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Rapid depolymerization of poly(ethylene
terephthalate) thin films by a dual-enzyme
system and its impact on material properties
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Enzymes can mostly access the surface layer of PET during depolymerization. We
show that an amorphous PET thin film with comparable properties to the PET
surface layer has a lower glass transition temperature (Tg) of 40°C than bulk PET's
Tg of 65°C-81°C. As a result, within a few hours at 40°C-50°, this PET thin film was
rapidly depolymerized by an IsPETase variant. Our findings will be beneficial for
industrial implementation of enzymatic plastic degradation using properly treated
polymers.
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SUMMARY

Enzymatic hydrolysis holds great promise for plastic waste recycling
and upcycling. The interfacial catalysis mode, and the variability of
polymer specimen properties under different degradation condi-
tions, add to the complexity and difficulty of understanding polymer
cleavage and engineering better biocatalysts. We present a sys-
temic approach to studying the enzyme-catalyzed surface erosion
of poly(ethylene terephthalate) (PET) while monitoring/controlling
operating conditions in real time with simultaneous detection of
mass loss and changes in viscoelastic behavior. PET nanofilms
placed on water showed a porous morphology and a thickness-
dependent glass transition temperature (Ty) between 40°C and
44°C, which is >20°C lower than the T4 of bulk amorphous PET. Hy-
drolysis by a dual-enzyme system containing thermostabilized vari-
ants of Ideonella sakaiensis PETase and MHETase resulted in a
maximum depolymerization of 70% in 1 h at 50°C. We demonstrate
thatincreased accessible surface area, amorphization, and T, reduc-
tion speed up PET degradation while simultaneously lowering the
threshold for degradation-induced crystallization.

INTRODUCTION

Seven types of plastics account for 80% of global plastic demand, with low- and
high-density polyethylene (LDPE and HDPE, respectively), polypropylene (PP), and
poly(ethylene terephthalate) (PET) being the top contributors.? Due to the short
lifetime of PET-based products used for packaging, approximately 95% of PET man-
ufactured is discarded within a year.” The waste processing industry relies on primary
recycling—reprocessing to give a product that can be used for the same initial pur-
pose—and secondary recycling (or mechanical “downcycling”) to produce lower-
value materials for different uses from the original one. Current stringent regulations
and legislative encouragement for recycling are opening new venues for the imple-
mentation of alternative and/or optimized schemes for the collection, sorting, and
processing of PET waste to achieve a circular plastic economy while contributing
to sustainable developmen‘c.3’5 For instance, the EU directive (219/904) set a collec-
tion target of 65% recycling (excluding incineration) for single-use plastic bottles by
2025; moreover, these plastic bottles should at least contain 25% recycled plastic in
their manufacture by 2025 (for PET bottles) and 30% by 2030 (for all bottles).®

As an emerging technology holding industrial promise, biocatalytic PET recycling tar-
gets the depolymerization of PET into monomers terephthalic acid (TPA) and ethylene
glycol (EG) or low-molecular-weight oligomers such as mono-(2-hydroxyethyl)
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THE BIGGER PICTURE

While the majority of plastic waste
is landfilled, incinerated, or
recycled—in that order—a large
portion of ~29% has an unknown
fate: about 4% reaches the
oceans, and other large amounts
enter the biosphere as micro- and
nanoplastics derived from
environmental degradation. In a
short period of time,
microorganisms may have
evolved various mechanisms to
address these xenobiotics, such as
biocatalytic depolymerization of
plastics and assimilation of their
monomers. Our research reveals
that surface-layer degradation
plays a crucial role in biocatalytic
PET depolymerization. The
change in physicochemical
properties of a nanoscale thin film
during biocatalytic degradation
was monitored to mimic the
surface-erosion process of bulk
polymers. Our findings will
strengthen the mechanistic
understanding of biocatalytic
polymer degradation in general
and may serve as the basis for
optimizing bioremediation
strategies (e.g., for accumulated
plastic pollution in wastewater
treatment plants).
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terephthalate (MHET). These small molecular degradation products can be either repo-
lymerized to synthesize virgin-quality PET or transformed into products with significant
added value (upscaling).”"' Depolymerization can be achieved with genetically engi-
neered microorganisms to produce polyester hydrolases and other key enzymes to
metabolize PET building blocks as a carbon source.”'*"® For a long time, PET was
considered non-biodegradable (i.e., degradation by microorganisms), but Mdller
et al. changed that when they reported in 2005 the first PET hydrolase, a cutinase pro-
duced by the bacterium Thermobifida fusca.'® Since then, many PET hydrolases have
been reported to degrade amorphous PET materials, including IsPETase, discovered
in Ideonella sakaiensis 201-Fé bacterium, which also produces a MHETase that cata-
lyzes the hydrolysis of MHET to TPA and EG but is not active on PET polymers.’” Despite
this progress, most studies do notreach full degradation of PET specimens at given con-
ditions, hindering the potential for technical implementation. The “passivation” or
incomplete degradation of the polymer in response to enzymatic degradation has
been attributed to either (1) the degradation-induced polymer crystallization or (2)
the deactivation of enzymes through conformational changes.®'®'? The latter could
be induced either thermally or through interactions with the polymer and its degrada-
tion intermediates. Many publications in the field agree that pretreatment of PET im-
proves the achivable efficiency and extent of degradation by engineered enzymes by
reducing the polymer crystallinity (amorphization).®?*" A few publications have also
suggested a relationship between the maximum turnover number and the particle
size of micronized polymers.®?*?* A recent paper published during the revision of
this article suggests that while amorphization of PET is a necessary pretreatment step
for degradation using a variant of the leaf compost-cutinase enzyme (LCC-ICCG), the
particle size reduction has no appreciable effect on the overall degradation perfor-
mance.”® Moreover, it is generally accepted that reaction temperatures, preferably
above the glass transition temperature (Tg; 65°C-81°C reported for bulk PET in litera-
ture), can also increase catalytic rates.”*?® Although efforts in enzyme engineering suc-
ceeded inincreasing the thermal stability of PET-hydrolyzing enzymes, enabling the use

T,%1?” the mechanistic

of a wider variety of enzymes at or above the T, range of bulk PE
implications of amorphization, film thickness/particle size, temperature, and water as
standard reaction media on the activity of these enzymes and on the passivation of
the polymer are still not well understood. Thus, the selection conditions or rules for effi-

cient enzymatic degradation of PET remain uncertain.

