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Abstract

Application of polyester-degrading microorganisms or enzymes should be
considered as an eco-friendly alternative to chemical recycling due to the
huge plastic waste disposal nowadays. However, current impranil DLN-based
screening of polyester-degrading microorganisms is time-consuming, labour-
intensive and unable to distinguish polyesterases from other protease- or
amidase-like enzymes. Herein, we present an approach that combined a
novel synthetic fluorescent polyurethane analogue probe (FPAP), along with
the droplet-based microfluidics to screen polyurethane-degrading microor-
ganisms through fluorescence-activated droplet sorting (FADS) pipeline. The
fluorescent probe FPAP exhibited a fluorescence enhancement effect once
hydrolysed by polyesterases, along with a strong specificity in discriminat-
ing polyesterases from other non-active enzymes. Application of FPAP in a
microfluidic droplet system demonstrated that this probe exhibited high sensi-
tivity and efficiency in selecting positive droplets containing leaf-branch com-
post cutinase (LCC) enzymes. This novel fluorogenic probe, FPAP, combined
with the droplet microfluidic system has the potential to be used in the ex-
ploitation of novel PUR-biocatalysts for biotechnological and environmental
applications.

Polyester-based plastics are considered a solution to
the current plastic waste problem as well as leading
polymers in terms of biodegradability and sustainability
(Satti & Shah, 2020). Microorganisms and theirenzymes
involved in the process have emerged as important bio-
catalysts for polyester biodegradation or recycling via

breaking ester bonds (Singh et al., 2021). However, up
to now, only a few polyester-depolymerizing enzymes
with polyethylene glycol terephthalate (PET)-degrading
ability was reported, like PETase from Ideonella
sakaiensis, and LCC cutinase (Cui et al., 2021; Tournier
et al.,, 2020; Yoshida et al., 2016). Despite these,
polyester-depolymerizing enzymes, especially poly-
urethane (PUR)-degrading enzymes, have been rarely
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reported (Liu et al., 2021). It can be expected that much
more microbial polyester-depolymerizing enzymes
have not yet been discovered based on the great abun-
dance of microorganisms in nature.

Currently, most of the screening methods for
polyester-degrading microorganisms are based on
the transparent zones formed on impranil DLN-based
agar plates (Bollinger et al., 2020; Molitor et al., 2020).
Impranil DLN is an anionic aliphatic polyester-PUR,
which appears as a white, milky suspension containing
40% of polymer particles (Howard et al., 2001). Bacterial
colonies which have PUR-degrading ability show
clear zones on the impranil DLN containing agar plate
(Russell et al., 2011). This screening method is limited
to a maximum sample size of ~1 0*isolates and requires
several days to complete, which is time-consuming and
labour-intensive. Besides, the method may also yield
false positive hits, due to those clones having prote-
ase- or amidase-like enzymes also degrade impranil
DLN to form clear halos (Magnin et al., 2020). Thus,
construction of high-throughput screening strategies
with high efficiency targeting polyester-degrading mi-
croorganisms is currently urgent.

Recently, the development of fluorescence-activated
droplet sorting (FADS) using microfluidic technologies
has quickly emerged as a powerful tool for screening
with ultra-high throughput (Baret et al., 2009; Perez-
Rodriguez et al., 2022; Tu et al., 2021). The droplets-
based sorting enables cell proliferation inside droplets,
achieving a considerable cell density to express de-
sired enzymes, whereas the fluorescence-activated
cell sorting (FACS) technique is not suitable to do
this. FADS technology has been successfully used for
the directed evolution of enzymes (Qiao et al., 2018),
single-cell analysis (Vallejo et al., 2019) and screen-
ing for improved microbial production of extracellular
compounds (Oberpaul et al., 2022; Xu et al., 2022). For
most of the FADS screening, it is essential to convert
the desired phenotype into a detectable signal. To ad-
dress this problem, several strategies were created by
the use of fluorescent dyes, through improved growth
identified via green fluorescent protein (GFP) or red flu-
orescent protein (RFP) tagging of microbes, or with the
use of chemical or enzyme-linked reactions (Bowman &
Alper, 2020; Chung et al., 2017). However, microfluidic-
based droplet sorting of polyester-degrading micro-
organisms has been rarely explored due to the lack
of highly efficient and specific fluorescent probes.
A recent study by Qiao et al. applied a fluorescein
dibenzoate (FDBz) for screening of PET-degrading mi-
croorganisms by FADS (Qiao et al., 2022), this probe
exhibited a fluorescence enhancement once the ester
bond was hydrolysed by such as PETases and PET-
degrading microbes, allowing a significant difference in
fluorescence for sorting (Qiao et al., 2022).

