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Global production of synthetic polyamides (PA), or nylons, is increasing while recycling rates are currently
below 5% contributing to the global plastics crisis. Enzymatic depolymerization is a powerful strategy to
overcome the drawbacks of mechanical and chemical recycling and has the potential to increase PA re-
cycling rates. However, enzymatic depolymerization of PA is currently limited to a small group of nylo-
nases (NylC) that exhibit low activities making them unsuitable for efficient enzymatic recycling. In this
study, we extend the diversity of nylonases, namely NylC;, NylC,, and NylCs by library screenings and
in silico analysis. Three novel nylonases were identified that showed varying sequence identities ranging
from 84 to 32% compared to the previously characterized NylCp, from Paenarthrobacter ureafaciens.
Activity of these nylonase candidates towards cyclic PA-oligomers was confirmed via the detection of
soluble degradation products. These nylonases were also active on synthesized poly(ester amides) (PEA),
and this activity was synergistically increased by combination with the leaf and branch compost cutinase
LCC resulting in the hydrolysis of approximately 1% of the total polymer. Overall, our discoveries greatly
increase the sequence space of NylC enzymes for future enzyme engineering strategies to boost their
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activities, and they show the potential of PEA for tuning the biodegradability of performance polymers.
Thereby, this study leads the path for developing efficient enzymatic PA and PEA depolymerization pro-
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1 Introduction

Synthetic polyamides (PA), or nylons, are characterized by their
durability and high tensile strength, leading to their widespread
application in the textile, fishing gear, and automotive industry.
Polycaprolactam (PA6) and poly(hexamethylene adipamide)
(PA6.6) are the most industrially relevant PA and are obtained by
ring-opening polymerization of e-caprolactam, that is the lactam
of 6-aminohexanoate (Ahx), and polycondensation of adipic acid
and 1,6-hexamethylenediamine, respectively. Despite an increas-
ing production, PA recycling rates are below 5% contributing to
the global plastics crisis as the majority of post-consumer PA is
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cesses, revealing significant insights into combining the contrary parameters of performance and biode-

landfilled.”* The mostly linear cradle-to-grave lifespan of PA can
be explained by the limitations of traditional recycling strategies.
Mechanical recycling, performed by melting and re-extrusion,
typically requires highly pure feedstocks while yielding reduced-
quality products.® Consequently, the materials undergo downcy-
cling that ultimately leads to their disposal. Chemical recycling,
on the contrary, depolymerizes the material into its monomers
and oligomers, which can then be purified and re-polymerized
thereby maintaining the material’s properties. However, chemi-
cal depolymerization, such as for PA6, typically requires high
amounts of energy as well as expensive and often non-recyclable
catalysts while being sensitive towards feedstock contami-
nations.” Contrary to this, enzymatic depolymerization displays a
sustainable solution for the breakdown of plastics as enzymes
operate at moderate conditions compared to chemical processes,
catalyze selective reactions, and avoid toxic chemicals.” For poly
(ethylene terephthalate) (PET), enzymatic recycling is advancing
towards commercial implementation due to the design of tai-
lored PETase variants.®® Moreover, techno-economic analyses
predict that enzymatic recycling could become cost-competitive
with virgin PET production if key cost drivers can be reduced.”"’
Recent approaches also focused on combining chemical hydro-
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lysis with biological catalysis, which allows metabolic funneling
of mixed hydrolysates and subsequent upcycling to value-added
products using engineered microorganisms. Such hybrid strat-
egies were successfully demonstrated for PET'' and PA (de Witt
et al., manuscript in preparation).

Although natural PAs are ubiquitous in nature, such as in
proteins or silk, enzymatic depolymerization of synthetic PAs
is rare. In fact, only a small group of 6-aminohexanoate-oligo-
mer hydrolases, designated as nylonases, is reported to hydro-
lyze the amide bonds of synthetic PA6 oligomers. The Ahx-
cyclic-dimer hydrolase (NylA — EC 3.5.2.12) specifically converts
the cyclic Ahx-dimer (Ahx,) into linear Ahx,."> NylB (EC
3.5.1.46) acts as Ahx-oligomer exohydrolase and degrades
linear Ahx-oligomers by an exo-type mechanism resulting in
the sequential release of Ahx."® The third nylonase, NylC (EC
3.5.1.117), is an Ahx-oligomer endohydrolase and degrades
both cyclic and linear Ahx-oligomers with a degree of oligo-
merization greater than three.'* All three nylonases (NylA,,,
NylBp,, and NylCp,) were discovered on plasmid pOAD2 in
Paenarthrobacter ureafaciens that was isolated from wastewater
of a PA-manufacturing plant.">'® Interestingly, activity of nylo-
nases is limited towards synthetic Ahx-oligomers while no
activity was reported to a variety of natural amides."*'”

NylC is the most promising nylonase for PA depolymeriza-
tion due to its endo-cleavage mechanism and specificity for
larger Ahx-oligomers. Initially, NylC is expressed as inactive pre-
cursor protein. After post-translational auto-cleavage between
N266 and T267, which results in the formation of an
a-(27.4 kDa) and B-subunit (9.4 kDa), structural re-assembly
generates an active NylC enzyme.'® Based on this characteristic,
NylC is classified as a member of the N-terminal nucleophile-
(N-tn) hydrolase superfamily. Besides the D308-D306-T267 cata-
lytic triad, NylC also possesses Y146 and K189 as additional
catalytic or substrate-binding residues that are required for sub-
strate hydrolysis.'® Although NyIC,, is able to degrade linear
Ahx-oligomers (n > 2), the wild type enzyme shows negligible
activity towards PA6."” Enzyme engineering of NylC,, resulted
in a quadruple mutant that showed increased thermostability
and exhibited catalytic activity towards powdered and thin-
layered PA6, PA6.6, and PA6.6-c0-6.4.°"*" Recently, the activity
of this mutant was further increased by directed evolution.??
Two highly similar homologs of NylC,, were identified in
Agromyces sp. KY5R (NylC,) and Kocuria sp. (NylCg) that share
98.6 and 95.8% sequence identity towards NylCp,.>* Until
today, only a limited number of nylonases including the three
highly similar NylCs were characterized in literature.”* This
limited enzymological diversity severely hinders the potential
of enzymatic PA depolymerization, especially with regard to
machine learning-aided engineering.*®

In this study, we aimed to increase the diversity of character-
ized NylCs with activities towards PA-related substrates includ-
ing the emerging group of poly(ester amides) (PEA). The latter
group gains increasing interest in the polymer industry as it
combines the mechanical properties of PA with the biodegrad-
ability of polyester.>® Although PEA market volume is still rela-
tively small, emerging polymers should be developed with their
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end-of-life options in mind, especially for complex polymers
that contain multiple monomers. To identify novel NylC candi-
dates, library screenings and in silico analyses were performed.
NylC candidates were expressed in Bacillus sp. and subjected to
activity assays using Ahx-oligomers and polymers. This study
greatly increases the enzymological diversity of NylCs, thereby
facilitating future enzyme engineering efforts for the develop-
ment of enzymatic PA recycling processes. Further, combined
enzymatic degradation and architectural design of PEA provide
key insights into polymer design that allow the alignment of
both biodegradability and performance, which often are oppos-
ing polymer features. This study thus facilitates the develop-
ment of bio-upcycling processes in an integrated manner,
enabling a shift towards a more circular plastics economy.

