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Analysis of the product-spectrum during the
biocatalytic hydrolysis of PEF (poly(ethylene
furanoate)) with various esterasest
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Tobias Heinks,@a Katrin Hofmann,® Lennard Zimmermann,©
Alexandra Lieb,® Luise Blach,® Ren Wei, Uwe T. Bornscheuer,
Christof Hamel?® and Jan von Langermann@*a

Poly(ethylene furanoate) (PEF) is considered the greener alternative to poly(ethylene terephthalate) (PET)
and other plastics, as it can be produced 100% biobased from renewable resources based on the
building blocks 2,5-furandicarboxylic acid (FDCA) and ethylene glycol (EG). So far, most of the literature
has dealt with the synthesis and detailed characterization of this synthetic polymer, but very few articles
deal with enzymatic depolymerization, which is increasingly favored due to environmental reasons. This
study therefore aimed to perform hydrolysis of Nano-PEF using 12 different esterases, which have been
shown to depolymerize PET very efficiently. All enzymes were compared in terms of their hydrolysis
efficiency, showing very different hydrolysis rates and different product profiles over time. A wide variety
of hydrolysis products were identified using ESI-TOF including FDCA, (mono(2-hydroxyethyl)-furanoate)
(MHEF), (bis(2-hydroxyethyl)-furanoate) (BHEF), dimers, and trimers. Among the tested enzymes, LCC'““<
was the most efficient one performing best at pH 8-9 and elevated temperatures (>70 °C). Finally, all
hydrolysis intermediates were hydrolyzed to the final building block FDCA (>99% with almost complete
depolymerization of Nano PEF), and higher Nano-PEF-concentrations (up to about 1.4 mg mL™) were
depolymerized equally efficient.

Polymers are an indispensable chemical component in almost all areas of the modern world and fulfill numerous functions, e.g. chemical production and food

packaging. PEF (polyethylene furan-2,5-dicarboxylate) is a bio-based polymer with an excellent low CO, footprint. This novel polymer has excellent properties,

some of which are even better than the petrochemical-based classic variant PET (polyethylene terephthalate). However, the use of bio-based PEF still requires

efficient recycling strategies, whereby biocatalytic reaction systems are essentially preferred due to the low energy input. This work addresses this issue and

examines the product spectrum of PEF with various enzymes in preparation for reuse. This work contributes to the following UN sustainable development goals:

industry, innovation and infrastructure (SDG 9) and responsible consumption and production (SDG 12).
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Introduction

By 2030, it is estimated that 700 million tons of synthetic
plastics will be produced annually, which corresponds to
around 80 kg per human," demonstrating their widespread use
and importance. Their benefits are versatile (e.g., high resis-
tance to influences and lightness),? justifying their wide use in
various fields. However, one of their greatest benefits is also
their greatest disadvantage, namely their durability. Without
proper waste management, they often remain as synthetic
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polymers in the environment for decades, leading to significant
accumulation especially in marine ecosystems, as about half of
the plastic waste is currently released into nature.“** One of the
most commonly used plastics is poly(ethylene terephthalate)
(PET),** which is comparatively easy to depolymerize due to its

reactive ester bonds. Besides well-established chemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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depolymerization methods (in particular solvolysis),” enzy-
matic depolymerization became feasible using hydrolases.*”*

PET is composed of the building blocks terephthalic acid
(TPA) and ethylene glycol (EG) (Scheme 1), while TPA is
currently still produced using petroleum-derived xylenes.” An
alternative to petroleum-based TPA is FDCA, which is chemi-
cally similar to TPA (ie., furan instead of phenyl ring) and
derivable from renewable sources via environmentally friendly
syntheses.” Using FDCA and EG as the basic building blocks for
polymerization, poly(ethylene furanoate) (PEF) is produced
(Scheme 1). The synthesis of PEF has been extensively
researched and is well established, and the properties of this
polymer have been characterized in detail as reported in several
publications."™** PEF provides several advantages compared to
PET such as (i) a higher thermal resistance due to a higher glass
transition temperature (7y) (85-88 °C wvs. 70-76 °C,
respectively)*®*** caused by a higher chain rigidity,"* (ii) superior
barrier properties (e.g. for oxygen and carbon dioxide),"*** (iii)
a lower melting temperature,"'* and (iv) enhanced degrad-
ability (e.g., when exposed to UV light).*>'” Consequently, when
both FDCA and EG are produced from renewable resources and
used as feedstock for synthesis, PEF can be considered as a fully
biobased and therefore ‘green’ alternative to PET.

