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The Key to Enzymatic Degradation of Polybutylene
Terephthalate (PBT): Influence of Semicrystalline
Properties on Degradation
Annalena Pongratz, Andreas Gagsteiger, Birte Höcker,* and Holger Ruckdäschel*

The rapidly growing plastic production and its environmental
impact necessitate closed-loop recycling strategies for all polymers.
For polyesters, which are susceptible to hydrolysis, enzymatic deg-
radation offers a promising solution. While amorphous polyethyl-
ene terephthalate (PET) is already fully degradable, enzymatic
breakdown of polybutylene terephthalate (PBT) remains challeng-
ing and underexplored. This study investigates the enzymatic
degradability of PBT by systematically modifying its semicrystalline
structure and optimizing enzymatic degradation conditions. Several
PET-hydrolases were tested for their capability to degrade PBT, with
LCC variants proving most effective. Increasing incubation temper-
atures drastically improve the release of soluble degradation

products of PBT, with 80 °C as optimum. To assess the impact of
semicrystalline properties, PBT substrates with varying contents
of mobile amorphous fraction (MAF), rigid amorphous fraction
(RAF), and crystalline fractions, as well as different lamellar morphol-
ogies, are prepared. Degradation trials reveal that lowering crystal-
linity significantly improve enzymatic PBT hydrolysis, yielding up to
1.7mM of soluble products within 24 h. Both MAF and RAF are
hydrolyzed at comparable rates, whereby incubation temperatures
near the glass transition of RAF are required for significant hydro-
lysis. These findings demonstrate the interplay between material
and enzyme properties, showcasing that fine-tuning both is key
to advancing efficient enzymatic PBT recycling.

1. Introduction

The consumption of plastic products has grown continuously
since the start of their industrial production over a century
ago. In 2022 alone, over 400 million metric tons of plastic prod-
ucts were produced.[1,2] This growth, coupled with missing or
inadequate end-of-life management and the use of mainly crude
oil for production, has led to significant environmental problems.
In response, governments worldwide are attempting to counter-
act these developments by implementing recycling targets and
restrictions. These target both commodity plastics, particularly in
packaging, as well as engineering plastics, such as those used in
the automotive industry.[3,4]

To meet the political restrictions and to reduce the environmen-
tal impact of plastic products, several recycling strategies are

investigated. Among these, mechanical, chemical, and biological
recycling have gained academic and industrial attention.
Biological recycling, specifically enzymatic hydrolysis, is particularly
promising. It could allow selective, closed-loop recycling frommixed
plastic waste under mild conditions and without harsh chemicals.[5,6]

Semiaromatic polyesters such as polyethylene terephthalate
(PET) and polybutylene terephthalate (PBT) are of particular
interest for closed-loop recycling due to their widespread use
in the packaging, automotive, and electrical industries.[7–9]

Both polyesters are semicrystalline and challenging substrates
for enzymatic degradation. Their morphology is best described
using the three-phase model, which differentiates between
crystalline regions Xc and an amorphous phase that is
subdivided into two distinct sub-phases: the mobile
amorphous phase (MAF) and the rigid amorphous phase
(RAF). Compared to the crystalline domains, both amorphous
phases exhibit lower chain packing density and reduced molec-
ular orientation. The RAF primarily serves as a transitional layer
between the crystalline structures and MAF. Within the RAF,
chain segments are subject to mobility restrictions as a result
of their proximity to and interaction with the crystalline
phase.[10,11] Because of these constraints, RAF does not devitrify
at the glass transition temperature (Tg) of MAF; instead, its Tg is
shifted to higher temperatures �101 °C for PBT, and 200 °C for
PET.[12–14] The proportions of crystalline, RAF, and MAF
phases are influenced by the polymer type and its thermal
history.[10,13,14] PET, characterized by slower crystallization kinet-
ics compared to PBT,[10,15] typically exhibits low crystallinity
levels even in commercial applications. In contrast, commercial
PBT generally has a crystallinity degree above 40%, depending
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on production methods and grade.[16] Under conventional proc-
essing, amorphous and crystalline domains of both polymers
adopt a stacked-lamellar morphology, consisting of alternating
crystalline lamellae and amorphous interlayers, that comprise
MAF and RAF. Lateral dimensions of both the crystal lamella,
including its thickness Lc, as well as the amorphous interlayer
thickness La, are dependent on the applied crystallization
conditions.[15,17]

The interest in enzymatic recyclability of semicrystalline poly-
esters started with the description of PET-degrading enzymes in
the early 2000s. Later, research interest grew with the discovery of
IsPETase.[18] This sparked searches for new enzymes as well as
protein engineering efforts to improve enzyme activity and thus
degradation efficiency. Currently, multiple highly efficient PET-
hydrolases have been identified, which are capable of degrading
at least amorphous PET up to 100% within 24 h.[5,19–27] In contrast,
enzymatic hydrolysis of PBT remains largely unexplored. A few
studies reporting on enzymatic PET degradation included PBT
as an alternative substrate, but only miniscule amounts of prod-
uct formation could be observed.[19,28,28–31]

Studies on PET have shown that increased crystallinity
severely inhibits enzymatic degradation. Depending on the
enzyme variant, substrate release is reduced close to zero for crys-
tallinities exceeding 18%–25%.[32–36] This sensitive reaction of the
enzyme toward crystallinity is primarily attributed to the reduced
chain mobility and increased molecular packing within crystalline
regions, which restricts access to the polymer chains. In addition
to the reduced degradation rate, several studies have reported a
noticeable delay in product release when working with highly
crystalline PET substrates.[32,33] Further, the effect of MAF and
RAF on the product release was investigated, whereby it was
found that MAF seemed to degrade faster than RAF.[33]

Previous studies have shown that semicrystalline morphology
plays a critical role in the enzymatic degradability of PET.[32–36] In
contrast, studies involving PBT have thus far only relied on com-
mercially available materials, which likely exhibit degrees of crys-
tallinity beyond the threshold tolerated for enzymatic hydrolysis.
This suggests that PBT degradation may be feasible if its semicrys-
talline properties are optimized, and appropriate incubation con-
ditions are applied.