2 Results and discussion
2.1 Screening and expression of novel NylC candidates

To increase the diversity of NylCs, public and internal data-
bases were screened for homologs of NylC,,'* (UniProt:
Q79F77). We also performed enrichment cultures of compost
samples using PEA to isolate strains with putative nylonase
activities. This led to the isolation of a Rhodococcus sp. and a
Gordonia sp. as revealed by 16S rDNA analysis and subsequent
whole-genome sequencing (Fig. S1}). Since the characterized
NylCp,, NylCy4, and NylCg are closely related, we screened the
obtained datasets in silico for NylC candidates with different
amino acid sequences towards NylCp, to yield a diverse set of
enzyme candidates. Apart from NylC,,, six NylC candidates
(NyIC;_¢) were successfully expressed and purified, each with
varying amino acid sequence identities compared to NylC,,
(Table 1 and Fig. 1). Multiple sequence alignments revealed
the presence of the typical N/T autocleavage site in all NylC
candidates classifying them into the N-tn hydrolase superfam-
ily (Fig. 1). Moreover, the D308-D306-T267 catalytic triad of
NylCp,, was highly conserved in NylC;_s (Table 1 and Fig. 1).
NylC,_, also possessed the two additional catalytic residues,
namely Y148/Y130/Y137/Y120 and K191/K173/K180/K163,
required for PA hydrolysis as revealed for NylCp,. In NylC; and
NylCg, these additional catalytic residues were less conserved
since Y146 was replaced by F130/F129 and no K could be
identified corresponding to position K189 of NylC,, by mul-
tiple sequence alignments. Using ColabFold,*” the structures
of NylC,_¢ were predicted and aligned to NylCp,. These struc-
tural alignments revealed that K244 of NylCs and K189 of
NylC,, were in close proximity indicating that NylCs potentially
harbors all catalytic residues required for PA hydrolysis.
Although NylCs contained K242, structural alignments indi-
cated an incorrect arrangement of this residue as it was
opposed to K189 of NylCp, (Fig. 2). Overall, structural align-
ments revealed that the catalytic triads are highly conserved in
all NylC candidates compared to NylCp, (Fig. 2, Fig. S2 and
Table S2%). Moreover, NylCs and NylC¢ differ from NylC;_4, as
the additional catalytic residues were less conserved, which
might influence their activity towards PA.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Overview of NylC enzymes. The amino acid sequence identity towards NylC,, is shown as well as the predicted molecular weight of the -
and p-subunit upon post-translational autocleavage with C-terminal Hisg-tag. Multiple sequence alignments and structural alignments indicated the
putative catalytic triads of NylC;_s. The melting temperature (T,,,) of purified NylC,_¢ was determined by nano differential scanning fluorimetry.
Sequences of NylC,_g are shown in Table S1}

