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Efficient recycling and upcycling strategies to retain the material in the economy and away from the eco-
systems are important to achieve a sustainable plastic system. Poly(butylene adipate-co-terephthalate)
(PBAT) is a biodegradable polyester that has gained considerable interest for various applications. Here,
we report a study on enzymatic depolymerization of PBAT, recovery and purification of its monomers,
and feasible routes for their recycling/upcycling. PBAT films (15 g L™ were completely hydrolysed
employing a leaf-branch compost cutinase variant (LCC-WCCG, 1.4 mg per gram polymer) to its mono-
mers at a rate of 0.49 g L™t h™'. LCC-WCCG kinetics were superior to that of other enzymes engineered
for PBAT hydrolysis; the data were supported by in silico investigations. The released monomers were
separated using membrane filtration and precipitation techniques and recovered with purity exceeding
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95%. To close the loop, the monomers were re-polymerized and successfully cast into PBAT films.
Moreover, adipic acid was reacted with hexamethylene diamine using Novozym®435 to form a polya-
mide, while 1,4-butanediol was oxidized to 4-hydroxybutyrate using Gluconobacter oxydans cells. The
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Introduction

The role and importance of plastics in our economy and
society have been consistently growing over the past century.
With a global production of about 400 million metric tonnes
in 2022," plastic has become the most abundant anthropo-
genic material besides steel and concrete, and the market is
expected to double over the next 20 years.> Despite the mul-
tiple and immense benefits plastic brings to society, there has
been increasing concern worldwide about the negative impact
of the current linear plastic system on ecosystems and climate
change.>” Among the largest contributing factors are the
fossil origin of most plastics, the short-term use of about 44%
of all plastics, and the low rate of recycling (on average only
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current study exemplifies a high-impact scientific approach toward a circular plastics economy.

8%).%° The dominant fraction of the post-consumer plastic is
incinerated for energy generation, while the remainder goes
for landfilling, or ends up as litter on land and in oceans.’ The
recycled plastic is invariably of lower quality than the primary
plastic, and used for making products with less stringent qual-
ities. Currently, negotiations are ongoing for a legally binding
global plastics treaty to promote sustainable production and
consumption of plastics using measures across their life
cycle.'® A general recommendation to achieve a sustainable cir-
cular plastics economy is to decouple production from fossil
resources, improve product design to facilitate reuse and re-
cycling of plastics, and implement an effective plastic collec-
tion, sorting, and recycling system.'®'® With stricter regu-
lations coming into place in many countries, there is on one
hand increasing ongoing research in developing chemical and
biocatalytic recycling methods and on the other hand a
growing demand for biodegradable plastics from various end-
use sectors with good mechanical properties."®"” Polyesters
constitute a large group of thermoplastic polymers, which
could be recyclable or biodegradable depending on their
monomer composition.'®'® Theoretically, all polyesters are
considered biodegradable (or biologically/chemically recycl-
able) as the ester bond linking the monomers is susceptible to
the action of hydrolytic enzymes. Most aliphatic ester groups
in polyesters are chemically/enzymatically cleavable at varying
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rates in specific environments like composting, whereas poly-
esters with mixed aromatic and aliphatic ester groups can be
relatively tough to degrade, and the aromatic polyesters are
known to be recalcitrant to biodegradation or chemical/bio-
logical cleavage.>**!

Enzymatic hydrolysis of polyesters, especially PET, has been
a subject of many reports in the last four decades.'®**7*
Almost all efficient PET hydrolases have been found to be
cutinases,”®?” and only few enzymes with high catalytic activity
and thermal stability have been identified;>**° Among the
most efficient cutinases is the thermostable leaf-branch
compost cutinase (LCC),*® with 33-fold higher activity than the
enzymes from Thermobifida fusca, Fusarium solani pisi, and
Ideonella sakaiensis PETase.’’ Various protein engineering
techniques have been used to improve polymer degrading
efficiency of the enzymes.>'* Protein engineering of LCC has
resulted in highly thermostable and efficient variants,
LCC-WCCG and LCC-ICCG, exhibiting at least 90% depolymer-
ization of PET (300 g L") within 10 hours.*

In recent years, the flexible co-polyester PBAT has become
increasingly popular for applications in packaging and
mulch films due to its favourable material and biodegrad-
ability properties, provided by the aromatic fraction inter-
spersed with long aliphatic chains.?® Its production volume
in 2021 was estimated to approach 300000 tonnes, with a
CAGR of 15.4% until 2028.>®¢ PBAT is produced by several
companies including BASF (Germany), Novamont (Italy), and
Kingfa and Tunhe (China)."® Microbial and enzymatic degra-
dation and/or depolymerization of PBAT have been reported
earlier although at low degradation rates,®” ™ however,
reports on how the degrading bacteria can depolymerize or
metabolize PBAT degradation products are scarce.>® Various
PBAT degrading enzymes have been identified such as car-
boxylesterase (EC 3.1.1.1), triacylglycerol lipase (EC 3.1.1.3),
cutinases (EC 3.1.1.74) and arylesterase (EC 3.1.1.2).*
Recently, a study on the efficient degradation of PBAT to ter-
ephthalic acid (TPA) and other oligomers using an engin-
eered cutinase from Thermobifida fusca has been reported.**
Furthermore, crystal structures of the wild type and the gen-
erated mutant cutinases soaked with substrate analogs were
revealed and used for illustrating the binding mode of PBAT
to the enzyme active site.**

This report presents a study on the scaled depolymerization
of PBAT using the thermostable variant of LCC enzyme pro-
duced by recombinant Escherichia coli, followed by down-
stream processing to separate the released monomers, TPA,
AA, and BDO in pure forms. Kinetics and profile of the
LCC-WCCG catalysed depolymerization of PBAT were investi-
gated and supported by in silico analysis of the enzyme struc-
ture and its interaction with the polymer. Furthermore, we
demonstrated re-polymerization of the obtained monomers
into PBAT films, as well as upcycling strategies of the aliphatic
monomers (Fig. 1). AA was subjected to enzyme catalysed
polymerization with hexamethylenediamine to form a polya-
mide, while BDO was selectively oxidized to 4-hydroxybutyric
acid (4-HBA) using the bacterium Gluconobacter oxydans.
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Fig. 1 “Closing the loop” of PBAT, starting with the enzymatic hydro-
lysis into its monomer components (terephthalic acid, 1,4-butanediol,
and adipic acid), the subsequent separation of the monomers, recycling,
and potential upcycling routes.

