biodegra-
dation. (a) First phase (light gray
rectangle): enzymatic attacks to
amide, ester, and cyano side
groups produce polyacrylic acid
(PAA) (white square). (b) Second
phase (medium gray rectangle):
for the oxidation of the PAA C-C
backbone, several aerobic and
anaerobic metabolic pathways
have been proposed. (c)
Suggested pathway for
polycyanoacrylate (PCA) biodeg-
radation (dark gray rectangle).
After cyano and ester group
cleavage by nitrile-attacking en-
zymes and esterases, an acrylic
acid analog is produced. This in-
termediate could be further oxi-
dized. Gray arrows indicate hy-
pothetical reactions
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enzymatic degradation rate (PMA > PBA > PEA) was with
porcine pancreas activity in toluene at 50 °C (Mahalik and
Madras 2005). We suggest that esterases could also be in-
volved in eliminating the methyl group bound by an ester
bond in PCA, releasing a compound containing quaternary
carbons that could be oxidized (Fig. 3c), similarly to
PnAMA, as we will discuss later.

Second phase: cleavage of the acrylic polymers C-C
backbone

Aerobic pathways

The AP C-C backbone cleavage requires oxidative mecha-
nisms to act after the side groups’ initial hydrolysis occurs
during the first phase (Fig. 3a and b; Supplementary table
S1). Several oxidative pathways have been proposed based
on the degradation products and the enzymatic activities de-
tected during AP biodegradation (Fig. 3b). The first aerobic
AP biodegradative pathway was suggested based on the
propionic acid metabolism carried out by cell-free extracts of
Propionibacterium shermanii (Kawai 1993). Propionic acid
metabolism involves the esterification of propionic acid to
acrylyl CoA and its reduction to propionyl CoA (Swick
1962). An analogous mechanism in which PAA activation
by acyl-CoA synthetase, a key enzyme in β-oxidation, gener-
ates PAA-CoA, was suggested (Kawai 1993). Acyl-CoA syn-
thetase activity was measured in cell-free extracts from
Microbacterium sp. II-7-12, Xanthomonas maltophilia W1,
and Acinetobacter genospecies 11 W2 axenic cultures able
to grow in 1,3,5-pentane tricarboxylic acid (PTCA), a model
molecule for studyingAP biodegradation (Kawai 1993). Later
on, three PTCA metabolic products were identified,
supporting the idea that a metabolic pathway similar to β-
oxidation accounted for the PTCA metabolism. Moreover,
considering the resulting AA polymerization structures, two
different mechanisms for PAA biodegradation, a head-to-head
and a tail-to-tail pathway, were suggested by analogy to the
PTCA metabolism (Kawai et al. 1994). On the other hand,
during PNaA biodegradation by the L7-98 consortium, anoth-
er oxidativemechanism based on the identification of lowMw
products was proposed. This mechanism is suggested to occur
via a three-step process: (a) oxidation of the terminal methy-
lene (α-C) to a carbonyl; (b) replacement of the terminal car-
boxyl by hydrogen during decarboxylation, followed by the
formation of a double bond between the α-C and β-C by
dehydrogenation; and (c) oxidation of the terminal aldehyde
to a carboxyl, and oxygenation of one of the carbons in the
double bond, followed by dehydrogenation and release of
acetic acid. The remaining molecule is shortened by repeating
steps 2 and 3 (Iwahashi et al. 2003). Years later, a novel
metabolic pathway for HPAAm biodegradation by two
Bacillus species was proposed (Bao et al. 2010). This pathway

integrates side groups’ deamination to produce PAA and C-C
backbone metabolism by a fatty acids α-oxidation-like mech-
anism based onmonooxygenase activities. Initially, theα-C is
oxidized to alcohol, transformed into carbonyl, and later to
carboxyl, resulting in the main chain’s cleavage and low
Mw compounds (Bao et al. 2010). In this work, experimental
evidence for deamination was presented, but no evidence for
the C-C backbone cleavage or the enzymatic activities were
offered. Recently, the role of Cytochrome P450 (CytP450) on
PAAm biodegradation by B. megaterium SZK-5 was demon-
strated by enzyme activity inhibition experiments. High con-
centrations of the inhibitor resulted in a significant decrease of
TOC removal rate and the non-reduction of polymer Mw,
suggesting that CytP450 participates in the C-C backbone
cleavage and carbon biotransformation. Analysis of TOC re-
moval rate by extracellular, periplasmic, and cytoplasmic frac-
tions revealed that the CytP450 activity is located in the cyto-
plasm and extracellular or a membrane-bound urease activity
is previously required for the oxidation of the C-C backbone
(Song et al. 2019). Recent studies in our group revealed the
catalytic capability of a landfill microbial community selected
to aerobically degrade a polyether-polyurethane-acrylate co-
polymer from a commercial coating (PolyLack®). By FTIR
spectroscopy, changes in signal intensity showed the catabo-
lism of the acrylate component. Besides, by a proximity
ligation-based-metagenomic analysis, genes encoding oxida-
tive enzymes for alkane metabolism such as alkane 1-
monooxygenases, unspecific monooxygenases, long-chain al-
kane monooxygenases, or reductive enzymes such as alcohol
dehydrogenases (ADH) and aldehyde dehydrogenases
(ALDH), as well as a large number of genes encoding
acetyl-CoA C-acetyltransferases (20 genes) and acyl-CoA
synthetases (10 genes), involved in β-oxidation, were re-
vealed. Besides, genes encoding esterases and amidases were
also identified. The identification of these genes suggests that
some of the encoded proteins could be involved in AP bio-
degradation. Esterases and amidases would attack AP
side groups, monooxygenases would activate the ali-
phatic acrylate chains (C-C backbone) by terminal or
subterminal oxidations, and ADH and ALDH would
generate intermediate compounds that can be channeled
to α or β-oxidation (Gaytán et al. 2020).

