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ABSTRACT: The extensive production and use of polyethylene
terephthalate (PET) have generated an enormous amount of
plastic waste, which potentially threatens the environment and
humans. Enzyme biocatalysis is a promising green chemistry
alternative, relative to the conventional fossil-derived production
process, to achieve plastic waste treatment and recycling. In this
work, we created a biocatalyst, BIND-PETase, by genetically
engineering the curli of an Escherichia coli cell with a functional
PETase enzyme for biocatalytic degradation of PET plastics.
BIND-PETase could degrade PET to generate degradation
products at the concentration level of greater than 3000 μM
under various reaction conditions. The effects of key reaction
parameters, including pH, temperature, plastic substrate mass load,
and surfactant addition were characterized. BIND-PETase was reusable for PET degradation and remained stable with no significant
enzyme activity loss when stored at both 4 °C and room temperature for 30 days (Student’s t test, p > 0.05). Notably, BIND-PETase
could enable the degradation of PET microplastics in wastewater effluent matrix. Moreover, BIND-PETase could depolymerize
highly crystalline postconsumer PET waste materials under ambient conditions with degradation efficiency of 9.1% in 7 days. This
study provides a new horizon for developing environmentally friendly biocatalytic approaches to solve the plastic degradation and
recycling challenge.

KEYWORDS: Biocatalysis, enzymatic depolymerization, plastic waste, biofilm-integrated biocatalyst, polyethylene terephthalate (PET),
curli

■ INTRODUCTION

With an annual production exceeding 26 million tons,
polyethylene terephthalate (PET) is the most widely
manufactured and used polyester plastic because of its
excellent mechanical and thermal stability.1,2 However, massive
postconsumer PET waste has been generated, which is
prevalent in diverse environmental matrices,3−5 potentially
threatening the health of different organisms.6,7 Such adverse
impacts of PET plastic pollution would be compounded by its
extreme environmental degradation resistance.8 Additionally,
continuing production of new PET consumes nonrenewable
petroleum resources.9 Therefore, it is critically important to
address the plastic waste crisis for environmental sustainability.
There is an urgent need to develop innovative and efficient

technologies for plastic waste treatment and recycling.
Traditional solid waste treatment methods such as landfill
and incineration have severe drawbacks including secondary
pollution and incapability in valorization of plastic waste.10−12

Current mechanical and chemical recycling either deteriorate
PET plastic properties or require a large amount of energy and
costly chemical input.13−15 In contrast, enzyme-catalyzed PET
recycling, which has high specificity and efficiency under mild

reaction conditions with minimal energy and chemical
use,16−18 has potential to work as an environmentally friendly
alternative to conventional fossil-derived production process.19

The enzyme PETase from the bacterium Ideonella sakaiensis is
a prime candidate for biocatalytic PET degradation because of
its activity in hydrolyzing highly crystalline PET (crystallinity >
20%) at mesophilic temperatures.20−23 It is still challenging to
use the free PETase for practical applications due to its costly
and time-consuming purification processes, short working
lifespan, and nonreusability, although the improvement in the
depolymerization capability of PET hydrolases by protein
engineering has enabled the use of free enzymes to step closer
to economical large-scale plastic recycling.18,24−26 Engineering
biocatalytic materials with immobilization of the target enzyme
is a promising approach to overcome the above-mentioned
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limitations,27 but developing effective PETase-immobilized
biocatalysts remains underexplored. Notably, conventional
enzyme immobilization methods require laborious protein
purification and carrier material production, and the
immobilization processing may impair enzyme functionality
due to physical or chemical bonding.27 Recently, an innovative
platform called biofilm-integrated nanofiber display (BIND)
has been developed, enabling efficient and autonomous protein
immobilization on the curli of Escherichia coli.28 Curli are
proteinaceous amyloid nanofibers on the surface of E. coli as a
major constituent of biofilm.29 The BIND platform allows a
functional display of the desirable enzyme through fusion with
the building block monomer of curli, CsgA subunit, via a
synthetic biology approach (Figure 1A). The BIND platform is
advantageous over conventional immobilization methods
because it circumvents the complicated steps of protein
purification, immobilization material preparation, and process-
ing, while maximally retaining the enzyme activity.28 In
addition, the BIND strategy would benefit the interaction
between the enzyme and solid substrates given the critical role
of curli in mediating the contact between bacterial biofilm and
external surfaces.28 Inspired by successful application of BIND
to display various peptides and proteins,28,30,31 we aim to
exploit this platform to develop a new renewable PET-
degrading biocatalyst.
Specifically, this study created a whole-cell biocatalyst,

