Emerging Contaminants 10 (2024) 100275

KeAi

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/journals/

KeAi

Contents lists available at ScienceDirect

Emerging Contaminants

emerging-contaminants

Gastric carboxylesterases of the edible crab Cancer pagurus (Crustacea,
Decapoda) can hydrolyze biodegradable plastics

Check for
updates

Lukas Miksch”, Lars Gutow, Reinhard Saborowski

Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Am Handelshafen 12, 27570, Bremerhaven, Germany

ARTICLE INFO

Article history:

Received 1 September 2023
Received in revised form

5 October 2023

Accepted 5 October 2023
Available online 6 October 2023

Keywords:
Biodegradable plastics
Microplastics
Crustaceans

Ingestion

Enzymes

Enzymatic degradation

ABSTRACT

A promising strategy to counteract the progressing plastic pollution of the environment can involve the
replacement of persistent plastics with biodegradable materials. Biodegradable polymers are enzymat-
ically degradable by various hydrolytic enzymes. However, these materials can reach the environment in
the same way as conventional plastics. Therefore, they are accessible to terrestrial, freshwater, and
marine biota. Once ingested by marine organisms, highly active enzymes in their digestive tracts may
break down biodegradable compounds. We incubated microparticles of five different biodegradable
plastics, based on polylactictic acid (PLA), polybutylene succinate (PBS), polybutylene adipate tere-
phthalate (PBAT) and polyhydroxybutyrate-co-valerate (PHBV), in-vitro with the gastric fluid of the
edible crab Cancer pagurus and evaluated the hydrolysis rates by pH Stat titration. A plastic blend of PLA
with PBAT showed the highest hydrolysis rate. The enzymes in the gastric fluid of crabs were separated
by anion exchange chromatography. Fractions with carboxylesterase activity were identified using
fluorescent methylumbelliferyl (MUF)-derivatives. Pooled fractions with high carboxylesterase activity
also hydrolyzed a PLA/PBAT plastic blend. Carboxylesterases showed molecular masses of 40—45 kDa as
determined by native gel electrophoresis (SDS-PAGE). Our study demonstrated that digestive carbox-
ylesterases in the gastric fluid of C. pagurus exhibit a high potential for hydrolyzing certain biodegradable
plastics. Since esterases are common in the digestive tract of organisms, it seems likely that other in-
vertebrates possess the ability to hydrolyze biodegradable plastics.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

tiny particles, referred to as microplastics, at a size smaller than
5 mm [4]; microplastics are now ubiquitous in all ecosystems [5].

Plastics are synthetic polymers that are omnipresent in our daily
life due to their variety of advantageous properties, such as light
weight, low production cost and chemical resistance. In 2020, 367
million tons of plastics were produced worldwide [1]. High fabri-
cation output and excessive use of plastic products challenges
communal life and environmental care, creating an unprecedented
amount of persistent waste. Unmanaged and mismanaged plastic
waste enters the environment and accumulates in terrestrial and
aquatic ecosystems [2]. Conventional plastics are highly resistant to
degradation, but will eventually break down into smaller fragments
through UV exposure and mechanical forcing by wind and wave
action [3]. This continuous fragmentation leads to the generation of
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Due to their small size and widespread distribution in the water
column and sediments, they are ingested by a variety of organisms
and can induce deleterious effects on a cellular (oxidative stress,
inflammation), individual (reduced growth and fecundity) and
ecosystem level (altered population structure) [6—8].

To counteract environmental pollution by persistent synthetic
polymers, interest in developing biodegradable plastics has
increased. According to the definition by the International Union of
Pure and Applied Chemistry [9], biodegradation is the breakdown
of a substance catalyzed by enzymes. Depending on the duration it
takes for a plastic to reach a certain degree of degradation, several
standards for biodegradation under specific conditions or envi-
ronments were defined by international institutions such as OECD,
ASTM, and DIN-Certco (e.g. Refs. [10—12]). Biodegradable materials
can be based on fossil resources, but can also derive from extant
biomass. A common biodegradable polymer that is currently made
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starting from fossil resources is polybutylene adipate terephthalate
(PBAT), while polymers that are both bio-based and biodegradable
are e.g. polylactic acid (PLA), polybutylene succinate (PBS), and
polyhydroxybutyrate-co-valerate (PHBV).

Irrespective of the feedstock, the biodegradation process of
synthetic biodegradable polymers is similar to that of natural
polymers such as cellulose or chitin [13]. Hydrolytic enzymes,
capable of cleaving the polymer chains, play a key role in this
process [14]. In the marine environment, extracellular enzymes are
released by microbes and other organisms that form biofilms on the
surface of the plastic [15]. These hydrolytic enzymes comprise
various peptidases and esterases, some of which have been
demonstrated to hydrolyze biodegradable plastics in-vitro (e.g.
Refs. [13,16,17]). Although some biodegradable plastics are
degraded by microbial enzymes, the degradation rates of most of
these materials are very low under marine conditions [18,19]. As a
result, microplastics originating from biodegradable materials may
also accumulate in the ocean, potentially constituting a new form of
emerging pollutants [20].