Analogous to PET, PEF can be depolymerized by chemical
techniques.”® However, enzymatic degradation is generally
favored for depolymerization mainly due to lower process
temperatures and less (harmful) chemicals. To our knowledge,
the biocatalytic depolymerization of PEF has only been inves-
tigated as reported in a limited set of publications, applying
a total of only five ester hydrolases with different PEF-
preparations as substrates.” > Most of the work was done by
Guebitz and co-workers, who used the bacterial cutinase from
Thermobifida cellulosilytica Thc_Cutl, and the commercially
available (from Novozyms/Novonesis) fungal cutinase HiC from
Humicola insolens for depolymerization of PEF films and
powders with different crystallinities, molecular weights and
particle sizes.'>' Similar to PET, PEF films with a lower crys-
tallinity (0-10%) degraded significantly faster. However, PEF
films with higher crystallinity (=20%) were better depoly-
merized than PET films, which were almost not hydrolyzed at
a crystallinity higher than 10%." If the PEF sample had a low
crystallinity (<1%), higher molecular weights led to a faster
degradation,* and the particle size of PEF powders showed
a minor impact.”* In contrast, powders with a high crystallinity
were degraded faster when the particle size was low.”* Both has

o o}
?—@—/{ + HOC oy
HO OH

TPA EG

Scheme 1 Structure of PEF vs. PET and principle of enzymatic
hydrolysis. The enzyme structure is IsPETase™! (PDB-ID: 6ILW).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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also been observed with PET.** As expected, higher tempera-
tures (i.e., 65 °C instead of 50 °C) led to a higher efficiency, and
a phosphate buffer was better than Tris buffer.”* Another short
study was published by Kawai and co-workers, who engineered
the PET hydrolyzing Cut190**SS/L136F, which was also proven
to depolymerize PEF.>> More recently, Kumar and co-workers
published the enzymatic depolymerization of different PEF
substrates at high loadings using the esterases LCC and Fast-
PETase.”

This study aimed to extend the knowledge on the enzymatic
hydrolysis of PEF and to comprehensively compare a wide range
of 12 esterases with respect to their PEF hydrolysis efficiency. In
this study, Nano-PEF was used as a model system as the basic
analysis of this polymer was targeted independent of the crys-
tallinity of the polymer applied. All enzymes have already been
shown to successfully hydrolyze PET, and most of them are
recent and improved enzymes in terms of their PET hydrolysis
activity and/or stability at elevated temperatures. The most
efficient hydrolase was further analyzed regarding the depoly-
merization temperature and pH, and was applied in reactions
with higher concentrations of Nano-PEF (see Materials and
methods for details). The product profile (i.e., all hydrolysis
products/intermediates) was analyzed at specific time points to
gain insight into the proportion of the product profile for the
individual enzyme over time.

Results and discussion

Pre-screening of various PET-hydrolyzing enzymes

The similarity between PEF and PET is very high, as they only
differ in the core group (i.e., FDCA with the furan ring vs. TPA
with the phenyl ring) and both are analogously linked by EG
units via ester bonds (Scheme 1). Consequently, 12 literature-
known PET-hydrolyzing enzymes, which were recently
compared using PET as substrate,* were investigated for their
ability to hydrolyze PEF with Nano-PEF as a model substrate.
Consistent with the literature,*® the Nano-PEF produced and
used in this study proved to be predominantly amorphous in
XRD measurements (Fig. S9t). The particle size of the Nano-PEF
suspension used was about 78 nm (Fig. S10t). All 12 enzymes
were applied to Nano-PEF (0.2 mg mL™ ') under standard
conditions (0.1 M phosphate buffer, pH 7.5, 60 °C, 100 nM
(=3.3 ug mL ") enzyme) and the resulting concentrations of the
products were monitored after 1, 8 and 24 h. A variety of
different products were determined (see next section), while
Fig. 1 represents the total concentration of all products (sum
product concentration) and the proportion of FDCA therein. All
enzymes showed activity towards Nano-PEF albeit to varying
extents. For PET2-7M,?” PESH192/Q94Y 28 pESH1™ ** IsPETa-
se™ 2 LCC'CY 3931 and TurboPETase,** conversion of the total
polymer was already maximal after 1 h. This indicates that the
PEF polymer was hydrolyzed very quickly to smaller units (e.g.,
FDCA-dimers) whereafter these intermediates were further
hydrolyzed to the final product FDCA over time. LCC'“° was
the most efficient enzyme with the highest FDCA concentration
at all time points (84% after 24 h), while the other enzymes were
close to that. In contrast, for HotPETase,”® MOoPE,*

