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Chemo-biological upcycling of poly(ethylene terephthalate)
(PET) developed in this study includes the following key steps:
chemo-enzymatic PET depolymerization, biotransformation of
terephthalic acid (TPA) into catechol, and its application as a
coating agent. Monomeric units were first produced through
PET glycolysis into bis(2-hydroxyethyl) terephthalate (BHET),
mono(2-hydroxyethyl) terephthalate (MHET), and PET oligom-
ers, and enzymatic hydrolysis of these glycolyzed products
using Bacillus subtilis esterase (Bs2Est). Bs2Est efficiently hydro-

lyzed glycolyzed products into TPA as a key enzyme for chemo-
enzymatic depolymerization. Furthermore, catechol solution
produced from TPA via a whole-cell biotransformation (Escher-
ichia coli) could be directly used for functional coating on
various substrates after simple cell removal from the culture
medium without further purification and water-evaporation.
This work demonstrates a proof-of-concept of a PET upcycling
strategy via a combination of chemo-biological conversion of
PET waste into multifunctional coating materials.

Introduction

Over 360 million tons of plastics are produced annually
worldwide;[1a] however, the recycling rate accounts for only less
than 9% of the produced plastics because the value of recycled
plastics is relatively low due to poor properties.[1b] Plastic wastes
are hardly recycled, and most of them ends up in landfills or
oceans, leading to deleterious effects on the environment. A
massive amount of accumulated plastics intensifies the destruc-
tion of the ecosystem because plastic wastes are hardly
decomposed in the environment.[1b,c] To address the plastic

crisis, considerable research achievements were made including
biological degradation and upcycling of polyesters and the
discovery of plastic-eating organisms.[1d,e] In particular, biode-
gradable plastics have been vigorously developed,[2] but their
commercial production is very low compared with nondegrad-
able plastics.[1e] The environmental impact of biodegradable
plastics is still marginal. Thus, plastic upcycling to valuable
materials is of considerable interest for a sustainable society.
Poly(ethylene terephthalate) (PET), a polymer synthesized from
terephthalic acid (TPA) and ethylene glycol (EG), accounts for
5% of the total plastic production and is used as a common
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thermoplastic for fibers and packaging materials. In contrast to
hydrocarbon plastics, such as polyethylene (PE) and polypropy-
lene (PP), the ester bond linkage of PET is relatively easy to
decompose through hydrolysis.[3] PET has the advantage of
being upcycled because the PET hydrolysates, TPA and EG, can
be converted to high-value-added chemicals. Recently, PET
upcycling strategies have been developed to produce value-
added chemicals, such as medium-chain-length polyhydroxyal-
kanoate (PHA), hydroxyalkanoyloxy alkanoates, catechol, gallic
acid, vanillic acid, muconic acid, 2-pyrone-4,6-dicarboxylic
acid,[4a–g] from the depolymerized monomers (i. e., TPA and EG).
Reclaimed PET bottles are upcycled to higher-value, long-
lifetime materials, fiber-reinforced plastics via combination with
bio-based monomers.[4h] Antimicrobial compounds can be
produced from PET using a catalyst-free polyaddition polymer-
ization process.[4i,j] In addition, it has been reported that
polyurethanes or poly(ester-amide)s are synthesized using
terephthalamide diol monomers derived from the aminolysis of
PET waste.[4k–p]