Since enzymes are confined to the polymer surface, and degradation proceeds as a sur-
face erosion process, answering open questions on PET degradation might require a
different perspective of interfacial biocatalysis to visualize the effect of the polymer sur-
face amorphization, the plasticizing effect of water, and the Ty of the surface layer (Tgo)
on the catalysis reaction. Given that Ty, can be lower than the one in bulk,?® due to the
difference between surface and bulk chain entanglement and packing behaviors,?**°
the temperature range between Ty, and Ty could offer a sweet spot where the chains
at the surface are mobile and degradable, while the chains in bulk are not yet able to

crystallize, enabling enhanced reaction rates.

Langmuir-Blodgett monolayer degradation (LMD) systems present an in situ method
to study interfacial hydrolysis of nanometric-thickness films, which resembles the sur-
face erosion process of bulk polymers (Figure 1, considerations). This is possible by
making use of detection systems to measure the properties of the thin layers before,
during, and after degradation, including surface tension, rheological properties,
infrared molecular fingerprints, microscopy, and area reduction.”" In this way, it is
possible to identify the different stages of enzymatic catalysis (Figure 1, lateral
view [-1V), as a function of area reduction versus time (Figure 1, characterization A),
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Considerations
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Figure 1. Overview of the interfacial degradation of PET by a dual-enzyme system

In bulk systems exposed to water, sorbed water molecules penetrate amorphous regions of the
surface, lowering the glass transition temperature (Tg), due to a plasticizing effect
(considerations).””?%*? In a Langmuir degradation experiment, the polymer layer, which lies on top
of the aqueous surface, forms a thin layer with a thickness of 2.5-7 nm, anticipating a further
decrease in the polymer Tgand anincrease in chains mobility at T= Ty . At T = Ty, the binding of the
enzymes, injected in the aqueous subphase under the formed layer, and the depolymerization
mechanism (degradation, lateral view I-IV) can be monitored by interfacial rheology, infrared
reflection absorption spectroscopy (IRRAS), and Brewster angle microscopy (BAM)
(characterization). The dataset includes the decrease in the film area as a funtion of time
(Characterization A), and the changes of storage and loss modulus thorughout the experiment
(Characterization B).

as well as the changes of the polymer physicochemical properties during depolymer-
ization, e.g., viscoelasticity and crystallinity (Figure 1, characterization B).

RESULTS AND DISCUSSION

PET thin films form 2D non-organized porous-like structures

Thin films of PET were deposited on a liquid surface (air-water interface [A-W inter-
face]) supported by a Langmuir trough and characterized as depicted in Figure 1 and
explained in the experimental procedures. Similar to water-insoluble ampbhiphiles,
PET surface pressure (1) versus mean molecular area (MMA,; defined as area occu-
pied per polymer repeating unit) compression isotherms (r-A isotherms) yield infor-
mation on the film structure and the mechanism of its formation, as the number of
contacts established between chains in the layer is linked to .

The m-A isotherm and Brewster angle microscopy (BAM) analysis showed that PET
generates free islands at the A-W interface upon spreading, which are observed at
almost zero surface pressure by BAM (Figure 2). During compression by closing
the barriers, the islands get into contact, increasing the 7 values (Figure 2A). As a
result of the stress accumulation, a rearrangement occurred to form a continuous
close-packed monolayer on the water surface. Such a scenario is verified by the anal-
ysis of the shear resistance of the layer. The storage modulus (G'), as an elastic part of
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Figure 2. Formation of two-dimensional (2D) PET thin films

(A) mt-Aisotherm (black line) and G” and G’ as a function of mean molecular area (orange and pink
lines) measured at the A-W interface.

(B) In situ BAM images taken at given points marked in the isotherm; 50 um scale bar. See also
Figure S1.

(C) AFM images of films transferred to Si wafers at point (c). From left to right: 1 X 5 (1 pm scale bar)
and 1 X 1 pum scan (200 nm scale bar).

(D) Height count for AFM images.

the shear response, starts to increase once the islands are closely packed. The loss
modulus (G"), representing the viscous or dissipative part of the shear response,
only increases slightly over the value of bare water since the compact PET layer be-
haves like an elastic solid (Figure 2A). Similar assemblies have been observed for
nanoparticle Langmuir films.?> However, a complete filling of the layer was not
possible due to the glassy state of the polymer (Figure 2B). The onset of the m in-
crease in the m-A isotherm at 14 A? suggests the formation of dimer aggregates
at the molecular level, assuming that one PET repeating unit lying flat atop water
has a molecular area of 35 A in a monolayer (10 A for the repeating unit and
3.5 A for the typical van der Waals distance between chains). PET is expected to
be prone to aggregation at the A-W interface as it is in the case with complex amphi-
philes for which the A-W interface is a poor solvent.”” This is most likely due to aro-
matic ring - stacking. Interfacial rheology data suggest a phase transition above
10 mN/m, as seen by an increase of both G’ and G”, which could be associated with
the maximal lateral packing density (MLPD) of PET film (Figure 2A). Once the MLPD is
reached, the film stiffens as it is forced out of the A-W interface to form a second
layer, which is observed as considerably thicker structures on the BAM (Figure S1).