named BIND-PETase, by functionally immobilizing PETase
on the self-assembled E. coli curli nanofibers for PET
degradation (Figure 1A). The study characterized the
effectiveness of the BIND-PETase biocatalyst in degrading

PET under various reaction conditions, stability during storage,
and reusability in PET degradation. Moreover, in relevance to
application scenarios, we demonstrated the capability of
BIND-PETase in (i) degrading PET microplastics in complex
wastewater effluent matrix and (ii) depolymerizing highly
crystalline postconsumer PET waste materials. This study
provides a new dimension for developing environmentally
friendly biocatalytic approaches to solve the plastic waste
challenge.

■ MATERIALS AND METHODS

Chemicals, Reagents, and Bacterial Strains. The
detailed information is provided in Section S1.

Construction of BIND-PETase. The csgA gene was
amplified from the genomic DNA of E. coli K-12 with 5′
NdeI and 3′ BamHI sites. The PETase gene codon-optimized
for E. coli expression was amplified from the plasmid
pET21b(+)-Is-PETase20 with 5′ BamHI and 3′ XhoI sites.
These two genes were inserted into the pBbE1a backbone
digested with NdeI and XhoI via a three-way ligation to
construct pBbE1a-CsgA-PETase (Table S1). The CsgA gene
was ligated with the pBbE1a backbone to obtain pBbE1a-CsgA
(Table S1). The correctness of the resultant plasmids was
confirmed by Sanger sequencing.
The E. coli PHL628 cells were transformed with pBbE1a-

CsgA-PETase. Cultivation and induction conditions to obtain
BIND-PETase biocatalyst were detailed in Section S2. E. coli
PHL628 transformed with pBbE1a-CsgA was included in
parallel to prepare the cells with wild-type curli. The obtained

Figure 1. Construction and characterization of the BIND-PETase biocatalyst. (A) Schematic diagram for the design of BIND-PETase for
biocatalytic degradation of PET. (B) Congo red binding assay. The experiments were conducted in triplicate, and values represent the mean ±
standard error. (C) Western blot analysis. The blue and orange arrows indicate the wild-type CsgA subunit and CsgA-PETase fusion, respectively.
(D) Enzyme activity of the BIND-PETase biocatalyst. One unit (U) of enzyme activity was defined as the amount of enzyme that catalyzes the
hydrolysis of 1 μmol of pNPB substrate per minute under the conditions specified in Section S5. The experiments were conducted in triplicate, and
values represent the mean ± standard error.
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biocatalyst was stored in phosphate buffer (50 mM
Na2HPO4−HCl, 100 mM NaCl, pH = 7) at 4 °C prior to
use. BIND-PETase was characterized using Congo red (CR)
binding assay, Western blot analysis, and enzyme activity assay.
The details are provided in SI (Sections S3−S5).
PET Degradation by BIND-PETase. The degradation

