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ABSTRACT: Microorganisms can be genetically engineered to
transform abundant waste feedstocks into value-added small
molecules that would otherwise be manufactured from diminishing
fossil resources. Herein, we report the first one-pot bio-upcycling
of PET plastic waste into the prolific platform petrochemical and
nylon precursor adipic acid in the bacterium Escherichia coli.
Optimizing heterologous gene expression and enzyme activity
enabled increased flux through the de novo pathway, and
immobilization of whole cells in alginate hydrogels increased the stability of the rate-limiting enoate reductase BcER. The pathway
enzymes were also interfaced with hydrogen gas generated by engineered E. coli DD-2 in combination with a biocompatible Pd
catalyst to enable adipic acid synthesis from metabolic cis,cis-muconic acid. Together, these optimizations resulted in a one-pot
conversion to adipic acid from terephthalic acid, including terephthalate samples isolated from industrial PET waste and a post-
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B INTRODUCTION

Synthetic pathways to industrial chemicals can be designed and
assembled in living cells using modern synthetic biology. This
enables the bioproduction of target compounds from renew-
able resources via fermentation and is emerging as an elegant
and viable alternative to multistep synthesis from diminishing
fossil fuels.”” Many of these pathways proceed via the
fermentation of carbohydrate feedstocks via primary metabolic
reactions in vivo. However, this approach also enables the
upcycling of waste carbon from existing industrial processes to
create circular economies, avoiding the environmental
consequences of landfill and/or incineration processes. This
includes the upcycling of plastic-waste-derived small molecules
from post-consumer polyethylene terephthalate (PET)—a
thermoplastic material used throughout the modern chemical
industry to create a wealth of everyday products. The global
demand for this material exceeds 30 M ton/year, of which
>80% is designed to be single use, leading to ca. 25 M ton/year
of post-consumer PET waste and contributing to the global
plastic waste crisis.”*

Although chemical and biological approaches to the
depolymerization and recycling of PET waste are being
investigated, bio-upcycling technologies to convert plastic
waste into higher value small molecules are less estab-
lished.>~'* This approach is attractive as the PET depolyme-
rization products ethylene glycol and terephthalic acid (TA)
are microbial metabolites and therefore viable substrates for de
novo metabolic pathway design. To this end, Kim et al
previously reported the bioconversion of PET-derived ethylene
glycol into glycolic acid in Gluconobacter oxydans and TA into
vanillic acid, muconic acid, gallic acid, and pyrogallol in
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engineered E. coli MG1655 in 33—93% yield."> More recently,
Werner et al. reported the high-level bioproduction of f-
ketoadipate from bis(2-hydroxyethyl)terephthalate (BHET) in
76% yield in engineered Pseudomonas putida KT2440."* This
was also achieved by Sullivan et al. in 73% yield using P. putida
AW307 and benzoate isolated from chemically modified mixed
plastic waste."> In 2021, our lab reported the conversion of
post-consumer PET from a waste plastic bottle into the vanilla
flavor compound vanillin in 79% yield in engineered E. coli
MG1655 RARE."®

Following on from this work, we sought to expand the range
of small molecules that can be accessed via microbial synthesis
from terephthalic acid. Adipic acid (AA) is an aliphatic 1,6-
dicarboxylic acid and prolific platform chemical that is used
throughout the materials, pharmaceuticals, fragrances, and
cosmetics industries. It is currently manufactured on a 2.6 M
ton/year scale from petrochemically derived benzene via the
nitric acid-catalyzed oxidation of cyclohexanol and cyclo-
hexanone. The process is highly energy intensive and releases a
mol/mol equivalent of nitrous oxide into the atmosphere.
These emissions have been shown to significantly contribute to
global greenhouse gas levels;'” 1 kg of N,O equates to 298 kg
CO, equivalents. As a result, the bioproduction of adipic acid
from renewable feedstocks has been an active area of research.
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Recent work has included the high-level production of the
adipate analogue f-ketoadipate from Dp-glucose by Rorrer et al.
in engineered P. putida KT2440 and the one-pot bioconversion
of lignin-derived guaiacol to adipic acid by our laboratory in
engineered Escherichia coli (Figure 1A)."*' However, the
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Figure 1. Microbial biotransformation and fermentation approaches
to adipic acid and adipate analogues. (A) Carbohydrate fermentation
in P. putida and valorization of lignin aromatics in E. coli. (B)
Proposed bio-upcycling of terephthalic acid to adipic acid.

