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ABSTRACT: In order to preserve our livelihood for future
generations, responsible use of plastics in a climate-neutral and
circular economy has to be developed so that plastics can be used
in an environmentally friendly way by future generations. The
prerequisite is that bioplastic polymers such as polylactic acid
(PLA) can be efficiently recycled from petrochemical based plastic.
Here, a concept in which accelerated PLA degradation in the mixed
suspension of PLA and polystyrene (PS) nanoparticles has been
achieved through an engineered material binding peptide. After
comparison of twenty material binding peptides, Cg-Def is selected
due to its PLA binding specificity. Finally, a suitable high-
throughput screening system is developed for enhancing material-
specific binding toward PLA in presence of PS. Through KnowVolution campaign, a variant Cg-Def YH (L9Y/S19H) with 2.0-fold
improved PLA binding specificity compared to PS is generated. Contact angle and surface plasmon resonance measurements
validated higher surface coverage of Cg-Def YH on PLA surface and the fusion of Cg-Def YH with PLA degrading enzyme confirmed
the accelerated PLA depolymerization (two times higher than only enzyme) in mixed PLA/PS plastics.
KEYWORDS: directed evolution, plastic degradation, polylactic acid, material binding peptide, circular economy

1. INTRODUCTION
Plastic products are extensively used in our daily lives due to
their excellent properties and are produced in large quantities
(>390 million tonnes in 2021).1,2 Management of plastic waste
is an important challenge to mitigate risks to living organisms
and humans.3−6 Commonly used plastics comprise poly-
ethylene (PE), polypropylene (PP), polystyrene (PS), poly-
(ethylene terephthalate) (PET), and polyurethane (PU),
which are mostly produced from fossil fuels.7 In order to
address risks caused by climate change, researchers have
proposed to replace conventional petrochemical-based plastics
with bioplastics made from feedstock and to implement
strategies for circular use as a foundation for a climate-neutral
circular economy.8,9 Polylactic acid (PLA), a polyester
produced from renewable sources such as starch or sugar, is
from its performance an attractive and biocompatible
polymer.10 PLA is often blended with other petrochemical
polymers like poly(ε-caprolactone) (PCL), polybutylene
succinate (PBS), thermoplastic starch (TPS), PE, PP, and
PS, to optimize hydrophobicity, mechanical behavior, and
reduce production costs.11−13 Among them, PS is one of the
most hydrophobic plastics.14,15 PLA/PS blends are used in
diverse applications such as drug delivery,16 electronic
equipment,17 and packaging.18 For instance, Li et al.19 reported
that the PLA/PS (50/50 wt %) blend composite exhibited a
significantly higher conductivity and is used in devices to

detect volatile organic compounds. Therefore, exploring
efficient recycling methods for mixed plastics of PLA/PS is
of high interest.20−23 For PLA enzymatic degradation, many
enzymes such as proteinase K, esterases, lipases, and cutinases
have been discovered.24 They are classified as type I
(proteases) and type II (cutinases/esterases/lipases) PLA
degrading enzymes.25 Interestingly, two PET degrading
enzymes, Thc_Cut1 and Thc_Cut2 from Thermobifida
cellulosilytica, were used in PLA degradation.26 This indicates
that PET depolymerases have huge potential in PLA
degradation. To the best of our knowledge, no enzymatic
degradation of PLA in mixed plastics has been reported.

Material binding peptides (MBPs), also referred to as anchor
peptides or adhesion promoting peptides, have been identified
for a variety of natural and manmade materials such as
synthetic polymers (e.g., PP,27 PS,28 and PUR29), metals (e.g.,
stainless steel30,31 and gold31), silicon wafer,31 and plant
leaves.32−35 The binding property of MBPs, such as binding
strength or material binding specificity, can be tailored by
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protein engineering methodologies following for instance the
KnowVolution (knowledge-gaining directed evolution) strat-
egy, which combines four phases of experimental work and
computational design to minimize experimental work and
maximize property improvements.36 KnowVolution is a
generally applicable approach to improve various properties
of proteins including activity,37 thermal resistance,38 pH
resistance,39 regioselectivity,40 ionic liquid resistance,41 and
polymer processivity.42 In addition, KnowVolution has
successfully been applied to tailor the material binding
properties of MBPs.27