experiments were performed as follows: 1.2 U/mL of BIND-
PETase was added into 1.5 mL of 50 mM glycine-NaOH
buffer (pH 9) containing 20 mg of commercial semicrystalline
PET (particle size < 300 μm) and mixed gently by pipetting up
and down with the PET plastic, followed by static incubation
at 30 °C. These experimental conditions were also used to
investigate the effects of different reaction factors, including
pH, temperature, microplastic substrate mass load, and
surfactant addition, unless otherwise specified. The secondary
effluent used in PET microplastic degradation was collected
from the South Bend Wastewater Treatment Plant, and its
characteristics are shown in Table S2. The effluent was 0.2 μm
membrane filtered and adjusted to pH 9 before use. The
degradation experiments were performed in 1.5 mL of
wastewater effluent containing 1.2 U/mL of BIND-PETase
and 20 mg of commercial PET microplastics with static
incubation at 30 °C. At the predetermined time, the reaction
solutions were centrifuged at 16,000g for 5 min, and the
supernatants were filtered through a 0.2 μm nylon syringe filter
for degradation product quantification using high-performance

liquid chromatography (Section S6). Controls without
biocatalyst addition were also included. All experiments were
conducted in triplicate.
The degradation efficiency was calculated as follows

c c V M M
Degradation efficiency (%)

( ) ( )

m
100TPA MHET MHET H O

PET

2=
+ × × −

×

(1)

where cTPA and cMHET are the molar concentration of
terephthalic acid (TPA) and mono(2-hydroxyethyl) tereph-
thalate (MHET), respectively, and V is the reaction volume.
MMHET and MH2

O are the molecular weight of MHET and

H2O, respectively, and MMHET − MH2
O represents the

molecular weight of the monomer subunit of PET. mPET is
the PET mass added into the reaction.

■ RESULTS AND DISCUSSION
Functional Display of PETase on E. coli Curli. The

BIND-PETase biocatalyst was successfully constructed by
engineering the E. coli curli system through synthetic biology
techniques. The csgA gene encoding CsgA protein, the
monomeric component of curli nanofibers, was transcription-
ally linked to the PETase gene regulated by a trc promoter in
an expression plasmid (Figure S1). E. coli PHL628 was used as

Figure 2. Degradation of PET by BIND-PETase under different reaction conditions. (A) Degradation of PET microplastics at different pH values.
The experiments were performed in 50 mM Na2HPO4−HCl buffer (pH 7 and 8) and 50 mM glycine-NaOH (pH 9) with 1.2 U/mL of BIND-
PETase and 20 mg of PET at 30 °C for 3 days. (B) Degradation of PET at different temperatures. The experiments were performed in 50 mM
glycine-NaOH buffer (pH 9) with 1.2 U/mL of BIND-PETase and 20 mg of PET. (C) Degradation of various mass loads of PET. The experiments
were performed in 50 mM glycine-NaOH buffer (pH 9) with 1.2 U/mL of BIND-PETase at 30 °C for 3 days. (D) Effects of sodium tetradecyl
sulfate (STS) surfactant on degradation of PET. The asterisk denotes the statistically significant difference (p < 0.05, one-way ANOVA test). The
experiments were performed in 50 mM glycine-NaOH buffer (pH 9) with 1.2 U/mL of BIND-PETase and 20 mg of PET at 30 °C. All experiments
were conducted in triplicate, and values represent the mean ± standard error.
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chassis for BIND-PETase construction because of its genomic
csgA deletion and enhanced heterologous curli expression.32

When induced by isopropyl β-D-1-thiogalactopyranoside
(IPTG), the CsgA-PETase fusion was initially expressed
intracellularly and then translocated extracellularly via the
curli biogenesis machinery (Figure 1A). Subsequently, the
CsgA subunit spontaneously self-assembled to form PETase-
functionalized curli nanofibers and covalently anchored on the
cell surface, yielding the whole-cell BIND-PETase biocatalyst.
We demonstrated successful immobilization of functional