Progressive mechanical and chemical fragmentation of biode-
gradable plastic items may contribute to the pool of microplastics in
the environment. Numerous species have been found to ingest
microplastics, including fishes [21], mollusks [22], and crustaceans
[23]. Higher crustaceans, such as crabs and lobsters, possess a well-
defined digestive system with a voluminous stomach, which con-
tains a variety of highly active digestive enzymes derived from the
midgut gland, syn. hepatopancreas [24]. The digestive enzymes
mainly comprise hydrolases, which can break down ester, peptide,
and glycosidic bonds [25]. Upon ingestion, conventional and
biodegradable microparticles are exposed to these enzymes.
Accordingly, we address whether enzymes in the digestive tract of
crabs can hydrolyze biodegradable plastics.

In this study, we investigated the potential of the edible crab
Cancer pagurus (Decapoda, Brachyura) to hydrolyze biodegradable
plastics based on PLA, PBS, PBAT and PHBV. We chose this crab
species as a model organism because it is large enough to provide
repeatedly sufficient amounts of gastric fluid for experimentation
(up to one mL) by gastroscopy. Isolated gastric fluid was incubated
in-vitro with different biodegradable plastics under controlled
conditions. Enzymatic hydrolysis of the polymers was determined
by pH-Stat titration [17]. Enzymes were separated and character-
ized by anion-exchange chromatography, native gel electropho-
resis, and their substrate specificity.

2. Materials and methods
2.1. Chemicals

The NaOH-standard solution (cat. no. 5564732) for pH Stat
titration was purchased from Omnilab (Bremen, Germany). 4-
methylumbelliferone derivatives and all other chemicals were
purchased from Sigma-Aldrich (Taufkirchen, Germany).

Table 1
Specification sheets of the used polymers.
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2.2. Plastics

The test materials (Table 1) were provided by Arctic Bio-
materials OY (ABM, Tampere, Finland) and NaturePlast (Monde-
ville, France). The materials are based on common bio-based and
biodegradable polymers. The materials were supplied as granules
(3 x 3 mm, 25 mg), which were ground to a fine powder (<200 um)
with a cryogenic mill (SPEX SamplePrep, 6775 Freezer/Mill) as
described by Miksch et al. (2022) [19]. A common conventional
plastic, poly(methyl methacrylate) (PMMA), known for its high
resistance against biodegradation, was used to compare biode-
gradable and non-biodegradable plastics. PMMA was manufac-
tured and provided by Kunststoff- und Farben-Gesellschaft GmbH
(KFG, Biebesheim, Germany) and supplied as a powder with par-
ticles <200 pm.

2.3. Origin and maintenance of crabs

Adult crabs (Cancer pagurus Linnaeus, 1758) were collected by
beam trawling with the research vessel FK Uthorn in the North Sea
near the island of Helgoland, Germany (54°09'54.7 N 7°52/06.2 E).
Six animals, two females without eggs and four males, were
immediately transferred to 50-L tanks with running seawater and
shipped to the Alfred Wegener Institute in Bremerhaven (Ger-
many). The body mass of the crabs varied between 300 and 1100 g.
The animals were kept individually in 50-L aquaria in the labora-
tory, which were integrated into a 500-L recirculation seawater
system. The temperature was 15 + 1 °C and the light: dark cycle was
12:12 h. The crabs were fed three times per week with frozen
shrimp or fish. Half of the seawater in the recirculation system was
exchanged every other week. Water parameters (T, pH, NH4, NO3,
and NO3) were monitored once a week.

2.4. Extraction of the gastric fluid

The gastric fluid of the crabs was extracted every two weeks by
inserting a small PTFE tube (1 mm inner diameter) connected to a
syringe (1 mL) through the esophagus into the gastric chamber of
the crab. Digestive fluids were then slowly aspirated. Sampling was
performed 24—48 h after feeding. The gastric fluid from the in-
dividuals was transferred into 2-mL reaction tubes and centrifuged
for 10 min at 20,000 g and 4 °C to remove suspended solids. Parts of
the supernatants (50 uL) were transferred into new reaction tubes
for individual electrophoresis. The remaining supernatants were
pooled and aliquoted into portions of 100 or 500 uL and stored
at —80 °C until further use. The pooling was done to provide suf-
ficient gastric fluid for further experiments such as liquid
chromatography.