The formation of a stable monolayer formed by compacted polymer islands was
confirmed also by atomic force microscopy (AFM) studies of the films transferred
onto solid substrates at stage @ = 6 mN/m (Figure 2C). The film is approximately
2.5 nm thick (Figure 2D) and exhibits a porous-like appearance within the islands
with heterogeneous micro- and nanoholes (50-250 nm diameter).

Furthermore, the chain conformations and orientations were assessed by polarization-

modulated infrared reflection-absorbance spectroscopy (PM-IRRAS) at the interface
(Figure S2). According to the PM-IRRAS selection rules at the AW interface, a positive
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peak from a group indicates that its dipole moment is oriented parallel to the interface,
while a dip in the signal is a sign of a perpendicular orientation.?® The strong positive
peak at 1,720 cm™", which is attributed to the stretching vibration of the ester carbonyl
group,®” with a vibrational dipole moment that is oriented nearly perpendicular to the
main-chain axis of PET molecules and parallel to the plane of the phenyl ring, indicates
that the polymer main chain is aligned parallel to the free surface, as reported by other
authors.’® This orientation has been designated as oriented oblate ellipsoid confor-
mation.’° The two bands at 1,342 and 1,370 cm ™" are assigned to the CH2 (in the O-
CH2-CH2-O- moieties) wagging mode in trans and gauche conformations of the EG
moiety.””* In semicrystalline and crystalline PET, the peak at 1,342 cm ™" is stronger
than that at 1,370 cm™". In our thin films at 21°C, a stronger signal of the trans
conformer at 1,342 cm™" was observed. However, we could not observe a notable de-
gree of crystallinity of PET thin films at the A-W interface by electron diffraction and
AFM, suggesting that the slightly higher signal of the trans conformation of the
2.5 nm film at the A-W interface is related to effects other than crystallization. For
instance, the flattening of the polymer coils near the interface or a confinement effect
of thin films could cause a higher number of trans conformers.>® Interestingly, others
authors have reported hindered crystallization of PET surface layers (13.6 nm) at
temperatures below 70°C, despite the T4 being detected around 48°C.”*

The T, of PET decreases with decreasing thickness at the A-W interface

PET degradation through enzymatic hydrolysis has an interfacial nature and is pro-
moted at temperatures close to or above the Ty of the PET material. The large sur-
face-to-volume ratio in the thin films and the presence of a water-polymer-air interface
enable us to explore the free surface and the role of the interface on the physicochem-
ical parameters of PET. Using the Langmuir approach, PET films were formed at
different packing densities ranging from MMA 15 to 12 A2, equivalent to surface pres-
sures between 2 and 9 mN/m, and the Ty of the films was measured in situ using an
interfacial rheometer coupled to the Langmuir trough. The films at the A-W interface
were subjected to a heating cycle from 21°C to ~45°C, and the Ty was calculated as
the intersection of two tangent lines from the plot of the logarithm of G’ versus linear
temperature (Figure 3A). This analysis is similar to some ASTM methods, e.g., D 7028
for the onset Ty. Deposited on an aqueous subphase, the Ty of PET thin films (which re-
fers to surface Tg) was found to be between 40°C and 44°C, >20°C lower than that of
the bulk. These results were also corroborated by the temperature at the peak of the
tan(d), 45°C £ 2°C, which is an alternative measurement to determine Ty using
rheology (Figure S3). The low T of our film is associated with both the plasticizing effect
of water molecules and the thickness of the films. The plasticizing effect of water has
been evidenced for PET in a range of temperatures and humidity values,?%?%3%3
and its effect in lowering melting temperatures of semicrystalline polyesters on Lang-
muir films has been reported by our group.’ It has been also observed by several au-
thors that Ty of amorphous PET films prepared on solid substrates (e.g., Si wafers) is
lower than its bulk (between 65°C and 71°C) and decreases with the reduction of the
film thickness, leading to a Ty, as low as 48°C for a surface thickness of 13.6 nm, as
described by Shinotsuka et al.”®

Interestingly, the onset of Ty increased slightly as the layers were compressed to
higher surface pressures and lower MMA following a linear relation (Figures 3B and
3C). This is most likely due to direction-oriented stress, which decreases the free vol-
ume and the flexibility of the polymer, introducing significant changes to the thermo-
physical properties of PET thin films. Pressure dependence of Ty is also observed in
bulk, and this effect is typically on the order of 0.04 K/bar. The pressures in a Langmuir
film can be calculated by dividing surface pressure through film thickness, so for a film
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Figure 3. Determination of the T of PET ultrathin films on an aqueous subphase

(A) G’ versus temperature plot at different surface pressures, indicating the first and second tangent
lines for calculation of Ty. See also Figure S3.

(B and C) Influence of w and MMA on Ty of PET ultrathin layers at the A-W interface.

with a thickness of 2.5 nm, a surface pressure of 1 mN/m corresponds to ca. 0.4 MPa = 4
bar. That leads to an estimate of 0.16 K/mN. The dependence of Ty on 7 observed for
PET is 0.48 K/mN, which is somewhat higher but in the right order of magnitude.

The thicknesses of PET films prepared at 10°C, 21°C, and 42°C (all compressed
to 6 mN/m), were measured by ellipsometer as 3.22 + 0.2, 5.22 + 0.43, and
6.58 + 0.86 nm, respectively (Figure S4). These results are slightly higher than the
AFM values because the bulk refractive index was used, which would need to be
adjusted for ultrathin films. Overall, our results show a direct correlation between
temperature, thickness and the onset of Ty in ultrathin films solely in contact with
an aqueous subphase. We also prove that much larger reductions in T4 are observed
in the absence of interaction with solid substrates, as suggested by previous studies
with other polymers and freely standing thin films (poly(methyl methacrylate)
[PMMA]).*" With these results, we emphasize the benefits of using the Langmuir
technique to infer changes in the dynamics of polymer thin films when an aqueous
environment is intended for its application/degradation to avoid discrepancies

from the polymer-subtract interaction.*?