Anaerobic pathways

Anaerobic pathways for AP biodegradation have been pro-
posed after demonstrating the biological degradation of
PAAm in waste-activated sludges (Dai et al. 2014) and
assaying enzymatic activities proposed to participate in
PAAm biodegradation (Dai et al. 2015). After amidases con-
vert PAAm to PAA (first phase), PAA’s transformation to
acetyl-CoA and pyruvic acid occurs. Subsequently, these in-
termediates were transformed into acetic, butyric, propionic,
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or fumaric acids . Increments in amidase, ADH,
p h o s p h o t r a n s a c e t y l a s e , a c e t a t e k i n a s e ,
phosphotransbutyrylase, butyrate kinase, oxaloacetate
transcarboxylase, and CoA transferase activities were ob-
served in experiments with larger PAAm degradation (Dai
et al. 2015). Similar results were observed for HPAAm fer-
mentation by an activated sludge microbial community inte-
grated by Proteobacteria, Bacteriodetes, and Chloroflexi,
among others, in which dehydrogenase and urease activities
correlated with HPAAm biodegradation. The hydrolysis of C-
N by ureases, followed by the participation of dehydro-
genases and monooxygenases (non-demonstrated), pro-
ducing acetyl-CoA, pyruvic acid, and organic acids
(acetic, propionic, and butyric) as biodegradation prod-
ucts, was proposed (Zhao et al. 2019).

Fungal enzymes

The extracellular lignin-degrading system from the fungus
P. chrysosporium, which involves lignin peroxidases, manga-
nese peroxidases (MnP), versatile peroxidases, and laccases,
as well as the extracellular reductases and CDH, has been
shown to cleave the AP C-C backbone (Sutherland et al.
1997; Stahl et al. 2000). Culture conditions for the selective
expression of these fungal enzymes, based on nitrogen limi-
tation or sufficiency and different carbon sources, have been
defined. When the lignin-degrading system is induced, 14C-
labeled cross-linked high Mw PAA and PAA/PAAm were
completely depolymerized to water-soluble metabolites in
15–18 days, but only 8% mineralization was reached. In lon-
ger incubation times (> 18 days), more than 80% of the radio-
activity was detected in fungal mycelia, suggesting that the
AP carbon was metabolized and assimilated (Sutherland
et al. 1997). The selective participation of enzymes from the
lignin-degrading system and their role in the biodegradation of
PAA and a PAA/PAAm copolymer was demonstrated in a
cooperative process between P. chrysosporium and soil mi-
croorganisms. This synergistic process was observed in mi-
crocosms composed of sawdust inoculated with the fungus
and non-sterilized soil for 76 days. Mineralization levels in
microcosms containing both biological systems were larger
(PAA: 0.95%, PAA/PAAm: 7.3% of 14CO2) than those in
which only soil microorganisms (PAA: 0.22%, PAA/
PAAm: 0.35% of 14CO2) or only fungus (PAA: 0.76%,
PAA/PAAm: 4.3% of 14CO2) were present (Supplementary
table S1). Moreover, the polymers incubated with the fungus
grown at specific conditions for peroxidases or CDH induc-
tion were solubilized.When the fungus-treated polymers were
added to a soil microcosm, the mineralization process im-
proved up to 27 times compared to the polymer only treated
by the soil microcosm (Stahl et al. 2000) (Supplementary table
S1) . In other work, a t induct ion condi t ions for
P. chrysosporium CDH activity, insoluble cross-linked PAA

and a PAA/PAAm copolymer were solubilized and mineral-
ized. Moreover, the addition of iron improved the biodegra-
dation process (Cameron et al. 2000).