In this study, we demonstrate that PBT can be enzymatically
hydrolyzed to a significant extent by tailoring enzyme and substrate
conditions. An immense improvement in enzymatic PBT degrada-
tion is achieved by increasing the incubation temperature far
beyond Tg. We explored different degradation conditions for PET
and PBT using variants of the Leaf-Branch Compost Cutinase
(LCC) enzyme[37] and observed different profiles, including temper-
ature, enzyme concentration, and overall efficiency at the respec-
tive optimal conditions. We further identified which semicrystalline
features—such as fractional composition (MAF, RAF, and crystalline
fraction) and lamellar structure dimensions (Lc and La)—most sig-
nificantly influence enzymatic degradability of PBT. Therefore, a
series of substrates with systematically varied semicrystalline prop-
erties was prepared through rapid quenching followed by con-
trolled isothermal annealing. These substrates were then
subjected to enzymatic hydrolysis to assess their degradability.

2. Results and Discussion

2.1. Annealing of Quenched PBT

To assess the influence of variations in the semicrystalline mor-
phology of PBT on enzymatic degradability, PBT substrate prop-
erties were systematically modified through isothermal annealing
from the glassy state. In the following, the influence of annealing
on the polymer’s fractional composition is analyzed, including Xc,
the total amorphous fraction (TAF), and its sub-fractions—MAF
and RAF. Additionally, the impact of annealing on crystalline mor-
phology is examined, with particular focus on the dimensions of
Lc, La, and their sum, the long period (LP).

2.2. Influence of Isothermal Annealing on Fractional
Composition

The impact of thermal treatment on fractional composition was
assessed using differential scanning calorimetry (DSC) and mod-
ulated DSC (MDSC) data. Figure 1 illustrates the variation of TAF,
MAF, and RAF as a function of annealing temperature, Tanneal, with
detailed parameter values provided in Table 1. In the quenched
state, PBT exhibits a high proportion of MAF and RAF. Upon
annealing at any Tanneal, MAF is gradually converted into RAF
and Xc, restricting chain mobility and reducing free volume.
Between the annealed samples, as Tanneal increases, TAF steadily
decreases, while MAF and RAF exhibit a more complex trend.
Above 140 °C, increased chain mobility seems to prevent RAF for-
mation, as polymer chains preferentially align with existing crys-
talline surfaces instead of becoming immobilized in the rigid
amorphous phase. Conversely, at temperatures below 130 °C,
reduced chain mobility seems to limit crystallization, leading
to an increased RAF fraction. This shift in crystallization behavior
observed around 130 °C aligns well with findings reported in the
literature, where a change in the isothermal crystallization pro-
cess as well as a minimum in crystallization time has been identi-
fied for PBT within the 120–130 °C range.[38] The above-described

Figure 1. Total (TAF), mobile (MAF), and rigid (RAF) amorphous fractions of
PBT obtained from MDSC and DSC data as a function of annealing temper-
ature. Dotted lines are used as a guide to the eye. For all graphs, error bars
correspond to the standard deviation from three independent experiments.
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variations in fractional composition allow for the evaluation of their
influence on the enzymatic degradability of the PBT substrate.

2.3. Influence of Isothermal Annealing on Crystallization
Kinetics and Lamellar Substructure

To obtain the impact of the annealing treatment on the resulting
crystalline morphology, a combination of isothermal Avrami anal-
ysis and X-ray scattering techniques was employed. The crystalli-
zation kinetics and the dimensionality of crystal growth can be
obtained from isothermal Avrami studies at different tempera-
tures corresponding to the employed Tanneal. For this, quenched
PBT was rapidly heated in a DSC to the respective Tanneal, where it
underwent isothermal recrystallization. The corresponding DSC
traces are provided in (Figure S1, Supporting Information). In
all samples, the crystallization peak appeared at �15 s, indicating
the inherently fast crystallization rate of PBT. From the DSC traces,
the relative crystallinity over time could be calculated. That was
then used to calculate the Avrami plots (Figure 2a). The Avrami
exponent n, which describes the nucleation process, growth con-
straints, and dimensionality of crystal growth, was determined
from the slope of the Avrami plot within the 20%–80% crystallinity
range.[39] For all samples, n was found to be between 1.70 and 1.98
(Table 1). Depending on the nucleation and growth constraints, n

can indicate different dimensionalities of growth. For the annealed
PBT samples, likely instantaneous heterogeneous nucleation takes
place at preexisting nuclei that were seemingly already present in
the quenched PBT. Thus, no prolonged nucleation phase takes
place during annealing. In this case, n� 2 suggests a 2D, platelet-
like lamellar growth mechanism, with the absence of any larger
three-dimensional spherulitic structures.[39] Consequently, in the fol-
lowing, only the impact of lamellar dimensions on the enzymatic
degradation needs to be investigated, as any overlaying effects
from spherulitic superstructures can be ruled out.

