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ABSTRACT: Enzymatic depolymerization of poly(ethylene terephthalate) (PET) has
emerged as a potential method for PET recycling, but extensive thermomechanical
preprocessing to reduce both the crystallinity and particle size of PET is often
conducted, which is costly and energy-intensive. In the current work, we use high-
crystallinity PET (HC-PET) and low-crystallinity cryomilled PET (CM-PET) with
three distinct particle size distributions to investigate the effect of PET particle size and
crystallinity on the performance of a variant of the leaf compost-cutinase enzyme (LCC-
ICCG). We show that LCC-ICCG hydrolyzes PET, resulting in the accumulation of
terephthalic acid and, interestingly, also releases significant amount of mono(2-
hydroxyethyl)terephthalate. Particle size reduction of PET increased the maximum rate
of reaction for HC-PET, while the maximum hydrolysis rate for CM-PET was not
significantly different across particle sizes. For both substrates, however, we show that particle size reduction has little effect on the
overall conversion extent. Specifically, the CM-PET film was converted to 99 ± 0.2% mass loss within 48 h, while the HC-PET
powder reached only 23.5 ± 0.0% conversion in 144 h. Overall, these results suggest that amorphization of PET is a necessary
pretreatment step for enzymatic PET recycling using the LCC-ICCG enzyme but that particle size reduction may not be required.
KEYWORDS: plastic recycling, cutinase, interfacial biocatalysis, kinetics, crystallinity, particle size

■ INTRODUCTION
Plastics are necessary in today’s world, but most plastics are
not recycled and instead are discarded in landfills or
accumulate in the environment.1−3 Poly(ethylene terephtha-
late) (PET), with ∼65 million metric tons produced
annually,4−6 is the second most abundantly produced plastic,
behind only polyethylene. Currently, the most common type of
PET recycling is thermomechanical, which often results in
recycled polymers with less desirable mechanical properties
than those produced from virgin terephthalic acid (TPA) and
ethylene glycol,7 which are the monomers used for PET
synthesis. Therefore, chemical recycling technologies that can
depolymerize PET to its constituent monomers are of keen
interest to regenerate virgin-quality PET.8

Enzymatic recycling is an emerging chemical recycling
strategy for PET due to the relatively low temperature and
pressure required, as well as high selectivity in the enzymatic
reactions, possibly enabling precise PET depolymerization
within complex mixed waste streams that have been previously
excluded from recycling processes.9−11 Many PET-degrading
enzymes have been previously reported and characterized,12−25

but most show limited activity on PET and are therefore likely
not directly suitable for industrial use. There have recently

been many efforts to enhance the thermostability and catalytic
activity of several PET hydrolases to this end.26−46

To date, some of the highest depolymerization extents of
PET were reported by Tournier et al.39 The authors reported
an engineered variant of leaf compost-cutinase (LCC)17,19

capable of degrading PET to >90% within 10 h. While the
authors concluded that this performance is sufficient for
industrial-scale recycling, the PET used in their study was
extensively preprocessed to reduce long-range order and
crystallinity (amorphization) and reduce particle size (micron-
ization) prior to enzymatic degradation. These are fundamen-
tal process parameters, given that techno-economic analysis
(TEA) suggests that mechanical preprocessing of PET is a
main contributor to cost, energy consumption, and greenhouse
gas emissions of the process.47 Specifically, the analysis
suggests that by eliminating mechanical pretreatment, the
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process electricity usage decreases by 67%, the overall process
energy reduces by almost 50%, and the minimum selling price
of the recovered TPA is reduced by $0.24/kg.47 However, to
our knowledge, little work has been reported on the effect of
amorphization and micronization of PET with these recently
developed enzymes. It is well accepted that many reported
PET-hydrolyzing enzymes work better on amorphous
PET,15,38,48 with Ideonella sakaiensis PETase (IsPETase) and
several recently reported variants thereof being possible
exceptions.22,34,40,49−51 Moreover, studies from Castro et al.
and Gamerith et al. have shown that reducing the PET particle
size increased the conversion rate and the overall extent of
conversion;52−54 however, the enzymes used have not been
reported to achieve the same conversion extents as the current
engineered LCC variant.39

In this study, we investigated the effect of particle size
reduction and crystallinity on the performance of PET
depolymerization by the LCC-ICCG variant.39 We prepared
PET particles with low and high crystallinities across three
particle size ranges each, and the PET hydrolysis performance
of LCC-ICCG was tested on these substrates at varying solid
and enzyme loadings. We used the inverse Michaelis−Menten
(invMM) analysis proposed by Westh et al. to compare the
enzyme kinetics across the PET substrates.55−57 Additionally,
we performed reactions in bioreactors to investigate the
enzyme performance in a pH-controlled environment. Our
results suggest that decreasing the particle size of PET
increases the initial rate of the reaction but has little effect
on the overall conversion extent. Instead, the results show that
crystallinity of the PET substrate is the key driver of enzymatic
PET degradation with this enzyme system.