Protein Sequence identity Molecular weight (a + f) Putative catalytic Tm
D Donor organism (%) (kDa) triad (°C) Ref.
NylCp, Paenarthrobacter ureafaciens 100 27.4+94 D308, D306, T267 52 Kinoshita
et al.™?
NylC4 Agromyces sp. KY5R 98.6 27.4+94 D308, D306, T267 60 Yasuhira
et al.®
NylCg Kocuria sp. 95.8 27.4+94 D308, D306, T267 67 Yasuhira
et al.®
NylC, Leucobacter chromiiresistens JG =~ 84.2 28.0 +10.4 D310, D308, T269 58.4 This study
31
NylC, Microbacterium oxydans 62.5 26.0 +10.2 D292, D290, T251 67.4 This study
NylC,; Streptomyces sp. 63005 61.2 26.4 +10.2 D298, D296, T257 63.9 This study
NylC, Variovorax boronicumulans 48.4 25.9+9.3 D292, D290, T251 82.9 This study
NylCs Gordonia sp. 31.7 24.3 +12.6 D289, D287, T248 78.1 This study
NylCe Rhodococcus sp. 30.0 25.1+11.7 D291, D289, T250 74.9 This study
10, 20 300 40 S0 60 70
NylC,, FinT1iB - ~vHALTD 106G 1AV DBRERE AGBEV HEGE - -8 DA 0 EAEY {18 Revill N -EPEY S AR 4 - -6 EHTEE 70 NylCr2
NylC, MNESSHEPHALAEIDSGAVIDPAPRLAGAPVFGGE --GNGDFDLVPORSDGRERLRED-FPGVRI --AEG VIHLPA 81 0
NylC, MTDIH----R----—---——- LABVLE -———- AGERR DYAE TDREOVEND-EPGY LL --ABG IPA 63 7 PAM1
NylC, MTVTDRAGT ---- --PA -RATBAPS -FGRARTNDDFE LEEOPSBEOG TVEED - EPGVE: --2BG VBA 69 »
————————————————— HOG-PI8DER-ALS —FPOLK G VIEVEG 53 NyICa
VRG22 vE - DRI ey Al EPG ~vgw VDA 52
——————————————————— VAG - LB VG E-WOR ——PEVT PE IPGTG VVLADE 51 NyICk
il % I NyICk-TS
90 100 110 120 . ) 140 150 o0 o ‘ NVIC-1
NylC,, GAREAVDARGGAVGLSGE —------ DN HEECH NGE NGHGH FAG AGVIEH AL . ff 1 1 - - ~16E A= OTNE SAVAEIE Sl ST 154 4
NylC, GA GGAVGLAGG - DFNHATCLAGGSVYGL EAG AGVSPAL L SAT sallsT 156 M-NyIC
NylC, GA GGAVGASEL - G YNHATCL AGGSVEGL SAVAGVISEALF GAT SVBENS 138 ]
NylC, GARMEIDERGGAIGLSYED —KOFAHALCL SGESI¥GL GACAGYABELR GATINVIDE AMB DNA 145 w [ Nvic-2
Nylc, GADCE GGAPGLI1GG - - TRVDATISL AG GL IAA TGV SRM L. -VGWE KIALVISGATIMDFGGHE TNE 128 »
NylC, GATSA GGG RETDLLEPGNSVRGANATIVL TG GL SAADGVMRGLE. I6 LPMDEOG HVVPIV PAA! LPVGEWA 138 NyIC-3
NylC, SAV. GGG EGR =T DL.LDR SHSYORVDAVEL TGGSANGL AR DGV R YL CKNGKS LG ARG AVVEIVEGA LBVCOWE 137 t
* * kkk * *k *kk ok *k * * * % Tt‘Nle
180 190 200 210 220 230 240 250 2 ‘ Ph-NyIC
. i . i . . N § . § . . Y!
NylC,, 2‘ KAHIG KA & il VIBG EiFBOg RAGHG BT GAAFRRL ILAVVY PVGVI G T 231 o
NylC, RELGRAAEDFA VEG HFAOG RAGAG ----HE| GAAEROTI ILAVVV: AGRV 233 Ne-NyIC
NylC, VEPHTALGKAALOAAROGVIEVGERVEGE ----BA GAAE ROV VLVVTV. BERY 215
NylC, VVPBAALGRAALRTAERGRFPVERAGAG 10 ----WT GAAE ROV TLAAT DTV 222 7 NyiC-4
Nylc, ITMPBKALGAAANRSAOVETEPLGARGAG AAV F AAYEDY £l - BAGGOGAAE AMVG VEVAT ALGVI OBRV 208
NylC, RR IiGCiALDAA ~DADFAVE SVGAGAGARAG ALK - —-——- - —- -GG VGEAS I TLADGEARGL TVGAL VY. VIDPATGL 213 o [ Nylc-5
Nylc, BRBTA AAATACSTHLERG SAGAGHGARAGALK -~ -—-- - - Bech VRITHGEAAGY TVARLMVANEVGSVEDEY T6L 213 o
* * ok ok x * - —— NyIC-6
60 70 R EC 310, 320 ) 40 Lcc-IccG
NylC,, A - ~-HAE A0 VBE ¥ SMEBY HENDEA GIGP 306 - NylB*
Ny1C, 2 ---RHPV. HRAR [VKMS TVELNOEA GIgP 308 100
NylC, I 2 ---RHP VOLIS DVELKOFG GIOPEHTPLY 290 NylB
NylC, P - -—ii --AREAGD-G VRLDDRALHQFG MNBGIOP EHESIUB 296
NylC, VBGLRHR ---HHE REVLVBTASATVEABY PG -NEVATT DOPMPPL FLROLG ATOP 290 U — NfPolyA
Nylc, PBWGG LAAYGL——W --TRLREL-EAKGTV DA TIL§ VP SVRRLAM S| AVRP, PLB 287 9
NylC, BWGV-DAARAEEIGL --ARBRAL-GDKETV DAPISKAACRRVAV HATREAHSELE 289 NylAP
* * *  * *
87 GatA
350 3 . 390 400 | 410 420
Nylc, CBEUEAVEEDETE----- - '#B1iBE sSr-—§ ATAIG AR AVEEAGK ————————————————— == 355 s [ UMG-SP-1
Ny1C, LFA ---LP ISPESSR--G TALG ATA ALLEAAK -- 357 o]
NylC, ———LPEDPGTSR——G TAVA T ATLCAAG -- 339 UMG-SP-2
NylC, ---LBTTRS-RI-- AVELE SIA ATLSEAR 344
NylC, GBI LFA ———————————————— Byop 5 AVLOAVDF - 329 .
NylC, LEAVATG RRTADPEAAVDEE--[BEMERE 1AVVARLAEAS A TVVORAIVSAVVHATSVAG IBSYRDVVASAHEWDSE 364 050
NylC, IFA TA.V—TDALR P IPAFAAELPILAAVCEAAAVVVERAI\'AILSATSVADIPAYRDVLPSVEGR——— 364
*

Fig. 1 Multiple sequence alignments and phylogenetic analysis. (A) T-Coffee alignment algorithm?® was used for the multiple sequence alignment
using the EMBL-EBI tool.?° Amino acids are colored based on Clustal X 2.0 default coloring.*® Conserved amino acids are indicated with an asterisk
(*). The D-D-T catalytic residues (red arrows) and substrate-binding residues (Y/F and K) (orange arrows) are highlighted, while the N/T autocleavage
site is enclosed in a black box. The grey and black lines indicate the a- and p-subunits respectively. (B) Phylogenetic tree of NylCs enzyme within the
currently known polyamide-active enzymes as described in Bell et al.?* Enzymes described in this study are printed in bold. The tree is drawn to
scale, with branch lengths measured in the number of substitutions per site. The percentage of trees in which the associated taxa clustered together
are shown next to the branches.

NylC, s were expressed with a C-terminal Hisetag allowing approximately 10 to 100% within 48 h of incubation after purifi-
their purification. Although the ratio of cleaved (a- and f-subunit) cation,"® SDS-PAGE of purified NylC,_q indicated that no signifi-
to uncleaved (precursor) NylC,, was reported to increase from cant amounts of precursor protein was present without prior
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A) structural alignment catalytic residues

[ T267/T269 | [ Y146/v148]

[D308/310] [ D306/D3038|

1 268 269
NylC, NN [E-C
a-subunit f3-subunit
28.0 kDa 10.4 kDa

1 266 267
NylC, NN lC
a-subunit B-subunit
27.4kDa 10.3 kDa

C) structural alignment catalytic residues

| T267/T248 | [ Y146/r130 |

1 247 248

NylC, N{ N [T _IC
a-subunit f-subunit
24.3 kDa 12.6 kDa
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catalytic residues

B) structural alignment
‘ [ T267/T251 | [ 146rv130]

A9 /| K189/K173
o '
- [D308/m292] [ D306/D290 |
1 250 251
NylC, NN [l-C
a-subunit f3-subunit
26.0 kDa 10.2 kDa
1 M 2 3 4 5 6 M

kDa

D) kDa M

60 .=

50 =
40 ==

Fig. 2 Structural alignments of NylC,, and NylC, 5 and enzyme purification. Protein structures of NylCs were predicted using ColabFold?’ and
were aligned to NylCy,. The holistic structural alignments for NylC, (A), Nyl C; (B) and NylCs (C) are shown as well as the alignments of the catalytic
residues (box). The N/T-autocleavage site is highlighted in red. (D) SDS-PAGE of purified NylC;_¢. The lanes were loaded as followed: Marker (M),
NylC, (1), NylCs (2), NylCg (3), NylCs (4), NylC, (5), NylC; (6). The two bands correspond to the a- and $-subunits.

incubation. Instead, the o- and p-subunits of NylC;, were
detected indicating that their precursor autocleavage might be
faster compared to NylC,, (Fig. 1). Moreover, the interaction of a-
and p-subunits of NylC, ¢ were strong enough to allow purifi-
cation of both subunits with a single C-terminal Hise-tag, which
was present in the f-subunits. Unfortunately, NylC,,, could not be
expressed in Bacillus sp. Its heterologous expression seems to be
limited to Escherichia coli until today.’** For commercial pro-
duction of nylonases, however, expression in industrial work-
horses such as Bacillus sp. is a prerequisite, and further optimiz-
ation would be required.