2.5. Enzyme screening and protein concentration of the gastric fluid

Semi-quantitative ApiZym strips (BioMerieux, Marcy I'Etoile,
France) were used to identify 19 hydrolytic enzymes in the gastric
fluid. Pooled gastric fluid (65 pL) was dispensed into each of the

Designation Base polymer Producer Application Biodegradability

C-PLA PLA/PBS ABM Cutlery No information

RP-PLA PLA/PBS ABM Rigid packaging Manufactured from compostable plastic (EN 13432)
AMF-PLA PLA/PBAT NaturePlast Mulch films No information

SP-PBS PBS NaturePlast Soft packaging Industrially compostable (NF EN 13432:2000)
T-PHBV PHBV NaturePlast Toys Industrially compostable (ASTM D6400)

PMMA PMMA KFG Industry Not biodegradable
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microcupules of the ApiZym strip. The strips were placed in the
supplied tray, covered with the lid, and incubated in the dark at
room temperature. After 24 h, ZYM A and ZYM B reagents were
added to the microcupules to initiate the chemical color reaction.
The results were visually compared with a control (no color
development) and ranked by numbers as per the instructions of the
manufacturer according to the strength of the color from low in-
tensity (1) to high intensity (5) and intermediates. No visible color
development was graded as 0. The protein concentration in the
gastric fluid was determined after Bradford (1976) [26], using
bovine serum albumin as a reagent standard.

2.6. pH-Stat titration

pH-Stat titration was carried out with the automatic titrator
TitroLine 7000 (SI Analytics GmbH, Mainz, Germany). The titration
unit had a 20-mL exchangeable head and a 1 mm diameter PTFE
tube as the titration tip. The unit was connected to a magnetic
stirrer (TM 235), a pH-electrode model A 162 2 M DIN ID, and a
circulation thermostat (Lauda, Lauda-Konigshofen, Germany). The
reaction vial was a 20-mL glass vial placed in a custom-made
thermostat jacket to maintain a constant temperature [17].

pH-Stat titration was performed after Miksch et al. (2021) [17].
Briefly, suspensions of polymer microparticles (3 mg mL™!) were
prepared in a solution of 32 ppt sea salt (Seequasal, Miinster, Ger-
many) in deionized water (referred to as artificial seawater). The
suspensions were stirred in a glass beaker with a magnetic stirring
bar at 800 rpm for 16 h before aliquots of 10 mL were subjected to
pH stat titration. Pooled gastric fluid (80 pL) was added to the re-
action vial with a 100-uL micro-syringe (Model 710 N, Hamilton
Bonaduz AG, Bonaduz, Switzerland). The pH was kept constant at
8.2 by titration of 10 mmol L~! NaOH-solution. The addition of
NaOH-solution was recorded every minute for 60 min before and
after enzyme addition. The hydrolysis rate was calculated from the
linearly increasing consumption of NaOH over time. The hydrolysis
of the polymers was measured at 15 °C and 30 °C. The electrode was
calibrated every day before use. Routine measurements were car-
ried out in triplicate.

2.7. Fractionation of gastric fluid

Pooled gastric fluid was first desalted and rebuffered over
Sephadex™ NAP-5 gel filtration columns (GE Healthcare, Little
Chalfont, United Kingdom) and diluted (1:2 v/v) with 0.1 mol L™}
Tris-HCl buffer (pH 7.5). Thereafter, 1 mL of the sample was injected
into the LC-system (NGC Chromatography System, BioRad) equip-
ped with an anion exchange column (UNO Q1 R, 1.7 x 35 mm,
BioRad). The proteins in the gastric fluids were eluted by increasing
the concentration of NaCl from 0 to 1 mol L~! in the buffer
(0.1 mol L~! Tris-HCl, pH 7.5) with a flow rate of 1 mL min~. The
absorbance of the eluate was detected at 280 nm. The gastric fluid
was separated into 65 fractions of 1 mL each, which were imme-
diately monitored for esterase enzyme activity in a 96-well
microplate. Fractions with high enzyme activity were frozen and
stored at —80 °C for further usage. To determine whether the po-
tential to hydrolyze biodegradable plastic was maintained after
anionic exchange separation, fractions with high carboxylesterase
activity were pooled and subjected to ultrafiltration (Vivaspin 15R,
Sartorius, Gottingen, Germany). Twelve mL of enzyme-containing
fractions were spun at 3000 g and 4 °C for 60 min, reducing the
volume to about 300 pL. The concentrated fractions were then
incubated with plastic suspensions and the hydrolysis rates were
measured by pH Stat titration as described above.
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2.8. Enzyme activity assay

Esterase and lipase activities in the 65 gastric fluid fractions
were assayed since previous studies report the highest hydrolysis
rates of these plastics by lipolytic enzymes [19]. The hydrolysis of
fatty acid esters and the resulting increase in fluorescence was
interpreted as esterase or lipase activity [27,28]. 4-
methylumbelliferone derivatives from esters of fatty acids (MUF-
butyrate, MUF-heptanoate, MUF-oleate) were dissolved in
dimethyl sulfoxide (DMSO) and then diluted with 40 mmol L™!
Britton-Robinson buffer, pH 5 to 9 [29] to obtain stock solutions of
0.1 mmol L~ substrate concentration and 2% DMSO. Stock solution
(250 pL) was pipetted into a 96-well microplate, adding 50 pL of
sample to each well. The plate was shaken for 10 s in a microplate
reader (Fluoroskan Ascent FL, Thermo Fisher Scientific Corporation,
USA) before measuring the fluorescence over 5 min in 20 intervals
of 15 s at room temperature (Aex 355 nm, Aey 460 nm). The results
were recorded by the Ascent Software for Fluoroskan Ascent FL.
Standard curves with 0—35 pmol L~ ! 4-methylumbelliferone (MUF,
Sigma cat.no M1381) were prepared at pH 5 to 9, as the fluores-
cence signal varies with pH.