Experimental
Materials

Commercial PBAT film (M, 9100 g mol™", measured in this
study) was provided by BioMi, Matulji, Croatia. Ncol, Xhol
restriction enzymes as well as T4 DNA ligase enzyme were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA).
pET28a(+) expression vector and Escherichia coli BL21(DE3)
expression host were procured from Novagen (Madison, WI,
USA). Dimethyl terephthalate (DMT, 99%), chloroform-d
(99.8% atom D), 1,4-butanediol (99%), and dibutyltin oxide
(DBTO, 98%) were purchased from Sigma Aldrich. AA (99%)
was purchased from Honeywell Fluka™, USA, xylene (99%)
was purchased from Scharlau, Turkey, chloroform (99.8%)
from Honeywell, USA, and methanol was from VWR chemicals,
Sweden.

Enzymatic hydrolysis of PBAT film

To 100 mM potassium phosphate buffer pH 8 containing 5 mg
mL ™" PBAT films (1.0 x 1.0 cm) in 5 mL glass vials, the purified
LCC-WCCG was added at different concentrations (0.01, 0.05,
0.1, 0.2, 0.5, 1, 1.5 pM) in a final volume of 1 mL. For initial
screening, the reactions were maintained at 60 °C, 500 rpm in

This journal is © The Royal Society of Chemistry 2024
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a thermomixer (Hettich, Germany). The effect of temperature
on the enzymatic hydrolysis of PBAT was evaluated at different
temperatures (30, 50, 70, 80, 90, and 100 °C) using 0.5 pM
LCC-WCCG, while maintaining the aforementioned reaction
conditions. After 24 hours, the reactions were terminated and
the reaction mixtures were kept at 4 °C, the released mono-
mers were analysed by HPLC. All reactions were run in
triplicates.

Scaled depolymerization experiments were performed at
70 °C as this was the maximum operational temperature poss-
ible in the lab scale bioreactor. Initial small-scale reaction was
conducted in 50 mL volume containing 100 mM potassium
phosphate buffer pH 8, 253 mg PBAT film (1.0 x 1.0 cm pieces)
at 70 °C, 150 rpm, and was initiated by adding 1 pM (0.03 mg
mL ") of the purified LCC-WCCG. The reaction was monitored
visually through the disintegration of the PBAT films and by
HPLC to determine the concentration of the released mono-
mers. After one day, a new batch of PBAT (375 mg) and an
additional 0.5 pM fresh pure enzyme were added, while on the
third day, fresh 0.156 uM of LCC-WCCG was added to the reac-
tion. The pH of the reaction was monitored and adjusted to 8
using 1 M NaOH.

PBAT depolymerization reaction was then conducted in a 2
L stirred bioreactor (Labfors, Infors AG, Switzerland) with a
water jacket for temperature control, containing 100 mM pot-
assium phosphate buffer pH 8, 15 g PBAT films (1.0 x 1.0 cm)
in a total reaction volume of 1 L. The reaction was initiated by
adding 10.6 mg of the purified LCC-WCCG and incubated at
70 °C, 250 rpm. The pH of the reaction was maintained at pH
8 using 1 M NaOH or 2 M H;PO,, respectively, and samples
were taken at intervals for analysis of the released monomers.
After 48 hours, a new batch of LCC (11 mg) was added. The
reaction was continued for 96 hours to ensure full
depolymerization.

The extent of PBAT depolymerization was determined by
measuring the weight loss of the polymer and the molar con-
centration of the monomers released.

Kinetic analysis of LCC-WCCG on PBAT - Michaelis-Menten
(MM) kinetics

The conventional MM kinetics were calculated based on HPLC
analysis of the released monomers (BDO, TPA, AA) to measure
the initial reaction rate for LCC-WCCG (1 uM) activity against
PBAT at concentrations of 0.5, 1.3, 2, 4, 6.6, 8, 15, 20, 25 mg
mL™", respectively.

The Inverse MM Kkinetics were calculated following the
same procedure described for the conventional kinetics,
however, with fixed PBAT load (10 mg mL™") and variable
LCC-WCCG concentrations (0.01, 0.05, 0.1, 0.5, 1.0, 1.5 uM).