RSC Sustainability, 2025, 3, 1346-1355 | 1347
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Fig. 1 Screening of various esterases for Nano-PEF-hydrolysis. 12 enzymes that were shown to hydrolyze PET were analyzed regarding their
potential to depolymerize the alternative plastic PEF. All reactions were performed using standard conditions. FDCA is depicted in green and the
total product concentration in grey, visualized as cumulative bars. The reactions were performed in triplicates, and the error bars represent the
standard deviation. The background due to self-hydrolysis of Nano-PEF (see ‘control’) was always subtracted.

DuraPETase™N2*3¢/5282€ 29 TfCout2 % and Cut190**SS/L136F2
increasing total product concentrations and of FDCA were
detected throughout the 24 h, but not reaching as high as the
more efficient enzymes. Consequently, these enzymes exhibit
a slower PEF hydrolysis rate, which was similar in the case of
PET hydrolysis,” probably due to a lower esterase activity or
a higher product inhibition. Interestingly, DmPETase*® showed
no activity as in the PET study, whereas MoPE, DuraPETa-
seN233C/5282C and TFCUT?2 showed significant activity here, while
in the case of PET hydrolysis there was no activity or only at
reduced temperatures (40 °C).>* The hydrolysis of PEF generally
appeared to be faster than that of PET under equal conditions
(Fig. S17), which was also supported by another study showing
that the hydrolysis of PEF-films was faster than that of PET-
films.' Overall, the term ‘PETase’ should be reconsidered and

1348 | RSC Sustainability, 2025, 3, 1346-1355

‘esterase’ or ‘carboxylesterase’ generally preferred instead,
which was also recently discussed by a review about the diverse
nomenclature in literature.’” LCC'““® proved to be the most
efficient enzyme, so it was selected for further investigations.

Product range of biocatalytic Nano-PEF hydrolysis

Various hydrolysis products after Nano-PEF depolymerization
were observed in the chromatograms (Fig. S271). To identify the
product spectrum of biocatalytically hydrolyzed Nano-PEF, the
samples were additional analyzed using an HPLC equipped
with mass spectrometry (ESI-TOF). Consequently, the wide
variety of products could be identified and assigned to an
intermediate of Nano-PEF-hydrolysis (Table 1 and Fig. S3, S47).
In particular, FDCA, FDCA coupled with one or two EG (ie.,
MHEF (mono(2-hydroxyethyl)-furanoate) and BHEF (bis(2-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Product profile after biocatalytic hydrolysis of Nano-PEF®
# Chemical structure Abbr. MW peo [g mol ] MW etected” [g mol ] rt’ [min]
1 Ho~CH E 62.04 63 (H"), 80 (NH,"), 85 (Na") —
2 o ~O~on EE 106.06 107 (H'), 124 (NH,"), 129 (Na')  0.53-0.64
3 o~ O g OH E-EE 150.09 151 (H'), 168 (NH,"), 173 (Na") 0.78
o o
4 o \° on FDCA (F) 156.01 157 (H"), 174 (NH,"), 179 (Na')  0.47-0.70
o [e]
5 o \° o~ on F-E 200.03 201 (H"), 218 (NH,"), 223 (Na')  0.70-0.85
9 o 2 + + +
6 wo 0> N o_om E-F-E 244.06 245 (H"), 262 (NH,"), 267 (Na*) 1.07
9 2 + + +
7 w7 RO on F-E-E 244.06 245 (H"), 262 (NH,"), 267 (Na¥) 1.80
o o
8 Ho\/\owo/\/ov\ori E-F-E-E 288.08 289 (H"), 306 (NH,"), 311 (Na') 2.42
o o
9 B N F-E-E-E 288.08 289 (H"), 306 (NH,"), 311 (Na') 3.00
o o N .
10 HO\AOWO/\/O\/\O/\/OH E-F-E-E-E 332.11 350 (NH,"), 355 (Na*) 3.25
o o o o .
11 HOWO/\_O)\@)LOH F-E-F 338.03 339 (H"), 356 (NH,"), 361 (Na") 0.93
[o} o [o} o
12 . ok@)(o/\/o)\@/“o/\/o“ F-E-F-E 382.05 400 (NH,"), 405 (Na*) 2.67
o o [o} o
13 HO\/\OWO/\/O WONOH E-F-E-F-E 426.08 444 (NH,"), 449 (Na*) 2.94
o o o j’X\ o o N N
14 Ho)k@io,\/ o @J(o,\/o\/\m F-E-F-E-E 426.08 444 (NH,"), 449 (Na") 3.49
o o o o o o . N
15 HO\/\OWO/\/O)\@/KO/\/O\/\OH E-F-E-F-E-E 470.11 488 (NH,"), 493 (Na*) 3.66
Q [] s} o N .
16 HOWO/\,OWO/\/OV\O/\/OH F-E-F-E-EE 470.11 488 (NH,"), 493 (Na") 4.01
o o o o
17 Ho\ﬁowo ~ OWO,\/O\/\ o~ OH E-F-E-F-E-EE 514.13 532 (NH,") 5.51
[o} o o o o o o o o . .
18 HOJ\@/‘%%O )\U/Z(ONOA\@AONOH F-E-F-E-F-E 564.08 626 (NH,"), 631 (Na") 5.25
o ° o o ° [o} o o o
19 HOWO/\/OWO/\/OWO/\/O\/\OH F-E-F-E-F-E-E 608.10 670 (NH,") 5.30