PET ultrathin porous layers do not crystallize at temperatures close

to surface T

At temperatures close to Ty, depolymerization of PET is usually associated with sur-
face crystallization, which consequently restricts enzymatic degradation. To evaluate
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Figure 4. Characterization of PET ultrathin films at temperatures close to surface Ty

(A) Area variation (black lines) and G’ measurement (orange line) over time during heating and
cooling cycles (red line). The layer was transferred at points (a)—(e).

(B and C) AFM of films transferred at points (a) and (e). From left to right: 1 X 5and 1 X 1 um scan.
Scale bar, 3um and 820-800 nm.

(D) Electron diffraction of films transferred to copper grids at points (a) and (e). Scale bar, 200nm.

the thermal behavior of thin layers at the A-W interface at their Tys and the changes
induced by “physical aging” (prolonged exposure to temperatures close to Tg), we
used a combination of different analytical methods. Rheological monitoring was
applied to PET ultrathin films (obtained at 6 mN/m) while undergoing 3 cycles of
heating from 21°C to 45°C with following incubation duration times of 40, 80, and
100 min at 45°C (Figure 4A) at the A-W interface. The films before and after anneal-
ing at 45°C were transferred to Si wafers or copper grids for analysis by AFM and
transmission electron microscopy (TEM), respectively (Figures 4B-4D). During an-
nealing, the films lost about 5% of their initial area after each incubation cycle
(MMA, black line in Figure 4A). G’ sharply decreased when T4 was reached, caused
by activation of molecular segmental motions, yet similar values were obtained at
the end of each cycle (orange line in Figure 4A) after the area lost was compensated
by compression of the barriers. The AFM and TEM analyses of the film transferred at
21°C before heating (Figures 4B-4D) confirmed our previous observations that the
layer is rather smooth with micro- and nanoholes. The ripples originate from the
film transfer procedure. The large holes are caused by water condensation on the un-
derlying substrate during transfer at elevated temperatures, resulting in parts of the
film not being adsorbed to the substrate and being removed in the subsequent
washing step.

It was also observed that the layer became rougher after annealing at up to 45°C
(Figure 4C); however, no out-of-plane crystals were formed, and electron diffraction
measurements of the annealed films on copper grids did not show a defined diffrac-
tion pattern (Figure 4D). While it is well established that cold crystallization of PET is
inhibited in ultrathin films (<20 nm) that are confined between two solid walls,** our
results suggest PET crystallization in ultrathin films is inhibited even at the A-W inter-
face. Still, as seen by the reduction of the film area and the change in film
morphology, physical aging at Ty takes place.

¢? CellPress

OPEN ACCESS

Chem Catalysis 2, 3573-3589, December 15, 2022 3579




¢? CellPress

OPEN ACCESS

Degradation of ultrathin films follows combined endo- and exo-mechanisms
The PETase from I. sakaiensis (IsPETase) is one of the most efficient PET hydrolases at
ambient conditions. The IsPETase triple mutant (IsPETaseTM) used in this study with
a T, (mid-point of thermal denaturation) of 56.6°C** showed a quite high affinity to
the A-W interface, as indicated by an increase in 7 in the Langmuir trough (Figure S5)
induced by low concentrations of enzyme, suggesting a remarkable affinity for hy-
drophobic PET and agreeing with recent findings.*®

After the addition of IsPETaseTM beneath the polymer thin film at a final concen-
tration of 0.25 ng/mL, four degradation stages could be defined by calculating the
loss in area (A /Ag*100), G’, and G”, as well as by microscopical characterization by
BAM (Figures 1 and 5A). In stage |, a fast decrease in G’ and G” after injection of
the enzyme at constant area is observed, showing firstly a high affinity of IsPETa-
seTM to the thin PET film at the interface, most likely mediated by non-specific
adsorption to the hydrophobic polymer surface, as suggested elsewhere.”” Dy-
namic-mechanical measurements by rheology offer valuable information on the
molecular structure of polymers.”® At constant temperature, the decrease of G’
due to depolymerization in stage | at almost constant area (A, = A o) is consistent
with a random-scission behavior (represented in Figure 11).47-°% In random scission
of polymers, the probability of exo-scission (cuts at chain ends) resulting in soluble
monomers is inversely proportional to the chain length. For PET with a typical de-
gree of polymerization of 200, the initial probability for exo-scission is much lower
than for endo-scission. The fragmented chains generated by endo-scission remain
at the A-W interface (Figure 1, 1), given that only monomers (TPA and EG) and olig-
omers (MHET and BHET) are considered to be water soluble. While the chain
length decreases close to exponentially during random scission of PET chains,”’
clearly visible through the drop of G’, the number of chain ends available for
exo-scissions increases drastically, which initiates stage Il (mass loss phase) (see
also Figure 1, ). The evolution of chain end formation can be observed by fitting
a degradation curve using an analytical model and Monte Carlo simulations of
polymer degradation® (Figure Sé). The softening of the film during stage | also
enabled a rupture and compaction of the film by the externally applied compres-
sion as observed by BAM (Figure 5C). The dissolution of the small fragments from
exo-scissions causes a decrease in surface pressure, which, under isobaric condi-
tions, is compensated by an area reduction (A, = A (). Here, area loss is equivalent
to mass loss in bulk degradation. As degradation accelerates, in stage lll, the
compression of the layer to compensate for the loss of surface pressure at the
interface increases G’ and G” until both surface pressure and moduli stabilize at
stage IV due to the termination of degradation (Figure 1, IV). A compact film is
again observed by BAM. It is worth noticing that at this point, when a maximum
of 45% reduction of the film area is reached, the addition of more enzyme does
not re-initiate degradation. In the following, we evaluate possible causes for the
incomplete degradation of the PET monolayers, in striking similarity to the
often-observed incomplete enzymatic degradation of bulk PET.