The biochemical challenge of poly(n-alkyl
methacrylates) biodegradation: a hypothesis

In PnAMA, the presence of repetitive quaternary carbons in
their main chain and the different isomeric structures generat-
ed by random polymerization (Fig. 4) make biodegradation a
challenging task. Quaternary carbons confer PnAMA high
recalcitrance since the oxidative reactions needed for channel-
ing the C-C backbone intoβ-oxidation are blocked because of
the steric hindrance of methyl groups (Chiellini et al. 2003).
The few works addressing PnAMA biodegradability by bac-
teria or fungi are coincident that these materials are highly
recalcitrant (Hayashi et al. 1993; Sabatini et al. 2018).
However, based on what has been observed in biodegradation
studies of other compounds containing quaternary carbons,
such as pivalic acid and isooctane (Probian et al. 2003;
Solano-Serena et al. 2004), PnAMA biodegradation might
be feasible. In the biodegradation mechanisms proposed for
these compounds, the activity of mutases and decarboxylases
has been suggested, based on the identified biodegradation
products. These activities would transform quaternary carbons
into tertiary carbon compounds, allowing that other subse-
quent biochemical reactions may act over them (Probian
et al. 2003; Solano-Serena et al. 2004). For PnAMA biodeg-
radation, the esterase hydrolytic attack to cleave the side
groups must be the first step. This activity on PnAMA has
been observed in neutrophils and S. mutans UA159 (Gitalis
et al. 2019; Huang et al. 2018). After that, a PAA-like com-
pound with methyl substituents attached to some carbons will
be produced. In this compound, the terminal carbon, tertiary
or quaternary, will define the biodegradative mechanism’s
initial step (Fig. 4). In any case, the carboxyl of the terminal
unit has to be activated by acyl-CoA transferase. Therefore,
polymers with terminal tertiary carbon such as head-to-head
and tandem isomers can undergo a β-oxidation cycle (Fig. 4).
However, isomers with a terminal quaternary carbon (tail-to-
tail) would require mutase activity to integrate the methyl
substituent attached to theα-C into the C-Cmain chain, which
channels it into β-oxidation until a new quaternary carbon
would be found. After a first β-oxidation cycle, mutases or
decarboxylases would be required to process the polymer’s
quaternary carbons. Each β-oxidation cycle will shorten the
polymer in three or two carbons, producing propionyl CoA as
the main product and acetyl-CoA from one of the isomers. By
the action of phosphate transferases and kinases, these com-
pounds will be transformed into organic acids as proposed for
branched-chain fatty acid metabolism (Narihiro et al. 2016)
(Fig. 4). No microorganisms capable of degrading PnAMA
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have been reported so far; this might be because the proper
conditions for growing microorganisms with this capacity
have not been discovered. Besides, some microorganisms
might require longer cultivation periods for displaying a
unique capacity.

Strategies to increase AP biodegradability:
structure modifications and hybrid
degradation methods

AP containing components inducing higher polymer biode-
gradability have been synthesized as an approach to overcome
the limitations imposed by the C-C backbone recalcitrance,
and some of them have provided positive results

(Supplementary table S1). This strategy’s rationale is to poly-
merize in the C-C backbone or add, as side groups, some
compounds that favor cleavage, decreasing AP size.
Radicals generating phenolic compounds such as p- and o-
aminophenol, and non-phenolics such as p-aminoaniline and
acrolein, have been included as side groups in PAA and cross-
linked PAA. After 1 day of incubation with MnP, modified
PA decrease Mw (34–63%), and modified cross-linked PAA
reduced their insoluble fractions (41%), while non-modified
polymers did not display significant changes (Ito et al. 2005).
Also, PAN and PAAm C-C backbone grafted with N-benzyl-
4-vinylpyridinium chloride (BVP) became more biodegrad-
able. BVP adheres to bacterial cells and maintains their via-
bility favoring grafted polymer biodegradation (Kawabata
et al. 2006; Kawabata and Fuse 2006). PAN-co-BVP