microbial synthesis of adipic acid directly from waste PET
remains an outstanding challenge in the field of chemical
biotechnology. Herein we report the first one-pot bioproduc-
tion of adipic acid from terephthalic acid and terephthalate
waste in engineered Escherichia coli. The reaction proceeds in
aqueous media at room temperature and produces adipic acid
in 79% conversion (115 mg/L) in 24 h when cells are
immobilized in alginate hydrogels (Figure 1B). Together, this
study validates the use of microbial cells as a viable
biotechnology for the upcycling of plastic-derived small
molecules and PET plastic waste.

B RESULTS AND DISCUSSION

We began by assembling the eight genes required for adipic
acid synthesis from terephthalate in E. coli (Figure 2A, Table
S2). The heterologous pathway begins with two enzymes from
Comamonas sp.: TPADO, a heterotrimeric O,-dependent
dioxygenase consisting of TphAl—2 and TphB2 subunits,
and DCDDH, a NAD"-dependent dehydrogenase. Together,
these enzymes catalyze the oxidative decarboxylation of
terephthalate to protocatechuate (PCA). Protocatechuate is
then transformed into adipic acid by four additional enzymes:
AroY, KpdB, CatA, and BcER. AroY is a protocatechuate
decarboxylase from Klebsiella pneumoniae; KpdB is the B-
subunit of 4-hydroxybenzoate decarboxylase from K. pneumo-
nige that activates AroY by generating prenylated FMN
(prFMN); CatA is a non-heme Fe(III)-dependent dioxygenase
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Figure 2. Initial pathway construction and whole-cell activity. (A)
The de novo biosynthesis pathway to adipic acid from terephthalic
acid. (B) Whole-cell mixing experiment. Microbial biocatalysis
reactions were performed at ODgy, 120 at 21 °C in sealed Hungate
tubes for 24 h. Product concentrations were determined by reverse-
phase HPLC relative to an internal standard of caffeine. All data
shown are an average of three replicate experiments to one standard
deviation. Stl, E. coli BL21(DE3)_pQlinkN-aroY-kpdB; St2b, E. coli
BL21(DE3) pAA2(pQlinkN-catA-bcER); St3, E. coli BL21(DE3)
_pVanl(tpado-dcddh).

from Pseudomonas putida; and BcER is a [4Fe—4S]-dependent
oxidoreductase from Bacillus coagulans.”

The aroY and kpdB genes were inserted into an empty
pQLinkN backbone (Figure S1), and the plasmid was
transformed into E. coli BL21(DE3). Similarly, our previously
reported pAA and pAA2 plasmids (pETDuet 1 and pQLinkN
encoding catA and bcER, respectively'”) and pVanl plasmid
(encoding TPADO and DCDDH'®) were also transformed
into E. coli so as to conduct an initial whole-cell mixing
experiment. This was to determine whether AA could be
detected when PCA or TA was added to suspended whole-cell
mixtures of E. coli BL21(DE3) pQLinkN-aroY-kpdB (termed
St1), E. coli BL21(DE3) pAA (termed St2), E. coli BL21-
(DE3) pAA2 (termed St2b), and E. coli BL21(DE3) pVanl
(termed St3; Figure 2B and Figure S9).

To this end, cells were grown to mid-log phase and protein
expression was induced for 24 h. Cells were isolated,
resuspended in equal amounts to ODgy, 120 in M9 media
containing 5 mM PCA/TA, and incubated at 21 °C for a
further 24 h. Gratifyingly, St1 was able to convert PCA to
catechol in 76% conversion. St2 was able to convert catechol to
adipic acid in 79% conversion. A co-culture of Stl and St2
collectively harboring AroY, KpdB, CatA, and BcER was able
to convert PCA to cis,cis-muconic acid (ccMA) in 48%
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Figure 3. Maps of the pPCAl and pAA4 plasmids and chromosomal loci for tpado and dcddh integration in E. coli.

conversion by HPLC, with no AA detected. In comparison, a
co-culture of Stl and St2b (harboring the pAA2 plasmid)
transformed PCA to adipic acid in 49% yield, presumably due
to mild TS as opposed to strong T7-induced expression of
BcER from pAA2 in vivo (Figure S1 and Table S1). However,
when Stl, St2b, and St3 were combined, ccMA was produced
as the major product in 19% yield, with the remaining material
being unreacted TA—indicating both TPADO and BcER
activity as pathway bottlenecks.