To further analyze the lamellar structure, verified by Avrami
analysis, small-angle X-ray scattering (SAXS) and wide-angle X-ray
scattering (WAXS) were employed. WAXS data (Figure S2b,
Supporting Information) reveal that the quenched sample exhib-
its no sharp Bragg peaks corresponding to crystalline structures.
This indicates an extremely low crystallinity and a lack of ordered
crystalline regions for quenched PBT. In contrast, all annealed
samples display Bragg peaks. With increased Tanneal, the Bragg
Peaks increase in their intensity and decrease in their full-
width-at-half-maximum, signifying an increase in crystallinity
and an increase in the lamella size in all spatial directions.[40]

Based on the Bragg peak positions (8.9°, 15.9°, 17.1°, 20.4°,
23.1°, 25.0°), it can be confirmed that all annealed samples adopt
the α-crystal polymorph of PBT.[41] To calculate the size of the

Table 1. Structural properties of quenched and annealed PBT substrates and their product release under enzymatic degradation at 80 °C. The substrate number
corresponds to the applied annealing temperature. All standard deviations arise from three independent measurements.

Sample
Number

Tanneal [°C] Xc [%] MAF [%] RAF [%] n TAF [%] LP [nm] Lc [nm] La [nm] Total Product
Release [mM]

Quench – 2.5� 1.0 39.0� 4.7 58.5� 4.7 – 97.5� 1.0 – – – 1.73� 0.30

110 110 26.6� 0.2 22.4� 1.1 51.0� 1.1 1.98 73.4� 0.2 6.03 1.90 4.13 1.08� 0.11

120 120 26.5� 0.7 29.6� 1.2 43.9� 1.2 – 73.5� 0.7 6.01 1.79 4.22 0.97� 0.19

130 130 28.0� 1.2 32.2� 2.5 40.7� 2.5 1.86 72.0� 1.2 6.67 2.06 4.61 0.94� 0.45

140 140 29.0� 0.1 27.9� 2.9 43.0� 2.9 – 71.0� 0.1 6.65 1.95 4.70 0.66� 0.06

150 150 30.8� 0.8 26.4� 2.5 42.7� 2.5 1.93 69.2� 0.8 7.51 2.28 5.23 0.50� 0.05

170 170 33.9� 0.4 28.0� 0.6 38.2� 0.6 1.70 66.1� 0.4 8.88 2.69 6.20 0.17� 0.02

190 190 35.4� 0.5 28.4� 2.1 36.2� 2.1 1.83 64.6� 0.5 11.20 3.31 7.92 0.07� 0.01

Figure 2. Crystallization kinetics and lamellar substructure of the differently annealed PBT substrates. a) Isothermal crystallization kinetics: Avrami curves of
quenched PBT at different Tanneal obtained from isothermal DSC data. b) Lamellar substructure: 1D correlation function calculated for differently annealed
PBT samples obtained from 1D SAXS diffractograms. The LP was extracted from the first maximum, while Lc was determined from the inflection point of
the initial decay.
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crystalline lamella in Z-direction, Lc, SAXS data using 1D correla-
tion function analysis was employed (Figure 2a). The quenched
sample exhibited no scattering maxima in SAXS data (Figure S2a,
Supporting Information). Consequently, correlation analysis was
not applied to this sample. In contrast, all annealed samples dis-
played visible SAXS intensity maxima, highlighting the presence
of ordered crystalline structures and thus validating the correla-
tion function analysis (Figure 2a). The LP was extracted from the
first maximum of the correlation function γ(r), while Lc was deter-
mined from the inflection point of the initial decay in γ(r), follow-
ing the method of Strobl and Schneider.[42] The analysis shows
that all lamellar substructures increase in thickness with rising
Tanneal (Table 1). At higher Tanneal, improved chain mobility facili-
tates crystal growth, resulting in thicker crystalline lamellae,
whereas lower Tanneal restricts mobility, limiting structural devel-
opment.[17] Particularly noteworthy is the increase in the amor-
phous interlayer thickness La, as it may be relevant for
enzymatic degradation. LCC has a diameter of about 45 Å (pdb
id: 4eb0). If La exceeds the enzyme´s diameter, enzymatic degra-
dation might be enhanced, as the comparably smaller enzyme
might be able to penetrate crystalline stacks by progressing along
the amorphous interlayers between individual crystal lamellae. If
this hypothesis is held, an La larger than the enzyme´s diameter
should correspond to improved degradation efficiency, marking
the importance of the dimensions of semicrystalline structures.

In conclusion, annealing-quenched PBT at different Tanneal
allows precise control over its fractional composition and the
dimensions of its lamellar substructures, as demonstrated by
thermal and structural analyses. The transformation of MAF into
RAF and Xc with increasing Tanneal influences chain mobility, crys-
tallinity, and overall morphology. Additionally, higher Tanneal pro-
motes the growth of thicker crystalline lamellae and amorphous
interlayers, which may impact enzymatic degradation. The
achieved variations in crystalline and amorphous fractions and
domain sizes provide a well-defined framework to systematically
study the relationship between semicrystalline morphology and
enzymatic degradation efficiency of PBT.