■ MATERIALS AND METHODS
Reagents, Stocks, and Buffers. All chemicals were obtained

from Sigma-Aldrich at the highest available grade of purity and used
as supplied, unless otherwise noted. Buffers were made using ultrapure
water. Equilibration buffer: 20 mM Tris, pH 8, 300 mM NaCl, and 10
mM imidazole. Elution buffer: 20 mM Tris, pH 8, 300 mM NaCl, and
500 mM imidazole. Assay buffer: 100 mM NaPi, pH 8.

Preparation and Characterization of PET Particles. Amor-
phous PET particles (which we denote CM-PET) were prepared by
cryomilling a 0.25 mm thick amorphous PET film (A-PET,
Goodfellow, ES301445). The film was cut into squares with 0.5 ×
0.5 cm dimensions and cryomilled in 1−2 g aliquots in stainless-steel
vials using a Freezer Mill 6770 (Spex SamplePrep) and ground for a
total of 40 min using the following grinding cycle: 4 min grinding, 2
min cooling, with 10 cycles in total. High-crystallinity PET particles
(denoted HC-PET) were sourced from Goodfellow (ES306031).

To separate the particles by size, the PET particles were wet sieved
using two sieve sizes: 250 and 125 μm sieves (Prüfsieb). Briefly, 5−10
g of PET powder was placed in the 250 μm sieve and ddH2O was
slowly run over the top. The filtrate was collected until no PET was
observed in the water (usually 8−10 L). This process was repeated
with the 125 μm sieve. The PET that went through the 125 μm sieve
was collected by filtering the solution using Whatman grade 5 filter
paper (Cytiva) and a Büchner funnel. The PET remaining in the 250
μm sieve was termed the “250 μm fraction”, the PET remaining in the
125 μm sieve was similarly termed the “125 μm fraction”, and the
PET that went through the 125 μm sieve was denoted as the “sub125
μm fraction”. All PET particles were dried at 40 °C for 2 days under
vacuum.

The particle size distributions of each sieve fraction were
determined using dark-field stereomicroscopy. PET particles were
suspended in 1% (w/v) sodium dodecyl sulfate and spread over a
glass slide (Fisher Scientific) at a concentration that reduced contact
between individual particles (∼500 μg mL−1). The 250 and 125 μm

sieve fractions were imaged at 2× magnification, and the sub125 μm
sieve fraction was imaged at 4× magnification on a Nikon SMZ1500
stereomicroscope equipped with a Nikon Ds-Fi1 camera. Particle sizes
were obtained by analysis with a custom ImageJ macro (NIH).
Briefly, individual particles were segmented by making the image
binary and using Analyze Particles function. Particles were fit to an
ellipse, and the surface area and volume were estimated by assuming
the height of the particle was the average of the short and long axes of
the ellipse. The mass of the particles was estimated using the density
of PET, 1.38 g cm−3. The specific surface area was then calculated as
the estimated sum of surface area over the sum of the mass of all
analyzed particles.

Detailed imaging of individual PET particles was performed on a
Nikon Eclipse E800 using either 10× 0.45 NA or 20× 0.75 NA
PlanApo Nikon objectives, dark-field illumination, and a SPOT RTKE
CCD camera (Diagnostic Instruments). PET particles were sprinkled
onto a glass slide and distributed to isolate the particles. Image slices
were collected at varying depths of field by manually changing the
focus from the slide surface to the top of the particle and capturing
images every ∼2−5 μm. The images were stacked using the Focus
Merge function in Affinity Photo (Serif).