All reactions were run in triplicates in 5 mL volume using
100 mM potassium phosphate buffer pH 8. Reactions were
incubated at 75 °C (to avoid the fluctuation observed at higher
temperatures due to liquid evaporation) in a thermoshaker
(Hettich Benelux) at 500 rpm. Samples were taken at intervals
over 48 hours, and the released monomers (AA, BDO, and TPA)
were quantified by HPLC analysis against a standard curve for
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each compound. The data were fitted to the Michaelis-Menten
equation for calculating the kinetic parameters (eqn (S1)-

(83)1).%

In silico investigation of LCC-WCCG

Crystal structure of LCC mutant S165A was retrieved from the
protein data bank (pdb entry: 6THS). YASARA structure
program was used to remove the water molecules and other
ligands (1,4-diethylene dioxide), and to add the missing hydro-
gen from the structure. In order to generate the WCCG mutant
(WCCG) the residues F243, D238 S283, Y127 in the LCC wild
type were swapped, and A165 was also swapped to serine
residue. The structure was energy minimised and saved as pdb
file before using in further experiments. The generated WCCG
variant was subjected to molecular dynamic simulation using
AMBER 15IPQ as forcefield, the simulation cell was defined
around all atoms by 5 A, filled with water molecules (0.99 g
mL™"), and MD-simulation was run for 3 ns. Thereafter, devi-
ation of the carbon backbone (RMSD-Ca) and fluctuation of
the amino acids were determined. Three simulation snapshots
were selected to conduct the docking studies on PBAT and PET
oligomer. PBAT was built using YASARA structure, composed
of two units of TPA-BDO and AA-BDO, respectively, in different
arrangements. Similarly, PET was built composed of 4 units of
TPA-EG. The energy of binding and dissociation constant were
measured, and docking results were evaluated based on the
correct binding pose within the active site and the energy of
binding. The best pose(s) were used for running MD-simu-
lation to evaluate the deviation of the enzyme and ligand.

Downstream processing to separate PBAT degradation
products (TPA, AA, BDO)

Purification of TPA, AA, and BDO from the PBAT hydrolysate
was initiated by increasing the pH to over 9 to ensure the
solubilization of all the monomers. This was followed by cen-
trifugation at 9000 rpm (Sorvall Lynx 4000 centrifuge, Thermo
Scientific) to remove any debris of denatured proteins.
Subsequently, ultrafiltration using a 10 kDa cut-off membrane
filter (RC70PP, Alfa Laval Nakskov A/S) at a pressure of 1 bar
at room temperature was carried out for protein separation.
The filtration was stopped when the volume reduction
reached around 90%. Samples were taken both from retentate
and permeate for analysis of monomers. The pH of the ultra-
filtration permeate was decreased stepwise to monitor the pre-
cipitation of TPA. The precipitate was washed with cold acidi-
fied water, dried, and analysed by '"H-NMR spectroscopy in
DMSO-d,.

The solution obtained after TPA precipitation was subjected
to nanofiltration for separation of AA and BDO using a mem-
brane filter with a molecular-weight cut-off of 200 Da (MPF-34,
Koch Separation Solutions, Wilmington, Ma, USA), at room
temperature, constant transmembrane pressure of 15 bar and
a crossflow velocity of 0.5 m s™'.*® The filtration was stopped
when the volume reduction was 80%. The concentrations of
AA and BDO in both retentate and permeate were analysed by
HPLC.

Green Chem., 2024, 26, 3863-3873 | 3865
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To further purify AA in the retentate fraction, the pH was
lowered to 1-2, the precipitate obtained was washed and ana-
lysed by HPLC and 'H-NMR spectroscopy in deuterated
dimethyl sulfoxide (DMSO-d).

Alternatively, AA and BDO in the nanofiltration retentate or
permeate fractions were concentrated by evaporation using the
Rotavapor® R-300 (BUCHI, Switzerland) at 50 °C and 20 mbar,
the precipitated AA was washed and analysed to confirm the
purity. The BDO purity was verified by "H-NMR spectroscopy
in deuterium oxide (D,0).

PBAT synthesis from the recovered monomers

For synthesis of rPBAT, the purified TPA obtained above was
first converted to dimethyl terephthalate, for which TPA
(2.35 g, 14.2 mmol), methanol (100 mL), and H,SO, (1.1 g,
11 mmol) were added to a 250 mL round bottomed flask
equipped with a magnetic stirring bar. The mixture was then
stirred for 24 h under reflux. Afterwards, the reaction was
quenched by addition of aqueous NaHCO; (200 mL, 0.1 M),
and the methanol was subsequently evaporated. The aqueous
phase was then extracted with dichloromethane (4 x 100 mL)
and finally, the combined organic phase was washed with H,O
(100 mL), dried with Na,SO, (3.65 g, 25.7 mmol), and concen-
trated in vacuo to give pure DMT as white crystals (2.36 g,
12.2 mmol, 86%). For synthesis of vPBAT, commercial
dimethyl terephthalate was used instead.

To a 50 mL three necked round bottomed flask equipped
with a mechanical stirrer, nitrogen inlet, and outlet was added
DBTO (16 mg, 0.060 mmol), dimethyl terephthalate (0.787 g,
4.05 mmol), BDO (1.19 g, 13.2 mmol), and AA (0.591 g,
4.04 mmol). Xylene (1 mL) was used to rinse solid residues
stuck on the edges of the flask. The reaction was then heated
at 145 °C for 3 h under nitrogen atmosphere, and then at
160 °C for another 2 h to form oligomers (transesterification).
After that, a strong nitrogen flow was applied to facilitate the
evaporation of excess BDO (polycondensation). After 2 h, the
temperature was increased to 180 °C, and the reaction was
stirred for another 16 h. Finally, mesitylene (1 mL) was added,
and the temperature was increased to 200 °C for 10 h.
Afterwards, the crude polymer was cooled to room tempera-
ture, dissolved in chloroform (12 mL), and precipitated into
methanol (120 mL) to obtain the pure polymer as a white
solid.

PBAT film casting

The polymer was dissolved in chloroform (0.6 mL, 100 mg
mL™") and evenly spread onto a Teflon mould (@ = 28 mm). A
glass funnel was placed over the mould to slow down evapor-
ation. The chloroform was allowed to evaporate overnight.