“ Several products were detected by HPLC during Nano-PEF-hydrolysis. To identify the products generated by the biocatalysis, another HPLC
equipped with mass spectrometry (ESI-TOF) was used and Nano-PEF hydrolysis was catalyzed by Turbo-PETase and LCC'“““ for 1 h under
standard conditions to generate a high distribution of the hydrolysis products. As the analytes were separated by different HPLC methods, the
results are not directly transferable between both HPLC systems and thus chromatograms. The respective chromatogram can be found in
Fig. S3 and S4. Notably, MEG was not found in this setup for unknown reason. ” The ammonium (+18.03 g mol™*) and sodium adducts
(+22.99 g mol ) result from the use of different buffer systems (ammonium acetate in the eluent and sodium phosphate during hydrolysis).
¢ The masses listed were determined on the Waters LC/MS system (see Experimental section) and therefore have different retention times than
the analytical HPLC runs. rt: retention time; MWy,¢,: theoretical molecular weight; abbr.: abbreviation.

hydroxyethyl)-furanoate); analogous to MHET and BHET in PET
hydrolysis, respectively), dimer and trimers coupled to one or
two EG could be verified. Most of these products were also
found in other studies analyzing the biocatalytic hydrolysis of
PEF.?**1?* Additionally, unexpected structures were also found
that were coupled to di- or tri- rather than mono-EG (i.e., entries

© 2025 The Author(s). Published by the Royal Society of Chemistry

7-9, 13-15 in Table 1). However, all structures were finally
hydrolyzed to FDCA and mono-(MEG), di- and tri-EG was
detected by ESI-TOF. These impurities may occur in the struc-
ture of PEF, when MEG-feedstocks are used for synthesis that
are not completely pure and contain some degree of di- and tri-
EG. In some cases, polyethylene glycols (PEG) are also

RSC Sustainability, 2025, 3,1346-1355 | 1349
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incorporated on purpose into PEF- and PET-polymers, as they
can positively modify its behavior, like improving degradability
or lowering its melting temperature.®® Consequently, latter
compounds (carrying PEG) are not found in PEF synthesized
with pure MEG-feedstocks. Notably, oligomers with PEG struc-
tures exhibited a lower solubility, while other insolubilities were
not detected.