The use of SDS in protein separation may affect enzyme activity
and thus impair the visibility of active protein bands. To determine
the effect of SDS on enzymatic activity, the same stock solutions
with MUF-derivatives dissolved in DMSO were prepared, but only
with Britton-Robinson buffer at pH 7. 0.12% SDS was then added to
the stock solution of each substrate (MUF-butyrate, MUF-
heptanoate, MUF-oleate) and vortexed. The stock solution
(250 pL) was pipetted into a 96-well plate and 50 pL of sample was
added to obtain a final concentration of 0.1% SDS in each well. The
fluorescence was measured in the same way as described above.

2.9. SDS-PAGE

Samples of individual and pooled gastric fluid and selected
fractions after LC separation were separated by native SDS-PAGE
(12% acrylamide) in a vertical Hoefer SE 250 electrophoresis de-
vice. Fractions were diluted 1:2 with sample buffer containing 2%
SDS and bromophenol blue. The samples were not treated with
mercaptoethanol, nor were they heated. Polyacrylamide gels were
loaded with 10 pL of sample per lane and 2.5 pL of molecular weight
markers (Page Ruler Plus Prestained Protein Ladder, Thermo Fisher
Scientific, cat. no. 26619) in each leftmost and rightmost lane.
Electrophoresis was conducted at a constant current of 15 mA per
gel and a maximum voltage of 300 V at 4 °C.

After electrophoretic separation, the gels were washed in
demineralized water for 10 min and then in 50 mmol L~ Tris-HCl
buffer (pH 7) for 10 min. Thereafter, the gels were incubated in
100 mL of fluorogenic MUF-substrate solution (0.1 mmol L™1) for
another 10 min. The gels were photographed under a BioRad Gel
DOC EZ Imager (BioRad, Hercules, California) to identify active
protein bands that hydrolyzed the substrates. The gels were then
rewashed for 10 min in demineralized water, before Coomassie-
staining overnight and after de-staining with an aqueous ethanol
and phosphoric acid solution. Blue-dyed protein bands were
identified and compared with fluorogenic protein bands.

2.10. Statistics

Statistical analysis and graphs were done with the software
GraphPad Prism version 7.05 for Windows ( GraphPad Software, La
Jolla California USA, www.graphpad.com). The significance level of
all statistical analyses was o = 0.05. The hydrolysis rates of the
different compounds by the gastric fluid were compared by a 1-
factorial analysis of variance (ANOVA) (n = 3). Before the ANOVA,
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the data were tested for heteroscedasticity by the Brown-Forsythe
test. The carboxylesterase activities of the fractions with and
without the addition of SDS were compared with a paired t-test.

3. Results
3.1. The gastric fluid of Cancer pagurus

Depending on the size of the individual crabs, between 200 pL
and 1 mL of gastric fluid could be obtained from each crab. The fluid
showed an intense color, varying from bright orange to dark olive
brown. The gastric fluid was slightly acidic, with pH values ranging
from 6.0 to 6.4. The protein content measured by the Bradford
method accounted on average for 8.62 + 2.74 pg pL~ . The enzyme
screening with ApiZym® showed intensive color development and
thus high activity for 16 of the 19 examined enzymes (Table 2). The
only enzymes with low intensity were cysteine arylamidase, valine
arylamidase, and a-chymotrypsin.

3.2. Hydrolysis of plastics by the gastric fluid

pH-Stat titration of plastics with the gastric fluid of C. pagurus
showed significantly different hydrolysis rates for the different
polymers (ANOVA: Fpg) = 78.55, p < 0.01). The conventional
petroleum-based plastic PMMA showed no degradation. The same
was observed for the putative biodegradable plastics C-PLA and RP-
PLA. SP-PBS and T-PHBV showed low hydrolysis rates of 0.26 + 0.25
and 0.72 + 0.63 nmol min~, respectively. The hydrolysis rate was
highest for AMF-PLA with 8.01 + 1.32 nmol min~! (Fig. 1).

3.3. Chromatographic separation of gastric fluids

Anion exchange chromatography resulted in fractionation of the
gastric fluid into 65 separate fractions of 1 mL each. The best sep-
aration was achieved using a low gradient with increasing NaCl
concentrations from 0 to 0.6 mol L~! over the first 40 min. The
remaining proteins on the column were eluted at higher NaCl
concentrations of up to 1 mol L™, Six protein peaks emerged in the
chromatogram of the gastric fluid. The most intense absorbance at
280 nm was observed between fractions 25 and 55, comprising five
of the highest absorbance peaks. The highest absorbance was
measured in fraction 36. High absorbance was also present in
fractions 46/47, 50/51, and 63 (Fig. 2a).