Polymerization of adipic acid with hexamethylenediamine

The commercial lipase Novozym®435, CalB (Novozymes,
Bagsveerd, Danmark) was employed for the amidation reaction
of adipic acid (AA) with hexamethylenediamine (HDMA). To a
mixture of 5 g L' AA and 4 g L™' HDMA, 10% (w/w)
Novozym®435 and 10% (w/v) 3 A molecular sieves (Thermo
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Scientific) were added in 1 mL of pre-dried toluene. To dry the
toluene, molecular sieves were first dried for 24 h at 100 °C
before adding to the solvent, which was then left standing for
24 h prior to use in the reaction. The reaction was performed
in a thermomixer (Hettich, Germany) at 70 °C, 500 rpm, and
purged with nitrogen. Ten microliter samples were removed
for analysis by Fourier-transform infrared spectroscopy (FTIR)
and the solvent was removed from the remaining reaction
mixture, through evaporation overnight in a fume hood. The
dry precipitate was redissolved in water to prepare for HPLC
analysis.

The reaction was scaled to 50 mL volume of dried toluene
in a round-bottom flask; 0.2 M of pure AA and HMDA were
mixed by stirring at 250-300 rpm using IKA RCT Classic
heated plate magnetic stirrer (IKA-Werke GmbH, Germany)
and purged with nitrogen for 30 min at room temperature.
The reaction flask was transferred to an oil bath at 85 °C under
ambient pressure and connected to a condenser before adding
10% (w/w) of CalB to the total monomers used in the reaction.
The reaction was followed by FTIR and *H-NMR spectroscopy
(in trifluoroacetic acid-d) and compared to the NMR of the
pure starting material (400 MHz NMR, Bruker, UltraShield
Plus 400, Germany).

Oxidation of 1,4-butanediol by G. oxydans

Gluconobacter oxydans. DSM 50049 cells were used for oxi-
dation of BDO recovered after different stages of purification
from the PBAT hydrolysate. The cells were grown in glycerol
medium (25 g L™* glycerol and 10 g L™" yeast extract at pH 5)
to an ODgoonm Of 4.2 and harvested by centrifugation at 4700g
for 15 min (Sorvall LYNX 4000, Thermo Scientific, Germany).
The cells were washed twice with 100 mM sodium phosphate
buffer, pH 7 before being resuspended to a final ODgg, of 10 in
a buffer of an appropriate pH, 100 mM sodium phosphate
buffer for pH 5, 6, 7 and 8, respectively, and 100 mM sodium
citrate buffer for pH 4. Initial experiments were performed
with pure BDO (10 g L") solution. The reaction was performed
using 1 mL cell suspension in a total volume of 1 mL in 4 mL
glass vials sealed with a Breath-Easier air permeable mem-
brane (Diversified Biotech, Dedham, MA, USA) and incubated
at 30 °C with shaking at 600 rpm. In pH-controlled experi-
ments, the reaction volume was increased to 10 mL and incu-
bated in 50 mL Falcon tube at 30 °C with shaking at 250 rpm.
Fifty microliter samples were withdrawn and diluted 20 times
for HPLC-MS analysis of substrate and products. After each
sampling, the pH was adjusted with 3 M NaOH solution to
either pH 5 or pH 7.

The reactions with BDO from the PBAT hydrolysate after
ultrafiltration (5 g L™") and nanofiltration (4 g L™") were per-
formed at pH 7 in 20 mL reaction volume with G. oxydans cells
(ODggo of 10). Samples were withdrawn at different time inter-
vals for product analysis and pH was adjusted to 7. After
26 hours, the cells were removed, and the reaction mixture was
freeze dried for NMR analysis in deuterium oxide (D,0).

LCC-WCCG cloning, expression and purification as well as
detailed analyses methods are described in the ESI file.}

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Enzymatic hydrolysis of PBAT

Based on our preliminary investigations, the thermostable
LCC variant, LCC-WCCG, previously developed for degradation
of PET,*' was selected for depolymerization of PBAT in the
present study. Initial treatment of PBAT films (1.0 x 1.0 cm,
5 mg mL™') with varying LCC-WCCG concentrations
(0-1.6 pM) at 60 °C, for 24 h showed the highest release of TPA
with 0.8 pM (12 pg mL ") of the enzyme (Fig. 2A). Screening of
the reaction at different temperatures for 24 h revealed the
highest release of TPA (0.9 mg mL ") around 80 °C (Fig. 2B),
which was higher than the previously reported optimal operat-
ing temperature of 72 °C for PET hydrolysis by the same
variant.*" The structure of PBAT is not affected by increase in
temperature (the polymer having a T, of —30 °C, annealing
temperature of 0 °C). As the enzyme activity increases with
temperature, so does the efficiency of polymer degradation
and the decrease in degree of depolymerization above 90 °C,
as seen in Fig. 2B, is related to loss of the enzymatic activity
due to denaturation and not to the polymer properties.
Enzymatic depolymerization of PBAT films could be followed
visually with time going from particulate, transparent films,
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Fig. 2 LCC-WCCG catalysed hydrolysis of PBAT (5 mg mL™) for 24 h in
100 mM potassium phosphate buffer, pH 8. The outcome of the reac-
tion is shown as: (A) concentration of released TPA using 0-1.5 yM
enzyme concentration, (B) concentration of released TPA at different
reaction temperatures 30-100 °C, (C) visual demonstration of PBAT
degradation with respect to the controls without any enzyme, and (D)
SEM images of the treated polymer at different incubation times (24 and
48 hours) at 50 °C, with respect to the control without any enzyme
treatment. The reactions were performed in triplicates, error bars rep-
resent the standard deviation of the measurements.
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and finally to a clear solution (Fig. 2C). Scanning electron
microscopy of the polymer sample treated with the enzyme at
a lower temperature (50 °C) revealed the change in the topo-
logy of PBAT film with eroded surface, especially with pro-
longed reaction time (Fig. 2D). These changes occurred at a
much higher rate with increase in temperature.