PETase on E. coli curli nanofibers through comprehensive
characterization of the BIND-PETase biocatalyst. First, to
confirm the curli nanofiber formation, we conducted a CR
binding assay as described in Section S3, a standard method for
curli identification.30,31 BIND-PETase showed a red color after
CR binding, verifying the curli nanofiber formation (Figure
S2). Meanwhile, BIND-PETase and cells with wild-type curli
had comparable CR binding, suggesting minimal interference
of fused PETase with the five repeat units, R1−R5, of the CsgA
involved in forming β-strand-loop-β-strand motifs of the core
of the curli fiber (Figure 1B). Western blot analysis probing the
CsgA showed the presence of bands corresponding to the wild-
type CsgA (17 kDa, for E. coli with wild-type curli) and CsgA-
PETase fusion (45 kDa, for BIND-PETase) (Figure 1C).
BIND-PETase had an enzyme activity of 966 ± 29 U/g dry
cell weight as determined using a typical soluble substrate p-
nitrophenyl butyrate (pNPB)21,33 (Figure 1D). Furthermore,
BIND-PETase was active in degrading PET into TPA and
MHET (Figure S3), conforming to the hydrolytic degradation
mechanisms of PETase.20,21 Collectively, these results
demonstrated successful construction of functional BIND-
PETase biocatalyst.
Effects of Key Reaction Parameters on PET Degrada-

tion by BIND-PETase. Batch experiments were performed to
determine how key reaction parameters influence the catalytic
capability of BIND-PETase. The pH value and temperature are
crucial factors for enzymatic PET degradation. The degrada-
tion product concentration increased from 1556.8 μM at pH 7
to 2967.8 μM at pH 9 for PET degradation by BIND-PETase
(Figure 2A). At 30 °C, the BIND-PETase biocatalyst could
degrade 4.79% of PET and remained active for 7 days, while
the degradation efficiency was 0.27% at room temperature
(Figure 2B and Figure S4). As temperature increased to 37 °C,
BIND-PETase remained active for 3 days with the degradation
efficiency of 3.08%. For a comparison between BIND-PETase
and free PETase on thermostability, we also produced free
PETase enzyme (Section S7) and used it in PET degradation
at 30 and 37 °C (Section S8). The production of PET
degradation products leveled off for free PETase after 1 day at
30 and 37 °C, indicating the deactivation of free PETase
(Figure S5). Our results showed that BIND-PETase had
improved thermostability in plastic degradation activity relative
to free PETase. With the identified pH and temperature
conditions, we further investigated PET degradation with
varied substrate mass. As the PET microplastics mass addition
increased from 2.5 to 50 mg, the degradation product
concentration increased from 137.0 to 3378.1 μM accordingly
(Figure 2C), while the degradation efficiency (mass ratio of the
product over the substrate) initially increased from 1.57% to
3.93% and then decreased to 1.94% (Figure S6), which
suggested that the biocatalyst amount could be the limiting
factor for interacting with and catalyzing the degradation of the
excessive plastic substrate. The optimal BIND-PETase

concentration used was 1.2 U/mL as our preliminary
experiments showed decreased PET degradation activity
when the concentration of BIND-PETase was higher than
1.2 U/mL. This phenomenon might be due to the macro-
molecular crowding effect of immobilized PETase, which could
reduce the enzymatic PET degradation by negatively
influencing the enzyme−substrate interactions, as also
observed previously.21,34 Furthermore, as surfactants were
found to promote enzyme−plastic interactions,23,35 we
characterized how sodium tetradecyl sulfate (STS), an anionic
surfactant, would affect PET degradation by BIND-PETase.
Addition of STS ranging from 0.005% to 0.02% could enhance
PET degradation in a dose-dependent manner (Figure 2D and
Figure S7). For example, the PET degradation efficiency in the
presence of 0.02% STS increased by 26.9% when compared to
the STS-free condition. Such enhancement could be attributed
to the amphiphilic nature of STS which facilitated the
interaction between BIND-PETase and PET. In summary,
pH and temperature are two dominant influential factors for
the PET degradation activity of BIND-PETase.