Contact-angle measurements of films transferred after degradation showed that the
layer becomes slightly more hydrophilic after degradation due to an increase in car-
boxylic acid and hydroxyl residues by hydrolysis and the presence of enzymes
(Table S1). Moreover, we used a doubled excess concentration of enzyme in the sub-
phase to assess if there was an enzyme saturation by an excess of substrate and ob-
tained a longer reaction time in stage | but a similar maximum extent of depolymer-
ization at 45% (Figure 5B). The longer reacting time in stage |, together with a fast
decrease in G’, indicates that more cleavage sites were being attacked when a
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Figure 5. Characterization of PET films upon degradation by IsPETaseTM
(A and B) Area variation (blue lines), G” and G’ measurement (orange line), and compression speed (gray line) over time during degradation of PET by

IsPETaseTM at a final concentration of 0.25 (A) and 0.5 pg/mL (B).
(C) In situ BAM images during stage | degradation. Time indicates the incubation time with the enzyme, and the arrowheads show selected locations on

the film being degraded through time. Scale bar, 50 pm
(D) AFM of films transferred at the end of degradation (stage 1V) at 40°C (left) and 50°C (right). From left to right: 1 X 5and 1 X 1 um scan. The dark

regions represent holes in the film due to transfer at high temperatures.

2-fold concentration of enzyme was used, generating shorter PET chains with lower
molecular weight.

At the termination of degradation, AFM of the films transferred to Si wafers (Fig-
ure 5D) showed a quite interesting film topography, with filament-like structures,
contrary to the rough films observed when the films were transferred at 40°C in
the absence of the enzymes (Figures 4B and 4C). As observed in the stepwise ther-
mal annealing experiment (Figure 4A), the film does not crystallize (no diffraction
pattern observed in TEM) but undergoes physical aging, which would certainly be
accelerated by the mobility enabled by reduced average chain length and the
external compression force. A denser packing of the chains can reduce the number
of chain segments with enough conformational freedom to bind to the substrate
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binding pocket of the PET hydrolases. In addition to physical aging of the polymer, a
change in the film topology can be caused by enzymes that undergo adsorption-
induced denaturation and aggregation once they reached the interface and are
compressed within the film. This (partly) enzymatic origin of the structures found
on the film surface was confirmed by staining with the amine-reactive dye N-hydrox-
ysuccinimide (NHS)-Fluorescein (Figure S7) and is also in line with their more pro-
nounced appearance after degradation at 50°C (Figure 5D) when compared with
40°C. The denatured protein inhibits the adsorption of active enzymes, thereby pre-
venting further degradation (Figure 1, IV). Along this line, we further investigated the
role of product inhibition of IsPETaseTM by MHET (Figure 1, lll) due to the lack of the
helper enzyme MHETase as an alternative explanation for incomplete degradation.

Addition of IsMHETaseSM increases degradation by approximatley 20%

As the second key enzyme for the PET-assimilating activity of I. sakaiensis, ISMHE-
Tase can hydrolyze MHET to terephthalate and EG®’ and is recently shown to
have very limited activity on the chain-end esters in PET polymers.”* IsMHETase sin-
gle mutation (IsMHETaseSM; single mutation: MHETaseW397A) used in this study
showed no degradation performance on polymer chains without IsPETaseTM after
30 min of contact with the thin film at 40°C (Figure 6A). Following the subsequent
addition of IsPETaseTM to the subphase (0.25 pg/mL), the above-mentioned degra-
dation stages (I-IV) with only IsPETaseTM were observed. Degradation by both en-
zymes reached a maximum extent of 50%-60% area reduction at 60 min after the in-
jection of IsPETaseTM. This time was shorter than the time for degradation using
IsPETaseTM alone, confirming the synergistic relationship between both enzymes
for degradation of PET. The AFM of the films transferred in the plateau region at
the end of degradation showed similar structures as those detected for [sPETaseTM
alone (Figure 6A). When the degradation temperature was increased to 50°C (Fig-
ure 6B), around 10% more area was lost from the interface, and degradation pro-
ceeded 5 times faster when compared with IsPETaseTM + [sMHETaseSM at 40°C
(Figure 6B). In addition, the coverage of the Si wafer by the transferred polymer
film was significantly lower, as observed by AFM (Figure 6D), consistent with the
higher degradation extent; moreover, fewer aggregates were detected. At 60°C,
the enzymes denatured rapidly, causing an increase in 7 and a considerably lower
hydrolysis performance at the A-W interface than when incubated at lower temper-
atures (Figure 6B). We conclude that to maximize the mass loss, it is necessary to
achieve a balance between the lifetime and the activity of the IsPETase, where the
latter is clearly enhanced in the presence of IsMHETase. When transferring our find-
ings to bulk PET, our findings support previous evidence on increasing the surface
area of PET and reducing its crystallinity via preprocessing below a critical size to
speed up degradation rates while reducing the threshold for degradation-induced
crystallinity.

Kinetic analysis of PET-degradation process

Having excluded surface crystallization as a major cause for the incomplete degrada-
tion of the PET ultrathin film, we infer that the enzymes have been deactivated during
our experiments (stage V). Deactivation could be induced either thermally or
through interaction with the polymer and its fragments. In a previous study,”® we
observed a deactivated enzymatic degradation process of lactide/glycolide copo-
lyesters and derived an appropriate kinetic model based on the assumption that
the activity of enzymes decreases exponentially either by thermal deactivation or
through the catalytic activity. The model was used to extract the reaction and deac-
tivation rate constants from the monolayer dissolution curves (Table S2). For the bio-
catalysis with IsPETaseTM at 30°C to 50°C, the deactivation rate constant was