The crystallinity of all PET substrates was determined by
differential scanning calorimetry (DSC) using a Q2000 DSC (TA
Instruments) on 2−8 mg of PET samples placed in hermetically
sealed aluminum pans. The samples were analyzed from 0 to 300 °C
at a rate of 10 °C min−1. The glass-transition temperature (Tg), heat
of melting (ΔHm), and heat of cold crystallization (ΔHcc) were
determined with Universal Analysis (TA Instruments). Percent
crystallinity was calculated using the following equation, where
ΔHm° is the reference heat of melting for PET = 140.1 J g−1

= [ ] ° ×H H H% crystallinity / 100%m cc m (1)

The weight-average molar mass (Mw) and number-average molar
mass (Mn) were determined by gel permeation chromatography
(GPC) using an Agilent 1260 Infinity II LC system, which consisted
of a 1260 Iso pump module, 1260 vial sampler module, and a 1260
Multicolumn Thermosat module. Three PL HFIPgel 250 × 4.6 mm
columns (Agilent, PL1514-5900HFIP) attached in series were used
for analysis, with a matching guard column attached. Samples were
prepared in 0.22 μm filtered hexafluoroisopropanol (HFIP) at a
concentration of 2 mg mL−1 and filtered through a 0.22 μm filter. The
operating conditions included HFIP as the carrier solvent, a flow rate
of 0.4 mL min−1, column temperature set to 40 °C, and a sample
injection of 100 μL. Detectors consisted of a miniDAWN TREOS
multiangle light-scattering detector (Wyatt Technology) used in
combination with an Optilab T-rEX refractive index detector (Wyatt
Technology). Wyatt Technologies Astra 7.2 software was used to
analyze the data.

Expression and Purification of the LCC-ICCG Enzyme. The
LCC-ICCG enzyme was expressed and purified similar to the method
reported by Tournier et al.39 The LCC-ICCG DNA was synthesized
(Twist Bioscience) and cloned into pET-21b(+) (EMD Biosciences).
The plasmid was then transformed into OverExpress Escherichia coli
C41 (DE3) (Lucigen) cells according to the manufacturer’s protocol,
plated on lysogeny broth (LB)-agar plates containing 100 μg mL−1

ampicillin (Amp), and incubated at 37 °C overnight. Single colonies
from transformation were inoculated into a starter culture of LB liquid
media containing 100 μg mL−1 Amp and grown at 37 °C with shaking
at 250 rpm overnight. The starter culture was inoculated at a 100-fold
dilution in 2× YT media (10 g of yeast extract, 16 g of tryptone, and
10 g of NaCl per 1 L media) containing 100 μg mL−1 Amp and grown
at 37 °C to OD600 = 0.6−0.8. Protein expression was induced by the
addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 1 mM. Cells were maintained at 20 °C and 225 rpm
for 18−24 h following IPTG induction, harvested by centrifugation,
and stored at −80 °C until purification. Harvested cells were
resuspended in lysis buffer containing 1 mg mL−1 lysozyme and 50 μg
mL−1 DNAase and incubated on ice for 10 min. Cells were
homogenized on ice using a sonicator (QSonica Q700) set to 50%
amplitude in 10 s bursts, followed by 15−20 s cooling breaks. Total
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sonication time was 2 min. The lysate was clarified by centrifugation
at 40,000g for 40 min at 4 °C. Clarified lysate was then applied to a 5
or 25 mL HisTrap HP (Cytiva) column using an ÄKTA Pure
chromatography system (Cytiva) and eluted with elution buffer over a
2 CV gradient. Fractions containing the protein were dialyzed
overnight against 20 mM Tris, pH 8, 300 mM NaCl at room
temperature. The sample was then clarified by filtration through a
0.45 μm polyvinylidene fluoride syringe filter (Thermo Scientific).
The protein was then further purified by size-exclusion chromatog-
raphy with HiLoad 16/60 Superdex 75 pg column (Cytiva). The
enzyme could also be stored for several days at 4 °C, which caused
most remaining impurities to precipitate, which were then removed
by centrifugation or filtration. The enzyme was stored for up to 6
months at 4 °C with no detectable loss in activity.

Enzymatic Hydrolysis Experiments. Small-scale 1.5 mL volume
reactions were performed in triplicate in 2 mL polypropylene
Eppendorf tubes containing assay buffer and varying masses of PET
substrate (0.5−10 mg mL−1). Reaction tubes were equilibrated to 65
°C in a heat block (Thermo Scientific) for 10 min, and the reaction
was started by the addition of varying concentrations of LCC-ICCG
(30 nM to 5 μM final). Controls were performed with no added
enzyme. Timepoints of 125 μL were removed with rapid pipetting to
suspend the PET powder and immediately quenched into an equal
volume of methanol. Samples were filtered through a 96-well, 0.25 μm
filter plate (EMD Millipore, MSGVN22) using a vacuum manifold
(Pall, 5017) into a 300 μL collection plate (Agilent, 5043-9312) and
sealed with a silicone mat (Agilent, 5043-9317).