Several hydrolysis intermediates were formed very quickly at
the beginning of the reaction (1 h), with monomers (i.e., FDCA,
MHEF and BHEF) and dimers being the predominant products
as shown for LCC'°“® and IsPETase™" by ESI-TOF (Fig. S51). In
particular, for the shown LCC'““ reaction, MHEF had the
highest proportion of all products at early stage (Fig. S57).
Furthermore, assuming that FDCA, MHEF and BHEF run
similarly in analytical HPLC as in qualitative HPLC (LC/MS) as
well as their analogs TPA, MHET and BHET (Fig. S61), MHEF
was present in high concentrations in reactions with all
enzymes, especially at the beginning of the reactions. Conclu-
sively, it is possible that the intermediate MHEF reduces the
reaction rate due to inhibition of the enzyme, being thus the
rate-limiting step. This was comprehensively proven for the
analog MHET in the case of PET hydrolysis.*® The proportions of
the intermediates were highly dependent on the enzyme used
and, consequently, its hydrolysis efficiency. Enzymes with high
catalytic activity rapidly produced substantial amounts of
FDCA, whereas those with lower activity generated significant
quantities of intermediates, which were gradually decomposed
over time.

Further investigations of biocatalytic Nano-PEF-hydrolysis

The T, of PEF is higher than of PET. However, under the
degradation conditions, the polymers are totally soaked in
water, which has a substantial plasticization impact and lowers
the polymer's T,.*'>** As a result, T, of nano-sized PET or its
surface layer can typically fall within the range of 40 °C.*°
However, it is widely accepted that the most suitable tempera-
ture for PET hydrolysis is between 68 and 72 °C.**' This
temperature range strikes a balance between enhancing the
flexibility of the polymer chains beyond its actual T, and pre-
venting rapid recrystallization when exposed to water-
plasticization conditions.**> Hence, based on our under-
standing of enzymatic depolymerization of (nanosized) PET, we
anticipate that nanosized PEF will exhibit similar characteris-
tics when subjected to water plasticization. Additionally, we
predict that nanosized PEF will have a higher optimal temper-
ature for enzymatic hydrolysis because PEF inherently has
a higher T, than PET (under dry conditions). Therefore, we
investigated the efficiency of Nano-PEF hydrolysis at 60, 70, 80
and 90 °C with LCC™“® under standard conditions analyzed
after 1, 8, and 24 h (Fig. 2). Increasing the temperature led to an
increase in the total product concentration in the first hour.
Moreover, the degradation of the hydrolysis intermediates to
FDCA was faster at elevated temperatures, proving a higher
reaction efficiency under these conditions. Interestingly, the
conversion was most efficient at very high temperatures (i.e.,
90 °C; (>99% vs. 84% FDCA under standard conditions after 24

1350 | RSC Sustainability, 2025, 3, 1346-1355
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h)), although other studies showed a decrease of activity at this
temperature. Fig. 2 demonstrates that this effect is only
noticeable during the initial hour of the reaction, suggesting
that the thermoactivated enzyme*' and thermoactivated poly-
mers contribute together to efficient depolymerization.
However, as the reaction continued to 8 h (and much more
remarkably to 24 h), it became evident that 70 °C was once again
the most favorable temperature. The lack of long-term stability
of LCC'9“S (with a melting temperature of 94.2, as reported by
Tournier et al. in 2020) may be the cause of this. Nonetheless,
the impact of polymer recrystallization on the degradability of
PEF in this temperature range during the lengthy course of
reactions should not be dismissed, but rather further investi-
gated in future research, as it presently remains unclear but very
likely due to our previous knowledge of PET (and other poly-
mers). For the wildtype LCC, a decrease of activity during Nano-
PEF hydrolysis was observed above 70 °C,** whereas LCC'““® as
an engineered/improved enzyme was proven to exhibit a higher
thermostability.** However, at 70-90 °C, almost complete
depolymerizations (95-97%) and high FDCA contents (97% and
>99%, respectively) occur at the end of the reaction.

Previously, we* and another study*® showed that the reaction
pH has an impact on the hydrolysis efficiency, the auto-
hydrolysis of the intermediates, and the product profile in the
biocatalytic hydrolysis of PET. Therefore, the depolymerization
of Nano-PEF was performed at different pH values (5.0, 6.0, 7.0,
7.5, 8.0, 9.0) under standard conditions analyzed after 1, 8, and
24 h (Fig. 2). The reaction catalyzed by LCC'“““ was strongly
affected by the different pH values. Acidic pH values led to
significantly lower total product concentrations, as also
observed for PET hydrolysis by several esterases.*?*”3%%
Furthermore, the hydrolysis of the intermediates to FDCA is
very limited at this pH (i.e., 54% total conversion and 7% FDCA
after 24 h). Increasing the pH between 6 and 9 resulted in faster
reaction rates, and almost complete conversion was observed
after 8 or 24 h in all cases. The hydrolysis rate of the interme-
diates to FDCA enhanced with increasing pH, reaching the
highest conversion at pH 9 after 24 h (>99% vs. 84% FDCA
under standard conditions after 24 h). This indicates that
LCC'°“C is significantly affected by pH and performing better at
higher pH values. The latter was also recently demonstrated for
the wild type.”® Additionally, Nano-PEF and the hydrolysis
intermediates are chemically hydrolyzed under basic conditions
(Fig. S77) as also shown previously for PET and PET-interme-
diates,” which further improves the depolymerization. The
product profile is not significantly affected by pH (data not
shown), suggesting that the overall reaction rate is equally
affected for all intermediates and not the hydrolysis rate of
a particular intermediate.