The kinetic parameters and pattern of hydrolysis of PBAT
by LCC-WCCG were then investigated using conventional and
inverse Michaelis-Menten (MM) kinetic models by either
having an enzyme saturation (conventional model, eqn (S1)f)
or a substrate saturation scenario (inverse model, eqn (S2) and
(S3)1).*>*7*® The total concentration of all released monomers
in the experiments conducted for the respective models was
used to calculate the initial reaction rates of LCC-WCCG
against PBAT (Fig. 3A and Fig. S1A, Bf). In both approaches
the MM plots followed a saturation behaviour at a certain
point (Fig. S1C and Df). However, in the case of the conven-
tional model, almost linear regression was observed that only
reached a plateau at high substrate load (Fig. S1Ct). This was
not the case with the inverse kinetic model which better fitted
the MM curve (Fig. S1DT), which aligns with a previous study
by Kari et al. on enzymatic hydrolysis of insoluble cellulose.*?
The affinity (K;,,) between the enzyme and the substrate calcu-
lated for the conventional and inverse models were found to
be 11.7 g L™" of PBAT and 273 nM of LCC-WCCG, respectively
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75 °C: (A) total concentration of monomers released on treatment of
different concentrations of PBAT (0.5-25 g L™) with LCC-WCCG (1 pM)
as a function of time. (B) Initial depolymerization rate of PBAT at 8 g L™t
polymer concentration. (C) Postulated LCC-WCCG depolymerization
pattern of PBAT, starting with hydrolysis of the linear chain ester bonds
releasing AA, followed by BDO and TPA, the latter being released at a
significantly lower rate. The reactions were performed in triplicates,
error bars represent the standard deviation of the measurements.
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(Fig. S1ET). Additionally, the reactive site density (I') derived
from both kinetic models was 59 nmol g™, which was higher
than that reported using the same model for Ideonella sarkien-
sis PETase variants against amorphous and crystalline PET
(Fig. S1Et).Y

The specific activity of LCC-WCCG exceeded that of recently
reported Thermobifida fusca and Thermobifida cellulosilytica
cutinases, engineered for efficient PBAT hydrolysis, by 42 and
43 times, respectively,’* and its catalytic efficiency (Kea/Km)
surpassed PET hydrolase Ple629 by 1.4 x 107 fold (the inverse
kinetics of Ple629 were calculated based only on TPA and
TPA-BDO dimer released from PBAT hydrolysed film).** Hence,
inspite of the fact that LCC-WCCG variant is engineered for
efficient PET degradation, its activity kinetics against PBAT
surpassed the enzyme variants developed and tested so far for
PBAT hydrolysis.

With all tested concentrations of PBAT (0.5-25 g L"), AA
was the first monomer to be released, followed by BDO, and
finally TPA at 7.6 and 22-fold lower initial rates than AA and
BDO, respectively (Fig. 3B). This preference of LCC-WCCG
toward the linear chain of the polymer is consistent with the
previous reports revealing the preference of different cutinases
(like Humicola insolens cutinase) to cleave BDO-AA over
BDO-TPA ester bond (Fig. 3C).>° Moreover, the hydrolysis rate
of the polyester is influenced by its melting temperature; T}, of
BDO-AA fraction is 60.4 °C (compared to 223 °C for BDO-TPA)
which makes it the primary susceptible linkage for enzymatic
attack (the limiting factor being the enzyme thermal
stability).?">" Since PBAT contains 2 molar equivalent BDO
and 1 equivalent each of TPA and AA, the released BDO con-
centration is approximately twice that of AA (as illustrated
below).

For a better understanding of the enzyme action on PBAT,
in silico analysis of the LCC-WCCG structure was performed.
First, the crystal structure was subjected to molecular
dynamics (MD)-simulation for 3 ns at 25 and 70 °C to regain
the dynamic model of the enzyme. A slight deviation in the
overall structure of LCC-WCCG was observed at 70 °C com-
pared to the simulation run at 25 °C (Fig. S2A¥). Interestingly,
the fluctuation of the amino acid residues indicated a high
deviation of the surface residues (R124 and F125) at the inter-
face of the active site pocket that might play a role in catalytic
efficiency or substrate specificity of the enzyme by controlling
the substrate binding within the active site groove (Fig. S2B
and Cf¥).

Based on the deviation of the structure backbone, three
snapshots were selected for running the docking experiments
(0.4, 1, and 2.5 ns, Fig. S2At). The oligomers used for the
docking study were two repeats of TPA-BDO and AA-BDO units
in two different arrangements (PBAT C1, PBAT C2; Fig. S37).
The energy of binding for PBAT oligomer was 1.1 times higher
for the binding poses with the aliphatic polyester chains
(AA-BDO) in proximity to the catalytic triad (S165, D210, H242)
within the active site cavity compared to the aromatic ones
(TPA-BDO) (Fig. 4). However, for PBAT-C2 with a longer linear
chain, the overall binding energy was lower compared to

3868 | Green Chem., 2024, 26, 3863-3873

View Article Online

Green Chemistry

Fig. 4 Docking of PBAT oligomer with different arrangements (C1 and
C2) on LCC-WCCG. (A) PBAT-C1 (orange) with shorter linear chain
within the active site groove of the enzyme with catalytic triad in red,
where aliphatic ester bond is close to the catalytic S165 residue. (B)
PBAT-C2 (blue) with longer linear chain within the active site of
LCC-WCCG (catalytic triad in red). (C and D) Surface view (blue) of
LCC-WCCG after MD simulation for the best docked poses of PBAT
(magenta) superimposed to the initial docked structure (grey) showing
the deviation of the oligomer from the active site pocket. (E) Energy of
binding in Kcal mol™ calculated for the best binding poses for PBAT-C1
and C2 showing preference towards the linear chain of the structure
over the aromatic region.