3582 Chem Catalysis 2, 3573-3589, December 15, 2022

Chem Catalysis



Chem Catalysis

¢? CellPress

OPEN ACCESS

A ; . i : ; . r : !
| ] n =401 100 L{/SPETaseTM + [SMHETaseSM
120 [ TsPETasETM —AA & ¢ —_—
| ——G'(Pa) - o
i &' (Pa) © Joo1 —5000
100 -\ i ° 80 - ——60°C 4
A @ ]
& [IsMHETaseSMy4, O oot E =lr=nsior
S 80+ T S
< ] 1
< <
< <
60 L 1E-4 + [sPETaseTM
40 - + [sPETase [
N
40+ i z
S1E-5 + IsMHETaseSM
-20 0 20 40 60 80 100 200 Zb 46 6|0 SIO 160
Time after injection of IsSPETaseTM (min) Time after injection (min)

C

4.0 nm
D

-4.0 nm

Figure 6. Degradation of PET by IsMHETaseSM and IsPETaseTM enzymes

(A) Area variation (blue line) and G” and G’ measurement (orange lines) over time during
degradation of PET by IsPETaseTM and IsMHETaseSM at 40°C.

(B) Area reduction curves of PET degradation by IsPETaseTM and IsMHETaseSM at 40°C, 50°C, and
60°C.

(C) AFM images of films transferred after degradation in (A).

(D) AFM images of films transferred after degradation at 50°C in (B). AFM images from left to right:
1% 18.8,1 x5,and 1 x 1 um scan. The holes in the films are due to transfer at high temperatures.
Confocal microscopy images of transferred films stained with amine reactive fluorescent probe
N-hydroxysuccinimide (NHS)-Fluorescein suggests the presence of enzymes as the cause of the
filament-like structures observed by AFM (see Figure S7).

greater than that for the polymer degradation. The degradation rate constant
went through a maximum at 40°C, whereas the deactivation rate constant was in
reasonable agreement with Arrhenius’ law and an Arrhenius energy barrier of about
100 kJ/mol. This is a rather low deactivation energy barrier for enzymes, but the un-
folding energy of cutinases with PET degrading activity is even lower.”® Based on the
model, the optimum temperature for PET degradation with IsPETaseTM is 40°C,
which coincides with the onset of the Ty of the ultrathin PET Langmuir films. In
that regard, the greater segmental mobility of the molecules in the surface layer,
due to lower intermolecular interaction forces®” in combination with the plasticizing
effect of water, seems to be an important factor enabling the in vitro degradation of
PET by mesophilic hydrolases. When IsPETaseTM is combined with [sSMHETaseSM,
the highest degradation performed was achieved at 50°C, where the reaction and
deactivation rates are higher than that of the IsPETaseTM alone. The current work
shows that the Langmuir technique can help to gain the necessary fundamental

Chem Catalysis 2, 3573-3589, December 15, 2022 3583



¢? CellPress

OPEN ACCESS

insights also for polyesters that have very little amphiphilicity, hinting at its applica-
bility to other classes of hydrolysable polymers such as polyamides or
polyurethanes.

Conclusions and outlook

Our study highlights that the highest enzymatic activity of the mesophilic IsPETase
coincides with the glass transition of the thin films and polymer surfaces plasticized
by water (between 40°C and 48°C). IsPETase has a high affinity for the PET-water
interface, initiating a rapid endo-scission or random depolmerization (Figure 1, 1)
that evolves into an exo-scission where soluble fragments from the chain-end cuts
are dissolved in the water (Figure 1, Il). The degradation products lower the reaction
rate, which is mitigated by the second enzyme MHETase (Figure 1, llI*). Finally, ther-
mal deactivation, which requires a low activation energy, leads to formation of pro-
tein deposits on the PET surface that block further degradation and induce a “passiv-
ation” of the surface (Figure 1, IV), even when the polymer remains amorphous. With
these results, we provide insights on the main factors lowering the depolymerization
rate of PET surfaces, which are named surface Ty, product inhibition, and surface
deactivation of enzymes. Moreover, the high relevance of the thermal transitions
of the polymer surface and its impact on the enzymatic degradation underlines
the necessity for a holistic approach to polymer degradation. We advise that the
combination of a rational design of the enzymes targeting the state in which the
polymer is most degradable, suitable polymer pretreatments, and a continuous
depolymerization process where small fragments and inactivated enzymes are
removed/recovered could lead to improved industrial applicability of plastic recy-
cling. This is imperative given the exponential accumulation of plastic waste, which
has raised official awareness at the political, social, and scientific levels and is a clear
threat to the UN’s Sustainable Development Goals.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Natalia A. Tarazona (natalia.tarazona@hereon.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability

@ All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request.

Materials

Amorphous PET sheets of 2 mm thickness, sized 150 X 150 mm, were obtained from
Goodfellow (product number GF21713734). Polymer solutions for the Langmuir ex-
periments were prepared using hexafluoro-2-propanol >99% (HFIP) from Sigma-
Aldrich (CAS 920-66-1). Thermophysical properties of PET were characterized by dif-
ferential scanning calorimetry on a Netzsch DSC 204 Phoenix (Selb, Germany) at
heating and cooling rates of 10 K min~". Samples were weighed directly into hermet-
ic aluminum pans. Measurements were taken during the first cooling and second
heating run in a temperature range from —100°C to +200°C to determine the
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thermal behavior of bulk PET (Figure S8). Given the amorphous state of PET, only a
quite smooth Ty was observed around 60°C.