Nonetheless, in order to promote the industrialization of
PET recycling and upcycling processes, it is desirable that the
production cost of recycled or upcycled chemicals approaches
that of virgin analogues. The high production cost of upcycled
chemicals from PET is associated with the energy- and time-
consuming processes, such as (1) depolymerization of PET, (2)
valorization of TPA, and (3) purification of upcycled products
and water evaporation. In particular, the economic feasibility of
PET upcycling is highly dependent on the efficiency of
depolymerization, but various thermochemical and biological
depolymerization methods reported until now have respective
drawbacks.[5] The thermochemical methods readily depolymer-
ize PET into a mixture of EG, TPA, bis(2-hydroxyethyl) tereph-
thalate (BHET), mono(2-hydroxyethyl) terephthalate (MHET),
and PET oligomers at a high temperature (�450 °C) and high
pressure (�15 MPa). However, these processes often result in
uncontrollable reactions, such as carbonization and over-
decomposition (e.g., ring-opening), leading to the formation of
byproducts.[6] In contrast, biological methods employing en-
zymes and microorganisms not only depolymerize PET under
mild conditions but also produce value-added chemicals from
depolymerized monomers. However, the enzymatic hydrolysis
of PET by a combination of PETase and MHETase results in low
substrate loading and slow degradation of PET compared to
thermochemical methods.[7] Recently, an engineered leaf-
branch compost cutinase (LCC) achieved high efficiency of PET
depolymerization (more than 90% in 10 h), useful to make new
PET.[5c] Therefore, a chemo-biological method with advantages
of respective chemical and biological depolymerization proc-
esses has been suggested, in which a chemical pretreatment,
such as glycolysis, degrades PET into hydrolysates with low
molecular weight, including BHET, MHET, and PET oligomers,
without over-decomposition.[8] Furthermore, owing to improved
enzyme accessibility, the enzymatic production of TPA from
those hydrolysates is more efficient than the direct production
from PET polymers.[9] Another critical step in PET upcycling is
the purification of value-added products. The biological valor-
ization of TPA produces not only target chemicals but also

byproducts and metabolites as impurities in aqueous solutions;
thus, the purification of target chemicals, including the removal
of impurities and water, is regarded as the cost-determining
method. The removal of impurities can be conducted via a
combination of purification technologies such as membrane
filtration, crystallization, extraction, or distillation. In addition,
the target chemicals are generally produced in diluted concen-
trations, and excessive water content decreases the efficiency of
transportation and drying. Costly and slow drying methods,
such as freeze-drying and spray-drying, are required; however,
these can also damage the target chemicals.

Catechol is one of the value-added chemicals that can be
produced through a biosynthetic pathway from PET waste-
derived TPA. The catechol-mediated surface functionalization
exhibits material-independent surface-coating ability.[10] Cate-
chol groups are simultaneously oxidized in an aqueous solution
and then covalently coupled with other catechols, as well as
amines and thiols via Michael addition.[11] This reaction deposits
multifunctional thin layers on plastic surfaces that are hardly
coated.[12] TPA can be biologically converted to a catechol
aqueous solution. It was reasoned that the catechol solution
may form a functional coating on substrate surfaces even in the
presence of rich impurities and excessive water.

In this study, we developed a proof-of-concept PET
upcycling approach through chemo- and bio-cascades includ-
ing PET glycolysis into BHET by a biocompatible K2CO3 catalyst,
BHET hydrolysis into TPA by Bs2Est esterase, whole-cell
biotransformation of TPA into catechol, and utilization of
catechol as a coating agent.

Results and Discussion

PET glycolysis into BHET

PET glycolysis was conducted to produce BHET for enzymatic
hydrolysis (Figure 1a,b). Zn acetate is a well-known catalyst for
PET glycolysis, and typical PET conversion in glycolysis is 50–
66%.[13] However, a biocompatible catalyst for PET glycolysis is
necessary to effectively perform enzymatic hydrolysis of BHET
and whole-cell biotransformation of TPA into catechol. In this
study, K2CO3 was selected as a catalyst for PET glycolysis
because K2CO3 can catalyze PET glycolysis[14a,b] and is commonly
used as a buffering agent in biotransformation reactions.[14c–h] A
PET glycolysis efficiency of K2CO3 was as high as that of Zn
acetate.[14] Reaction time (1–5 h), temperature (180–210 °C), and
K2CO3 loading (0.05–0.4 g) were optimized for glycolysis of 5 g
PET (Figures 1b, S1, and S2). The PET glycolysis conversion
[Eq. (2)], that is, the amount of PET reacted, was enhanced with
the increase in all three factors. However, the BHET yield was
the highest (73.5%, [Eq. (3)]) at the optimal conditions where
temperature, reaction time, and catalyst content were 200 °C,
3 h, and 0.1 g, respectively for glycolysis of 5 g PET. The
compositions of BHET, MHET, and PET oligomers at optimal
conditions were 84.8, 7.7, and 8.7%. Further PET glycolysis
reactions were performed under these conditions. The glyco-
lyzed PET products were purified via filtration and recrystalliza-
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tion to remove PET oligomers and EG/MHET, respectively. Any
potential impurities in purified BHET may interfere with