2.4. Enzyme Selection and Identification of Optimal
Incubation Conditions for PBT Degradation

The choice of enzyme is a prerequisite for successful and efficient
depolymerization. To find the ideal candidate for PBT, known PET-
hydrolases, including IsPETase[18] and variants of LCC[37] and
PET6,[43] were screened for their capability to degrade PBT at dif-
ferent temperatures (Figure S6, Supporting Information). For the
LCC-derived variants, the highest soluble monomer release was
detected, and activity profiles using varying enzyme concentra-
tions were recorded utilizing PET and PBT-coated 96-well plates,
respectively. These included LCCiccg and LCCwccg, as well as a
newly generated LCClccg variant. We introduced leucin at position
243 in LCClccg, as this residue is found in the active site of PHL7
and is known to contribute to its activity.[27]

The release of soluble monomers was monitored after 24 h at
various temperatures for 200 and 1000 nM enzyme concentration
(Figure 3a, S4, Supporting Information). Temperature depen-
dance is equal for all variants on PET, with the optimum reached
at 70 °C, which is consistent with the original study describing
LCC variants.[37] Similar to previous studies on enzymatic PBT deg-
radation, only very low activity was detected between 40–50 °C,
which corresponds to the Tg of PBT.[16,28–30] At 60 °C, soluble prod-
uct release starts to increase, with a strong boost observed at
80 °C (Figure 3a, S4, Supporting Information). At the two enzyme
concentrations, differences between the variants become appar-
ent. At a concentration of 200 nM, LCCiccg degrades PBT best, fol-
lowed by LCClccg and LCCwccg, with an almost twofold difference.
The trend is even more prominent at a concentration of 1000 nM,
with LCCiccg increasing soluble product release up to 1.5 mM, fol-
lowed closely by LCClccg, while LCCwccg shows reduced degrada-
tion (Figure S4, Supporting Information).

To understand these opposing behaviors, the influence of
enzyme concentration was studied for both polyesters at 60
and 80 °C. (Figure 3b, S5, Supporting Information). While on
PET, both variants show very similar degradation profiles; signifi-
cant differences could be observed when targeting PBT. LCCiccg

Figure 3. Degradation profiles of LCC-variants: a) total product release at various Tincubation for PBT and PET treated with 200 nM enzyme (LCCiccg, LCClccg, or
LCCwccg) solution for 24 h. (n= 3). b) Total product release for PBT treated with various enzyme concentrations of LCCiccg, LCClccg, or LCCwccg for 24 h at
80 °C (n= 4). Dotted lines are used as guide to the eye.
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turns out to be the superior candidate in terms of total product
release and resistance toward concentration-dependent self-
inhibition (Figure 3b). Although a decrease in soluble product
release can be observed above 1000 nM for LCCiccg, this effect
occurs much earlier in LCCwccg, showing optimal degradation
at 200 nM enzyme concentration. Variant LCClccg has an interme-
diate profile with an optimum at 500 nM, but similar inhibition at
higher concentrations as LCCwccg. While previously described for
mesostable PET-hydrolases on PET,[44] this inhibitory effect
for highly thermostable LCC variants could only be observed
on PBT and is more pronounced at higher temperatures
(Figure 3b, S5, Supporting Information). Avilan et al.[44] proposed
flexibility around the active site to be a main contributor toward
concentration-dependent inhibition. They were able to reduce
this inhibitory effect in IsPETase by introducing stabilizing muta-
tions. The necessary increase in incubation temperature might
force more flexibility around this region in the otherwise very sta-
ble LCC-variants. The combination of this additional flexibility
with the different availability of suitable attack sites, when com-
paring PET and PBT, might lead to this differing degradation
behavior. The reduced activity of LCCwccg on PBT is likely caused
by the bulkiness of Trp at position 243, which is in structural prox-
imity to the active site, restricting favorable interactions of the
enzyme with multiple polymer subunits, thereby impeding effi-
cient hydrolysis (Figure S7, Supporting Information).

Concluding these experiments, incubation of PBT at 80 °C
with 500 nM of LCC-iccg was determined as an ideal setup for
enzymatic PBT depolymerization and has been used in subse-
quent experiments. This high Tincubation required for PBT was sur-
prising, as PET depolymerization suggests that optimal
degradation happens around Tg, and higher temperatures are
shown to decrease degradability, likely due to recrystalliza-
tion.[36,37] Since the inherent activity profile of LCCiccg and the
Tg of the substrate cannot account for the shift of Tincubation to
higher temperatures, other material properties of PBT must be
responsible. Therefore, we examined the influence of PBT’s semi-
crystalline properties on its degradability, aiming to explain this
phenomenon.

2.5. Influence of Degree of Crystallinity on Enzymatic
Degradation with LCCiccg

The effect of fractional composition and crystalline substructures
on the enzymatic degradability of PBT was assessed by
monitoring the release of soluble degradation products during
incubation at 80 °C, using ultra-high-performance liquid chroma-
tography (UHPLC). When correlating total product release as a
function of crystallinity for enzyme-treated samples (Figure 4a),
a linear correlation is observed between 25% and 40%.
Control samples exhibited negligible product release

Figure 4. a) Product release after 24 h and b,c) time-dependent total product release of PBT substrates with different crystalline properties: (a) total product
release as a function of crystallinity after 24 h at 80 °C for samples treated with 500 nM LCCiccg (blue) and with borate buffer as control (red), (b) time-
dependent total product release of samples treated with 500 nM LCCiccg at 80 °C with a parabolic fit (dotted line) and associated 95% confidence interval
(shaded area), (c) magnified view of the initial hours of time-dependent product release from (c). For all graphs, error bars correspond to the standard devi-
ation from three independent experiments.
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(Table S1, Supporting Information), confirming that autohydroly-
sis does not significantly contribute to the degradation of PBT.