MBPs such as polymer binding modules, anchor peptides,
carbohydrate binding modules (CBMs), hydrophobins, chitin
binding domain, and hydrophobic binding domain, have been
widely applied to accelerate the enzymatic degradation of
natural polymers (e.g., cellulose, lignin, and chitin) and
synthetic polymers [e.g., PU, poly-β-hydroxybutyrate (PHB),
and PET].43−45 In natural polymers degradation, CBMs
potentiate the activity of catalytic domain of cellulase against
cellulose by directing cellulase toward cellulose and thereby
tuning the affinity of cellulase into the most productive
range.44 Inspired by nature, a lot of research has been
conducted to facilitate PET enzymatic degradation by fusing
engineered MBPs with single PET hydrolase or enzyme
complex.46−48 The first report to use a MBP for man-made
polymer degradation was reported by Islam et al.,49 which
cleaved the ester bonds in polyester−polyurethane nano-
particles. Likely inspired by this work, further MBPs have been
used to bind to PET by hydrophobic interaction and hydrogen
bond.50 For instance, Xue et al.48 fused a chitin-binding
domain (ChBD) with PET hydrolase ICCG. Compared with
ICCG alone, ICCG-ChBD displayed higher PET adsorption
and improved degradation performance (19.6% higher than
ICCG). Moreover, Chen et al.51 codisplayed PETase and

hydrophobin HFBI on the surface of yeast cells. The turnover
rate of the whole-cell biocatalyst toward high-crystallinity PET
(45%) dramatically increases approximately 328.8-fold com-
pared with that of purified PETase at 30 °C. However, the
improvement in the polymer degradation by MBPs can be
significantly influenced by the concentration of polymers.
Graham et al.46 found that CBMs could accelerate PET
enzymatic degradation at low PET loading (<10 wt %) and the
enhanced degradation cannot be observed at high PET loading
(10−20 wt %). The limited activity of polymer hydrolase-MBP
fusion at higher substrate concentration would hinder the
industrial application of MBPs in plastic enzymatic recycling.

In this work, MBP Cg-Def was selected from several MBPs
and engineered following the KnowVolution strategy to
achieve an enhanced material-specific binding of PLA in
mixed PLA/PS. To the best of our knowledge, no reported
MBP has been improved in its material-specific binding
properties to enhance the depolymerization of mixed plastics.
A prerequisite for any successful protein engineering campaign
is robust and sensitive high throughput screening systems [e.g.,
96-well microtiter plate (MTP) format] that reflect application
conditions. The KnowVolution campaign yielded a Cg-Def
variant with enhanced PLA binding specificity in PLA/PS
mixtures. A depolymerase ICCG52 was identified with
outstanding performance in PLA degradation within this
study. Fusion of the engineered Cg-Def variant with ICCG
resulted in enhanced PLA degradation in mixed PLA/PS.

2. RESULTS AND DISCUSSION
Material-specific degradation in mixed plastics is important for
the circular polymer economy. In Figure 1, the typical
procedures are summarized to enhance PLA degradation in
mixed PLA/PS plastic as a first step toward a circular PLA
economy. Three MBPs with different sizes, secondary

Figure 1. Specific degradation of bio-based plastic PLA in mixed plastic wastes with the assistance of MBPs. The engineered Cg-Def variants by
KnowVolution strategy could endow the PLA degrading enzyme with high PLA binding specificity from PS and, therefore, accelerating PLA
degradation in the PLA/PS mixed plastic wastes. PLA: polylactic acid; MBP: material binding peptides; PS: polystyrene.
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structures, and properties were expressed, purified, and probed
with respect to their PLA binding strength and specificity,
which resulted in the selection of Cg-Def as a good starting
point for the protein engineering study. Improved PLA-specific
binding of a Cg-Def variant was achieved in a single
KnowVolution campaign and enhanced material-specific bind-
ing was confirmed through biophysical characterizations
including contact angle and surface plasmon resonance
(SPR) measurement. PLA-targeted depolymerization in
mixed PLA/PS was determined as final proof of Cg-Def
enhanced degradation of PLA in a PLA/PS mixture.
2.1. Selection of MBP with Potential PLA Binding

Specificity from PS. Three MBPs including Cg-Def, LCI,
and Spinigerin exceeded other MBPs (higher fluorescence
intensity) when the binding of 20 MBPs to PLA granules was
compared (Figure S2 and Table S5). These three MBPs Cg-
Def, LCI, and Spinigerin possessed different structures and
sizes and their binding performance toward PLA and PS was
further evaluated. According to the fluorescence microscopy
pictures (Figure 2a) and quantified fluorescence intensity
(Figure 2b) of MBPs bound PLA granules, Cg-Def exhibited
better PLA binding behavior than LCI and Spinigerin.

Moreover, the lower binding strength of Cg-Def to the PS
surface than LCI and Spinigerin was observed (Figure 2c).
Thus, Cg-Def was selected for further investigation owing to its
potential PLA binding specificity compared to PS.