Having confirmed that AA and ccMA could be produced
from PCA and TA, respectively, in a multicell biotransforma-
tion, we hypothesized that localization of all the pathway
enzymes to a single cell would increase product conversions.
We therefore moved on to design genetic constructs that could
be used to balance the expression and activity of TPADO and
BcER with the aim of producing a single E. coli strain to
produce AA from TA. To this end, the expression cassette
encoding the tphAl1—2/B2 and dcddh genes was transferred
from our reported pVanl plasmid and ligated into a pACYC-
derived backbone, creating pPCA1 (Figure 3 and Figure S2).
The pACYC vector is a medium/low copy-number plasmid
with a p1SA origin-of-replication and Cam" selection marker
that are compatible with the pQLinkN vector harboring the
remaining pathway genes. The aroY and kpdB genes were
inserted into pAA2 by ligation-independent cloning to
generate pAA3 (Figure S1). Plasmids pPCAl and pAA3
were then transformed into E. coli BL21(DE3), and a whole-
cell biotransformation was conducted to determine whether
adipic acid could be detected when TA was added to
suspended whole cells. Unfortunately, no AA was observed
from these reactions by HPLC. The major product was ccMA
in 92% yield, reconfirming that the expression and/or activity
of BcER was a limiting step in the pathway. The increased yield
of ccMA, however, validated that single cell co-expression of
the pathway enzymes was sufficient to increase product flux.

We therefore designed a revised pAA3 plasmid (pAA4,
Figure 3 and Figure S2) to express the aroY, kpdB, catA, and
bcER genes as part of a polycistronic mRNA. Here, bcER was
assembled at the 5’ end of the operon and contained a strong
ribosomal binding site (RBS), followed by aroY (medium
RBS), kpdB (medium RBS), and catA (weak RBS) (Figure 3).
The latter is the most active enzyme in the pathway and
therefore required minimum expression for maximum product
flux. We also hypothesized that this arrangement would
maximize expression of bcER and therefore enable increased
conversion of ccMA to AA from TA. We also integrated the
PCALl cassette into the genome of E. coli BL21(DE3) via 4-
Red recombineering using CRISPR/Cas9 as a negative
selection tool,”® with the aim of decreasing the overall
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metabolic burden to the host cell (Figure 3). 1S6, SS3, and
SS9 loci were selected in the E. coli BL21(DE3) genome
(positions 2580897, 1308935, and 3979535, respectively) as
equivalent sites in E. coli BW25113 were originally reported to
be suitable for genomic integration,21 generating the strains E.
coli 1S6::PCAL, E. coli SS3::PCAl, and E. coli SS9::PCAL.
Successful knock-ins were confirmed by colony PCR using
primers that bind to genomic regions flanking the correspond-
ing insertion loci. The pAA4 plasmid was transformed into
these strains, or co-transformed into E. coli BL21(DE3) with
pPCALI and used in a whole-cell biotransformation experiment.
Singly transformed PCALI integrants were also co-transformed
with pACYC plasmids encoding for the molecular chaperones
DnaK-DnaJ-GrpE (pKJE7), GroEL-GroES (pGro7), and
Trigger Factor (pTfl6) to facilitate soluble folding of the
heterologous pathway enzymes.

Unfortunately, no adipic acid was produced from E. coli
BL21(DE3) pPCAl pAA4 cells after 24 h at 21 °C. Adipic
acid was detected in 19% yield from this strain when cells were
fed ccMA (Figure 4B, Figures S11 and S12). The genome
integration of PCA1 to IS6, SS3 or SS9 loci did not increase
adipic acid production and reduced the overall levels of ccMA
(Figure 4A,B). Comparison of PCA production from TA in E.
coli 1S6::PCA1, E. coli SS3::PCAl, and E. coli pPCAIL
confirmed that PCA formation was significantly increased in
strains containing pPCAl (Figure 4A and Figure S9).
Chaperone co-expression reduced and/or abolished ccMA
levels in all cells expressing pAA4 and PCA1 and did not result
in any detectable AA from any PCALI integrated strains. The
PCA and AA expression cassettes from pPCA1l and pAA4 were
also swapped (generating plasmids pAAS and pPCA2; Figure
S3) to increase the copy number of tpado and dcddh genes and
increase flux to PCA from TA. However, kinetic analysis of
PCA and ccMA production indeed confirmed that PCA was
produced more rapidly in E. coli pPCA2 pAAS from 2 to 4 h
but that ccMA titers were ultimately lower in this strain (31%
yield) when compared to E. coli pPCAl_pAA4 (93% yield;
Figure S14). Due to low TPADO activity and increased ccMA
titers using pPCA1 and pAA4, we decided to proceed with this
two-plasmid system and to focus our studies on optimization
of the whole-cell biotransformation.