In the case of the quenched PBT sample, which had the low-
est degree of crystallinity, 1.73 mM of soluble products were
released after 24 h of incubation (Table 1). This highlights that
PBT is enzymatically degradable when its material properties
are appropriately modified. However, as crystallinity increases,
total product release declines progressively. Once crystallinity
surpasses 32%, degradation becomes negligible. For PBT grades
processed using conventional methods such as injection molding
and conventional extrusion, crystallinities typically are above
40%.[16] Thus, the crystallinity levels in commercially available
PBT products make them either minimally or not enzymatically
degradable. For PET, this correlation between total product
release and crystallinity has also been found.[32,34,35] These studies
have attributed this sensitivity of enzymes to changes in
crystallinity to the dense chain packing and high rigidity of
crystalline and RAF regions. Specifically, enzymatic degradation
of polyesters is proposed to occur in two stages. Initially, the
enzyme randomly binds to a segment of the polymer chain
and performs an endo-type cut, generating two new chain ends
without immediately releasing soluble degradation products. In
the second step, if the polymer chains exhibit sufficient mobility
and low packing density, the enzyme moves along the chain,
cleaving adjacent ester bonds in an exo-type manner, thereby
releasing soluble degradation products. However, in highly crys-
talline or RAF-rich regions, enzyme movement along the chain is
restricted, likely resulting in a time-consuming desorption-
rebinding process at a new, distant site. Consequently, exo-type
cuts are limited, reducing the overall release of degradation
products.[35]

Re-crystallization of the PBT samples due to the elevated incu-
bation temperature of 80 °C was also considered. However, for all
annealed samples, the annealing temperatures (>110 °C) were
substantially higher than the subsequent incubation tempera-
ture, making further recrystallization during the incubation
unlikely. In contrast, quenched PBT samples exhibited gradual

recrystallization under incubation conditions. Pretrials have
shown that exposing quenched PBT to an 80 °C buffer solution
for 24 h increased its crystallinity to �22%, which remains lower
than that of the annealed samples. This gradual increase likely
explains why the quenched sample deviates from the linear rela-
tionship between product release and crystallinity observed in
the other samples (Figure 4a). With prolonged incubation, further
recrystallization is observed, with crystallinity reaching around
29% after 120 h. Due to this recrystallization effect, the degrada-
tion efficiency of quenched PBT might in fact be higher.

The difference in the degradability of the samples with differ-
ent fractional compositions can further be observed in scanning
electron microscopy (SEM) images. For the control sample
(Figure S3, Supporting Information), the surface remains smooth
after incubation, showcasing that the incubation at 80 °C in buffer
solution has no degrading effect, as already suggested by UHPLC
(Figure 4a). However, for all enzyme-treated samples, surface alter-
ations are visible (Figure 5). These become more pronounced with
decreasing substrate crystallinity and thus increasing TAF. For the
quenched sample (Figure 5a), porous structures are visible on the
entire surface. Similar degradation patterns were found for PET,
whereby the depth and width of the pores were proposed to
depend on the employed enzyme variant.[24,34,35,45]

For samples annealed at 150 °C (Figure 5b) and 190 °C
(Figure 5c), the surface alterations are less pronounced. For
150 °C, the entire surface shows traces of degradation, whereby
the pore size in comparison to the quenched sample is signifi-
cantly reduced. Remaining structures on the surface have a
nodule-like shape. For 190 °C, the surface is only spot-wise
degraded. Within the degraded spots, a rough structure is present.

To further investigate degradation kinetics across different
crystallinity levels, time-dependent degradation studies were
conducted on four selected samples (Figure 4b,c). The product
release at different time stamps is listed in Table S2, Supporting
Information. For all samples, the increase in product release over
24 h followed a parabolic trend, with corrected R2 values of at
least 99.5. Reaction rates determined from the parabolic fit for

Figure 5. SEM images of a) quenched and annealed at b) 150 °C and at c) 190 °C PBT substrates after incubation in 500 nM LCCiccg solution for 24 h
at 80 °C.
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a reaction time of 24 h are reported in Table 1. The parabolic
nature of the release suggests that, for longer incubation times,
even greater differences in enzymatic degradability between
samples of varying crystallinity can be expected.

Interestingly, a comparison of the initial product release
phase for the time-dependent samples (Figure 4c) reveals that
measurable degradation begins after three hours for all samples,
irrespective of their crystallinity. This lag phase has been previ-
ously observed for various PET-hydrolases. However, while some
studies[32,33,46] on PET have reported prolonged lag phases for
samples with higher crystallinity, this effect is not observed
for PBT.

2.6. Influence of Fractional Composition on Enzymatic
Degradation with LCCiccg

Besides the influence of the crystalline fraction, the influence of
the amorphous phase composition might exhibit an effect on the
degradability of the substrate.