Storage Stability and Reusability of BIND-PETase.
BIND-PETase could remain stable in storage and was reusable.
When stored at 4 °C or room temperature for 30 days, BIND-
PETase showed no significant change in enzyme activity
(Figure S8A) (Student’s t test, p > 0.05). The storage stability
of BIND-PETase surpassed the PETase enzyme immobilized
on magnetic iron oxide nanoparticles, which had 40%−70%
loss of its enzyme activity during 2 week storage at 4 °C.36 In
addition, the whole-cell BIND-PETase biocatalyst could be
recovered from the reaction solution by centrifugation and
reused. The enzyme activity of BIND-PETase in pNPB
hydrolysis retained 87.3% of the initial value after six repeated
reaction cycles (Figure S8B). In PET degradation, BIND-
PETase was recovered by low-speed centrifugation (200g) to
separate from plastic particles for repeated use. The BIND-
PETase biocatalyst was reused for three reaction cycles with no
loss of catalytic activity after the second reaction cycle and 55%
loss of activity after the third cycle (Figure S8C), which could
be due to the prolonged reaction time at a relatively high pH
condition compared with that for the hydrolysis of pNPB. In
contrast, the degradation activity of E. coli cell surface-
displayed PETase was reduced to ∼50% and less than 10%
after the second and third cycles of reuse, respectively,34 while
the yeast cell surface-displayed PETase could still retain ∼50%
of initial activity after seven cycles37 probably due to the
different host cell properties.
It is noted that the use of centrifugation to recover BIND-

PETase is not suitable for large-scale applications. Instead, as a
whole-cell biocatalyst, BIND-PETase would be possibly
recovered by filtration, sedimentation, and decantation
methods for repeated use in practical scenarios.38 The stability
during storage and reusability of BIND-PETase would benefit
its real-world applications for PET degradation.

BIND-PETase Was Capable of PET Microplastic
Degradation in Wastewater and Postconsumer PET
Waste Depolymerization. Wastewater treatment plants
(WWTPs) contribute substantially to the plastic pollution in
aquatic environments.39 Although the current WWTP
processes could remove microplastics, given the tremendous
volume of effluent, a significant amount of microplastics
(∼5.00 × 105 to 1.39 × 1010 particles/day) could still be
released with effluent into the receiving water systems.39−42

PET accounts for ∼4%−35% of the microplastics discharged.39
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Therefore, developing microplastic-targeted treatment tech-
nology is critically needed, but such research is still limited.
The biocatalyst described in this study could be potentially
used in polishing processes targeting at microplastic removal
from wastewater effluents. We performed a proof-of-concept
experiment to evaluate the efficacy of BIND-PETase for
degrading PET microplastics in wastewater effluent. To
provide an optimal pH condition for the biocatalytic reaction,
the pH of wastewater effluent was adjusted to 9.0 from 6.9.
The PET microplastic degradation proceeded steadily during
the experimental time frame with the generation of
degradation products at a concentration of 4334.5 μM after
15 days (Figure 3A), indicating the maintenance of catalytic
activity of BIND-PETase in wastewater effluent. Meanwhile,
the degradation product concentration in wastewater effluent
(3316.4 ± 347.5 μM) was not significantly different from that
in a pure buffer (3343.9 ± 160.5 μM) after 7 day incubation
(Student’s t test, p > 0.05) (Figure 3A), suggesting that the
complex wastewater effluent matrix did not significantly
influence the BIND-PETase activity. PET microplastics could
potentially pose toxic effects to aquatic organisms,43,44 while
the enzymatic PET degradation products, including TPA,
MHET, and ethylene glycol, have no or low aquatic
ecotoxicity.45,46 Our results suggested the potential of BIND-
PETase for biocatalytic removal of PET microplastics in
advanced wastewater treatment applications.
Enzymatic depolymerization is regarded as a promising