enzymatic hydrolysis of BHET or whole-cell biotransformation of
TPA. The Fourier-transform infrared (FTIR) spectroscopy, 1H and

Figure 1. Preparation of TPA from PET by a combination with glycolysis and enzymatic hydrolysis. (a) Three different PET-to-TPA hydrolysis pathways: (1) path
1 (enzymatic hydrolysis of pure BHET after crystallization), (2) path 2 (enzymatic hydrolysis of BHET mixture after filtration, (3) path 3 (enzymatic hydrolysis of
BHET mixture without purification). (b) Temperature dependency of glycolysis. (c) FTIR spectra of the glycolyzed BHET in the PET-to-BHET conversion, reagent-
grade EG, BHET, and PET pieces. (d) Mass spectroscopy data of purified BHET after filtration. (e) 1H and (f) 13C NMR data of purified BHET after recrystallization.
(g–i) Enzymatic hydrolysis profiles in paths 1–3, respectively. Among three different PET-to-TPA hydrolysis pathways, the one-pot enzymatic hydrolysis of
glycolyzed mixtures from path 3 without filtration and recrystallization achieves a high TPA yield (116.3%). Paths 1–3 were performed at 30 °C and 1000 rpm
in 100 mm sodium phosphate (pH 7.5) buffer for 10 h. The definition of enzyme unit used in this study is described in the Supporting Information.
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13C nuclear magnetic resonance (NMR) spectroscopy, and differ-
ential scanning calorimetry (DSC) analysis of the purified BHET
product were identical to those of the standard BHET. These
results confirmed the high purity of BHET (Figures 1c,e,f and
S3a).

Enzymatic hydrolysis of the glycolyzed products into TPA by
Bacillus subtilis esterase

BHET substrates were prepared from the glycolyzed products
by three pathways, that is, path 1 (pure BHET after crystalliza-
tion), path 2 (BHET mixture after filtration), and path 3 (BHET
mixture without purification). If the TPA yield of path 3 is
equivalent to that of path 1, path 3 would be preferable to
reduce the purification steps and maximize substrate utilization.
Thus, four commercial esterases from Bacillus subtilis, Paeniba-
cillus barcinonensis, Rhizopus oryzae, and Methylobacterium
populi were examined to investigate their BHET-hydrolytic
activity on the glycolyzed products obtained from these three
pathways (Figure S4). Among the four commercial esterases
tested, only Bacillus subtilis esterase (Bs2Est) could completely
hydrolyze BHET into TPA without the formation of MHET.[15]

Biochemical characterization experiments for Bs2Est, including
heterologous expression (Figure S5), reaction optimization
(Figures S6–S8), the effect of potential inhibitors (Figures S9–
S18), and kinetic parameters (Table S1), were applied to
establish the enzymatic hydrolysis of BHET.

Interestingly, the solubility of TPA in aqueous buffer
solution has an important effect on BHET hydrolysis of Bs2Est.
EG (up to 40 mm, Figure S9) and TPA disodium salt (up to
16 mm, Figure S9) did not inhibit BHET hydrolytic activity of
Bs2Est. However, 8 mm BHET and 8 mm MEHT significantly
inhibited the hydrolytic activity of Bs2Est (Figure S11). The
solubility of TPA was dependent on the type of buffer and TPA
exhibited higher solubility in sodium phosphate buffer than in
Tris-HCl (Figure S12). High solubility of TPA in sodium
phosphate buffer resulted in the improved hydrolytic activity of
Bs2Est at high concentrations BHET (Figures S13, S15, S16).
Enzyme inhibition experiments reveal that the acid form of TPA
over maximal solubility (e.g., more than 24 mm of TPA in
50 mm sodium phosphate buffer) causes a deleterious effect on
the hydrolytic activity of Bs2Est (Figure S13e,f).