A clear correlation between the product release and the TAF
(100–Xc) (Figure 6a) is observed. In contrast, no clear trend is
apparent when considering MAF and RAF individually. Instead,
total product release appears to be independent of the
relative fractions of MAF and RAF within the amorphous phase.
This independence is particularly evident when comparing
samples annealed at 110–130 °C, which exhibit similar crystallin-
ities but differ by more than 10% in their MAF and RAF contents
(Table 1), yet all demonstrate an approximate product release of
1 mM. The opposite pattern is observed for samples annealed at
140 and 150 °C: despite nearly identical MAF and RAF contents
(Table 1), the sample with a slightly higher TAF exhibits higher
product release. These findings suggest that, for PBT, the enzyme
might not differentiate between MAF and RAF, nor is MAF
preferentially or more rapidly degraded. In contrast, studies on
PET have shown a strong correlation between MAF content and
product release, suggesting that MAF in PET is preferentially
degraded and likely exhibits a higher degradation rate than

RAF.[33] The different degradation behaviors of PBT and PET
can be explained by the interplay of their devitrification temper-
atures, phase compositions, and the plasticizing effect of water
during incubation. In PBT, the Tg of MAF (Tg,MAF) ranges between
40 and 50 °C, whereas Tg,RAF is reported to be �101 °C.[12,13] RAF
also represents a substantial portion of the polymer (36%–51%),
whereas MAF typically makes up only 22%–32% (Table 1).
In contrast, PET exhibits a Tg,MAF of around 75 °C and a proposed
Tg,RAF of �200 °C, with RAF typically constituting only 3.6%–20%,
depending on thermal history.[14]

Water uptake during incubation further reduces the effective
Tg of both polyesters, since water acts as a plasticizer by decreas-
ing intermolecular interactions. For PET, a 15 °C depression of Tg,

MAF was observed under 100% humidity.[47–49] While RAF likely
absorbs slightly less water due to its denser packing, a similar
effect can be expected. Taking this into account, the effective
glass transition temperatures can be estimated to be lowered
to �60 °C (MAF) and 190 °C (RAF) for PET, and 35 °C (MAF) and
90 °C (RAF) for PBT. Moreover, devitrification does not occur at
a single, sharp temperature but typically proceeds over a range
of 5–20 °C around the nominal Tg.[50]

These differences have direct implications for their enzymatic
degradation. In PET, the extremely high Tg,RAF means that under
typical incubation conditions (60 °C), only MAF is mobile, leading
to a preferential degradation of MAF over RAF, as found in previ-
ous studies.[33] However, because RAF represents only a minor
fraction of PET and enzyme activity is already optimized for this
polymer, sufficient degradation still occurs. In PBT, by contrast,
both Tg,MAF and Tg,RAF are below or close to the optimal incubation
temperature of 80 °C. As a result, both fractions become mobile
during incubation, explaining their comparable degradation
rates. The predominance of RAF in PBT further explains why sub-
stantial product release is only observed when incubation
temperatures approach the RAF devitrification region (around
90 °C). However, because LCC variants begin to denature
above 90 °C, product release declines again at higher tempera-
tures (Figure 3).

Figure 6. Comparison between a) impact of fractional composition and b) dimensions of amorphous interlayer on total product release shows TAF is the
predominant influencing factor on degradability. (a) Total product release (500 nM LCCiccg solution, 24 h, 80 °C), dependent on the fractional composition,
including MAF, RAF, and TAF, of the samples, (b) total product release (500 nM LCCiccg solution, 24 h, 80 °C), dependent on amorphous interlayer length
La of the samples. For all graphs, error bars correspond to the standard deviation from three independent experiments.
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2.7. Influence of the Dimensions of Lamellar Substructures
on Enzymatic Degradation with LCCiccg

As discussed earlier, the fractional composition and thermal char-
acteristics significantly influence substrate degradability.
However, the effect of the dimensions of the lamellar substruc-
tures must be additionally evaluated. As previously suggested,
a La exceeding the enzyme’s diameter might facilitate degrada-
tion, since the comparably smaller enzyme might penetrate into
crystalline stacks more easily by progressing along the amor-
phous interlayers that are located between the individual crystal
lamellas. However, samples with the largest La (Figure 6b) exhibit
the lowest product release. Similarly, for LP and Lc, an exponential
decline in product release is observed as their thicknesses
increase (Table 1). This decline, however, originates from the
exponential relationship between Xc and the lamellar properties
(Table 1) rather than any direct adverse effect of increasing LP, Lc,
or La on substrate degradability. Therefore, the length scales of
the lamellar substructure do not have a significant impact on
product release at the currently achievable degradation stages.
This may be because, in the case of nonspherulitic materials dur-
ing the early stages of degradation, sufficient material outside
lamellar stacks is available, reducing the need for the enzyme
to penetrate the amorphous interlayers within the stacks to
achieve product release.

This suggests that, at least under the currently achievable
degradation stages and for nonspherulitic substrates, the overall
amount of degradable material, which is the TAF in the case of
PBT, is significantly more important than the dimensions of the
amorphous lamellar interlayers.

3. Conclusion

Enzymatic degradation of PBT was significantly improved by sys-
tematically optimizing reaction conditions. The enzyme LCCiccg

was identified as the most efficient catalyst for PBT degradation,
with elevated temperature being an important factor. This effect
can be understood when analyzing the properties of the semi-
crystalline substrate, including the fractional composition of
mobile, rigid, and total amorphous fractions (MAF, RAF, TAF),
as well as the dimensions of lamellar substructures such as the
amorphous interlayer thickness. Additionally, incubation condi-
tions, specifically enzyme concentration and incubation temper-
ature, were optimized. Significant enzymatic degradation of PBT
could be achieved by tuning both the substrate’s semicrystalline
properties and the reaction conditions.