3.4. Enzyme activities

3.4.1. Screening for carboxylesterases

Enzymes in the separate fractions of the gastric fluid could hy-
drolyze short-chain, medium-chain, and long-chain carboxylesters
(Fig. 2b). MUF-butyrate (short-chain, C4) was mainly hydrolyzed by

Table 2
Semi-quantitative assay of enzyme activities in the gastric fluid of Cancer pagurus
ranked 0—5 according to color intensity in ApiZym® strips.

Enzyme Intensity  Enzyme Intensity
Control 0 Acid phosphatase 5
Alkaline Phosphatase 5 Naphthol-AS-BI-phosphatase 5
Esterase (C4) 4 o-Galactosidase 3
Esterase/Lipase (C8) 4 B-Galactosidase 5
Lipase (C14) 4 B-Glucuronidase 5
Leucine arylamidase 5 a-Glucosidase 5
Valine arylamidase 1 B- Glucosidase 5
Cysteine arylamidase 0 N-acetyl-B-p-glucosaminidase 5
Trypsin 5 o-Mannosidase 4
a-Chymotrypsin 1 a-Fucosidase 4
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Fig. 1. Hydrolytic degradation of five bio-based plastics and one petroleum-based
plastic (PMMA) by the gastric fluid of Cancer pagurus measured by pH-Stat titration
at 15 °C, pH 8.2 and 3.2 ppt salinity (means + SD, n = 3). A zero indicates no detected
hydrolysis.

fractions 29 to 51. The activity peaked in fractions 30 (1.21
mU-mL™1), 37 (4.06 mU-mL™"), 41 (2.0 mU-mL™"), and 45 (2.43
mU-mL~1). Hydrolysis of MUF-heptanoate (medium-chain, C7)
appeared in the same fractions as hydrolysis of MUF-butyrate, but
with different intensities. Fraction 45 showed the highest activity of
8.56 mU-mL~, followed by fraction 30 (5.18 mU-mL™") and frac-
tion 37 (3.92 mU-mL™!). The lowest activity peak appeared in
fraction 41 with 1.15 mU-mL~". Hydrolysis of MUF-oleate (long-
chain, C18) showed only one distinct activity peak over fractions 44
and 45 (29.3 and 28.3 mU-mL~, respectively). The fractions
showing carboxylesterase activity peaks are denoted as E to Ev),
as displayed in Fig. 2b.

3.4.2. pH profiles

Carboxylesterase activities of Ey to E(vy showed specific pH
profiles between pH 5 and 9.

Eqy (Fraction 30): Hydrolysis of MUF-butyrate increased from
0.74 mU-mL~! at pH 5 to 2.45 mU-mL~! at pH 7. At pH 8, the ac-
tivity decreased again and ceased at pH 9. Similarly, hydrolysis of
MUF-heptanoate increased from pH 5 (125 mU-mL~!) to pH 7
(10.29 mU-mL~!) and pH 8 (10.62 mU-mL~') and decreased at pH 9
(5.56 mU-mL™!). No hydrolysis of MUF-oleate was present in E;
(Fig. 3a).

Eqy (Fraction 37): Highest hydrolysis rates of MUF-butyrate
appeared at pH 5 to pH 8 (7.54—8.1 muU-mL~!). The activity
decreased to 2.53 mU-mL~! at pH 9. Hydrolysis of MUF-heptanoate
showed a broad pH maximum between pH 5 to pH 8 and a slight
decrease of activity at pH 9 (4.55 mU-mL™1). No hydrolysis of MUF-
oleate was detected (Fig. 3b).

Eqny (Fraction 41): Hydrolysis of MUF-butyrate increased from
pH 5 (3.3 mU-mL™") to pH 6 (6.71 mU-mL™!) and decreased
continuously toward pH 9, where it reached 1.94 mU-mL™. The
hydrolysis rate of MUF-heptanoate was lower than that of MUF-
butyrate but less variable over the investigated pH range. The ac-
tivities ranged from 1.84 mU-mL~" at pH 5 to 3.58 mU-mL ™! at pH
8. As in Eqjy and E(), no hydrolysis of MUF-oleate was detected
(Fig. 3¢).

Eqv) (Fraction 45) showed the highest hydrolysis rate of all MUF
derivatives. Hydrolysis of MUF-butyrate was highest at pH 5 (38.62
mU-mL™!") and decreased continuously toward pH 8 (2.52
mU-mL™"). No hydrolysis was present at pH 9. Similarly, MUF-
heptanoate showed the highest degradation at pH 5 (58.85
mU-mL™") with a continuous decrease at higher pH. No activity
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was present at pH 9. Hydrolysis of MUF-oleate increased from pH 5
(13.32mU-mL™ ") to pH 6 (24.69 mU-mL"!) and decreased at higher
pH towards 4.73 mU-mL~! at pH 8. No activity remained at pH 9
(Fig. 3d).