After sequential optimization of Bs2Est-catalyzed reactions,
2 U mL� 1 (41.8 μgmL� 1) of Bs2Est could hydrolyze the glycolyzed
products obtained from three pathways with high yields at
30 °C within 10 h (Figure 1g). The yield (124.8% [mol mol� 1]) of
TPA obtained from path 3 was highest in comparison with
those from path 1 (97.7% [molmol� 1]) and path 2 (102.4%
[molmol� 1]). This result indicates that the excessive yields of
TPA from path 2 and 3 compared to that of path 1 can be
attributed to the formation of TPA from the glycolyzed mixtures
other than BHET. EG and PET oligomers seem to have no
deleterious effect on the hydrolytic activity of Bs2Est. The TPA
hydrolysis yield (97.7% [molmol� 1]) for BHET from path 1 was
similar to that for commercial reagent-grade BHET (96.2%
[molmol� 1]) (Figure S7). The resulting TPA exhibited reagent-

grade purity, as confirmed using 1H and 13C NMR spectroscopy
(Figures 1j,k, and S3c). Paths 2 and 3 contained more glycolyzed
products other than BHET because of their simple purification
steps compared with path 1 (Figure 1a). The enzymatic
hydrolysis developed for path 1 was applied first to the
glycolyzed mixture obtained from path 2 containing EG, BHET,
and MHET. When the glycolyzed mixture containing 19.69 mm

BHET and 0.47 mm MHET was allowed to react with 2 U mL� 1 of
Bs2Est in 100 mm sodium phosphate buffer (Figure 1h),
20.17 mm of TPA was produced without residual BHET within
10 h. The TPA yield based on the initial BHET loading (100%) of
path 2 was higher than that of path 1, containing purified BHET,
due to additional hydrolysis of MHET in the path 2 mixture. This
result indicates that the hydrolytic activity of Bs2Est was not
inhibited by the impurities in the path 2 mixture, including EG
or unknown products derived from PET (Figure S9).

Finally, the path 3 glycolyzed mixture of EG, BHET
(18.82 mm), MHET (1.37 mm), and PET oligomers without any
purification were hydrolyzed using 2 UmL� 1 of Bs2Est (Fig-
ure 1i). Bs2Est successfully produced 23.49 mm TPA (124.8%
[molmol� 1]) without residual MHET and BHET. The production
yield of TPA was higher than the expected TPA yield (20.19 mm)
from soluble fractions including BHET and MHET in the path 3
mixture, indicating that Bs2Est hydrolyzed PET oligomers to
release TPA. The applicability of chemo-enzymatic PET depoly-
merization approach developed in this study was further
examined with other commercially available PET bottles (Fig-
ure S19) resulting in the similar PET depolymerization yields for
all samples tested. PET has different physical properties
depending on its application. In general, PET for bottle has a
higher molecular weight, tensile strength, and elastic modulus
than PET for other applications such as fiber and film.[16]

Although PET bottles were successfully depolymerized by
chemo-enzymatic depolymerization approach developed in this
study, further experimental analysis will be necessary to
investigate the effect of physical properties of PET on chemo-
biological upcycling.