Activity of NylCp, towards polymeric PA6 was enabled by
designing thermostable mutants as elevated reaction tempera-

9914 | Green Chem., 2024, 26, 9911-9922

tures typically result in increased accessibility of amorphous
polymer regions due to increased chain mobility.’>** To inves-
tigate the thermostability and thus evaluate the potential
activity towards polymeric substrates, purified NylC, ¢ were
subjected to nano differential scanning fluorimetry (DSF) to
determine their melting temperature (7},). Compared to non-
engineered NylC,, (Ty, = 52 °C),*" NylC,_s showed higher ther-
mostabilities ranging from T,, = 58.4 °C (NylC;) to Ty, =
82.9 °C (NylC,) (Table 1). The overall higher thermostability
indicates that NylC,_¢ might be active at higher temperatures,
which could facilitate depolymerization above the glass tran-
sition temperature (T,) of PA6 (T, 54 °C). Thermostability is a
key factor in enzymatic polymer degradation as extensively

This journal is © The Royal Society of Chemistry 2024
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shown for PET.*® Thus, if active, NylC;_q might be promising
candidates for enzyme engineering or shuffling to outperform
the current thermostability of engineered NylC,, (T =
88 °C).”!

2.2 Activity towards PA6 oligomers

To test whether the NylC; s candidates are true nylonases,
their activities towards cyclic and linear oligomers of PAS6,
designated as Ahx-oligomers, were tested. Subsequent HPLC
analyses were performed to detect degradation products.
Although NylC,, was reported to hydrolyze linear and cyclic
Ahx-oligomers with a degree of oligomerization greater than
three, none of the NylC, candidates was active towards
soluble linear Ahx oligomers (n = 2-7). Instead, activity
towards the cyclic Ahx-oligomer fraction (n > 2)*' was detected
for NylC,, NylC,, and NylCs by the release of linear Ahx-oligo-
mers. As additional control reaction, the Ahx-cyclic-dimer
hydrolase from P. ureafaciens (NylA,)'* was incubated with the
cyclic Ahx-oligomer fraction. As expected, this resulted in the
conversion of cyclic Ahx, into linear Ahx,. Activity of NylC; and
NylC, on the cyclic Ahx-oligomers resulted in the release of
linear Ahx, and Ahxs;, whereas NylCs additionally released
linear Ahx; (Fig. 3A). The linear degradation products were not
further hydrolyzed. In contrast to this, NylC,, was reported to

A) substrate: cyclic Ahx fraction

5000
— 4000
=S
8
< 3000
5
< 2000
©
[
2 1000
0
no NylC; NylC, NylC; NylC, NylCs NylCs NylA,
enzyme
B) substrate: soluble cyclic Ahx fraction
5000
~ 4000
3
&
< 3000
e
©
< 2000
©
[}
2 1000
0
no  NylC; NylC, NylC; NylC, NylCs NylCs NylA,
enzyme
Il cyclic Ahx2 B cyclic Ahx; [ cyclic Ahx,
3 cyclicAhx; 3 cyclic Ahxg
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further degrade such linear Ahx-oligomers yielding linear Ahx,
as end-product.’® Interestingly, no decrease in the concen-
tration of the soluble cyclic oligomers (n = 2-6) could be
detected by HPLC, even though linear products were produced
by NylC,, NylC,, and NylCs. This may be due to a limitation in
the detection of larger, insoluble oligomers. According to this
theory, the release of linear Ahx;_s by the NylCs must originate
from the hydrolysis of larger insoluble and thus undetectable
cyclic oligomers (n > 6). Hence, NylC; and NylC, are active
towards cyclic Ahxg_40, resulting in the initial ring opening to
the corresponding linear oligomers, followed by subsequent
degradation to linear Ahx, s by an endo-cleavage. The
additional release of linear Ahx; by NylCs, while not degrading
cyclic Ahxg, indicates activity towards cyclic Ahx, that is
degraded to linear Ahx;_, after initial hydrolysis to linear Ahx;.
To confirm the activity towards exclusively insoluble Ahx-oligo-
mers, only the soluble fraction of cyclic Ahx-oligomers (n < 6)
was tested as substrate for NylC, ¢ (Fig. 3B) by filtration.
Indeed, none of the enzymes showed activity towards the fil-
tered cyclic Ahx-oligomers as no linear degradation products
were detected, suggesting that the enzymes were exclusively
active on insoluble cyclic and linear oligomers.

Overall, these results reveal that the activity and substrate
specificity of NylC;, NylC,, and NylCs differ from that of

10000 Ahx,
= 5000{ I
23 1000
= 1071 Ahxg
.‘g 8+ Asz
S
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Fig. 3 Activity screenings of NylC,_¢. Reactions were performed using 4 g L™ cyclic Ahx-oligomers (Aco2)®! (A) and its soluble fraction that was
obtained by filtration (B). Reactions were performed using 500 nM of purified enzyme in 50 mM phosphate buffer, pH 7.3 at 30 °C for 8 h. Cyclic and
linear soluble oligomers were detected using HPLC. The mean values and standard deviations (SD) of three replicates are shown (n = 3).
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NylCy,, as no soluble cyclic or linear oligomers were hydrolyzed
by the novel NylC enzymes. Instead, activity towards insoluble
oligomers was observed, which might be accompanied by the
ability to hydrolyze insoluble linear chains of PA. The inactivity
of some NylC candidates highlights the diversity of the N-tn
hydrolase superfamily, which complicates the identification of
new NylCs based on in silico analyses only. The different sub-
strate specificities of the identified NylCs compared to NylC,,
and its close homologs indicate a much greater diversity of
nylonases in nature than originally anticipated.