3.4.3. Effect of SDS on enzyme activities

The presence of 0.1% SDS significantly reduced the esterase ac-
tivity in the gastric fluid and, thus, the hydrolysis rates of all tested
substrates (Paired t-test: p < 0.01). The activities of the fractions
were not equally affected by SDS.

While the activity in E(;) dropped by 34.7% for MUF-butyrate and
55.1% for MUF-heptanoate, the activity in Eqjy dropped by over 90%
to residual activities of 3.4% and 7.4%, respectively (Supplementary
Material, Fig. S1a).

The hydrolysis rate of MUF-butyrate by E(y;y dropped by 63.8%,
whereas the hydrolysis of MUF-heptanoate ceased altogether (0.4%
residual activity — Supplementary Material, Fig. S1b). The hydro-
lysis rate of all three substrates by Eqy) extinguished almost
completely (0.2—2.3% residual activity - Supplementary Material,
Fig. S1c) with 0.1% SDS.

3.5. Hydrolysis of AMF-PLA by gastric fluid fractions

The fractions around E) to E(jyy with high carboxylesterase ac-
tivity were pooled and will be denoted in the following as Pool E(j
to Pool Eqy - 1v) (Fig. 4). Eqny and E(pyy were combined to one Pool
Eqn + 1v), because the esterase peak in Eyy was missing in some
samples. Proteins in Pool E(jy (Fractions 29—32), Pool E(yjy (Fractions
36—38), and Pool E(yj; 4+ 1v) (Fractions 41—47) were concentrated, and
their potential to hydrolyze AMF-PLA was tested. As a negative
control, fractions without esterase activity were pooled, concen-
trated, and tested (Fraction 60—65).

All pooled enzyme fractions showing carboxylesterase activity
were able to hydrolyze the AMF-PLA microparticles (Fig. 4). Pool E)
showed the highest hydrolysis rate (8.1 + 4.4 nmol min—'), followed
by Pool Eqy  1v) (5.4 + 1.3 nmol-min~ !). Pool Eqy showed the
lowest hydrolysis rate (1.4 + 1.3 nmol min~!). The negative control
showed no hydrolysis rate.
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Fig. 3. Esterase activities of a) E, b) Eq), ¢), Eqny and d) E(yy, measured with MUF-butyrate, MUF-heptanoate and MUF-oleate at pH 5 to pH 9.
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Fig. 4. Hydrolytic degradation of AMF-PLA by the pooled fractions with esterase ac-
tivity of the gastric fluid of Cancer pagurus measured by pH-Stat titration at 30 °C, pH
8.2 and 32 ppt salinity (means + SD, n = 3). A zero indicates no measured hydrolysis in
the negative control.

3.6. Electrophoretic separation of proteins

SDS-PAGE with subsequent Coomassie staining showed
different protein bands in the four fractions. Incubation with MUF-
substrates showed clear activity bands in Eqy and Eq).

Eqy showed a faint activity band at around 45 kDa (Fig. 5a, Lane
1). Another faint band, which appeared at the top of the gel, is
considered an artefact because of the unrealistic high molecular
mass (~250 kDa), which may have resulted from protein aggluti-
nations. A strong activity band appeared after incubation with
MUF-heptanoate at around 45 kDa and a faint signal at 40 kDa
(Fig. 5a, Lane 2). No activity bands were visible after incubation
with MUF-oleate (Fig. 5a, Lane 3).

Eqm showed clear activity bands at 40 kDa for MUF-butyrate and
MUF-heptanoate (Fig. 5¢, Lane 1-2). MUF-butyrate also showed a

faint activity band at 35 kDa. Similar to E(y), Eqiy showed no activity
bands after incubation with MUF-oleate (Fig. 5c, Lane 3).

Eay and Eqvy showed only faint activity bands after incubation
with MUF substrates. For visualization, the positions of these bands
are indicated by white ticks (Fig. 5b, d).

In summary, several AMF-PLA-degrading carboxylesterases
were identified in the gastric fluid of the edible crab Cancer pagurus.
They exhibit different characteristics such as pH optimum, inhibi-
tion by SDS and substrate specificity, and their molecular weights
range around 40 kDa (Table 3).

4. Discussion

Crustaceans are economically important as marine food re-
sources and are ecologically crucial in many habitats and food
webs. Crustaceans of the order Decapoda show various feeding
habitats, covering a wide range of feeding strategies that implicate
the uptake of microplastic particles, whether as predator, herbi-
vore, omnivore, or filter feeder [30]. Microplastics were found in
the gastrointestinal tracts and stomachs of various decapod species
collected in natural environments [31—34].