We began by assessing AA production from TA by our
engineered strains under fermentation conditions, anticipating
that addition of TA immediately after synthesis of the pathway
enzymes would mitigate the instability of TPADO and/or
BcER. As such, TA was added to cultures at ODgy, 0.5 and
reactions were sampled periodically over 7 days. Interestingly,
no AA could be detected from cells transformed with pPCA1
and pAA3 plasmids. Cells transformed with pPCA1 and pAA4

https://doi.org/10.1021/acscentsci.3c00414
ACS Cent. Sci. 2023, 9, 2057—-2063


https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00414/suppl_file/oc3c00414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00414/suppl_file/oc3c00414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00414/suppl_file/oc3c00414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00414/suppl_file/oc3c00414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00414/suppl_file/oc3c00414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00414/suppl_file/oc3c00414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00414/suppl_file/oc3c00414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00414/suppl_file/oc3c00414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00414/suppl_file/oc3c00414_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00414?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00414?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00414?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00414?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.3c00414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

HochCOZH

_pPCA1
1S6::PCA1
$S89:PCA1
$S3:PC1
——— e oH
S O & ® 0 Q
PCA (mM) . OH
B. ccMA EE AA o"rP:‘:Az
— 5 -
s T Y
E 4
<
2 31
g
g 24 T -
§ 1 T - HO,C
- T
0l . . . . l—.l-
S x x 0 v > >
& S vy“\
o NS N NS NS Q Q
X o X X N/ %
S8 &
& @ D I

Figure 4. Comparing the reactivity of PCAI plasmid and genome
integration strains. (A) Whole-cell reactions to protocatechuate. (B)
Whole-cell reactions to muconic acid and adipic acid. Product
concentrations were determined by reverse-phase HPLC relative to an
internal standard of caffeine. All data shown are an average of three
replicate experiments to one standard deviation. [a] ccMA was added
instead of TA.

produced adipic acid in 6% yield, and E. coli 1S6::PCA1_pAA4
and E. coli IS6::PCA1_pAA4_pGro7 strains produced AA in
6% and 5% vyield, respectively. Altering the fermentation
growth media or carbon source eliminated AA production
from all strains and produced PCA as the primary product.
BcER activity therefore continued to be the rate-limiting
step in the pathway, so we progressed to investigating methods
to overcome this using chemical approaches (Figures S17—
$20). Chemical methods included the use of biocompatible
chemistry to replace the activity of BcER by converting ccMA
to AA using a H,-generating strain of E. coli i (DD-2) and a
membrane-bound Pd catalyst. Microbial H,(g) has been
shown to reduce ccMA in vitro using the Royer Pd catalyst,””
but this has not been combined with metabolic ccMA
generation. To this end, ccMA was produced from E.
coli pPCA1_pAA4 before cells were removed by centrifuga-
tion and the supernatant containing ccMA introduced to a
culture of E. coli DD-2. This engineered strain contains an
insulated pathway consisting of a pyruvate ferredoxin
oxidoreductase (PFOR) from Desulfovibrio africanus, hydro-
genase maturation factors from Chlamydomonas reinhardtii,
and a ferredoxin and [Fe—Fe] hydrogenase from Clostridium
acetobutylicum, which together enable the anaerobic produc-
tion of H,(g) from p-glucose.”® Indeed, this enabled the bio-
hydrogenation of metabolic ccMA to AA in 80% yield using
the biocompatible Royer Pd catalyst (Figure S). Intriguingly,
both Pd/CaCOj; and Pd/C were biocompatible but inactive
bio-hydrogenation catalysts, affording 14% and 64% of the
monoreduced product 2-hexenedioic acid (2-HDA), respec-
tively. The increased reactivity of Royer Pd is therefore likely
due to an attractive electrostatic interaction between the cells,
ccMA, and the positively charged polyethyleneimine catalyst
support. Hydrogen-gas-producing E. coli and biocompatible
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Figure S. Bio-hydrogenation of metabolic cis,cis-muconic acid from E.
coli BL21(DE3) pPCAl pAA4, followed by E. coli DD-2 and
biocompatible Pd catalysts. Product concentrations were determined
by reverse-phase HPLC relative to an internal standard of caffeine.
Data shown are an average of three replicate experiments. 2HDA = 2-
hexenedioic acid.

chemistry can therefore be used to overcome the lack of
activity of BcER within larger heterologous biosynthetic
pathways.