The activity of NylC;, NylC,, and NylCs towards insoluble
Ahx-oligomers suggested that they might also be capable of
hydrolyzing PA6 of higher molar masses. To test this, each NylC
was incubated with powdered PA6 at temperatures between 30
and 70 °C in increments of 10 °C. However, none of the
enzymes was active towards PA6 under any of the conditions
tested as no soluble oligomers were detected in the super-
natants. It has to be noted that the enzymatic activity towards
polymeric substrates greatly depends on several factors such as
crystallinity and dispersion of the substrate. Previous studies
did detect NyIC activity on polymeric PA, but they also demon-
strated that the activities of NylC are remarkably higher when
thin-layered substrate films were used. These films were
approximately 1000-fold thinner than the diameter of powdered
PA, resulting in a highly increased reaction rate.”>** Moreover
Nagai et al.?® discovered that even after enzymatic depolymeri-
zation of PA6, oligomers were still bound to the polymer chains
through hydrogen bonding. The combination of such factors
might have contributed to the apparent inactivity of NylC, ¢
towards powdered PA6 in this study. Enzyme engineering might
overcome these barriers as performed for NylC,,, whose non-
engineered version also showed no activity towards PA6.%°

2.3 Synthesis and enzymatic degradation of poly(ester
amides)

To test the activity of NylC,_ towards other polymeric substrates,
we performed activity assays using PEA. In contrast to well-estab-
lished PA, PEA are an emerging group of polymers and combine
the thermal and mechanical properties of PA with the biodegrad-
ability of polyesters.**>* To investigate if NylC,_g are able to depo-
lymerize PEAs, we tested their activities towards powdered PA6.6-
, PA6.10-, or PA6.6-c0-6.10-based PEAs (PEA1-4) that contained
aliphatic or branched diols to yield the desired PEAs (Fig. 5).
Both the average molecular weight (M,,) and number average
molar mass (M,,) differed among the synthesized statistical PEA
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ranging from 1846-7371 Da (M,) and 3587-13 814 Da (M),
respectively (Table 2). While PEA1 displayed the highest M,, and
M,, values among the PEA samples (M,, = 7371 Da and M,, =
13 814 Da), these values still fell significantly below those of PA6
(M,, = 12220 Da and M,, = 67 860 Da).

The differential scanning calorimetry (DSC) thermograms,
showing the heating and cooling curves, revealed crucial
thermal properties of PEA1-4 and PA6 (Fig. 4). For PA6, two
significantly distinct melting peaks were observed (T,,1 =
213 °C and Ty,,2 = 220 °C). In contrast, PEA2 and PEA4 showed
two similar melting peaks, as both feature the first peak at a
temperature of ~173 °C and a second melting peak at 210 °C,
which is lower compared to PA6. This phenomenon could be
attributed to the characteristics of PEA2 and PEA4 incorporat-
ing sebacic acid as a monomer, which increases the stability of
secondary crystal structures within the polymer.** Notably, the
only distinction between PEA2 and PEA4 lies in the ester
monomers employed, yet their melting points exhibited simi-
larity. Consequently, it is reasonable to anticipate that the
melting point of PEA may be more significantly influenced by
the amide regions rather than the ester regions. The existence
of two melting peaks may reflect the presence of a secondary
crystal structure or the formation of crystals of different
sizes,** but further investigation is required to define the
precise cause. In contrast to PEA2 and PEA4, PEA1 and PEA 3
displayed a less sharp single melting peak at temperatures of
236 °C and 182 °C, respectively. Hence, PEA1 has the highest
melting point of all PEA samples. These results suggest that
based on the lower melting peaks of the PEA2-4 samples in
comparison to PA6, those samples might need to be processed
at lower temperatures than PA6, whereas PEA1 might demand
a higher processing temperature than PAe6.

The DSC thermograms of both PA6 and all PEA samples
revealed a recrystallization temperature (7Ty.) around ~198 °C
for PA6, ~208 °C for PEA1, ~188 °C for PEA2 and PEA4, and
~160 °C for PEA3. During cooling, variations in crystal size or
type, along with potential defects, may arise in the forming
crystalline domains. Upon heating, these smaller crystalline
domains (and sometimes defects in the crystal structure) can
melt and recrystallize or merge into larger crystalline domains,
which subsequently melt at higher temperatures. This recrys-
tallization peak may also indicate the presence of amorphous
polymer chains that gain mobility at elevated temperatures,
forming a more ordered crystalline structure, as previously
documented.?® In the cooling curve results, PA6 exhibited a

Table 2 Polymer characteristics of PEA1-4 and PA6. Weight average molecular weight (M,,), number average molar mass (M,)) and polydispersity
index (PDI) values of unprocessed PEA1-4 and PAG6 granules are as well as he melting temperatures (T,,1 and T,,2), re-cooling temperature (T,.), and
crystallization temperature (T.). Data means are with standard deviation (n = 3)

Polymer M, (Da) M,, (Da) PDI Tm1 (°C) Tm?2 (°C) Ty (°C) Te (°C)
PA 6 12220 + 855 67 860 + 4750 5.55 213 £2 220+2 198 + 2 164 + 2
PEA1 7371 + 516 13 814 £ 936 1.87 236+ 3 — 208 +3 200+ 3
PEA2 2099 + 147 4174 £ 272 1.99 173 +2 210+ 3 188+ 3 179+1
PEA3 2139 £ 159 4880 + 341 2.28 182 +2 — 160 + 2 136 + 2
PEA4 1846 + 129 3587 £ 231 1.94 173 +2 210+3 189+ 2 181+3
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Fig. 4 DSC thermograms of PEA1-4 and PA6 granules. The heating (a) and cooling (b) curves are shown.

crystallization peak remaining at approximately ~164 °C
(Fig. 4 and Table 2). Conversely, PEA1, PEA2, and PEA4 dis-
played peaks at higher temperatures compared to PA6, with
respective values of ~200 °C, ~179 °C, and ~181 °C. Only PEA3
exhibited a lower crystallization temperature of 136 °C.

No unambiguous T, were visible in the DSC data, likely
because of the limited sensitivity of the method. However,
introducing more variation in the carbon-count of the mono-
mers creates more irregularities in the crystallinity, while it
also diminishes the degree of hydrogen bonding between the
amide groups. Hence, the T, of the material should become
lower than in PA66 (44 °C (ref. 36)), and PA6 (54 °C (ref. 37)),
for example. The relations between nylon composition, hydro-
gen-bonding, Ty, and Ty, were neatly described previously.*?