In this work, based on the molecular structure
of PUR plastic monomer, we designed a novel
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fluorogenic probe and its related droplet-based FADS
pipeline for the high-throughput polyester-degrading
microorganisms screening. This probe exhibited a
fluorescence enhancement effect once degraded by
the microorganisms and/or their enzymes, along with
high specificity for targeting polyester hydrolases,
enabling an easy identification of positive clones in
droplets containing polyester-degrading microorgan-
isms from background environmental colonies. This
novel PUR-structure-based fluorogenic probe not
only facilitates a more specific, reliable and rapid
screening of PUR-degrading microbes but also gives
strong inspiration for the application of fluorescent
probes in other plastic-degrading microorganisms
screening.

RESULTS AND DISCUSSION

Design and synthesis of the fluorescent
PUR analogue probe, FPAP

To develop a rapid, sensitive and specific fluorogenic
assay for droplet-based single-cell sorting of PUR-
degrading microorganisms, we selected FPAP, a
fluorescent polyurethane analogue probe, as the can-
didate fluorogenic probe and evaluated its specificity
and sensitivity for fluorescence detection in picolitre
droplets. A key difference between FPAP and the re-
ported PET probe, such as FDBz, was that PFAP was
synthesized based on the PUR monomer structure,
by tagging the fluorogenic molecule to both sides of
the PUR monomer (Figure 1). More importantly, the
probe would show a strong increased fluorescent sig-
nal when degraded by polyesterase to release fluores-
cein, which is the fundamental basis for applying this
probe in microfluidic droplet sorting. The FPAP itself
emits a weak fluorescence, due to the low solubility
of the probe, thus generating an aggregation-caused
quenching (ACQ) effect (Kisiel et al., 2020). ACQ is
a known phenomenon responsible for low emission
of dyes when in the form of solid-state (e.g. in nano-
structures, nano-precipitates), although in solution (in
appropriate solvent) these are characterized by bright
emission (Kisiel et al., 2020). Based on the principle of
ACQ, when PFAP is degraded by polyesterases, the
two fluorescein molecules are released from FPAP,
resulting in a significant enhancement of fluorescent
intensity. Consistent with this, a high concentration of
FPAP decreased the overall fluorescence signal out-
put, and the optimal concentration of FPAP was 50 pM,
with Ex = 440nm and Em = 537nm (Figure 2). We
further tested the toxin effect of FPAP, and the results
show that FPAP does not inhibit the growth of com-
mon model microorganisms, including Escherichia
coli, Pseudomonas aeruginosa and Saccharomyces
cerevisiae (Figure 3), suggesting a low biotoxicity and
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Synthesis route of the fluorescent polyurethane analogue probe, PFAP. PUR analogue monomer was first synthesized

with 4,4'-methylene diphenyl diisocyanate (4,4'-MDI) and 1,4-butanediol (1,4-BDO); then, the fluorogenic substrate was reacted with
3-aminopropionic acid and further tagged into PUR monomer. The synthetic probe was confirmed by 1H NMR spectroscopy. PFAP was
characterized by low-fluorescence when the structure is unbroken, this is due to the low solubility of the probe generating an aggregation-
caused quenching effect. Once PFAP is degraded by polyesterases, the two molecules fluorescent were released from the FPAP; thus, the

fluorescence intensity was enhanced.

good biocompatibility of FPAP. Overall, FPAP was
synthesized based on the structure of PUR plastic
monomer, along with a fluorescence enhancement ef-
fect during screening, which will greatly facilitate the
discovery of new polyester-degrading microorganisms
and/or enzymes.

FPAP exhibits a high-level specificity in
targeting polyesterases

One disadvantage of the conventional DLN-based
agar plate screening was the yield of false positive
clones, which express protease- or amidase-like en-
zymes rather than esterases, and these two enzymes
are also able to hydrolyse DLN to form halos (Biffinger
et al., 2015). Thus, a key aspect of whether PFAP
could be used in FADS was the specificity in target-
ing polyesterases. To test this, we used lipase (Cat:
L3126; Sigma) and protease (Cat: P5147; Sigma) to
see whether these two enzymes were able to trans-
form FPAP, at the same time, the LCC enzyme was
used as a positive control, which has been reported to
have the biodegradability of PUR in addition to PET.

LCC could effectively break the ester bond and re-
lease the fluorescent molecules from the FPAP probe,
resulting in a significant enhancement in the fluores-
cence signal (Figure 4A). As two references, the exog-
enous addition of lipase and protease did not alter the
chemical structure of the probe, leading to overlapped
fluorescence curves compared with FPAP as the sole
substrate (Figure 4B). Overall, these data suggested
that the synthetic fluorogenic probe exhibited a high
level of specificity in discriminating polyesterases from
other non-active enzymes.