Large-scale reactions were performed at 1 L scale in duplicate in 3
L glass bioreactors (Applikon Biotechnology), which included two
Rushton impellers in the stirrer shaft below the 1 L line. The gas-
sparging arm and baffles were removed. Three different substrates
were used: A-PET (Goodfellow, ES301445) cut into ∼1 × 1 cm
squares, HC-PET that had not been separated by sieving (Good-
fellow, ES306031), and residual PET fines from a bottle-to-bottle
recycling plant kindly provided by Western Container Corporation
(WC-PET). Briefly, 100 g of PET substrate (73 mL volume based on
density of PET) was added to 893 mL of assay buffer and equilibrated
to 65 °C with stirring at 250 rpm. The reaction was initiated by the
addition of 35 mL of 8.6 mg mL−1 LCC-ICCG for a final enzyme
loading of 3 mg g−1 PET (10.5 μM LCC-ICCG). No-enzyme controls
were performed in 250 mL of assay buffer with 25 g of PET substrate
in 250 mL glass jars (Corning), maintained at 65 °C in a MaxQ 6000
shaking incubator (Thermo Scientific) set at 250 rpm. Reactions
proceeded for 144 h and were maintained at pH 8 with 4 N NaOH
addition using a peristaltic pump controlled by an in-control module
(Applikon Biotechnology). Control reactions did not require pH
control since abiotic PET hydrolysis was very low or undetectable.
Sample volumes of 1 mL were removed at designated time points,
quenched, stored, and filtered as described above for the small-scale
reactions. At the end of the reaction, the remaining A-PET was
collected by filtration through Whatman grade 2 filter paper (Cytiva)
and a Büchner funnel, while the remaining HC-PET and WC-PET
were collected by filtration through 0.45 μm jar-top filter units
(Thermo Scientific, 169-0045). The filters were preweighed, and after
the PET was collected, the filters with PET were dried for 3 days at 50
°C under vacuum before the final mass of residual PET was
calculated.

Ultrahigh-Performance Liquid Chromatography Analysis of
Reaction Timepoints. Standards of bis(2-hydroxyethyl)-
terephthalate (BHET) and TPA were acquired from Sigma-Aldrich.
Mono(2-hydroxyethyl)terephthalate (MHET) was prepared as
described previously.49 Quantitation of BHET, MHET, and TPA
was performed using ultra-high-performance liquid chromatography
on an Infinity II 1290 system (Agilent Technologies), as described
previously.58

Determination of Initial Rates and Kinetic Analysis. Initial
rates of the reactions were determined by linear fits to the sum of the
monomers released for each timepoint up to the first 5 h of the
reaction. The invMM equation was used as described previously.57 All
linear and invMM fits were performed with Origin Pro 2021

(OriginLab Corporation). MHET autohydrolysis rates were fit to a
single-step rate equation using KinTek Explorer (KinTek Corpo-
ration).

■ RESULTS AND DISCUSSION
Characterization of PET Substrates. Figure 1 shows

particle size distributions of sieved PET substrates. The CM-
PET particle (Figure 1A−C) size distributions are overall very
similar to the HC-PET size distributions (Figure 1D,E),
resulting in similar specific surface areas across the three sieve
fractions and substrates (Table 1). Despite similar particle size
distributions, the two sets of particle preparations exhibit
different morphologies when examined with dark-field
microscopy. The CM-PET particles display a variety of
morphologies, including particles that appear shredded or
torn (Figure S1A,C) and others that appear to be uniform,
solid particles (Figure S1B). In contrast, the HC-PET particles
are generally more consistently solid particles (Figure S1D−F).
Interestingly, many of the HC-PET particles also exhibit
complex morphological traits, including long offshoots from
the main body of the particle (Figure S1D,E).

There are also substantial differences in the crystallinity of
these two PET substrates. While the CM-PET particles
originated from the LC-PET film (∼4% crystallinity, Table
1), the cryomilling process had a measurable effect on the
crystallinity of the resulting particles since the crystallinity of
the PET after cryomilling was higher than that of the starting
material (Table 1 and Figure S2). Since the PET was ground at
cryogenic temperatures, this increase is likely not due to heat-
induced crystallization but instead could be attributed to
stress-induced crystallization.59−62 Some variation in the
crystallinity of the sieve fractions was observed, with all
samples having crystallinity between 7 and 15% (Table 1). A
possible explanation for the variability could be artifacts of the
DSC measurement, which can be variable and can tend to
overestimate the crystallinity of amorphous PET.63 Cryomil-
ling of the PET film did not significantly alter the molecular-
weight distributions as all three sieve fractions were similar to
the starting material (Table 1). The HC-PET particles exhibit
much higher crystallinity than the CM-PET and were more
consistent across the sieve fractions, with all of them in the
32.5−35.7% crystallinity range (Table 1 and Figure S3). There
was also no difference in the molecular weight distributions
across the sieve fractions of the HC-PET particles (Table 1).