Biocatalytic properties of Bs2Est activity toward PET
oligomers, BHET, and MHET

Utilization of incompletely converted products (e.g., insoluble
fraction in the glycolyzed mixtures) during chemical or bio-
logical conversion processes is an important issue to maximize
substrate utilization and production yield, as well as reduce the
purification burden. In the one-pot hydrolysis reaction of the
Bs2Est glycolysis mixtures (path 3), a higher amount of excess
TPA was produced than that of BHET and MHET. This indicated
that PET oligomers in the glycolyzed mixtures were hydrolyzed
to release TPA, contributing to the enhanced TPA yield in path
3. To investigate the biocatalytic properties of Bs2Est toward
PET oligomers, the composition of PET oligomers was analyzed
using 1H NMR spectroscopy, gel-permeation chromatography
(GPC), and FTIR spectroscopy (Figure S20), and changes in the
composition of PET oligomers during the enzymatic hydrolysis
were monitored using high-pressure liquid chromatography
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(HPLC) and matrix-assisted laser desorption ionization-time of
flight (MALDI-TOF) analysis (Figures 2a,b, and S21). When 1 gL� 1

of PET oligomers (4.4 mm calculated based on dimer) ranged
from DP2 to DP4 (mainly DP2, Figures 2b, S20, and S21) reacted
with 2 UmL� 1 of Bs2Est, 3.46 mm TPA was produced without
BHET accumulation and putative reaction intermediates, such
as TPA-EG-TPA or EG-TPA-EG-TPA (Figure 2a,b). From MALDI-
TOF analysis, it was observed that the dimer disappeared, but
DP3 and DP4 were detected at the end of hydrolysis reactions.
This result indicates that DP3 and DP4 are poor substrates for
Bs2Est. In particular, DP3 and DP4 may have poor solubility in
the sodium phosphate buffer and thus, these oligomeric
substrates may be better enzymatically depolymerized in the
presence of organic solvents such as DMSO.[17] To verify the
exo- and endo-cleavage activities of Bs2Est, the hydrolysis
reaction was performed in the presence of lower amounts of
enzyme (0.5 and 1 UmL� 1, Figure S21) and the reaction mixture
profile was analyzed using MALDI-TOF. Based on these results,
we assumed that the dimer in PET oligomers was first hydro-
lyzed into BHET and MHET via the endo-cleavage activity of
Bs2Est. Thereafter, BHET was rapidly hydrolyzed into MHET, and
then MHET was slowly hydrolyzed into TPA and EG (Table S1).
To support the assumption of the specific hydrolysis of the
endo-ester bond in the dimeric substrate and the higher
hydrolytic activity toward BHET than MHET, molecular modeling
of Bs2Est was performed. In in-silico docking of the dimeric
substrate (EG-TPA-EG-TPA-EG), the endo-ester docking pose
located the MHET moiety in the small pocket via the formation
of π–π and π–cation interactions as well as hydrogen bonds
(Figure 2d), but no suitable productive binding modes were

found for cleavage of the exo-ester bond (Figure S22). In in-
silico docking of BHET and MHET, the ester group of BHET was
directly oriented towards the catalytic S189, but the carboxylic
group of MHET formed a hydrogen bond with the catalytic
S189, leading to unfavorable substrate binding (Figure 2e,f).
Further docking simulation results on the docking pose and
specific interactions are discussed in the Supporting Informa-
tion. Calculating based on the theoretical maximum equivalent
of TPA wherein 4.54 gL� 1 of PET was 23.62 mm [Eq. (S1)], PET
was depolymerized into TPA with the yield of 99.5% (mol
mol� 1) by chemo-enzymatic depolymerization examined in this
study (Figures 1i and S16). However, further optimization of
Bs2Est-catalyzed hydrolysis such as lowering the enzyme
amount or solubilization of PET oligomers (>dimers) with
buffer screening, pH-stat reaction, or esterase engineering will
be necessary for faster hydrolysis of MHET.

Multifunctional coatings using water-rich, impure catechol
solutions

In biorefineries, complicated purification steps often increase
the production cost of the biochemical-derived products,
hindering their commercialization. In this study, a direct
application of catechol produced from PET waste to coating
agents was attempted for the reduction of purification steps. To
produce catechol from PET hydrolysates, a catechol biosyn-
thetic strain was established using the combination of the TPA
degradation module and catechol biosynthesis module
(pKE112TphBaroY and pKM212TphAabc; Tables S2–S4) in E. coli