Expression and purification of IsPETaseTM and IsMHETaseSM enzyme
mutants

Plasmids harboring genes encoding IsPETase®'2'&/P186H/R280A (15pETa56TM)*® and
MHETaseV3?7A (IsMHETaseSM)'” were transformed into chemically competent E. coli
SHuffle T7 Express cells (New England Biolabs, Frankfurt am Main, Germany) and
spread onto Luria-Bertani (LB) agar plates containing 100 ug mL~" ampicillin. The plates
were incubated overnight at 30°C. One colony was picked and used to inoculate an
overnight culture containing 100 ng mL™" ampicillin. Cultivation was performed in LB
medium containing 100 ng mL™" ampicillin. The LB medium was inoculated with over-
night culture and incubated at 30°C and 160 RPM until an optical density (OD¢qq) of 1
was reached. Expression of both enzymes was then induced by the addition of 1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG). Cultivation was then continued for IsPETa-
seTM at 16°C and 160 RPM overnight. For the expression of the MHETase mutant, the
temperature was reduced to 16°C when an ODggo of 2.5 was reached. Cultivation was
then continued overnight. Cells were harvested by centrifugation at 3,500 x gand 4°C
for 50 min. The cell pellet was washed with 50 mM TRIS-HCl buffer (pH 7.5) and subse-
quently stored at —20°C until cells were lysed. Cells were resuspended in buffer A
(50 mM TRIS-HCI [pH 7.5], 150 mM NaCl, 10 mM imidazole) and disrupted by ultraso-
nication. Cell debris was then removed by centrifugation at 10,000 x g and 4°C for
20 min. Purification was performed with the AktaPure chromatography system
(GE Healthcare Europe, Freiburg, Germany) using a HisTrapTM FF crude 5 mL column
(Cytiva Europe, Freiburg, Germany). Undesired proteins were first washed away with
buffer A and then with buffer A supplemented with 100 mM imidazole. Elution of IsPE-
Tase and MHETase mutants was then performed with buffer A supplemented with
200 mM imidazole. Elution fractions containing the protein of interest were pooled
and concentrated using Vivaspin é centrifugal concentrator (10 kDa MWCO, Sartorius,
Gottingen, Germany). PD-10 Desalting Columns (Cytiva Europe, Freiburg, Germany)
were used to exchange the elution buffer to 50 mM TRIS-HCI buffer (pH 7.5). Protein
content was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scien-
tific, Waltham, MA, USA).

PET thin film formation

PET Langmuir ultrathin films were prepared on a polytetrafluoroethylene Langmuir
trough with a maximum surface area of A = 550 cm? and two Delrin barriers for sym-
metric compression (KSV NIMA, Espoo, Finland). 7-A isotherms were recorded with
an electrobalance and a platinum Wilhelmy plate (perimeter 3.94 c¢m) as a surface
pressure sensor. Milli-Q deionized water or PBS buffer (pH 7.4) were used as the sub-
phase. As PET is badly soluble in common solvents except for HFIP, which cannot be
used for Langmuir experiments alone, the working spreading solution was prepared
mixing 5 pL of a PET:HFIP solution (10 mg/mL) with 250 uL chloroform:DCM (3:1).
The PET-HFIP solution was sonicated at 40°C before use. After mixing, the solution
was immediately spread on the aqueous surface to achieve a final concentration of
0.16 mg/mL PET. After spreading, the solvents were allowed to evaporate for 10 min
before the measurements. For 1t-A isotherms, the layers were laterally compressed
at constant rates of 10 mm/min. The area per molecule (MMA) for PET was calculated
based on the average weight of the repeating units (one TG and one EG molecule)
and the surface area of the trough during compression. m-A isotherms were
repeated at least three times. All presented isotherm data correspond to individual
experiment data reproducible with a random measurement error of =5% concern-
ing the 7 or the MMA values for the independently repeated experiments.
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PET thin film characterization

Rheology, IRRAS, and BAM measurements at the A-W interface were achieved by
coupling the instruments to the same Langmuir trough setup described above.
These measurements track macroscopic behavior stimulated by the changes of
the atomic and/or molecular order at micro- or nanoscale. Rheology experiments
were carried out with an Interfacial Shear Rheometer (IRS, model MCR502) from An-
ton Paar (Graz, Austria), which consists of a biconical disk coupled to a driving motor
and to a torque and normal force transducer unit. Measurements were carried out at
a defined strain of 1% and an oscillation frequency of w = 6.2 rad s~ 's (1 Hz). The
detailed protocol has been described before.’° The storage modulus (G’) accounts
for the elastic component, and the loss modulus (G”) for the viscous component of
the response to oscillatory shear. BAM measurements were performed with an El-
lipsometer Accurion Nanofilm EP3 (EP3, Accurion, Géttingen, Germany). The instru-
ment was equipped with a 658 nm class IlIB laser source and a high-performance
CCD camera (1,392 x 1,040 pixels). Images were taken simultaneously during m-A
isotherms and degradation experiments with a resolution limit of 1 um. IRRAS mea-
surements were carried out with a PM-IRRAS spectrometer (Biolin Scientific, Espoo,
Finland) The photoelastic modulator was set to achieve a phase shift between p- and
s-polarized light of  at 2,900 em™". The angle of incidence was set to 74°. The inte-
gration time was 500 s. For ellipsometry, TEM, and AFM analyses, the monolayers
were transferred onto a Si wafer directly from the A-W interface using the
Langmuir-Schéfer technique.

Determination of PET T on an aqueous surface

Similar to dynamic mechanical analysis, the T4 of a polymer can be determined via
rheology, where the temperature of the specimen is increased while applying a
small-amplitude shear deformation to measure the dynamic moduli G’, G”, and
tan(d). Rheological and dynamic mechanical analysis (DMA) techniques are particu-
larly sensitive to the glass transition compared with differential scanning calorimetry
(DSC) and thermomechanical analysis (TMA). PET films prepared at different surface
pressures were subjected to a heating cycle from 21°C to ~45 °C at a heating rate of
approximately 2.5°C/min. The Ty of the films was determined as the intersection of
two tangent lines from the plot of the logarithm of G’ versus linear temperature. The
first tangent line is manually selected at the temperature before the transition, and
the second tangent line is constructed at the inflection to mid-point of the
modulus drop.

Ellipsometry measurements

AFM was used to examine the surface topography and nanoroughness of the films
transferred to solid substrates using an AFM from Asylum Research (Santa Barbara,
CA, USA) equipped with a silicon cantilever (OLYMPUS OMCL AC160TS-R3). The
scans were evaluated with ImageJ software.