Finally, we examined the use of cells supported in alginate
hydrogel as a method to increase the activities of TPADO and
BcER and thus the yield of AA. The use of calcified alginate
hydrogels is known to increase the stability of enzymes in
vitro>>* and to improve the downstream purification of whole-
cell biotransformations; however, few studies report the use of
alginate immobilization to increase the stability of heterolo-
gous enzymes in de novo pathways in E. coli. More specifically,
this has not been applied to stabilizing BcER within a microbial
adipic acid pathway despite reported instability in vivo.””*® To
this end, we were delighted to observe that, when TA was
added to cells of E. coli_ pPCAl1_pAA4 supported in alginate
hydrogels (termed alg-E. coli), AA conversion was increased
from 0% to 79% (Figure 6B). Adipic acid was not detected in
control samples lacking cells, alginate, and/or pathway
enzymes or in the presence of supported dead cells, confirming
that this was a microbe-mediated chemical transformation. A
time-course experiment confirmed that alginate immobilization
increased the stability of BcER, showing rapid formation of 2-
hexenedioic acid from ccMA after 6 h and then gradual
conversion to AA over 24 h (Figure 6C). In comparison, no
reduction of ccMA to AA was observed after 24 h in the
absence of the alginate support. Finally, adipate-rich product
streams could be readily isolated from alg-E. coli reactions by
filtration of the cell-containing alginate beads from the
reaction. Muconic acid reduction in reactions with non-
immobilized cells or in alg-E. coli with smaller bead sizes also
produced less adipic acid, indicating that the alginate support
likely improves the oxygen tolerance and/or stability of the
[4Fe—4S]-containing BcER enzyme. This was confirmed by
observing loss of BCER activity in <6 h in the absence of the
alginate support (Figure $20)—a time point which precludes
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Figure 6. E. coli supported in calcium alginate beads enables bio-
adipic acid production from a post-consumer plastic bottle. (A) PET
depolymerization and upcycling in whole cells and in encapsulated
whole cells. Reactions were carried out at ODgy, 60 in M9 media with
166 mg/L TA at 21 °C with shaking at 220 rpm for 24 h. (B)
Photograph of alg-E. coli cells. (C) Metabolite formation during
biotransformation reactions. Product concentrations were determined
by reverse-phase HPLC relative to an internal standard of caffeine.
Data shown are an average of three replicate experiments to one
standard deviation.

the accumulation of ccMA by upstream pathway enzymes in E.
coli_pPCA1_pAA4 strains.