Figure 2. (a) Enzymatic hydrolysis profiling on 1 gL� 1 of PET oligomers. (b) MALDI-TOF pattern analysis of the hydrolysis products for 10 min, 30 min, 1 h, and
10 h. (c) Suggested mode of action toward the dimer. Molecular docking simulations of (d) dimeric substrate (EG-TPA-EG-TPA-EG), (e) BHET, and (f) MHET.
2 UmL� 1 of Bs2Est was used for the enzymatic hydrolysis.
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as reported in our previous study.[4a] When 6 mm of TPA
obtained from PET depolymerization was incubated with the
catechol biosynthetic strain after optimization of substrate
loading (Figure S23), 5.97 mm of catechol was produced within
12 h with 99.5% yield, which was consistent with the result
obtained using the reagent-grade TPA (Figure 3). To test the
direct application of catechol produced from TPA as a coating
agent, various substrates, like PET, Teflon, and aluminum foil,
were immersed in the crude catechol aqueous solution (6 mm)
at pH 8, obtained by simple centrifugation to remove the
biocatalyst. As a result, we found that the catechol was
successfully coated on the substrates by spontaneous deposi-
tion of a poly-catechol multifunctional coating (Figure 3c). To
clear the surface and increase the surface polarity, PET, Teflon,
and aluminum foil were exposed to UV light for 15 min. The
substrates were then immersed in the catechol solution for
24 h, washed with deionized water, and dried under ambient

conditions. Catechol coating was demonstrated by changes in
the contact angle and FTIR spectra before and after coating
(Figures S24 and S25). The poly-catechol layer has an oxidative
potential, thereby reacting with thiols and amines via Michael
addition or Schiff base reactions and reducing metal ions to
metal nanoparticles.[12] Thus, the immersion of poly-catechol-
coated surfaces into a solution containing amine-containing
polymers and Ag+ provided a convenient route to secondary
organic or inorganic deposition (Figures 3d–f and S26). An
important well-known fact is that functional polymers and
metals are hardly deposited on PET and Teflon without an
adherent layer, like the catechol coating.[18] Polylysine and
chitosan secondary layers were generated by immersing the
poly-catechol-coated PET surfaces in aqueous solutions of the
two functional biopolymers. Silver nanoparticles were formed
on the poly-catechol-coated PET through immersion in AgNO3

aqueous solution (Figure 3c). Antibacterial activities of the

Figure 3. (a) Bioconversion of TPA to catechol using an engineered E. coli strain. (b) Production of catechol from hydrolyzed TPA and reagent-grade TPA. (c)
General catechol coating process for various substrates (aluminum foil, PET, and Teflon), and the introduction of secondary functional layers on the catechol-
coating: chitosan, polylysine, and silver nanoparticle (AgNP). (d) Picture and (e) E. coli inhibition zone formation of neat PET and catechol only-, chitosan-,
polylysine-, and AgNP-coated PET films. (f) (left) Escherichia coli inhibition zone diameter (negative control, 7.0 mm) and (right) relative L-929 cell adhesion
capacity of neat PET and catechol only-, chitosan-, polylysine-, and AgNP-coated PET films.
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functional coated PET substrates were compared using a disk
diffusion test against the gram-negative Escherichia coli. A neat
PET film was used as a negative control and showed no
inhibition zone (7.0 mm diameter). The catechol only-, chitosan-
, and silver nanoparticle-coated substrates showed significant
inhibition zones with diameters of 8.6�0.3, 8.6�0.6, and
10.4�0.7 mm, respectively, against E. coli, whereas no inhib-
ition of bacterial growth was caused by polylysine. The
antibacterial properties of polyphenols, chitosan, and silver
nanoparticles have been well established.[19] Cell adhesion tests
using the L-929 cell line were carried out for the functional
coated PET substrates.[20] Polylysine-coated substrate improved
the cell adhesion of PET by a factor of 1.6. Polylysine coating
technique can be applied to improve the performance of tissue
engineering scaffolds. In contrast, the silver nanoparticle-coated
substrate showed a significantly lower cell adhesion because
silver nanoparticles killed the cells. To confirm the role of
catechol as an adherent layer, the introduction of catechol was
omitted and PET films were coated with chitosan and AgNO3 in
the same way. No color change occurred when silver nano-
particles were formed (Figure S27). In contrast to the results of
Figure S24, the coating without catechol did not give a
significant contact angle change (Figure S28). The results
suggest that catechol can act as an adherent layer for further
functional coatings.