Adaptation to different ecological niches and the associated food
sources yielded a broad range of digestive hydrolytic enzymes [24].
Besides a large number of proteinases, the gastric fluids of decapods
contain glucosidases, esterases, and lipases [24], which were also
confirmed for Cancer pagurus by ApiZym-screening. This variety of
highly active digestive enzymes allows decapods to utilize natural
polymers efficiently, including chitin and cellulose ([35] and liter-
ature cited therein). Accordingly, it appears reasonable that gastric
enzymes may also be able to hydrolyze biodegradable plastics. The
edible crab, C. pagurus, served in our study as a model species. It
allowed us to withdraw gastric fluid and investigate in-vitro the
enzymatic processes that appear within the crab's stomach.

The in-vitro degradation experiments were conducted at 15 °C,
the upper-temperature range of Cancer pagurus in its preferred
sublittoral habitat [36,37]. Among the five plastics incubated with
gastric fluid, AMF-PLA was hydrolyzed at the highest rate. AMF-PLA
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) Eyi, ) Eyy and d) Eyy. The gels were incubated with MUF-butyrate (Lane 1), MUF-heptanoate

(Lane 2), MUF-oleate (Lane 3) and Coomassie (Lane 4). Lane 5 shows the molecular weight marker. White ticks in b) and d) indicate the position of faint activity bands.

Table 3

Characteristics of the carboxylesterases present in the fractions E to E(v). n.d. = not defined.

Fractions Substrate pH optimum Inhibition by SDS (%) Molecular weights (kDa)
Eqmy Butyrate (C4) 7 35 45
Heptanoate (C7) 8 55 45, 40
Oleate (C18) n.d. n.d. n.d.
Eqny Butyrate (C4) 6 97 n.d.
Heptanoate (C7) 7 93 n.d.
Oleate (C18) n.d. n.d. n.d.
Eqam Butyrate (C4) 6 64 40, 35
Heptanoate (C7) 8 >99 40
Oleate (C18) n.d. n.d. n.d.
Eqv) Butyrate (C4) (<)5 98 n.d.
Heptanoate (7) (<)5 >99 n.d.
Oleate (C18) 6 >99 n.d.

is a biobased biodegradable plastic blend consisting of PLA and
PBAT polymer components. PLA is an aliphatic polyester that can be
degraded by several hydrolytic enzymes, predominantly proteases
[17,38,39]. PBAT is an aromatic aliphatic polyester, which can be
degraded by esterases and lipases [40,41]. The enzyme screening of
the gastric fluid of C. pagurus via ApiZym strips revealed high ac-
tivities of both proteolytic and lipolytic enzymes. Accordingly,
either of these enzyme classes in the gastric fluid can be respon-
sible for the observed hydrolysis of AMF-PLA. However, previous
studies have shown that AMF-PLA was preferably degraded by
lipase from yeast Candida antarctica under the same in-vitro con-
ditions as in the present study [ 19]. No hydrolysis was observed by a
protease from Bacillus licheniformis suggesting that the lipolytic
enzymes, displaying esterase activity, rather than the proteolytic
enzymes in the gastric fluid of C. pagurus are responsible for the
degradation of the material. Accordingly, we focused on the in-
vestigations on gastric enzymes with esterase/lipase activity.
After anion exchange chromatography, the separate fractions
were screened for their carboxylesterase activity using MUF-
derivatives of different lengths. Four fractions (E( to Egy)) with
distinct hydrolytic potential to cleave either MUF-butyrate (C4),
MUF-heptanoate (C7), or MUF-oleate (C18) were identified. Short-,
medium- or long-chain fatty ester acids were hydrolyzed differ-
ently by Eq) to Eqv), indicating the presence of several different
esterases/lipases in the gastric fluid of C. pagurus. Eq) contains an
esterase, which tends to cleave esters of medium-chain fatty acids,
whereas enzymes in Ey and E(yy are hydrolyzing both C4- and C7-
chain length fatty acids at similar rates. This is different to lipases
from other crustaceans like penaeids, which rather hydrolyze
longer chain substrates [42—44]. Esterases in Eqy) showed higher
specificity towards the long-chain substrate at pH 7, but were also
capable of hydrolyzing short- and medium-chain substrates at high
rates. A wide substrate acceptance is unusual for digestive lipases.
However, Cherif et al. (2007) [45] observed a similar specificity in a

digestive lipase from the European shore crab Carcinus maenas
suggesting that lipases with a broad specificity are common in
decapod crustaceans.

The fractions E) to Eqv) showed different pH optima. Although
the pH in the gastric fluid of C. pagurus ranges from 6.0 to 6.4, the
lipolytic activity in E(;) peaked at neutral and slightly alkaline pHs 7
and 8, respectively. A similar pH optimum was observed for the
endopeptidase trypsin in the gastric fluid of C. pagurus, which was
almost inactive at a pH below 6 but rose with increasing pH [46].
Unlike trypsin, carboxylesterases in Eqjy and Eq;y were active over
the range of pH 5 to pH 9, albeit with decreasing activity towards
the acidic and alkaline margins. Furthermore, different to trypsin of
the gastric fluid, the esterase activity in Eqy) strongly decreased
with increasing pH. The activity was highest at lower pH values of 5
and 6, which agrees with other studies of gastric lipase from
crustaceans [47].