PBAT-C1. This can be the result of higher flexibility of the ali-
phatic chain, which makes it more difficult to accommodate
within the active site groove (PBAT-C2 being flexible, tends to
fold and form loop like structures; Fig. 4). MD-simulation of
the best binding modes with PBAT showed deviation of PBAT
away from the binding cavity. Nevertheless, the dissociation
constants were high (1.4 x 108-1.2 x 10° picomolar of PBAT-C1
and C2, respectively), indicating tight binding to the active
site, and hence low reaction rates would be foreseen (Fig. 4
and S4t). Running the simulation at 70 °C revealed a confor-
mational change in W190 and Y95 residues (in contrast to the
simulation at 25 °C), which are key residues for the enzyme
activity (Fig. S5 and Table S1t). Overall, the in silico analysis
supports the observed pattern of monomers release from PBAT
during its depolymerization.

In comparison, the competitive docking revealed preference
of LCC-WCCG for PET oligomer with higher binding energy,
and significantly lower dissociation constant compared to
PBAT (1.7 x 10° picomolar, Fig. S41), hence allowing the
enzyme to be more efficient for depolymerization of PET. The
reaction rates of LCC-WCCG against PBAT (Fig. S1Eft) are in
agreement with the in silico observations; the enzyme exhibi-
ted 1.15 times lower specific activity against PBAT (65.77 mg
h™ mg™) compared to that reported earlier against PET
(75.9 mg h™" mg™) (Fig. S67);’" increasing the enzyme
efficiency against PBAT could perhaps be improved by protein
engineering of the binding site to allow less tight binding to
the polymer chain.

This journal is © The Royal Society of Chemistry 2024
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Small-scale depolymerization was first done using 12.5 g
L™! PBAT in 50 mL volume at 70 °C, without pH control, which
resulted in severe inhibition of the reaction due to pH drop
caused by accumulation of the acidic monomers. Based on the
HPLC analysis of the released monomers, the reaction stopped
at a certain point on the third day when the TPA concentration
reached around 15 mM and the pH had dropped to 5
(Fig. S77). In accordance with the previous report,*! inhibition
of LCC-WCCG under acidic conditions could be overcome by
readjusting the pH to 8 and adding a fresh batch of the LCC
variant. The reaction led to 97.5% weight loss of the PBAT
film, over a period of 7 days, with high concentration (totally
1.65 pM, 2.5 mg) of LCC-WCCG added in increments (equi-
valent to 4 mg enzyme per gram PBAT, Fig. S77).

The depolymerization reaction was then carried out in 1 L
scale in a bioreactor with pH control (Fig. 5A). Fifteen grams
of PBAT film in 1L phosphate buffer, pH 8 was completely
hydrolysed within 4 days using 1.4 mg LCC-WCCG per gram of
the polymer film at an overall rate of 0.49 g L' h™'. After a
linear increase in the release of monomers during the initial
24 hours, the depolymerization continued at a 33-fold lower
rate for 68 hours (Fig. 5B and D). The molar concentration of
the released monomers was 23.9, 56.3, and 33.8 mM for TPA,
BDO, and AA, respectively (Fig. 5C). The underestimation of
the released TPA is attributed to its low aqueous solubility
(17 mg L™" water at 25 °C), and the ratio was restored upon
purification (final ratio of the monomers 1:2:1), which
agrees well with the ratio of the monomers in PBAT polymer
(Table S27).

Molar ratio

Total [g L]

Concentration [g L]

Total [g L]

gliht

4 e L) Y : il « 40 60 80 100

0 20 40 60 80 100 Time [h]
Time [h]

Fig. 5 Depolymerization of PBAT in a litre scale using LCC-WCCG
enzyme variant (1.4 mg g* polymer) at 70 °C: (A) Visual observation of
the depolymerization of PBAT films in a bioreactor, (B) profile of the
release of monomers during depolymerization as quantified by HPLC,
(C) the final ratio of the released monomers, and (D) the calculated reac-
tion rate during different time intervals of the process. The reaction was
maintained at pH 8 using 1M NaOH.
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Purification of monomers from the PBAT hydrolysate

Subsequent to the depolymerization, separation of the released
monomers was initiated by increasing the pH of the hydroly-
sate to >9 to ensure solubilization of all the components
including TPA, followed by ultrafiltration (UF) over a 10 kDa
cutoff membrane filter to remove the biocatalyst. The pH of
the UF-permeate was then decreased incrementally to selec-
tively precipitate TPA (aided by HPLC analysis of the super-
natant) without affecting the levels of BDO and AA (Fig. S87).
At pH 2.5, majority of the TPA (1.34 g from 261 mL of the reac-
tion mixture) was recovered as a white powder (representing a
ration of 1:1 with AA), which was freeze-dried and shown to
have purity of >95% by '"H-NMR analysis (Fig. S8CT).

Separation of BDO and AA turned out to be relatively chal-
lenging; after initial unsuccessful trials using precipitation
and ion exchange adsorption techniques, separation by nano-
filtration (NF) using a 200 Da cut-off membrane filter was
attempted. Interestingly, decent separation of AA and BDO was
obtained via a single filtration step at pH 6 (Table 1 and
Fig. S9t). About 70% of AA was recovered in the retentate frac-
tion with 69% purity, whereas 65% of BDO was recovered in
the permeate with a purity exceeding 74%. The higher purity
of BDO is due to minor loss of AA, by adsorption to the mem-
brane, which can be recovered by washing the membrane with
water. Noteworthy, the NF-membrane showed reusability with
no fouling up to 3 times (no washing was required).