After their characterization, the activities of NylC;_¢ towards
PEA1-4 were investigated. NylC; and NylC, were active towards
PEA1 and PEA3 as the release of linear PA6.6- and PA6.10-oli-
gomers was detected (Fig. 5a and c). NylC; showed higher
activities for both substrates, as it released approximately
three-fold more linear PA6.6 dimer (PA6.6,) than NylC,. In con-
trast to this, no or only low activity was detected towards PEA2
or PEA4, respectively, which contained PA6.10 regions (Fig. 5b
and d). These results indicate a preference for NylC,_, towards
amide bonds within PA6.6 regions compared to PA6.10
regions. For engineered NylC,,, a similar preference for amide
bonds consisting of shorter monomers was revealed (PA6.6
and PA6.6-c0-6.4) and no degradation of PA6.10 has been
reported until today.>® Given the different polymer character-
istics of PEA1 and PEA3, the varying biodegradability is likely
related to the enzymatic specificities of NylCs rather than to
the individual polymer properties of PEA1-4.

To facilitate depolymerization, the well-established leaf and
branch compost cutinase (LCC, EC 3.1.1.74, EC 3.1.1.101)*®
able to hydrolyze various polyester, including poly(ester-
urethanes),>® was used for initial depolymerization of the
PEAs. Interestingly, Bell et al.® recently revealed minor activity

This journal is © The Royal Society of Chemistry 2024

of an LCC variant towards thin-layered PA6. Here, activity of
LCC was expected to release amide oligomers that might be
further degraded by NylC; and NylC,. Since LCC features a
high temperature optimum, initial hydrolysis of PEA1-4 was
performed at 70 °C and subsequent treatment with NylC, ,
was performed at 30 °C. To track any residual activity of LCC
during the subsequent incubation at 30 °C, control reactions
with NylB,, were performed. This nylonase was reported to
specifically hydrolyze linear PA6-oligomers not showing any
activity towards PA6.6, PA6.10, and their corresponding
oligomers."*® Initial treatment of PEA1-4 by LCC resulted in
the release of amide oligomers with primary amino groups
revealing activity of LCC towards the amide regions confirming
the amidase activity of LCC described by Bell et al® (Fig. 5).
For PEA1, only containing PA6.6 regions, the release of amide
oligomers by LCC was approximately 2.7-fold lower compared
to NylC; (Fig. 5a). In contrast to this, LCC treatment of
PEA2-4, containing PA6.6-c0-PA6.10 or PA6.10
resulted in highly increased amounts of amide oligomers com-
pared to NylC; (Fig. 5b-d). The combination of LCC and NylC,
resulted in a synergistic effect when PEA1 and PEA3 were

regions,

tested as substrates, yielding approximately 2.2- and 1.3-fold
more soluble products compared to the sum of products
released by individual LCC or NylC; treatments. Hence, initial
depolymerization of LCC resulted in the release of larger,
undetectable PA6.6-oligomers that were subsequently cleaved
by NylC;. This synergistic effect highlights the substrate speci-
ficity of NylC, towards PA6.6-oligomers that were not a pre-
ferred substrate for LCC. In contrast to PA6-oligomers, NylC,
was active towards soluble PA6.6-oligomers, as revealed for
PA6.6,, which resulted in the formation of PA6.6, as the end
product of hydrolysis. No synergistic effect was observed when
PEA2 and PEA4 were tested confirming low activities of NylC,
towards PA6.10-oligomers. Overall, the combination of LCC
and NylC, resulted in the release of approximately 0.6, 0.5, 1,1,
and 0.6% of monomer equivalents present in the tested

Green Chem., 2024, 26, 9911-9922 | 9917
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B) PEA2: HMDA (37.5%), SA (50%), HDO (12.5%)
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Fig. 5 Enzymatic degradation of PEA by LCC and nylonases. Degradation products containing primary amino groups were detected via pre-column
derivatization coupled with HPLC analysis. The concentrations of dimer and tetramer of PA6.6 (PA6.6,,-, and PA6.6,,_,) and PA6.10 (PA6.10,,-1 and
PA6.10,,-,) are shown. Note that a structure of PA6.6 with m = 1 is technically a dimer consisting of one molecule adipic acid and one molecule 1,6-
hexamethylenediamine. The composition of PEA being statistical polyester-polyamide copolymer are shown in mol % (HMDA = 1,6-hexamethyl-
enediamine, AA = adipic acid, SA = sebacic acid, HDO = 1,6-hexanediol, and 3-MPDO = 3-methylpentanediol. Powdered PEA (10 g L™) were used
as substrate for the reactions performed in 50 mM phosphate buffer (pH 7.3) using 500 nM of purified enzyme. Reactions containing a single
enzyme were incubated at 70 °C (LCC) or 30 °C (NylC,_¢) for 24 h. For combined enzymatic reactions, samples were first incubated with LCC (70 °C,
24 h) and subsequently with NylC,, NylC; or NylBy, (30 °C, 24 h). The mean values and standard deviations (SD) of two replicates are shown (n = 2).

PEA1-4 materials respectively. Although the polymer character-
istics of PEA2-4 were rather similar, the biodegradability of
PEA3 was remarkably higher within this group. This highlights
the importance of incorporating PA6.6 regions into PEA as
target hydrolysis sites for nylonases. PEA1, containing pure
PA6.6-regions, showed less biodegradability compared to PEA3
(PA6.6-c0-PA6.10 regions) but featured improved polymer
characteristics such as increased M, and M,. Hence, it is
crucial to design future PEA that align both counteracting
parameters, as suggested with PEA1, by focusing on the incor-
poration of PA6.6 regions and boosting the nylonase activities.

Overall, NylC; was revealed as most active nylonase and

9918 | Green Chem., 2024, 26, 9911-9922

showed activities towards not only PA6.6 oligomers but also
PEA that contain PA6.6-regions (Table 3).

The results from biodegradation experiments support the
discussed relations of the T, of the different materials. The
higher degree of mobility of the polymer chains in material
with higher monomer variety and, hence, assumed lower T,
supposedly facilitate latching of the enzymes on the polymer
chains in a sterical sense, as also indicated in a recent com-
parison of nylon 66 and nylon 56 biodegradation.*® Notably, it
is reasonable to assume that the T, of submerged PEAs are
considerably lower in the aqueous solution with water mole-
cules interacting with the intramolecular hydrogen bond

This journal is © The Royal Society of Chemistry 2024
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Table 3 Comparison of detected enzyme activities. Type of polyamide
and oligomeric state to which the enzymes show activity by releasing
smaller linear oligomers

Enzyme Linear oligomers (n“) Cyclic oligomers (n“)
NylC1 PA6 (1 > 6) PA6 (1 > 6)
PA6.6 (n > 4)
NylC2 PA6 (1 > 6) PA6 (1> 6)
NylC3 No activity No activity
NylC4 No activity No activity
NyIC5 PA6 (n > 6) PA6 (1 > 6)
NylC6 No activity No activity
NylA No activity PA6 (n=12)

“n = minimum number of monomers. Enzymes did not show activity
to oligomers with less monomers.

network than in the dry polymer,*"** further facilitating enzy-
matic attack.