Degradation experiments on the Langmuir trough

Before degradation experiments, all enzymes used were tested for their surface ac-
tivity to determine the concentration limit, above which the enzymes have an
inherent affinity for the interface. The surface activity of IsPETaseTM, a catalytically
improved variant of I. sakaiensis PETase in Glycine + NaOH 50 mM (pH 9) was about
3 times higher than PBS buffer, the latter being quite favorable for interfacial studies.
The concentration limit for IsPETaseTM was detected at 1 pg/mL in PBS buffer
at 40°C (Figure S5). The IsMHETaseSM surface activity limit was detected at
0.5 pg/mL. To evaluate the enzymatic degradation of PET, ultrathin layers were
formed at the A-W interface on PBS buffer (pH 7.4) at 21°C (approximately 50 pg
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of PET), followed by a layer compression step to reach 6 mN/m and a further increase
in temperature to 40°C (or 50°C). After stabilization for about 30 min at constant sur-
face pressure, the enzymes are injected under the films. During degradation, the sur-
face pressure is maintained constant, therefore the loss in surface pressure due to
degradation is compensated by the reduction in the area using the movable barriers
in the through. The data are presented as area reduction versus time (A/Ag)*100.
A = 100% corresponds to the area at which the enzyme was inserted.

Confocal microscopic imaging

Films transferred to Si wafers were subjected to NHS-ester labeling using amine
reactive fluorescent probe NHS-Fluorescein (Thermo Fisher Scientific, 46409).
Briefly, 1 mg NHS-Fluorescein was dissolved in 100 uL. DMSO according to manufac-
turer instructions (stock solution). Si wafers were incubated with with 2 mL working
solution prepared with 10 pL stock solution and 10 mL PBS buffer. The reaction
took place at room temperature for 30 min followed by three washing cycles. Fluo-
rescence was analyzed by Zeiss LSM 780 confocal microscopy, 20x lens, Zeiss ZEN
Software (black edition). Raw images were exported as czi image files.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].checat.
2022.11.004.
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SUPPLEMENTAL INFORMATION

Figure S1. In situ Brewster Angle Microscopy images of PET 2D thin films. Images were taken
during the Surface pressure - Area (11-A) compression isotherm (Figure 1) at surface pressure >9 mN/m.
Scale bar 50 pm.
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Figure S2. Polarization Modulated Infrared Reflection-Absorbance Spectroscopy (PM-IRRAS) of
PET layers at the air-water interface at 21°C. Inset showing area between 1300 and 1400 cm-1. The
differential reflectivity spectrum S is calculated from the collected difference (AR) and sum spectra (ZR)

of the detected intensities of the p- and s- polarized light as S = i—R =272 16 obtain the spectrum of

R~ Rs+Rp
the film adsorbing to the A—W interface, the sample spectrum is normalized with respect to the spectrum
S-Sg

of the bare A-W interface S, with Sg;;, = -~
0
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Figure S3. Damping factor vs. Temperature cycles for PET layers. PET films were prepared at
surface pressures of 6, 4, and 2 mN/m and heated from 21°C to 45°C.
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Figure S4. w-A isotherms of PET films. The films were prepared and compressed at 21, 10, and 40°C.
The thickness values measured by ellipsometry (Data of 4 replicates) as described in the main document
(material and methods).
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Figure S5. Surface activity of IsSMHETaseSM and IsPETaseTM enzymes. A) IsPETaseTM surface
pressure at different concentrations at 21 and 40°C in PBS pH 7.4. B) Surface pressure (n) and surface
potential (mV) of IsMHETaseSM and IsPETaseTM while adsorbing at the air-water Interface at
concentrations of 0.1 pg/mL and 0.25 pug/mL, respectively. C) AFM images of water surface transferred
to Si-wafers after adsorption of the enzymes at time 250 min.
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Figure S6. Fitting of the degradation curve in Figure 6B. The curve (second step) was fitted
assuming there is a maximum degradability of 36%. Then the rate constant was used to calculate the
normalized number of chain ends using an analytical model and Monte Carlo simulations of polymer
degradation (F. Hoffmann et al., Accepted). The curve was fitted for different values of average number
of monomers per chain (np). Assuming that only monomers are soluble, the average chain length will
be close to 1 in the end. When np =1000, from one chain with 2 ends, 1000 fragments with 2000 ends
are obtained, meaning a ratio of 1000 in total. However, since fragments are not all formed at the same
time, and are also being dissolved, the number of chain ends in the layer maxes out at 250.
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Figure S7. Confocal microscopy images of NHS-labeled films transferred to Si-wafers. A) after

degradation by ISMHETaseSM and IsPETaseTM (From Figure 6) and B) after incubation at 40°C without
enzymes (From Figure 4). Left and right pictures show different locations in the sample.
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Figure S8. Differential Scanning Calorimetry of bulk PET. The measurement was performed in a
Netzsch DSC 204 Phoenix (Selb, Germany) at heating and cooling rates of 10 K-min-2.



Table S1. Contact angle of PET before and after degradation by IsPETaseTM.

Contact angle °

Sample Advancing Receding

Si-wafer 61.3 (+2.0) 46.3 (+1.2)
Si-wafer + PET 6 mN/m 76.1 (+2.3) 54.5 (£2.5)
Si-wafer + PET after deg. 64.9 (+1.9) 32.7 (£3.4)

Table S2. Reaction rate constants (k*c_enz), and deactivation rate constants (k_deac). The
constants were calculated in dependence on temperature, from the degradation curves using the kinetic
model from Machatschek et. al. 2020./511

Temp k*c_enz k_deac
°C 1/s
50 0,022 0,081
40 0,036 0,051
30 0,003 0,0076

with ISMHETase

40 0,019 0,016
50 0,098 0,099
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