Effect of Particle Size and Crystallinity on Enzymatic
Degradation of PET. To determine the effect of particle size
on enzymatic degradation of PET, reactions were performed
with different PET substrates. Figure 2, Dataset S1 shows
representative time courses from small-scale depolymerization
experiments conducted with 10 mg mL−1 PET and 1 μM
LCC-ICCG. For the CM-PET (Figure 2A−C), the primary
monomers released were TPA and MHET, with the MHET
eventually converting to TPA over the course of the reaction.
The monomer concentration eventually reached ∼70 mM.
The HC-PET generally followed the same trend; however, the
concentration of the monomers was overall much lower,
reaching only ∼20−30 mM after 72 h (Figure 2D−F).
Interestingly, for both the CM-PET and HC-PET particles, the
MHET concentration appeared to be affected by the size of the
particles. MHET reached the highest concentrations in the
reactions with the sub125 μm PET particles for both the CM-
PET and HC-PET particles.
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To examine the transient nature of MHET accumulation
under these reaction conditions, we evaluated whether LCC-
ICCG could catalyze MHET hydrolysis. Incubation with
MHET and LCC-ICCG showed that the enzyme did not
hydrolyze the substrate faster than a control reaction with no
enzyme (Figure S4, Dataset S2). However, MHET sponta-
neously hydrolyzes under these conditions at a rate of 0.082
h−1 (Figure S4). This result indicates that LCC-ICCG can
convert PET to both MHET and TPA and that the MHET
slowly hydrolyzes to TPA explaining the transient accumu-
lation of MHET in the reactions with PET.

To determine the effect of enzyme concentration on overall
performance, we repeated the experiments shown in Figure 2
at varying enzyme concentrations (from 0.03 to 1.0 μM) and
compared the concentration of monomers released after 72 h.
Figure 3, Dataset S3 shows the results of these experiments.
Generally, the highest extents of conversion were reached at
the highest enzyme concentrations for both CM-PET and HC-
PET, with very little overall difference observed between the
different particle sizes. The CM-PET reached total monomer
concentrations of ∼70−80 mM, while the HC-PET product
yields were ∼3-fold lower at ∼20−30 mM.

To further examine how particle size and crystallinity affect
the initial rate and overall performance of the LCC-ICCG
enzyme, we followed the approach described by Baåt̊h et al.57

In this approach, two different experiments are conducted: one
where the PET loadings are varied with a constant enzyme
concentration [conventional Michaelis−Menten (MM) ap-
proach] and one where the enzyme concentration is varied
while holding the PET loading constant (invMM ap-
proach).15,55,64 Analysis of these two experiments can provide
insights into numbers of available binding sites for the enzyme
on the PET surface as well as conventional specificity
constants. Unfortunately, at the low enzyme concentrations
and PET loadings required for conventional MM kinetics, the
reaction profiles were not linear. Instead, there was a significant
lag (Figure S5, Dataset S4), which makes determining the
initial rates challenging and likely inaccurate. Thus, we only
report the results of invMM analysis here.

Figure 4, Dataset S5 shows the invMM analysis55,56 for the
enzymatic hydrolysis of CM-PET (Figure 4A) and HC-PET
particles (Figure 4B). The parameters resulting from the fits of
the invMM equation to the data are shown in Table 2. The
CM-PET particles exhibit similar invKm values and nearly

Figure 1. Size distributions of CM-PET and HC-PET particles. Histograms indicate the volume percentage as a function of Feret’s minimum
diameter of CM-PET (blue) and HC-PET (red) substrates. (A,D) 250, (B,E) 125, and (C,F) sub125 μm sieve fractions. Inset graphs show the
expanded view of the data.