Fractions with high carboxylesterase activities were grouped in
pools (Eq), Ean, Eqmy+qvy) and tested again for AMF-PLA hydrolysis
by pH-Stat titration. All pools, which previously exhibited lipolytic
activity, i.e. cleavage of medium (C7) and long-chain (C18) car-
boxylesters, could also hydrolyze AMF-PLA. In contrast, the nega-
tive control lacking lipolytic activity showed no hydrolysis of AMF-
PLA. The selected pool for the negative control included fractions,
which were the last to elute from the anion exchange column and
showed a high protein peak (Fig. 2a). These fractions possess high
tryptic activity [48]. Trypsin is a protease that has been shown to
hydrolyze PLA [38]. However, the trypsin in the gastric fluid of
C. pagurus did not hydrolyze AMF-PLA. These results affirm the
assumption, that the enzymes responsible for the degradation of
the biodegradable plastic are lipases that hydrolyze the PBAT
fraction of the compound, rather than proteases that may hydrolyze
the PLA fraction. Furthermore, there seems to be a relationship
between MUF-heptanoate and AMF-PLA hydrolysis. Fractions with
higher activity towards MUF-heptanoate also showed higher
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hydrolysis rates of AMF-PLA (Figs. 2b and 4). This indicates that
lipases from the gastric fluid, which can cleave esters from
medium-chain fatty acids, contribute most to the hydrolysis of
PBAT-based plastics, at least at pH 8.2 and 32 ppt salinity.

Esterase activity was measured in all four fractions (E to Eqv)).
However, the activity disappeared almost entirely in Eqjy and Ey)
after separation by SDS-PAGE. The activity loss was caused by
adding 2% SDS during sample preparation, confirmed by inhibiting
esterase/lipase activity in single LC fractions after adding SDS
(Supplementary Material, Fig. S1). Surfactants such as SDS can
affect enzymes' molecular structure and activity [49,50]. At low
concentrations, SDS forms complexes with enzymes. It inhibits
lipase activity under simulated gastrointestinal conditions [51,52].
However, fractions E(jy and E(yy showed minor inhibition by SDS,
resulting in bright activity bands on the gels.

The activity bands of lipolytic enzymes appeared at molecular
masses of 40 and 45 kDa. Lipase in other crustaceans, such as
Penaeus vannamei, showed a similar molecular mass of 44.8 kDa
[44]. Lipases are a subclass of esterases with a unique mode of
action. Unlike other enzymes, they catalyze reactions at solid-water
interfaces by adsorption to the surface of water-insoluble sub-
strates [53], which may promote the hydrolysis of microplastics.
Lipases were studied in several other crustacean species, such as
Homarus americanus [54], C. maenas [45], or P. vannamei [44].
Preliminary pH-Stat experiments showed that the gastric fluid of H.
americanus could hydrolyze AMF-PLA to a similar extent as
C. pagurus (L. Miksch, unpublished data). Therefore, screening
additional species is required to obtain an overview of whether
crustaceans and other invertebrates are generally capable of hy-
drolyzing ingested biodegradable plastics. However, not all species
exposed to microplastic in the environment are large enough to
provide enough gastric fluids for analysis. In those cases, molecular
approaches and de novo peptide sequencing techniques would be
suitable for comparing the sequences with known data from other
crustacean species.

Hydrolysis rates of biodegradable plastics are lower than those
of natural polymers, such as collagen [19]. Nevertheless, hydrolysis
of biodegradable microplastics in the stomach of C. pagurus may
have various consequences for the organism. The degradation of
ingested bioplastic particles can facilitate the release of toxic ad-
ditives [55,56]. Degradation products and intermediates may
interact with digestive enzymes and inhibit their hydrolytic ca-
pacities, which, in turn, would hamper nutrient utilization from
ingested food. The efficiency of the degradation process and, thus,
the amount of degradation products also depends on the residence
time of ingested particles within the digestive tract. Rapid egestion
or regurgitation of microplastics, observed in some crustacean
species [57,58], may prevent the microplastics from being hydro-
lyzed. Nonetheless, ingestion of biodegradable plastics may impact
crustaceans differently than conventional microplastics. Whether
this happens in a positive or negative way is a question for further
research.

5. Conclusions

Biodegradable plastics have been proposed to be a promising
alternative to conventional plastics due to their expected shorter
residence time in the environment. However, the degradability of
these plastics under marine conditions is under debate and there is
no information about their fate upon ingestion by marine in-
vertebrates. The gastric fluid of the edible crab C. pagurus contains
several enzymes with carboxylesterase activity capable of hydro-
lyzing a plastic blend based on PLA/PBAT. Since carboxylesterases
are common digestive enzymes, this study suggests that many
marine invertebrates might be able to degrade biodegradable
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plastics. However, the nature of the degradation products and their
biochemical effects in the intestine of animals is unknown and
demands further research.
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