From the retentate, highly pure AA was obtained by precipi-
tation at pH 1-2 (verified by "H-NMR spectrum; Fig. S10A7).
AA has limited solubility in water at a concentration >20 g L™",
which can be further reduced by increasing the concentration,
lowering the pH, and/or decreasing the solution temperature.
Around 66.8% of the AA was recovered as highly pure crystals
suitable for direct use in polymer synthesis (discussed later in
the re-polymerization of monomers), while the remaining
33.2% of AA remained in a mixture with BDO. As the
monomer concentration in the permeate was low, this fraction
was concentrated under vacuum for enabling the precipitation
of AA aided by acidifying the solution. About 55% of the AA
was recovered as precipitate, which was separated by filtration,
at the same time yielding a highly pure solution of BDO with
58% recovery (verified by "NMR spectrum; Fig. S10Bt). Most of
the AA and BDO from retentate and permeate fractions can be
recovered in pure form by repeating the concentration and pre-
cipitation steps. Moreover, the recovery will be easier if higher
polymer concentration is subjected to depolymerization yield-
ing monomers at higher concentration, thus minimizing the
need for concentration.

Table 1 Separation of AA and BDO using nanofiltration from the hydro-
lysate of the 1L PBAT depolymerization reaction after separation of TPA

AA BDO Volume Total Total
Sample [mgmL™"] [mgmL™'] [mL] AA[g] BDO([g]
Before NF 4.9 5.0 237 1.16 1.17
NF-permeate 1.3 4.0 193 0.26 0.77
NF-retentate 18.4 8.3 44 0.81 0.36
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Recycling and upcycling of PBAT
monomers

Re-polymerization of the monomers. The possibility to repo-
lymerize the purified monomers back into PBAT was evaluated.
First, TPA was methylated to the corresponding dimethyl ester
(dimethyl terephthalate, DMT) to lower the melting point and
improve the miscibility with the other monomers. Then, the
recycled pure AA, BDO and DMT were copolymerized according
to a modified melt polymerization protocol to prepare rPBAT.>>
As a benchmark, commercially available monomers were also
used to prepare a batch of virgin PBAT (denoted vPBAT) using
the same synthesis procedure. Afterwards, the polymers were
analysed by "H-NMR spectroscopy to ensure that the polymers
were chemically pure, and that the chemical composition
matched the feed ratio of the monomers (Fig. S11t). Sequence
distribution analyses of the commercial and synthesized PBAT
samples are described in detail in Fig. S12-S14 and Table S2.7
Both synthesized polymers (VPBAT and rPBAT) showed random
copolymer structures as reflected by their degree of randomness
close to 1 (Table S21). According to SEC results (Table 2), the
molecular weight and intrinsic viscosity of rPBAT was slightly
lower than that of the vPBAT. Nevertheless, the intrinsic vis-
cosity of both polymers was suitable for fibre applications
(0.4-0.7).>* Furthermore, rPBAT could also be prepared into a
white film using solution casting method, indicating sufficiently
long chains to entangle.

Furthermore, the thermal properties of rPBAT and vPBAT
were investigated by DSC and TGA. DSC analyses showed
similar T, and Ty, values for rPBAT and vPBAT (Fig. S15t and
Table 2). TGA results indicated that both polymers were rather
thermally stable (75 > 300 °C) (Fig. S16%). Interestingly, the
derivative TGA curve profile of vPBAT showed a second
thermal decomposition rate maximum at slightly lower temp-
erature (320 °C) (Fig. S16Bft), which somewhat lowered the
thermal stability compared to rPBAT and cPBAT. The precise
reason of this observation remains to be unravelled, but we
believe that it might be related to the existence of trace
amounts of impurities in the commercial monomers used for
the synthesis of vPBAT (below the detection limit of NMR spec-
troscopy). For instance, the commercial AA contained trace

Table 2 Properties of virgin PBAT made from commercial monomers
(vPBAT), and recycled PBAT (rPBAT)?

SEC TGA DSC

Mn Mw [T]] TS Tg Tm Tc
Polymer (Da) (Da) (dLg™) (°C) (°C) (°C) (°C)
VvPBAT 7600 14 600 0.69 305 —26 136 92
rPBAT 7500 10600 0.54 328 —-28 137 102

“Molecular weight was determined by triple detection SEC in chloro-
form. The SEC was run in duplicates and the average value is pre-
sented. T is the temperature at 5% weight loss. T is the glass tran-
sition temperature and Ty, is the melting point, measured from the
second heating curves. T, is the crystallization temperature.
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amounts of iron, arsenic, lead, sulphate, etc. It has been
reported that the thermal stability of PBAT was lowered by the
presence of a few percent of ZnO nanoparticles.”*

Polymerization of adipic acid with hexamethylenediamine
(HDMA)

The most important application of adipic acid is the synthesis
of polyamide Nylon 6,6.>> Currently, Nylon 6,6 is synthesized
by melt polycondensation at elevated temperatures which is an
energy-intensive process.’® Enzymatic polymerization provides
a less energy-demanding alternative; there are several reports
on the synthesis of polyesters®’*® and fewer reports describing
the synthesis of polyamides using enzymes, in particular
lipases, as catalyst.>®"*> Novozym®435, immobilized Candida
antarctica lipase B (CalB), was tested for catalysing polyconden-
sation of the recovered pure AA with HMDA in toluene or
acetonitrile at 70 °C and ambient pressure. HPLC analysis
showed the highest reduction in AA concentration in the ami-
dation reaction performed in toluene for 6 days at 70 °C. The
amide bond formation was further confirmed by FTIR analysis
that showed the removal of a C=O bond from a carboxyl
group at 1760 1 cm ™" and the formation of an amide bond at
1635 1 cm™" (Fig. S171). The reaction was further scaled to
50 mL volume using equimolar ratio of pure AA and HMDA in
toluene at higher temperature (85 °C), and the formation of
the amide bond was confirmed by FTIR spectroscopy.
Furthermore, after the reaction, the crude product was col-
lected by filtration and analysed by "H-NMR spectroscopy con-
firming successful biosynthesis of the polyamide (Nylon 6,6)
with a number average molecular weight M,, of around 3500 g
mol™" (calculated by end-group analysis, based on 'H-NMR
peak integrals) (Fig. S18t). The characterization of polyamides
by gel permeation chromatography is limited by their
restricted solubility in common GPC solvents like chloroform
and THF.®* While monomers with longer alkyl chains are pre-
ferred as substrates for enzyme catalysed polymerization, the
molecular weight of the polyamide obtained from AA and
HMDA was in the same range as that reported previously
(Nylon 8,10) under similar and/or modified reaction con-
ditions from commercially available monomers.®*®