Conclusion

The development of an efficient poly(ethylene terephthalate)
(PET) upcycling technology is currently of great scientific and
industrial importance. Here, we demonstrate chemo-biological
upcycling for application as coating materials without compli-
cated purification steps. Although chemo- and bio-cascade
reactions to produce catechol from PET waste is still a proof-of-
concept technology, a newly developed chemo-enzymatic
depolymerization approach will contribute to the establishment
of cost-effective PET depolymerization. Therefore, chemo-
enzymatic depolymerization of PET developed here can be
used as a platform technology for the production of value-
added chemicals from PET waste. In addition, further optimiza-
tion to improve the efficiency of Bs2Est and whole-cell
biotransformation will facilitate the development of various
microbial upcycling methods.

Experimental Section

Preparation of BHET by chemical glycolysis of PET from a
waste plastic cup

All reagents for experiment were obtained from commercial
suppliers and details are described in the Supporting Information.
Functional groups and the purity of the PET waste pieces and
Sigma-Aldrich PET films were compared by NMR and FTIR
spectroscopy (Supporting Information) before the glycolysis. The
glycolysis reactions of PET were set in a 250 mL round flask
equipped with a reflux condenser and magnetic stirrer. 5 g of PET

pieces, 20 g of EG, and different amounts of K2CO3 were added to
the reaction flask. The reaction mixtures were heated to various
temperatures (180–210 °C) for different times (1–5 h). After the
glycolysis reaction was completed, 400 mL of hot water was added
to the mixture, and PET oligomers were removed by filtration. The
filtrate was concentrated to 30–40 mL by rotary evaporation at
60 °C. The concentrated mixture was recrystallized in a refrigerator
at 4 °C for 18 h. White crystals obtained by filtration (i. e., g-BHET)
were dried at 90 °C for 12 h. The same method was used for
preparation of BHET from granular PET (Sigma-Aldrich, cat.
#429252). The PET conversion rate from coffee cup PET and
granular PET, and the BHET yield are calculated according to
Equations (1)–(3), respectively. The commercially available PET
granules contained 30% glass particles and thus, only 70% of
theoretically obtainable PET was considered for the calculation of
PET conversion. The theoretical weight of BHET is calculated by
dividing the initial weight of PET samples by the molecular weight
of the repeating unit (TPA-EG, 192.2 gmol� 1) and multiplying the
molecular weight of BHET (254 gmol� 1). The actual weight of BHET
is the BHET actually obtained through recrystallization of the
reaction mixture.

PET conv: m m� 1½ �%ð Þ ¼

final concentration of BHETð ½M� þMHET ½M�Þ
theoretically obtainable concentration of PET M½ � � 0:7

�100

(1)

PET conv: w w� 1½ �%ð Þ ¼

initial PET weight g½ � � oligomer weight g½ �
initial PET weight g½ �

� 100
(2)

BHET yield w w� 1½ �%ð Þ ¼

actual weight of BHET after recrystallization g½ �
theoretical weight of BHET in PET g½ �

� 100
(3)

1H NMR (500mhz, d6-DMSO): δ=8.13 (s, 4H), 4.96 (t, J=5, 2H), 4.32
(t, J=5, 4H), 3.72 ppm (q, J=5, 4H).