3 Conclusions and outlook

In the present study, we increased the enzymological diversity
of NylCs and discovered three novel NylCs that are active
towards insoluble cyclic and linear Ahx-oligomers. Overall, we
greatly increased the sequence space of NylCs, facilitating
future enzyme engineering to boost their activities towards PA
and PEA. NylC; has only 32% sequence identity to NylC,,,
with one of the putative substrate binding residues (K242)
located in an atypical position. Based on previous engineering
of Nlep2,21 rational design can be performed to increase the
thermostability of the novel nylonases. Moreover, the recently
developed high-throughput screening system for directed evol-
ution of nylonases can be applied to identify yet unknown
mutations that increase the overall activities.”* Such mutations
could for example facilitate the post-translational autocleavage,
the structural re-assembly of a- and f-subunits, or the inter-
actions between individual NylC monomers. Two of the novel
NylCs were active towards polymeric PEA substrates, showing
the potential to enable efficient and sustainable enzymatic re-
cycling of PA and PEA in the future. Finally, this study paves
the way for linking insights into the enzymatic biodegradabil-
ity of polymers with their architectural design and highlights
PEA as promising hybrid polymers that combine the contrary
parameters of performance and biodegradability.

4 Materials and methods
4.1 In silico tools

Public and internal databases and genome sequences of iso-
lates were screened for putative NylC candidates by homology
searches (threshold >30% identity with NylCp). Multiple
sequence alignments were performed using the EMBL-EBI
tool® and the T-Coffee alignment algorithm®® was used
chosen. Amino acids were colored based on Clustal X 2.0
default coloring.?® The phylogenetic tree construction was con-
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ducted using MEGA11** by using the Maximum Likelihood
method and JTTmatrix-based mode, with 1000 bootstraps.
Protein structures were predicted using ColabFold®” and struc-
tural alignments were performed with UCSF Chimera.**

4.2 Enrichment cultures

Soil samples (10 g L™') from a compost heap were used to
inoculate mineral salts medium*’ supplemented with 50 g L™"
of a poly(ester amide) consisting of adipic acid, 1,6-hexa-
methylenediamine, and 1,6-hexanediol. Shake flasks were
incubated at 30 °C and 200 rpm for 3 d until an increase in
turbidity was observed, after which 1% was transferred to fresh
medium to enrich strains. After five re-inoculations, enriched
strains were isolated on lysogeny broth (LB) agar plates. For
cryogenic conservation, strains were cultivated in LB medium
for 30 °C for 18 h and 500 pL of cell culture was mixed with
500 pL of 50% (v/v) glycerol. Glycerol stocks were stored at
—80 °C.

4.3 16S rDNA sequencing

Genomic DNA was isolated from cells obtained from LB cul-
tures using the Monarch gDNA Purification Kit (NEB). The 16S
rDNA sequence was amplified from the isolated gDNA by PCR
using Q5 High-Fidelity 2x Master Mix (NEB) and the primer
FD1/2 (5-3' AGAGTTTGATCMTGGCTCAG) and RP1/2 (5-3'
ACGGYTACCTTGTTACGACTT).*® PCR products were purified
using a Monarch PCR Cleanup Kit (NEB) and sequenced by
Eurofins Genomics (Ebersberg, Germany). The obtained
sequencing results were aligned to the nucleotide collection
(nr/nt) of the NCBI database using BLASTn.*”

4.4 Whole-genome sequencing

One microgram of genomic DNA was used for library prepa-
ration using the NEBNext Ultra™ II DNA Library Prep Kit for
Ilumina (NEB). The library was evaluated by qPCR using the
KAPA library quantification kit (Peqlab, Erlangen, Germany).
Afterwards, normalization for pooling was done and paired-
end sequencing with a read length of 2 x 150 bases was per-
formed on a MiSeq (Illumina). The reads of demultiplexed
fastq files as the sequencing output (base calls) were trimmed
and quality-filtered using the CLC Genomic Workbench soft-
ware (Qiagen Aarhus A/S, Aarhus, Denmark). The filtered reads
were used for de novo assembly using the CLC Genomic
Workbench software.

4.5 Molecular cloning

Codon-optimized genes encoding the nylonases were chromo-
somally integrated and expressed in Bacillus subtilis using a
similar setup as described previously*® with the following
modifications. A 21 bp sequence was added at the terminal
gene sequences encoding a C-terminal histidine tag (His¢-tag)
and harboring the stop codon. Cells were made competent
according to Yasbin et al.*®

Green Chem., 2024, 26, 9911-9922 | 9919


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc01662a

Open Access Article. Published on 06 August 2024. Downloaded on 6/20/2026 5:03:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

4.6 Enzyme purification

Cells of nylonase-expressing B. subtilis were cultivated in
Cal18 medium (4% Yeast extract, 0.13% MgSO,-7H,0, 5%
Maltodextrin, 2% Na,HPO,-12H,0O, 0.67% Na,MoQO, trace
metal solution and 0.01% Dowfax 63N10)*® or terrific broth
(TB) medium® for 48-72 h at 30 °C. Cell cultures were centri-
fuged at 7000g for 15 min and the supernatant was used for
immobilized-metal affinity chromatography using His
SpinTrap™ columns (Cytivia). After that, cells were desalted
with HiTrap® desalting columns (Cytivia) using 50 mM HEPES
buffer (pH 7.3). Purified samples were analyzed by SDS-PAGE
analysis using Criterion™ Precast Gels.

4.7 Nano differential scanning fluorimetry

The melting temperature (T},,) of the studied enzymes was ana-
lyzed by nano differential scanning fluorimetry (nanoDSF)
using a Prometheus NT.48 (NanoTemper). For this, the
enzymes were diluted to a concentration of 2 mg mL™" in
50 mM HEPES buffer (pH 7.3). The thermal stability was
tested with a heating scan range from 20 to 90 °C at a scan
rate of 3 °C min~". Data analyzes and determination of the T},
performed wusing the PR ThermControl software
(NanoTemper).

was

4.8 Activity assays

All enzymatic reactions were performed at 30 °C in 50 mM
phosphate buffer, pH 7.3 using 500 nM of purified enzyme for
8 h. The cyclic Ahx-oligomer fraction Aco2 (n > 2)*" was used
at concentrations of 4 g L™' resulting in a turbid reaction
sample due to insoluble Ahx-oligomers. For investigating the
soluble cyclic Ahx-oligomers as substrate, this mixture was fil-
tered through a 0.22 um PES filter membrane to remove in-
soluble oligomers. For degradation experiments with poly-
meric substrates, 10 g L™ of powdered PEA was used as sub-
strate. Initial treatment with nylonases was performed at
30 °C, whereas LCC treatment was performed at 70 °C.
Combined enzymatic degradation was initially performed at
70 °C (LCC) and subsequently at 30 °C after the addition of
nylonases.