Oxidation of 1,4-butanediol by G. oxydans

BDO serves as a building block not only for PBAT but also for
other polyesters like PBT and PBS.®°®® Other important C4
building blocks for polyesters are 4-hydroxybutanoate (4-HB),
gamma-butyrolactone, and succinic acid. Here, the bioproduc-
tion of 4-HB from BDO was evaluated using Gluconobacter
oxydans, a Gram-positive strictly aerobic bacteria known for its
ability for partial oxidation of sugars, polyols, aldehydes, and
alcohols to produce the corresponding acids and ketones.®*”°
The bacterium is used in large scale for the production of
vitamin C, dihydroxyacetone, acetic acid and amino acids.””
G. oxydans has been recently used in our laboratory for the
production of adipic acid from 1,6-hexanediol,”” and earlier
for selective oxidation of 5-hydroxymethyl furfural (5-HMF) to

This journal is © The Royal Society of Chemistry 2024
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5-hydroxymethyl-2-furan carboxylic acid (HMFCA) with high
selectivity.”?

Initial experiments using pure BDO (10 g L™") showed the
diol to be completely oxidized by the whole cells of G. oxydans,
to 4-hydroxybutyrate (4-HB) and/or succinic acid (SA) depending
on the starting pH of the reaction (Fig. 6). The highest pro-
duction of SA and 4-HB was obtained in the reactions with
initial pH of 5 and 7, respectively (Fig. S191). While 4-HB was
gradually oxidized to SA with time (maximum yield of 50%)
when the pH was not controlled (Fig. 6B), only 4-HB was pro-
duced when the pH was maintained at 7 with a maximum yield
of 88% at 24 h and productivity of 0.55 g L™" h™" (Fig. 6A).

In order to determine the feasibility of using not completely
pure BDO for the microbial oxidation, the permeates from
ultrafiltration (UF) of the depolymerized PBAT mixture con-
taining TPA, AA, and BDO, and from nanofiltration (NF) con-
taining BDO and AA, were used as substrates in the reactions
maintained at pH 7. 4-HB was the only product observed with
yields of 50 and 37% from BDO in NF- and UF-permeate,
respectively (Fig. 6C-E and S187), but with a nearly similar pro-
ductivity (0.2 g L™" h™") during 10 hours of reaction. The lower
yield and productivity compared to the oxidation of pure BDO
are attributed to the inhibitory effect of TPA (UF-permeate)
and AA in the (UF/NF-permeate). The production of 4-HB was
further verified by running crude 'NMR that indicated the
product formation (Fig. S207).
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Fig. 6 Production of 4-HB from BDO using G. oxydans resting cells in
100 mM sodium phosphate buffer at 30 °C, (A) pH of the reaction with
pure BDO (10 g L™ controlled at 7, (B) pH of the reaction with pure
BDO controlled at 5, (C) reactions using ultrafiltration and nanofiltration
permeate fractions, with different proportions of AA and BDO, and (D
and E) HPLC chromatograms for NF and UF permeate fractions, respect-
ively. Conversion percentage calculated from 4-HB and SA formed with
respect to the oxidized BDO. The reactions in A and B were performed
in duplicates, error bars represent the standard deviation of the
measurements. The reactions in C were performed once.
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Conclusions

The present study demonstrates a scalable circular and green
approach for the depolymerization of PBAT as well as recycling
of the monomers. We demonstrated the potential of the
enzyme LCC-WCCG for complete depolymerization of PBAT at
1.5 wt% (and recently even up to 5 wt% (unpublished data)). In
silico analysis of the enzyme structure and its interaction with
the oligomer revealed preference towards the aliphatic ester
bonds over the aromatic chains, evidenced also by the binding
energy and dissociation constants, which was further con-
firmed by the release of AA and BDO first followed by TPA.
Although LCC-WCCG was engineered to depolymerize PET, its
activity against PBAT was only marginally lower than that on
PET and seems to be due to the tighter binding to PBAT and
the resulting higher dissociation constant. Comparison of this
study with the previous reports on enzymatic depolymerization
of PBAT shows clearly that catalytic efficiency of LCC-WCCG
surpasses that of the other enzymes used (Table S37).

A simple downstream processing scheme, using low energy-
demanding separation techniques, was developed to obtain
the constituent monomers of PBAT at high purity for sub-
sequent valorization. Besides using the monomers for repoly-
merization to PBAT, other routes were demonstrated for upcy-
cling of the aliphatic monomers.

Overall, this study presents a possible solution for recycling
of a compostable polymer because recycling will potentially
increase resource efficiency, lower the greenhouse gas emis-
sions, and retain the material value. Since the economic feasi-
bility of biocatalytic recycling is an important factor for its
practical implementation, further work is planned using even
higher polymer concentrations, optimizing reactor design for
depolymerization, maximizing monomer recovery, and techno-
economic assessment of the process. Even life cycle assess-
ment of the recycling approach in comparison to composting
the polymer after use would be interesting to investigate.
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