Cg-Def (PDB: 2B68) is an oyster defensin from the mantle
of Crassostrea gigas with antimicrobial activity against Gram-
positive bacteria.53 Cg-Def with a size of 43 amino acids (4.6
kDa) is composed of an α-helix linked to an antiparallel two-
stranded β-sheet by four disulfide bridges.54 The structure-
activity relationship revealed that cysteine residues and
aromatic amino acid residues may play key roles in the
antimicrobial activity of Cg-Def.55 So far, the material binding
affinity of Cg-Def has not been studied.
2.2. KnowVolution of Cg-Def for Improving PLA

Binding Specificity. Prerequisite for a successful directed
evolution campaign is a reliable high throughput system, e.g.,
in 96-well MTP format. Based on a directed evolution
campaign to improve the MBP LCI and TA2 for PP- and
PS-binding, a suitable screening format,27,28 which compared
binding of Cg-Def from a master plate to two MTP plates (one
each composed of PLA and PS), was used (Figure S3).
Optimization of high throughput screening assay (i.e., PLA

Figure 2. MBP selection with potential PLA binding specificity from PS. (a) Fluorescence microscopy images of bare PLA granules and PLA
granules bound with EGFP (negative control), Cg-Def, LCI, and Spinigerin. Fluorescence microscopy was taken at exc. 485 nm and em. 520 nm.
The scale bar represented 20 μm. (b) Comparison of PLA binding performance of three MBPs including EGFP, Cg-Def, LCI, and Spinigerin. PLA
binding of three MBPs was indicated by integrated intensity of fluorescence, which was measured based on fluorescence microscopy pictures of
MBPs bound to PLA granules with ImageJ software.56 The experiments were performed in triplicate. (c) Comparison of PS binding performance of
three MBPs including EGFP, Cg-Def, LCI, and Spinigerin. The experiments were performed in triplicate. Concentration of MBPs used for binding
was 2.5 μM. The PLA granules and PS MTPs were washed with Tris−HCl twice and LAS once after binding with MBPs at room temperature for
10 min. PLA: polylactic acid; MBP: material binding peptides; PS: polystyrene; BF: bright field, FF: fluorescence field; LAS: alkyl benzene
sulfonate.
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coating concentration and lysate volume in Figure S4) yielded
a coefficient of variation of 18.1 and 13.8% for PLA and PS,
respectively (Figure S5), which is generally regarded as a
reliable cut off for successfully directed evolution cam-
paigns.57,58

Under the optimized conditions of screening assay, the
KnowVolution campaign for Cg-Def, which consisted of four
phases including identification (phase I), determination (phase
II), selection (phase III), and recombination (phase IV), was
conducted (Figure S6). In phase I, generation and screening of
an epPCR library of Cg-Def were performed to identify the
potential key positions for PLA binding specificity. A random

mutagenesis library of Cg-Def with 2879 clones was generated
with 0.3 mM MnCl2 (mutation frequency: 23 mutations/kb).
20.45% of the library shows improved PLA binding (higher
than 1.2 times) than Cg-Def WT. According to the sequences
of 11 variants (Table S6) with improved PLA binding
specificity (Figure 3a) after library screening, 11 potential
key positions (L9, K10, N13, C15, S19, C25, L30, C34, C36,
T37, and C39) were identified for PLA binding specificity from
PS (Figure 3b).

The identified positions in phase I were subjected for
generation of SSM libraries, and beneficial positions were
determined after screening the generated SSM libraries. After
screening, the variants with 1.5 times improved PLA binding
specificity were selected and sequenced (Figure 3c). Notably,
positions of L9, S19, C34, and C36 were mainly substituted
with hydrophobic or positively charged amino acids, indicating
hydrophobic and electrostatic interactions are likely to be the
potential mechanism for PLA binding specificity.

In phase III, the computational analysis was performed to
select the identified beneficial amino acid substitutions for
recombination. Visualization of the 3D structure of Cg-Def
showed that, identified positions are mainly located in the α-
helix and β-sheet region of Cg-Def. Then CompassR strategy,
which provides a selection guide for beneficial substitutions
through analysis of the relative free energy of folding
(ΔΔGfold), was applied for the recombination of these
positions (Figure S7).59 C34W, C36L, and C36R were
excluded due to their high ΔΔGfold value. Compared with
S19P, the mutation of S19H has lower ΔΔGfold value,

Figure 3. Overview of KnowVolution strategy of Cg-Def for improving PLA binding specificity. (a) Improvement of PLA binding specificity from
PS as well as PLA binding strength of 11 variants obtained from Cg-Def epPCR library screening in phase I. The experiments were performed in
triplicate. (b) Identified 11 potential key positions of L9, K10, N13, C15, S19, C25, L30, C34, C36, T37, and C39 for PLA binding specificity from
PS. (c) Amino acid substitutions in SSM variants with improved PLA binding specificity from PS in phase II. Yellow, blue, and green indicates
hydrophobic, positively charged, and neutral amino acids, respectively. The experiment was performed in triplicate. (d) Structure of generated
EGFP-Cg-Def YH (L9Y/S19H).