Table 1. Characterization of PET Substratesa

PET
substrate source

sieve fraction
(μm)

specific SA
(m2 g−1) Tg (°C) % crystallinity Mn (kDa) Mw (kDa)

LC-PET low-crystallinity PET film, Goodfellow
ES301445

N/A N/A 75.7 ± 0.6 4.2 ± 2 19.7 ± 8.3 33.8 ± 6.8

CM-PET cryomilled LC-PET, from Goodfellow
ES301445

250 0.01 79.0 ± 0.8 11.0 ± 1.8 20.9 ± 7.5 34.9 ± 6.7

125 0.02 74.2 ± 0.3 7.6 ± 1 19.3 ± 8.6 34.8 ± 6.5
sub125 0.12 69.4 ± 0.7 14.3 ± 2.3 20.3 ± 4.9 34.5 ± 6.4

HC-PET semicrystalline powder, Goodfellow ES306031 250 0.012 76.1 ± 0.3 35.7 ± 3.8 19.9 ± 6.4 32.5 ± 7.1
125 0.022 76.6 ± 0.6 33.0 ± 2.1 19.2 ± 5.7 33.0 ± 6.3
sub125 0.06 76.8 ± 0.6 32.5 ± 1.7 20.1 ± 7.2 32.1 ± 6.9

WC-PET fines supplied by Western Container
Corporation

N/A N/A 70.0 ± 0.5 37.3 ± 2.5 26.7 ± 8.4 43.5 ± 6.6

aSpecific surface area calculated from stereomicroscopy, DSC data, and GPC data for all PET substrates. ± indicates SD, n = 3.
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identical invVmax. The largest difference between the small and
large particles was observed in the HC-PET, with the sub125
μm particles reaching a invVmax approximately double that of
the 250 μm sieve fraction. Generally, the smaller particle sizes
resulted in higher initial rates than the larger particles.
However, for the CM-PET particles, as the enzyme
concentration increases, the rate of the reaction for all particles
converges, whereas for the HC-PET, the initial rates were still
notably different even at the high enzyme concentrations.

We also investigated the effect of PET particle size and
crystallinity in 1 L scale reactions with pH control, shown in
Figure 5, Dataset S6. We tested three different PET substrates:
(1) A-PET cut into ∼1 × 1 cm squares (Figure 5A,D), (2)
HC-PET (Figure 5B,E), and (3) WC-PET (Figure 5C,F). The
A-PET cut into ∼1 × 1 cm squares performed the best,
reaching 99 ± 0.3% conversion by mass loss and 91.3 ± 1.8%
measured by HPLC analysis after ∼48 h (Figure 5D). In
contrast, the higher-crystallinity powders HC-PET and WC-
PET reached much lower conversion extents, only reaching
23.5 ± 0.0 and 24.6 ± 0.8% degradation by mass loss,
respectively, and 19.2 ± 0.9 and 24.0 ± 0.1% as measured by
HPLC after 144 h (Figure 5E,F). Note the error for these
numbers is the absolute difference between duplicate experi-
ments.

Generally, the monomer release profiles from the 1 L scale
reactions were similar to those from the small-scale reactions.
TPA was the primary product released over time for all
substrates with MHET released in a similarly transient manner
as the small-scale reactions. The MHET reached similar
concentrations (∼10−12 mM) for all substrates tested in the
bioreactors. Similarly, the LC-PET substrate (LC-PET, Figure
5A) generated significantly higher overall concentrations of
monomers upon enzyme treatment, ∼450 mM, when
compared to the higher-crystallinity HC-PET (Figure 5B)
and WC-PET (Figure 5C), which each released ∼100−120
mM total monomers.

The goal of this study was to investigate the effect of PET
particle size and crystallinity on the enzymatic degradation of
PET with LCC-ICCG. To that end, we generated PET
particles with similar sizes and surface areas but with low and
high crystallinity (Figure 1 and Table 1). In small-scale tests,
we observed that the sub125 μm sieve fraction particles
generally achieved the highest extents of conversion during the
initial 2−5 h of the reaction, suggesting that reducing the
particle size has the largest effect on initial reaction rates
(Figure 2). Interestingly, this observation did not necessarily
translate to increased overall conversion extents since all
particle sizes of a given PET substrate generally reached the
same extent of conversion by the end of the reaction (Figure
3). Instead, crystallinity of the substrate appears to be the main
driver for overall performance since the CM-PET (7−15%
crystallinity) reached ∼3-fold higher conversion extents than
the HC-PET (33−35% crystallinity). These data are consistent
with previous studies using various PET hydrolase enzymes
and PET substrates, which also show that as the crystallinity of
the PET substrate increases, the degradation performance
decreases.15,38,48 These results highlight the need for enzymes
that work well on high-crystallinity PET to reduce the
necessity of costly and energy-intensive pretreatment.4,50