Enzymatic hydrolysis of BHET (path 1)

For the enzyme reaction, the gene encoding BsEst was cloned into
pET-28a according to the general cloning procedure. Then, enzyme
was prepared, and its properties were evaluated as stated in the
Supporting Information. The enzyme reaction was carried out in
50 mm Tris-HCl buffer (pH 7.5) at 30 °C in the presence of 2 UmL� 1

of Bs2Est according to the previous study.[21] The enzyme hydrolysis
was stopped by adding methanol (Figure S6b) in the ratio of 1 : 19
(v/v), and the reaction mixture was filtered by 0.22 μm nylon
membrane (Choice filter, Thermo Scientific) to analyze substrate
and products using HPLC system. Purified TPA was simply obtained
by subsequent acidification and filtration according to the previous
study.[22] Purified TPA was analyzed by 1H and 13C NMR. 1H NMR
(500mhz, d6-DMSO): δ=13.28 (s, 2H), 8.07 ppm (s, 4H).

One-step chemo-enzymatic depolymerization of glycolyzed
products (paths 2and 3)

To develop the one-pot chemo-enzymatic hydrolysis of waste PET,
enzymatic reactions using the glycolyzed mixtures described in
Figure 1 (paths 2 and 3) were conducted. In path 2, glycolyzed
products after filtration were used while in path 3, glycolyzed
products without any purification were used for enzymatic
hydrolysis. For enzyme reactions, glycolyzed products were diluted
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into 4–24 mm of BHET in the proper buffer systems such as 50 mm

Tris-HCl buffer or 50, 100, and 200 mm sodium phosphate (pH 7.5)
for the initial substrate loadings. The enzyme reactions were carried
out by adding 2 UmL� 1 of Bs2Est at 30 °C and 1000 rpm.

Whole-cell biotransformation

As a whole-cell catalysis, the recombinant E. coli strain harboring
pKE112TphBaroY and pKM212TphAabc was constructed (Support-
ing Information). Whole-cell biotransformation using the recombi-
nant E. coli strain was performed as follows. For seed cultures,
10 mL LB media in a 50 mL conical tube was used with proper
antibiotics and cultivated overnight at 37 °C and 200 rpm. Seed
cultures were inoculated in 500 mL of LB media in 2 L flasks and
incubated at 37 °C and 200 rpm until optical density at 600 nm
(OD600) reached 0.4–0.6. Then, 0.1 mm isopropyl β-D-1-thiogalacto-
pyranoside (IPTG) was added to the flask. After induction, cells were
further cultivated at 16 °C and 180 rpm. Cells were harvested after
24 h by centrifugation at 6520×g for 10 min at 4 °C, and then
washed twice with 50 mm Tris-HCl buffer (pH 7.0) containing 2%
(w/v) glycerol (TG buffer). The concentration of cells was adjusted
to OD600 =30 in 50 mL conical tube, and then cells were re-
suspended in 5 mL of TG buffer containing the appropriate
concentration of substrate (3, 6, 12, and 30 mm of TPA). Whole-cell
biotransformation was performed at 30 °C and 250 rpm for 20 h. All
experiments were performed in triplicate.

Functional coating

The PET films (or aluminum foils and Teflon films) were coated with
the poly-catechol complex. The PET films were UV-treated for
15 min. PET films were cut into a circle and placed in the 24 well
cell culture plate. The catechol aqueous solution (6 mm) produced
by whole-cell biotransformation was used without purification, and
the pH of this solution was subsequently raised to 8 by adding
drops of Tris-HCl buffer. PET films were immersed in the catechol
aqueous solution for 6 h, which produce poly-catechol coated PET
films. The poly-catechol coated PET films were washed with distilled
water and then dried under ambient conditions. For poly-l-lysine
coating, the poly-catechol coated PET films were immersed in
0.1 wt% poly-l-lysine aqueous solution for 3 h. After the coating,
they were washed with distilled water and then dried under
ambient conditions. For chitosan coating, the poly-catechol coated
PET films were immersed in 0.1 wt% chitosan aqueous solution for
3 h. After the coating, they were washed with distilled water and
then dried under ambient conditions. For silver nanoparticle
coating, the poly-catechol coated PET films were immersed in a
3.25 mm AgNO3 aqueous solution. The reaction chambers were
sealed and left at room temperature for 24 h for the reduction of
Ag+ ions via oxidation of catechol groups. After the coating, they
were washed with distilled water and then dried under ambient
conditions.
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