Concentration-dependent hydrolysis of Nano-PEF

In the next step, the hydrolysis of different Nano-PEF concen-
trations (0.2, 0.6, 1.0, 1.4 mg mL™' Nano-PEF) was analyzed
under standard conditions and the product concentrations
were determined at specific time points (Fig. 3). Although the
substrate concentration was increased up to 7-fold (i.e., from 0.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Biocatalytic hydrolysis of Nano-PEF by LCC'““ at different temperatures and pH values. All reactions were performed under standard
conditions except the varying temperatures (70, 80, 90 °C; constant pH of 7.5) and varying pH values (0.1 M buffer, buffers are mentioned in the
methods; constant temperature of 60 °C) and analyzed by HPLC. The reactions were performed in triplicates, and the error bars represent the
standard deviation. The background due to self-hydrolysis of Nano-PEF under the used conditions (Fig. S71) was always subtracted. The
conversion was calculated based on the concentration of FDCA after the chemical total hydrolysis of the same amount PEF substrate, which was
set to 100% (see Experimental section).

to 1.4 mg mL "), the reaction behavior was similar in all cases
(Fig. 3). Equal rates of the hydrolysis of Nano-PEF to the inter-
mediates (see total product concentrations) and of the

intermediates to FDCA (see FDCA concentrations) were ob-
tained for all substrate amounts applied to the reaction
(Fig. 3B). Almost the highest total product concentration was
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Fig. 3 Biocatalytic hydrolysis of different Nano-PEF concentrations by LCC'““C. All reactions were performed under standard conditions except
the varying concentrations of Nano-PEF: 0.2 (purple, circle), 0.6 (green, star), 1.0 (red, triangle), 1.4 (blue, square) mg mL™% The total product
concentrations are represented by filled and the FDCA-concentrations by open symbols. (A) Concentration of the products over the course of
the reaction. (B) All concentrations were related to the final concentration after the reaction. (C) The conversion was calculated based on the
concentration of FDCA after the chemical total hydrolysis of the same amount PEF substrate, which was set to 100% (see Experimental section).
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already observed after 8 h for all substrate amounts applied,
while the FDCA-concentration was about 40%. Subsequently, all
hydrolysis intermediates were hydrolyzed to the end product
FDCA over the course of the reaction, reaching >99% FDCA
formation with almost complete depolymerization of Nano-PEF
after the reaction in all cases.

Conclusions

This study compared for the first time a wide range of esterases
in terms of their depolymerization efficiency for the polymer
PEF. Nano-PEF was used as a model substrate here, which was
determined to be predominantly amorphous in XRD measure-
ments with average particle size of 78 nm. Different hydrolysis
rates were observed for all enzymes, while LCC'“““ was the most
efficient enzyme under the applied reaction conditions with
a few enzymes having similar activity. The enzymatic Nano-PEF
hydrolysis was enhanced at higher pH values (8-9) and higher
temperatures (>70 °C) as also shown for PET hydrolysis, proving
similar efficiencies for both polyesters. Both increased the
FDCA production from about 84% to >99% in 24 h with almost
complete depolymerization of the polymer. Higher concentra-
tions of Nano-PEF (7-fold; up to 1.4 mg mL™ ") were degraded
equally efficiently over time to the basic monomer FDCA with
very similar reaction rates. Several intermediates were observed
during hydrolysis including MHEF, BHEF, dimers and trimers
of FDCA, enabling a deeper kinetic analysis of both the hydro-
lysis of PEF to intermediates and of each intermediate to FDCA
in further studies.