Analyses showed that polymers with a high content of RAF
require incubation temperatures within the effective RAF devitri-
fication range to achieve sufficient chain mobility across large
parts of the substrate, consequently enabling significant enzy-
matic degradation. At 80 °C, both MAF and RAF in PBT exhibit
increased mobility, resulting in significant degradation for both
fractions with comparable rates. For successfully quenched
PBT (Xc= 2.5� 1%), incubation at 80 °C with 500 nM LCCiccg

achieved a product release of 1.7 mM within 24 h. Reducing

nondegradable crystalline domains through quenching was
essential for this enhanced degradation.

The results demonstrated that the quantity of the degradable
fraction, which is the total amorphous content for PBT, is the deci-
sive factor governing degradability. In contrast, the dimensions of
the crystalline and amorphous domains showed no measurable
influence on enzymatic hydrolysis within the observed time
frame. Importantly, there is also an effect on protein flexibility
induced by the increase in temperature, which supports forma-
tion of interactions with the material surface. This is in accordance
with the observed concentration-dependent inhibition of PBT
degradation through the LCC variants, as this effect has been
attributed to active site flexibility for some PET-degrading
enzymes as well.[44]

Overall, these findings highlight the importance of under-
standing the fractional composition and thermal characteristics
of semicrystalline substrates for enabling enzymatic degradation
of polymers previously regarded as recalcitrant. Moreover, the
results indicate that targeted preprocessing strategies, such as
crystallinity reduction, are key to facilitating efficient enzymatic
hydrolysis of PBT. A deeper understanding of the interplay
between polymer structure and enzyme characteristics is crucial
for advancing and optimizing enzymatically driven recycling pro-
cesses for polymeric materials.

4. Experimental Section

Materials

Commercially available PBT and PET materials were used. PBT B 6550
was provided by BASF SE (Ludwigshafen am Rhein, Germany).
CleanPET was provided by Veolia Umweltservice GmbH (Bayreuth,
Germany).

Protein Production and Purification

Plasmids for expression of the LCC variants were generated via
site-directed mutagenesis using pET21-LCCwccg as template. T7
Shuffle cells were transformed with a pET21 vector harboring the
enzyme’s gene sequence. Terrific Broth (TB) medium was inoculated
and grown at 30 °C up to an optical density at 600 nm of 1.0.
Expression was induced by adding 300mM isopropyl-β-D-thiogalac-
topyranoside (IPTG), and cells were grown overnight at 16 °C.
After harvesting via centrifugation at 3990 � G for 15min, the pellets
were resuspended in binding buffer (300 mM NaCl, 50 mM
phosphate, 50mM imidazole, pH 7.4). Cells were lysed via sonifica-
tion, and insoluble substances were removed via centrifugation
at 39,190 � G for 1 h. A Ni-IMAC was performed with a linear
gradient from binding buffer to 100% elution buffer (300 mM
NaCl, 50 mM phosphate, 400 mM imidazole, pH 7.4). The pooled
fractions were dialyzed overnight against 50 mM phosphate,
pH 7.4, at 4 °C. Aggregates that formed during concentration
were removed via filtration with a 0.22 μm filter. An additional dialysis
into storage buffer (25 mM HEPES, 150mM NaCl, pH 7.4) has been
performed at 4 °C overnight. After further concentration and
filtration, aliquots were flash-frozen with liquid nitrogen and stored
at �80 °C.
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Preparation of PBT Substrates

For optimizing incubation conditions (see above), 96-well microtiter
plates were coated with PET or PBT according to Weigert et al.[51]

with the exception that for PBT, the drying time was reduced to
10 min. Dripping times were 90 s for PET and 30 s for PBT.
Quenched PBT was produced by efficiently quenching an extruded
polymer melt in a quench bath, whereby filaments with a diameter
of 0.6 mm were obtained. Isothermal annealing of the quenched
PBT was conducted in a heated silicon oil bath for 1 min at temper-
atures between 110 and 190 °C. After annealing, the annealed sam-
ples were directly transferred to a quenching bath to prevent
further crystallization.

Hydrolysis of PBT Substrates

For the temperature and concentration sweep trials of PET and PBT,
the substrate-coated 96-well plates were incubated with 50 μL of
enzyme solution consisting of an assay buffer (50 mM NaCl,
50 mM Borate, pH 8.5) for 24 h in a water bath at the respective tem-
perature. To prevent evaporation of the solution, the well plate was
covered with gas-tight adhesive film. The influence of temperature
was tested with 200 and 1000 nM enzyme, while the concentration
dependency was investigated at 60 and 80 °C. Individual plates were
prepared for each combination of polymer and temperature. For all
non-time-dependent incubations of PBT filaments, 4� 5mm long
cuttings were placed in an untreated 96-well microtiterplate.
150 μL of enzyme solution consisting of an assay buffer (50 mM
NaCl, 50 mM Borate, pH 8.5) and 500 nM LCC-iccg was added
to the samples. Incubation was carried out at 80 °C for 24 h.
To prevent evaporation of the solution, the well plate was covered
with gas-tight adhesive film. For the time-dependent incubation of
PBT filaments, the reaction volume had to be increased. However,
the ratio between substrate surface to enzyme solution volume
was kept constant. Thus, for the time-dependent experiment,
27� 5mm long PBT filament cuttings were placed in Eppendorf
tubes with 1 mL of enzyme solution consisting of 500 nM
enzyme and an assay buffer (50 mM NaCl, 50 mM Borate, pH 8.5).
At multiple time steps (0.5, 1.5, 3, 5, 7, 9, 24 h), 50 μL of the reaction
solution was taken for UHPLC analysis and frozen immediately.
To prevent a reduction of the solution:substrate ratio, 50 μL of
enzyme solution was added subsequently, whereby this solution
was kept at 80 °C for the same time as the degradation samples.
Dilution of the samples throughout the experiment has been taken
into account in the calculation of total product release. All enzyme-
treated and control samples were incubated and measured at least in
triplicate.