Fig. 4 Proposed hypothetical
catabolic reactions involved in
biodegradation of poly(n-alkyl
methacrylates) (PnAMA).
Different isomeric structures,
based on Kawai et al. (1994) and
Iwahashi et al. (2003), can be
generated during PnAMA poly-
merization (upper structures). For
the biodegradation of the different
PnAMA isomers, distinct enzy-
matic reactions have to occur.
Esterases must first cleave the
side groups bound by ester bonds
to the polymer, releasing alkyl al-
cohols. After that, the molecule
has to be activated for entrance to
β-oxidation. However, for the
tail-to-tail isomer, mutases must
shift the methyl group, from the
last quaternary carbon unit, to a
linear conformation, which would
allow the first β-οxidation cycle.
During β-oxidation, 2 or 3 car-
bons would be eliminated, de-
pending on the isomer, producing
CoA derivatives. Further reac-
tions by phosphate transferases
and kinases will produce organic
acids. The remaining PnAMA
polymer will need new reactions
by mutases or decarboxylases for
additional β-oxidation cycles
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copolymers showed a 54–90% weight decrease after treated
for 28 days with activated sludge in soil, while the non-
modified PAN weight remained constant (Kawabata et al.
2006). Similarly, PAAm-co-BVP exposed to an activated
sludge for 7 days showed a TOC reduction up to 80% of its
original value at the end of the treatment, while non-modified
PAAm was unchanged (Kawabata and Fuse 2006). Also, the
biodegradability of different types of AP, grafted with natural
components such as storage or structural polysaccharides (cel-
lulose, chitin, starch, or those contained in tamarind kernel
powder), has been studied, showing more susceptibility to
different enzymatic, bacteria, and fungi treatments than non-
grafted AP (Saroja et al. 2000; Wang and Yang 2010; Mittal
et al. 2013; Navarchian et al. 2013; Del Real et al. 2015;
Saruchi et al. 2015). Although in most cases, AP grafting
has been successful in achieving improved AP mineralization
levels, there are cases where this strategy did not produce the
expected results (Mai et al. 2004). Large size or high Mw of
the AP chain might be the reason; thus, specific grafting strat-
egies for each AP type and each biological system must be
tested. However, this approach may not be as good as expect-
ed since it accelerates toxic monomers’ release before com-
plete mineralization is set.

Assisted bioremediation techniques that involve synergy
between physical, chemical, and biological methods have
been tested for AP waste treatment. Some of them include
photodegradation by UV radiation (El-Mamouni et al.
2002), oxidation with the Fenton reagent (Zhang et al.
2019), or with zerovalent iron/EDTA/air (Lu and Wei 2011),
as a pretreatment for aerobic or anaerobic biological process.
In most cases, pretreatment improves AP solubilization by
reducing Mw; thus, hybrid technologies increase AP removal
rates and enhance mineralization.

Conclusions and perspectives

The diversity of AP materials is equivalent to their extensive
and increasing applications in multiple areas. Because AP
materials had been considered not harmful for the environ-
ment and human health, no regulations for their use and waste
disposal have been implemented in many countries.
Nevertheless, the current information about the effect AP re-
leases generate and the damages that can be foreseen by their
accumulation in the environment, plus the toxicity of some of
their components, indicates that regulations for controlling AP
use and waste management should be established. Extensive
and detailed analyses about the environmental fates AP could
reach after their lifecycles would help develop better waste
management strategies.

AP microbial biodegradation can be carried out on some
types of polymers and to some extent. AnAP biodegradability
assessment, which defines the biodegradation rate a polymer

is degraded, will depend on the polymer's structure, the mi-
croorganisms and the environment where the process is car-
ried out, and the techniques used to quantitate AP degradation.
The C-C backbone, the presence of side groups, quaternary
carbons, and impurities of AP products significantly affect the
biodegradability assessment, which is crucial in defining the
magnitude of AP environmental impact. Therefore, unifying
the use of techniques for measuring biodegradation would be
beneficial for providing comparable data to define accurate
biodegradation rates. Using isotopic C-labeled AP materials
for quantifying transformation to CO2, biomass, or intermedi-
ate biodegradation products is the more objective approach.
Moreover, performing long-time experiments is essential
since the more quickly eliminated groups, measured in
short-time experiments, generate overestimation of the degra-
dation rates because the C-C backbone cleavage, the most
recalcitrant segment, is not quantified, providing with false
expectations about how long an APwould last to be degraded.

Significant advances in the elucidation of AP biodegradative
pathways have been reached, mainly supported by analytical
techniques. Nevertheless, many aspects remain to be discov-
ered. The characterization of enzymes accounting for the pro-
posed reactions and the transport of the degradation products
into the cells is still missing. Besides, nothing is known about
the genes encoding these proteins and the genome orga-
nization, expression, and regulation of AP attacking mi-
croorganisms. The knowledge of genes encoding AP
biodegradative enzymes will be a starting point for clon-
ing genes for producing recombinant proteins, developing
metabolic engineering strategies, and doing directed evo-
lution research that will open a vast panorama for biotech-
nological advances. Furthermore, exploring the catalytic
potential of environmental communities with AP
degrading capacities by “omics” technologies is a prom-
ising strategy for designing tailor-made microbial consor-
tia highly specialized for AP mineralization. Perhaps, fu-
ture biotechnological-based products might include mi-
croorganisms or enzymes with a broad spectrum of activ-
ities that might efficiently degrade diverse AP types to
prevent their accumulation in the environment.

Finally, we would like to stress that even though
science and technology are working for searching solu-
tions for plastic pollution by re-thinking the design of
products and by developing holistic strategies to con-
tribute to reducing the impact of polymers to the envi-
ronment, the regulation for polymer use and waste man-
agement is in the governments and industries' hands.
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