Experimental section

General information

FDCA (purity: 98%) and PEF pellets (viscosity: 0.76 dL g,
purity: 98%) were obtained from Alfa Chemical (Zhengzhou,
China). Based on PXRD measurements and qualitative
comparisons with literature data (see below), the used PEF is
determined to be predominantly amorphous. All other chem-
icals were purchased at analytical grade from commercial
providers and used as received: Merck (Darmstadt, Germany),
Carl Roth (Karlsruhe, Germany), Thermo Fisher Scientific
(Waltham, MA, USA), TCI Europe (Zwijndrecht, Belgium),
Th.Geyer (Renningen, Germany), BLD Pharmatech (Reinbek,
Germany). The plasmids were provided by other scientists as
stated recently,”® except for TurboPETase and Cut190**SS/
L136F, which were synthesized by BioCat GmbH (Heidelberg,
Germany).

Plasmid transformation, gene expression and protein
purification

Transformation, expression and purification were performed
analogously as recently reported.” Briefly, the enzymes were
expressed using E. coli Shuffle T7 or E. coli BL21(DE3) in LB
medium at 20 °C for 16 h with the respective IPTG concentra-
tion. Enzyme purification was performed via His tag purifica-
tion after cell disruption in sonication buffer (50 mM Tris pH
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8.0, 150 mM NacCl, 15 mM imidazole, 0.015 mg mL " DNAsel,
0.15 mg mL™" lysozyme) using sonication. The filtered super-
natant was applied to HisTrap™ HP columns and enzymes were
purified using a step gradient (15, 30, 45, 210, 300 mM elution
buffer). After a buffer exchange (50 mM Tris pH 8.0, 50 mM
NaCl), enzymes were concentrated (Amicon® Ultra-15 centri-
fuge filter units) and stored at —20 °C.

Enzymatic reactions

The initial biocatalytic reactions were carried out in a total
volume of 1.6 mL in 2 mL reaction vessels with 100 nM (=3.3 pug
mL~") enzyme and 0.2 mg mL ™" Nano-PEF as substrate repre-
senting the standard conditions (0.1 M phosphate buffer, pH
7.5, 60 °C). For the reactions at varying pH values, different
buffers were used (i.e., pH 5.0 (0.1 M sodium acetate buffer) or
9.0 (0.1 M bicine buffer)) instead of the phosphate buffer and
for the reactions with varying temperatures, different tempera-
tures were applied (i.e., 70, 80, 90 °C) instead of 60 °C. For the
reactions with varying concentrations of Nano-PEF, the reac-
tions were performed under standard conditions, with different
Nano-PEF concentrations (i.e., 0.2, 0.6, 1.0, 1.4 mM). To analyze
the reactions via HPLC, 500 uL were taken at each reaction time
point stated, acidified with 10 pL 37% HCI to a final pH of 1-2,
and heated at 95 °C for 10 min. After centrifugation, 450 pL of
the supernatant was diluted with an equal volume of analytic
solution (0.1 M phosphate buffer, 20% DMSO, pH 5.0) to obtain
a final pH of 1.5-4. Importantly, the solutions had to be acidi-
fied to a pH value below 2.6, otherwise FDCA behaved differ-
ently in the HPLC runs (Fig. S8f). The initial and
characterization reactions were always performed in triplicates.

HPLC measurements

These were performed to analyze the PEF hydrolysis and
quantify the product concentrations for all biocatalytic reac-
tions. Therefore, 20 pL of each sample were injected into
a Chromaster® HPLC system (VWR, Darmstadt, Germany)
equipped with an Eclipse XDB-C18 (4.6 x 12.5 mm; 5 um) guard
column and a Zorbax Eclipse XDB-C18 (4.6 x 250 mm; 5 pm)
column (Agilent Technologies, Waldbronn, Germany) main-
tained at 35 °C. To achieve efficient separation of the hydrolysis
products, a gradient was applied, using as the mobile phase
varying portions of the eluents comprising (A) 0.1% (v/v) formic
acid in water and (B) acetonitrile. The detailed gradient steps
are provided in the ESI (Table S21). A flow rate of 0.8 mL min "
was employed and the analytes were detected via UV detector at
260 nm. Using a commercial standard, the retention time of
FDCA was determined and a calibration curve was established
over the concentration range of 1.7-680 pM. Based on this
dataset, all other detected peaks were quantified. An exemplary
chromatogram after biocatalysis with the diverse product
profile is shown in Fig. S2.}