While overall depolymerization extent appeared to be largely
unaffected by reducing the particle size of the PET, the initial
rate of the reaction was affected. We investigated this by
varying the enzyme concentration with the PET particle solid
loading held constant at 10 mg mL−1 and using an invMM
analysis (Figure 4). The results of this experiment were notably
different between the two different PET crystallinities. First,
the HC-PET particles across all size fractions had a lower
invVmax than the corresponding CM-PET particles (Table 2).
Second, comparing across the various particle sizes for each
substrate, we found that the HC-PET particles with the
smallest size uniformly exhibited the highest initial rate. This
was not true for the CM-PET where the rates eventually
converged with higher enzyme concentrations. If we assume

Figure 2. Monomer release as a function of time for 10 mg mL−1 PET particles with 1 μM LCC-ICCG. Monomers present in the reaction were
analyzed by HPLC. (A) 250 μm CM-PET, (B) 125 μm CM-PET, (C) sub125 μm CM-PET, (D) 250 μm HC-PET, (E) 125 μm HC-PET, and (F)
sub125 μm HC-PET. Reactions were performed in triplicate and errors bars represent the standard deviation. The data shown in this figure are
provided in Dataset S1.
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that invVmax is governed by kcat,
57 then these data suggest that

similar amounts of enzyme can bind to the various particle
sizes of the CM-PET, resulting in similar maximal rates.
However, for the HC-PET, the invVmax is higher for the sub125
μm sieve fraction particles. This suggests that more enzymes
can bind to the smaller particles, which is expected since the
surface area is higher at a given solid loading. A possible
explanation for this difference between the two substrates
could be explained by the difference in observed morphologies
for each particle preparation. The shredded appearance of the
CM-PET likely made an exact measurement of surface area
inaccurate, so it is possible that all sieve fractions had much
larger surface areas than we estimated. This could explain why
the measured invVmax is the same for the CM-PET. Despite this,
for both PET particle preparations, these results suggest that
decreasing particle size or adding more enzyme can increase
the initial reaction rate to a certain extent. It is important to
note that this increase in initial rate did not necessarily
translate to an increase in overall conversion extent, as
mentioned above (Figure 3).

Since it is known that the optimal pH for LCC-ICCG is
∼8,17,39 we also evaluated the effect of PET particle size and
crystallinity on the performance of LCC-ICCG in bioreactors
with pH control. This negates the reduction in enzyme
performance due to acidification from the release of the acidic
monomers. As reported previously, LCC-ICCG is capable of
converting 200 g L−1 amorphized and micronized PET to
∼90% over 10 h when incubated at 72 °C with 3 mg enzyme g
PET−1.39 Figure 5A shows a similar experiment under slightly
different conditions, in this case 65 °C and 100 g L−1 PET. A
key difference is that the PET was not micronized in this
experiment, instead the LC-PET film was cut into ∼1 × 1 cm
squares. Using the same enzyme loading of 3 mg g−1 PET, the
reaction still reached similar conversion extent in ∼48 h. We
also noted a significant lag for the 1 × 1 cm squares which was
not observed by Tournier et al. The lag seems to be dependent
on surface area and enzyme concentration since a similar lag
was observed in the small-scale experiments at low enzyme
concentrations and low-surface-area PET particles (Figure S5).

While the cause of this induction phase remains unclear, one
possible explanation is the enzyme cleaves the PET polymer
chains in an internal (endo) manner, as suggested in a previous
study investigating the effect of crystallinity on the perform-
ance of LCC-ICCG.65 This would not release monomers in
the initial part of the reaction.

There were some interesting differences between the large-
and small-scale reactions in the observed MHET concen-
trations. The large-scale reactions generally built up less
MHET, reaching ∼10−12 mM, while the MHET in the small-
scale reactions could reach up to ∼21 mM (Figure 2C). This
effect was most noticeable with the sub125 μm sieve fraction;
however, the large particles in the small-scale reactions
generated nearly identical levels of MHET as in the 1 L
scale reactions. This suggests that the product released from

Figure 3. Total amount of monomers released from PET particles
hydrolyzed with LCC-ICCG. The bars show the concentrations of all
monomers released at the 72 h endpoint of the reaction with
indicated [LCC-ICCG] and 10 mg mL−1 PET substrate. Reactions
were performed in triplicate, and error bars represent standard
deviation. The data shown in this figure are provided in Dataset S3.

Figure 4. InvMM kinetic analysis and total amount of monomers
released from PET particles upon hydrolysis with LCC-ICCG.
InvMM analysis of 10 mg mL−1 (A) CM-PET and (B) HC-PET
hydrolysis rate as a function of LCC-ICCG concentration ([E]).
Lines are fits of the invMM equation. Table 2 shows the fitted
parameters. Reactions were performed in triplicate and error bars
represent standard deviation. The data in this figure are provided in
Dataset S5.