Thermal Analysis

The degree of crystallinity Xc and isothermal crystallization kinetics
were determined by Differential Scanning Calorimetry (DSC) on a
DSC 1 from Mettler Toledo (Columbus, OH, USA). To obtain Xc, the
samples were heated from 0 to 250 °C with a heating rate of
10 Kmin�1 and a nitrogen flow of 50mLmin�1. The heat of fusion
of 100% crystalline PBT was assumed to be 140 J g�1.[52] The analysis
was performed threefold.

For the isothermal crystallization studies, quenched PBT was heated
up from 25 °C to the desired Tanneal (110, 120, 130, 150, 170, 180,
190 °C) with a heating rate of 300 Kmin�1.Tanneal was maintained
for 10 min to allow for complete crystallization. The nitrogen flow
was 50mLmin�1. Following the Avrami theory,[53,54] crystallization
kinetics were determined from the isothermal DSC data. The

Avrami exponent n was evaluated from the slope of the Avrami plot
between 20% and 80% crystallinity.

The content of mobile amorphous fraction (MAF) was determined
with modulated DSC (MDSC) on a Q1000 from TA Instruments
(New Castle, DE, USA). The samples were heated from �50 to
250 °C with a heating rate of 2 Kmin�1, a period of 40 s, and a modu-
lation amplitude of 0.212. The nitrogen flow was 50mLmin�1. MAF
was determined from the change in heat capacity ΔCp at the glass
transition temperature following Equation (1).

MAF ¼ ΔCp

Cp;amorphous

� 100 (1)

Where ΔCp is the change in heat capacity of the sample and ΔCp,amorphous

is the change in heat capacity for 100% amorphous PBT, which is equal
to 0.35 J g�1 K�1.[13] RAF was then calculated using Equation (2).

RAF ¼ 100� Xc �MAF (2)

X-Ray Analysis

Structural properties of the samples were analyzed by small- and
wide-angle X-ray scattering measurements, which were performed
using a Xeuss 3.0 from Xenocs (Grenoble, France) equipped with a
copper source (λ= 1.5418 Å) and an Eiger2 R 1 M detector from
Dectris (Baden, Switzerland). The detector had 1028� 1062 pixels
and a pixel size of 75 μm� 75 μm and was located 0.0514m from
the sample for WAXS, 0.601 m for intermediate q-regions, and
1.80 m for SAXS. The beam size was adjusted to 0.5� 0.5 mm.
Each sample was measured for 1 h at each sample-detector distance
in vacuum. The measured single SAXS and WAXS images were radi-
ally averaged, and the respective 1D diffractograms were extracted.
The 1D diffractograms were merged with overlap regions of
0.03–0.1 Å�1 and 0.07–0.1 Å�1 within XSACT 2.6 (Xenocs). The lamellar
parameters long period (LP), crystal layer thickness (Lc), and amor-
phous interlayer thickness (La) were determined by 1D correlation
function analysis using SASView 6.0.1. The experimental data were
extrapolated with Guinier and Porod fits for low and high q-regions,
respectively. To calculate the Guinier Fit, scattering data between
0.01 and 0.013 Å�1 was used. For the Porod Fit, the starting data point
was set to after the peak of the scattering data, which was between
0.14 and 0.2 Å�1. The end point for the Porod Fit was 0.4 Å�1 for all
samples. LP was extracted from the first maximum of the obtained 1D
correlation function γ(r), while Lc was determined from the inflection
point of the initial decay in γ(r), following the method of Strobl and
Schneider.[42] La was automatically determined via the program by
employing Equation (3).

La ¼ LP� Lc (3)

Surface Analysis

The surface morphology of the degraded samples was evaluated by
SEM on a Zeiss Ultra Plus from Carl Zeiss AG (Oberkochen, Germany)
that was equipped with a tungsten cathode and an SE2 detector. The
samples were sputtered with 2 nm of platinum using a Platinum-
Sputter Coater 208HR from Cressington Scientific Instruments
(Watford, UK). Subsequently, the samples were sputtered with
20 nm of carbon using an EM ACE 600 Sputter Coater from Leica
Microsystems (Wetzlar, Germany).
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Analysis of Soluble Degradation Products

To monitor the water-soluble degradation products, all incubated
samples were analyzed by ultra-high-performance chromatography
(UHPLC) using a Thermofisher RS3000 UHPLC system equipped
with a Phenomenx Kinetix 1.7 μm EVO C18 (50� 2.1 mm, 100 Å)
reversed-phase column. For sample preparation, 50 μL of the incuba-
tion solution was mixed with four parts of acetonitrile containing 1%
formic acid. The solution was centrifuged at 4500� g for 10min. 1 μL
of the supernatant was introduced into the column, which was
heated to 55 °C. In the column gradient from 100% solvent 1
(H2Oþ 0.1% trifluoroacetic acid) to 80% solvent 2 (acetonitrile)
and 20% solvent 1 was applied at a flow rate of 1.3 mLmin�1. The
amounts of soluble degradation products (TA, MHET, and BHET for
PET; TA and MHBT for PBT) were quantified based on calibration runs.
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