green route for plastic waste recycling.47 Herein, we evaluated
the effectiveness of BIND-PETase in depolymerization of
postconsumer PET materials into monomers for plastic
recycling. To mimic the micronization pretreatment of plastic
waste in industrial recycling practices,24,48 PET microplastics
generated from discarded drinking water bottles and disposable
egg trays were used as feedstock. BIND-PETase could
depolymerize the postconsumer PET into monomers TPA
and MHET with the total degradation product concentration
ranging from 5179.9 to 5216.2 μM after 7 days (Figure 3B and
Figure S9). After reaction for 7 days, the degradation efficiency
of commercial PET was 4.79%, while the degradation
efficiency of the PET waste materials reached 7.43% for
drinking water bottles and 7.48% for disposable egg trays. To
explain such difference, we determined the crystallinity of the
these PET materials (Section S9), a crucial property governing
the enzymatic degradability of plastics.47 The crystallinities
were 36.6%, 27.7%, and 25.2% for the commercial PET,
drinking water bottles, and disposable egg trays, respectively
(Figure S10), which could explain the degradation variations of
these PET samples given the negative relationship between
plastic enzymatic degradability and crystallinity.49 Addition of
0.02% STS could enhance the degradation efficiency by 22.1%
for the plastic from drinking water bottles relative to the STS-
free reaction (Figure 3C). Notably, a degradation efficiency
reached 9.1% for highly crystalline PET (crystallinity > 20%)
under the mild conditions at 30 °C used here, while a chemical
method using more harsh conditions (100 vol % EtOH with 10
wt % NaOH at 50 °C) had PET degradation efficiency of
11.9%.50 There is still room for improvement of BIND-PETase
compared with another study on enzymatic PET depolyme-
rization (which reported 8% depolymerization at 25 °C in 3
days).34 Collectively, our results demonstrated the applicability
of the BIND-PETase biocatalyst in depolymerizing highly
crystalline PET waste, which is promising for plastic recycling
applications.

This work leveraged synthetic biology to construct a new
type of biocatalyst, BIND-PETase, by functionalizing the E. coli
curli with PETase for PET degradation for the first time.
BIND-PETase can be readily generated and renewed through
simple cell cultivation. This biocatalyst can be reused and

Figure 3. Degradation of PET microplastics in wastewater effluent
and degradation of postconsumer PET waste by BIND-PETase. (A)
PET degradation in secondary wastewater effluent sample (pH 9)
with 1.2 U/mL of BIND-PETase and 20 mg of PET microplastics at
30 °C. Inset: Generation of total degradation products in glycine-
NaOH buffer and wastewater effluent, respectively, with 1.2 U/mL of
BIND-PETase and 20 mg of PET microplastics at 30 °C for 7 days.
(B) Degradation of PET from commercial sources, discarded drinking
water bottles, and disposable egg trays. The experiments were
performed in 50 mM glycine-NaOH (pH 9) with 1.2 U/mL of BIND-
PETase and 20 mg of PET microplastics at 30 °C. (C) Degradation of
PET from discarded drinking water bottles in the presence of STS
surfactant. The experiments were performed in 50 mM glycine-NaOH
(pH 9) with 1.2 U/mL of BIND-PETase, 20 mg of PET, and 0.02%
STS at 30 °C for 7 days. All experiments were conducted in triplicate,
and values represent the mean ± standard error. Error bars are not
visible when smaller than the symbol size.
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remain stable during storage. Importantly, the capability of
BIND-PETase in PET microplastic degradation in a complex
wastewater effluent matrix would contribute to developing a
biocatalytic strategy for advanced wastewater treatment to
mitigate microplastic pollution. Furthermore, the depolymeri-
zation of postconsumer PET waste by BIND-PETase provides
an opportunity for recycling the plastic waste. For example, the
degradation product TPA can be a feedstock for synthesizing
new PET or for upcycling to value-added chemicals and
materials.24,51−53 It is noteworthy that the modular BIND
platform can be used to create more efficient biocatalysts if
engineered with more active PETase variants54 or with both
PETase and MHETase (a MHET-hydrolyzing enzyme) to
harness their synergy to accelerate PET degradation.55 This
study opens a new horizon for developing efficient and
sustainable biocatalytic approaches to address the critical
challenge of plastic waste treatment and recycling.
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