Determination of protein concentration

These were determined using the Pierce™ Coomassie Protein
Assay Kit (ThermoFisher Scientific; Bradford Assay) with BSA as
calibration standard.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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LC/MS

To identify the product spectrum of biocatalytic PEF hydrolysis
qualitatively, a HPLC equipped with mass spectrometry (ESI-
TOF) was used. Quantitative analyses were conducted using
the alternative HPLC system. To separate the product mixture, 4
uL of each sample was injected onto an HPLC (Acquity UPLC H-
Class, Waters, Milford, USA), equipped with an Acquity UPLC®
BEH C18 column (50 mm length, 2.1 mm inner diameter, 1.7
pm pore size). A gradient of the eluents (A: 2 mM ammonium
acetate buffer pH = 4.7; B: acetonitrile) was used for the
separation with a flow of 0.4 mL min ™. The detailed gradient
steps are provided in Table S2.f The column temperature was
held at 40 °C. The sum formulas of the products were deter-
mined using a Xevo G2 time-of-flight mass spectrometer
(Waters, Milford, USA), utilizing electrospray ionization. The
measurements were done with a positive polarity and a mass
range of 40-1200 dalton. The chromatogram was searched
specifically for the masses of the suspected adducts (Table 1).
The relative abundance of the ions found was used to determine
the product distribution.

Preparation of Nano-PEF

Nano-PEF was produced based on already established methods
for the production of Nano-PET.* Briefly, 0.5 g of PEF was
dissolved in 10 mL of hexafluoroisopropyl alcohol (HFP) (ratio
of 1:20 (PEF : HFP)) until fully dissolved. To speed up the dis-
solving process, the PEF particles can be crushed under cooling
using a cryomill. The resulting solution was then added drop-
wise to 100 mL water (ratio of 1:10 (PEF/HFP: H,0)), under
vigorous stirring, to form a suspension. This suspension was
subsequently filtered through a paper filter. Finally, HFP was
removed under reduced pressure using a rotary evaporator. An
additional step involved transferring the final solution to
a graduated cylinder and allowing it to settle for 2 hours. At high
suspension densities, two layers were formed, with the upper
layer being more stable. This upper layer was decanted and
remains stable for up to several months. After evaporating
a fixed volume of Nano-PEF, a concentration of 2.1 mg mL ™"
was detected.

Determination of the crystallinity of Nano-PEF

To determine the crystallinity of the PEF, the PEF particles were
crushed under cooling using a cryomill resulting in pulverized
PEF particles that were analyzed using PXRD. The PXRD
measurements were performed using an Empyrean diffrac-
tometer (PANalytical, Almelo, The Netherlands) with copper K
alphal/alpha2 radiation in a reflection geometry setup. The
diffractometer was equipped with a PIXcel(3D) detector and the
sample was loaded using so-called backloading sample holders
to avoid preferred orientation. Data was collected from 2-60°
2theta at 40 kv and 40 mA. The resulting measurements were
then qualitatively compared with data from the literature,** and
the PEF used in this study was classified as predominantly
amorphous (Fig. S91). This is consistent with the literature,
which shows that after the nanoparticles are produced, the
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crystallinity is largely removed and highly amorphous particles
are present.*

Dynamic light scattering (DLS) measurements

The particle size distribution of the Nano-PEF suspension was
determined via DLS on a Zetasizer Nano ZS (Malvern Pan-
alytical, Westborough, USA), equipped with a 4 mW, 633 nm
laser. The detection angle was 173°. For the measurement, 2 mL
of the Nano-PEF suspension was transferred in a polystyrene
cuvette (DTS0012). An average particle size of 78.38 nm was
determined (Fig. S107).

Total hydrolysis of Nano-PEF to determine the conversion

To obtain the maximum FDCA concentration releasable by the
substrate, 1 mL of the Nano-PEF suspension was totally
hydrolyzed using 1 mL of 2 M NaOH and incubated at 50 °C for
24 h. Afterwards, the solution was acidified using 2 mL 1 M HCl
and diluted as required. Per mg of applied Nano-PEF, 4.74 pmol
FDCA was obtained (or 5048 (uM mL) mg ™) without byproducts
(Fig. S117%). This released FDCA concentration was set to 100%
and the enzymatically produced product concentrations were
related to it.
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