Table 2. Kinetic Parameters from InvMM Analysisa

PET substrate sieve fraction (μm) invKm (μM) invVmax (μmol g−1 s−1)

CM-PET 250 3.4 ± 1.7 0.49 ± 0.14
125 2.7 ± 1.2 0.48 ± 0.11
sub125 1.1 ± 0.3 0.40 ± 0.04

HC-PET 250 0.6 ± 0.1 0.08 ± 0.01
125 1.3 ± 0.3 0.14 ± 0.02
sub125 0.7 ± 0.1 0.16 ± 0.01

aCalculated from data shown in Figure 3. The error indicates the
standard error of the fit.
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the PET may be affected by surface area or accessibility of the
PET chains. Additionally, since the absolute concentrations of
MHET are similar across the large-scale and small-scale
experiments with the larger particle sizes, it is possible that at
this concentration of MHET, the LCC-ICCG enzyme will
preferentially release TPA due to product inhibition. This
suggests that MHET is inhibitory and raises the possibility that
adding a complementary MHETase to the reaction could
further improve the performance of LCC-ICCG, as has been
shown with a carboxylesterase and WT-LCC,66 and the
IsPETase and MHETase system.22,49

■ CONCLUSIONS
Overall, under the conditions tested here, we observe that PET
particle size does not have an appreciable effect on the overall
degradation performance of LCC-ICCG since each particle
size fraction for both substrates reached similar extents of
degradation. This is in good agreement with previous work
from others that investigated the effect of particle size on
enzymatic conversion of PET.52−54 In these studies, the
authors generally concluded that smaller PET particles reached
higher levels of conversion over days or weeks. However, the
enzymes used in these studies, HiC52,54 and Thc-Cut1,53 have
been reported to exhibit lower hydrolysis rates and reach
substantially lower extents of PET conversion compared to
LCC-ICCG.26,57 This suggests that even for reactions spanning
days or weeks, these enzymes could still be working at the
initial rate. Stated differently, these previous results suggest
that across a variety of enzymes working at different rates and
extents of conversion, a reduction in particle size may lead only
to an increase in the initial rate of the reaction. While this is
certainly beneficial to an industrial process since it would lower
the residence time in the reactor, based on TEA analysis, this is
not as substantial a cost driver as either extent of
depolymerization or the cost associated with generating PET
feedstocks.47 For instance, small amorphous particles (<300

μm, as used by Tournier et al.39) reach 90% conversion in 10 h.
In this study, using the amorphous film cut into small squares,
we achieved the same extent of conversion in 48 h (Figure 5).
This difference in time would cut the minimum selling price of
TPA by less than 6% based on our TEA model. The question
then becomes whether the tradeoff in energy consumption
(and capital expense) of grinding could be offset by this <6%
reduction selling price of TPA�further experiments using
LCC-ICCG or other enzymes with various forms of pretreated
postconsumer PET waste paired with rigorous TEA will be
necessary to determine the efficacy of particle size reduction
and amorphization to industrial-scale enzymatic recycling of
PET.
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Conceiçaõ Gomes, A.; Valoni, É. Screening of commercial enzymes
for poly(ethylene terephthalate) (PET) hydrolysis and synergy
studies on different substrate sources. J. Ind. Microbiol. Biotechnol.
2017, 44, 835−844.
(53) Gamerith, C.; Zartl, B.; Pellis, A.; Guillamot, F.; Marty, A.;

Acero, E. H.; Guebitz, G. M. Enzymatic recovery of polyester building
blocks from polymer blends. Process Biochem. 2017, 59, 58−64.
(54) Castro, A. M. d.; Carniel, A.; Stahelin, D.; Chinelatto Junior, L.

S.; Honorato, H. d. A.; de Menezes, S. M. C. High-fold improvement
of assorted post-consumer poly(ethylene terephthalate) (PET)
packages hydrolysis using Humicola insolens cutinase as a single
biocatalyst. Process Biochem. 2019, 81, 85−91.
(55) Kari, J.; Andersen, M.; Borch, K.; Westh, P. An Inverse

Michaelis−Menten Approach for Interfacial Enzyme Kinetics. ACS
Catal. 2017, 7, 4904−4914.
(56) Andersen, M.; Kari, J.; Borch, K.; Westh, P. Michaelis-Menten

equation for degradation of insoluble substrate. Math. Biosci. 2018,
296, 93−97.
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