4.9 High-performance liquid chromatography analysis

Samples obtained from activity assays were filtered through an
AcroPrep™ 96-well filter plate (Pall Corporation, Port
Washington, NY, USA) to remove any particles prior to HLPC
analysis. HPLC analysis was performed using a 1260 Infinity II
HPLC equipped with a fluorescence detector (FLD) and a
diode array detector (DAD) (Agilent, Santa Clara, California,
USA). To analyze linear PA-oligomers harboring primary amine
groups, pre-column derivatization using o-phthaldialdehyde
(OPA) reagent (Sigma-Aldrich, ready-to-use-mix) was per-
formed. For separation of the derivatized molecules, the
Kinetex® 2.6 ym EVO C;g 100 A column (100 x 2.1 mm)
(Phenomenex, California, USA) was used. As mobile phase,
10 mM sodium-borate buffer (A) (pH 8.2) and methanol (B)
was used with an initial ratio of 70:30 (A: B).>! This ratio was

9920 | Green Chem., 2024, 26, 9911-9922

View Article Online

Green Chemistry

gradually increased to 30:70 after 10 min and 0:100 after
12 min followed by 1 min of 0:100. After that, the ratio was
switched to 70:30 after 14 min and 1 min post-run was per-
formed. The flow was adjusted to 0.4 mL min™" at and the
oven temperature was set to 40 °C. Derivatized molecules were
detected using a FLD using an excitation of 1 = 340 nm and an
emission of 4 = 450 nm. Detection of cyclic Ahx-oligomers was
performed using the DAD with an absorption of 4 = 210 nm
(reference 1 = 300 nm). Cyclic oligomers of Ahx were separated
using a Zorbax Eclipse XDB-C8 column (4.6 x 150 mm) with a
H,Owminniq : MeOH ratio of 60 :40 and a constant flow of 0.5 mL
min~" at 40 °C. As no analytical standards were available for
cyclic Ahx-oligomers, the corresponding peak area was ana-
lyzed allowing semi-quantitative analysis.

4.10 Polymer synthesis

In a typical random polycondensation procedure, the synth-
eses of statistical polyester-polyamide (PEA) copolymers from
1,6-hexamethylenediamine, adipic acid or sebacic acid, and
1,6-hexanediol or 3-methylpentanediol (Table 4) were con-
ducted solvent-free and under an inert atmosphere on approxi-
mately a 0.15-0.35 kg scale in a glass polymerization reactor
(500 mL size; Glasblazerij Janssen B.V.). Mechanical stirring
was applied using an overhead stirrer (Heidolph, hei-TORQUE
Expert) connected to a magnet stirring coupling piece with a
torque restriction of 20 MPa cm™" (Premex Glenfiz), and a 2D-
round-shaped stainless steel stirring anchor. Vacuum was
applied using a membrane pump (Pfeiffer MVP-15) in conjunc-
tion with a manually operated vacuum controller (Vacuubrand,
Vacuu-Select). Stoichiometrically correct amounts of reagents
(i.e. MOlgjacia = MOlgjamine + MoOlgjo) Were weighed into the
reactor along with 0.1 wt% catalyst and 0.1 wt% antioxidant.
The setup was sealed and carefully purged with five vacuum/
nitrogen cycles, and subsequently set at P = 900 mbar. The
reaction was initiated by heating using a silicone oil bath to
reach 220 °C within 45 minutes under stirring at 50 rpm, upon
which the reaction mixture turned into a viscous yellow liquid
and profuse water distillation took place. Whenever the water
distillation was observed to cease, all reaction conditions were
gradually driven more stringent - toward 100 mbar, 240 °C,
and stirring at 300 rpm - over the course of two hours.
Intermediately, the reactor was filled with nitrogen gas and the
flask with aqueous condensate was quickly replaced by an
empty one under an outflow of nitrogen gas. The reaction was
proceeded for another 3 hours at 240 °C and stirring at 300

Table 4 Composition of PEA in mole percent (mol%). Monomers are
abbreviated as followed: adipic acid (AA), sebacic acid (SA), 1,6-hexa-

methylenediamine (HMDA), 1,6-hexanediol (HDO), and 3-methyl-
pentanediol (3-MPDO)

Polymer AA SA HMDA HDO 3-MPDO
PEA1 50 0 37.5 12.5 0

PEA2 0 50 37.5 12.5 0

PEA3 25 25 37.5 12.5 0

PEA4 0 50 37.5 0 12.5

This journal is © The Royal Society of Chemistry 2024
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rpm but now the vacuum was gradually decreased to 1 mbar to
afford substantial buildup of polymer chains, as observed by
the thickening of the reaction mixture and the gradual
increase of monitored torque on the overhead stirrer.
Ultimately, the vacuum was released by nitrogen filling into
the reactor, and the polymeric product was cast into a silicone
tray while still hot and molten.

4.11 Polymer characterization

Differential scanning calorimetry was carried out using the
Q2000 device (TA Instruments, Asse, Belgium). We focused on
the melting temperature (Ty,), the recrystallization temperature
(Tw), and the crystallization temperature (7.) within the
different PEA in comparison to PA6. All samples were tested at
a heating rate of 10 °C min™", using a temperature range of 0 to
275 °C with a sample size of ~5 mg. For each sample, we made
three measurements, and the mean values are presented.

The molecular weight of the samples was determined by gel
permeation chromatography (GPC) using a 1260 Infinity System
(Agilent Technologies, Santa Clara, CA, USA). We used hexafluor-
2-isopropanol (HFIP) containing 0.19% sodium trifluoroacetate
as the mobile phase, flowing at a rate of 0.33 mL min™". GPC
was used to compare the PEA samples to the polymer PA6.
Solutions were prepared by dissolving 3 mg samples in HFIP for
~3 h before passing through a 0.2 pm polytetrafluoroethylene
filter and injecting them into a modified silica column filled
with 7 pm particles (Polymer Standards Service, Mainz,
Germany). The relative molecular weight (M), number average
molar mass (M,), and polydispersity index (PDI) were deter-
mined using refractive index detectors calibrated with a standard
polymethyl methacrylate polymer (1.0 x 105 g mol ™). We per-
formed GPC analysis three times with each sample and pre-
sented the mean values for comparison.

Data availability

The data supporting this article have been included as part of
the ESI.{ Protein sequences are available at NCBI Genbank at
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