It is worth noting that whether the FPAP probe is
specifically targeting the PUR- polyesterases is cur-
rently unknown. This is caused by the fact that most
of the reported plastic-degrading enzymes were PET-
polyesterases, such as LCC, PETase, TfCut2, etc.,
polyesterases with exclusively PUR depolymerization
ability have never been reported so far. Thus, we are
not able to compare the activity between PET- and
PUR-polyesterases by using the FPAP substrate.
Given that the probe was synthesized based on the
structure of PUR monomer, we posit that FPAP would
give a high possibility in selecting PUR-degrading
enzymes.
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FIGURE 2 Fluorescent properties of the probe. (A) The maximum absorption peak appeared at 440nm and the maximum wavelength
of fluorescence emission was at 537 nm. (B) Optimized concentration of PFAP used for screening. PFAP exhibited an ACQ effect, a high

concentration of the probe leads to aggregation while a low concentration of PFAP results in low fluorescence intensity, thus an optimized
concentration for the probe used in this study is 50 pM.
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FIGURE 3 Toxicity analysis of the fluorescent probe during microbial growth. (A) Growth curves of S. cerevisiae (A), E. coli (B) and P.
aeruginosa (C) with 0, 10, 25, 50, 75, 100 1M fluorescent probes show no significant inhibition of the growth.
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FIGURE 4 Specificity of PFAP in discriminating polyesterases. (A) Variation of the fluorescence intensity of the FPAP when
depolymerize by LCC and PBS control. The Insert panel was the fluorescent images treated by UV irradiation. (B) Common commercial
lipases and proteases do not affect the structure of PFAP.
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decomposition by polyesterases during culturing, and the fluorescence activated droplet sorting system to select droplets with enhanced
fluorescence. When the droplet passes the laser excitation point, the detection object in the droplet is excited to produce fluorescence.
The signal generator receives the electrical signal and transmits the signal to the high-voltage amplifier to amplify and generate a sorting
pulse to generate the dielectrophoretic force required to deflect the target droplet into the collection channel. (B) The fluorescence intensity
distribution of different droplets with or without LCC enzyme. (C) Images of the droplets containing LCC enzyme before and after sorting,
showing a high efficiency of this probe in discriminating LCC polyesterase.

Application of FPAP in microfluidic droplet
system through a FADS pipeline

We then applied the fluorescent probe FPAP in a
droplet-based system by a FADS pipeline. We first en-
capsulated FPAP in droplets with the LCC enzymes to
make positive droplets, droplets contain only FPAP as
negative droplets. As the size of the droplets is con-
sistent, every single microdroplet can be considered
an individual microreactor and the catalytic abilities
of the LCC enzyme can be quantitatively evaluated
within droplets (Figure 5A). As a proof of concept, we
prepared a mixed population droplet, containing 50%
of the positive droplets along with 50% of negative
droplets. After 6 h of incubation, those droplets were
re-injected into a microfluidic sorting device for analysis
and sorting. When each microdroplet passed through
the device, the fluorescence was detected by a pho-
tomultiplier tube (PMT), followed by the recording in
a data acquisition card. As shown in Figure 5B, two
distinct sub-population with different fluorescent sig-
nals were found in 50seconds recording (Figure 5B),

suggesting a highly sensitive of our pipeline in select-
ing positive droplets containing LCC enzymes.

Next, we prepared 5% droplets containing the positive
droplets to check the screening efficiency of our pipeline.
We set a threshold at 1.75a.u., which is the medium fluo-
rescence intensities of positive and negative droplets. As
a result, the droplets with the higher fluorescent signal
will be dragged into a collection channel. Upon sorting,
the microdroplets with higher fluorescence accounted
for 95% of the total sorted droplets, indicating a high ef-
ficiency of this probe in discriminating LCC polyesterase
(Figure 5C). In conclusion, these results indicate that the
designed fluorescent probe, FPAP, combined with the
droplet microfluidic system has the potential to be used
in the screening of polyester-degrading microorganisms
or their corresponding enzymes.

CONCLUSIONS

In summary, we developed a complete FADS pipeline
using FPAP as the fluorogenic probe for screening
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polyester-degrading microorganisms to advance the
discovery of PUR-degrading enzymes for biodegrada-
tion and sustainable recycling of PUR. One of the high-
lights of the study was the fluorogenic polyurethane
analogue probe, FPAP, an analogue of PUR plas-
tic monomer containing the ester bond, which is the
target site for various polyesterases. We believe this
probe will greatly contribute to the exploitation of novel
PUR-biocatalysts.
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