Following this finding, three factors were explored to
improve the activity of the de novo pathway: (i) increased
cofactor availability and recycling, (ii) pH-dependent TA
diffusion into the cell, and (iii) BcER inhibition by upstream
intermediates. First, NADH availability was identified as a
potential key limitation as the de novo pathway to adipic acid
from TA generates 3 mol equivalents of NAD" and only
regenerates 1 mol equivalent of NADH. We therefore co-
expressed the NAD*-dependent formate dehydrogenase Fdh
from the methylotrophic bacterium Pseudomonas sp. 101 (EC
1.17.1.9) downstream of medium or strong constitutive
promoters in modified pPCAl plasmids (pPCAX1—3, Table
S1) in immobilized alg-E. coli pPCAX pAA4 strains, generat-
ing 1 mol of NADH from 1 mol each of NAD* and formate.”’
However, fdh co-expression resulted in no change in adipic
acid formation at increased TA concentrations in either the
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presence or absence of exogenous formate. Such strategies
have been successfully applied to counteract nicotinamide
redox imbalance in other metabolically engineered strains.”*
Reactions containing Fdh and run in the presence of formate
also became alkaline over time—conditions that are known to
inhibit TA diffusion into the cell by increasing repulsive ionic
interactions with the negatively charged outer membrane (pK,,
3.5 and pK,, 4.5 in H,0). This was confirmed by observing
increased conversion of TA into PCA in E. coli_pPCA1_pAA4
cells at pH 5. However, this was accompanied by decreased
downstream pathway activity (Figure S22). We therefore
moved on to examine the use of increased concentrations of
glucose and the use of alternative carbohydrate feedstocks as a
source of NADH in vivo.””° Switching the carbon source from
D-glucose to D-mannitol or D-sorbitol—two hexose sugar
alcohols that generate more NADH equivalents than glucose
during glycolysis—had no effect on adipic acid levels, nor did
the co-addition of glucose and sorbitol at 1:1 mol equivalent or
increasing the concentration of glucose 2-fold (Figure S24).
Together, these data combined with the observed increase in
adipic acid production from alginate reactions run in diluted
media with reduced glucose concentration (Figure 6A,C) make
cofactor availability and redox balance an unlikely limiting
factor at this scale but nevertheless one that should be a
primary consideration in subsequent strain and process
designs. Finally, we examined the inhibition of BcER by TA.
Interestingly, TA was found to inhibit BcER activity at high
substrate concentrations, presumably due to similarities in
three-dimensional structure between the cis-oid diacid in ccMA
and the 1,4-disubstituted aromatic diacid in TA (Figure S22).
Inhibition of BcER by TA in combination with pH-dependent
TA diffusion and flux at physiological pH are therefore
principal considerations that will be the focus of our future
work.

Having confirmed that we can convert TA into AA using
engineered E. coli, we set out to examine whether alg-E.
coli_ pPCA1 _pAA4 could be used to valorize post-consumer
plastic waste. To this end, a discarded PET bottle was
depolymerized using ag. NaOH and ethanol (90 °C, 1 h),
yielding white flakes of pure TA by '"H NMR analysis. To our
delight, addition of crude TA samples to alg-E. coli pPCAl -
pAA4 cells resulted in 65 mg/L AA by HPLC. To further
demonstrate the applicability of this system and avoid the
compositional variability of PET bottles,”" we also examined
the use of pure industrial PET waste. Hot stamping foils
(HSFs) are used across multiple industries for the rapid
depositing of ultrathin release single-use lacquer and adhesive
labels. In 2022, the global demand for HSFs was 2.5 billion m?,
and this is estimated to generate 40,000 tons of PET waste per
annum. Pleasingly, depolymerization of HSF samples under
identical alkaline hydrolysis conditions (ag. NaOH, EtOH, 90
°C, 1 h) yielded pure TA by 'H NMR, which could be
converted to AA under our optimized biotransformation
conditions in 66% yield (96 mg/L) using alg-E. coli pPCAl -
pAA4 cells (Figure 7). This increased conversion establishes
HSFs as a source of PET waste that is highly amenable to
microbial upcycling processes.

B CONCLUSIONS

In summary, the development of new sustainable bio-based
methods to valorize waste carbon into industrial small
molecules is an elegant approach to creating a circular
chemicals economy. Through a series of chemical and genetic
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Figure 7. Microbial upcycling of industrial PET stamping foil waste.
(A) Image of PET stamping foils. (B) "H NMR spectrum of foil-TA.
(C) Bio-upcycling of PET/TA samples into adipic acid. Data shown
are an average of three replicate experiments to one standard
deviation.

optimizations, this study reports the first bioproduction of the
prolific platform chemical adipic acid directly from terephthalic
acid generated in situ from industrial PET waste and a post-
consumer plastic bottle. The reaction occurs in engineered E.
coli cells through an eight-gene, six-enzyme de novo
biosynthetic pathway within calcified alginate beads. Product
conversion is high (79%, 115 mg/L) and occurs in aqueous
media under ambient conditions (room temperature, pH 7.4)
in 24 h. We believe this is the first report of the bioproduction
of adipic acid from a plastic waste source, substantiating the
use of microbial biotechnology as a solution to the valorization
of this abundant “waste” feedstock while also diverting
chemical manufacturing routes away from the sole use of raw
petrochemicals. Future work from our lab will include process
intensification focused on cofactor recycling and parameters
such as terephthalate import, BcER engineering, scale-up, and
extension of this pathway to encompass the microbial synthesis
of other chemical targets of industrial significance.
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