Figure 4. PLA binding specificity improvement with protein
concentration of 40−500 nM. The experiments were performed in
triplicate.
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indicating its higher stability.54 Thus, L9Y and S19H were
selected for recombination.

In the end, the recombination of beneficial amino acid
substitutions was performed and the PLA binding specificity of
recombinants were characterized in phase IV. As L9Y and
S19H were identified by CompassR analysis results, one
variant EGFP-Cg-Def YH (L9Y/S19H) was generated to

investigate its PLA binding specificity from PS (Figure 3d).
EGFP, EGFP-Cg-Def WT, and EGFP-Cg-Def YH were
expressed and purified for further test (Figure S8).
2.3. PLA Binding Specificity Characterization of Cg-

Def Variant. PLA binding specificity of Cg-Def YH was
characterized in PLA/PS MTPs with concentration ranging
from 40 to 500 nM (Figure 4 and Table S7). The highest PLA
binding specificity from PS was 2.0-fold improvement when
the protein concentration was 200 or 300 nM. Thus, Cg-Def
YH was proved to have enhanced PLA binding specificity from
PS.

To quantify the PLA binding specificity more precisely, the
PLA binding specificity of Cg-Def YH was measured in the
mixed plastic system of PLA/PS films. As shown in Table S8,
the ΔPLA/PS ratio of Cg-Def YH was 0.69, which is 1.4-fold
higher than WT (0.50), indicating increased amount of Cg-Def
YH bind to PLA compared to WT. In addition, the contact
angles of PLA and PS films were significantly reduced after
coating with Cg-Def WT and Cg-Def YH, indicating increased
hydrophilicity of coated PLA and PS films (Figure S9).
Additionally, Cg-Def YH-coated PLA film (45.7°) possessed
improved hydrophilicity than that of WT (65.1°), which was
likely to be caused by the more efficient surface coverage of
Cg-Def YH than WT.

Additionally, the adsorption of EGFP-Cg-Def onto PLA was
monitored and the binding behavior of WT, Cg-Def YH to
PLA were evaluated by SPR (Figure 5). The sensograms
consisted of baseline, an association, steady state, and

Figure 5. (a) Schematic diagram of Cg-Def adsorption onto PLA chips. (b) Adsorption kinetics of EGFP-Cg-Def on PLA at a range of
concentrations between 2.5 and 2000 nM. (c) Langmuir isotherm of EGFP-Cg-Def on PLA at a range of concentrations between 2.5 and 2000 nM.
(d) Comparison of surface coverages of EGFP, EGFP-Cg-Def WT, and EGFP-Cg-Def YH at a solution concentration of 500 nM.

Figure 6. PLA binding specificity improvement from PP, LDPE, and
PET (Cg-Def YH VS Cg-Def WT). The concentration of EGFP,
EGFP-Cg-Def WT, EGFP-Cg-Def YH was 200 nM. The experiments
were performed in triplicate. 1.0-fold improvement of PLA binding
specificity indicates that Cg-Def YH exhibits the same PLA binding
specificity from PP, LDPE, or PET as Cg-Def WT.
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disassociation phase, which are related to the Tris−HCl
running, protein injection, binding equilibrium, and Tris−HCl
washing (Figure 5a). The adsorption behavior of EGFP-Cg-
Def with a series of concentrations from 2.5 to 2000 nM to
PLA chips were recorded in Figure 5b. The equilibrium
adsorption of EGFP-Cg-Def was utilized to build adsorption
isotherms (Figure 5c). The surface coverage of EGFP-Cg-Def
was increased with increasing concentration. The binding of
EGFP-Cg-Def became saturated when the EGFP-Cg-Def
concentration was 500 nM. The surface coverage reached

plateau as the EGFP-Cg-Def concentration was higher than
500 nM. Therefore, the adsorption comparison for EGFP,
GFP-Cg-Def WT, and EGFP-Cg-Def YH were conducted at
500 nM (Figure 5d). EGFP-Cg-Def WT and EGFP-Cg-Def
YH had significantly higher surface coverage than EGFP.
EGFP-Cg-Def YH (53.5 ng/cm2) displayed improved PLA
binding affinity than Cg-Def WT (46.5 ng/cm2).

To explore the mechanism underlying the high PLA binding
specificity of Cg-Def YH from PS, different binding modes of
Cg-Def WT and Cg-Def YH on PS and PLA were investigated

Figure 7. PLA binding affinity of ICCG, ICCG-Cg-Def, and ICCG-Cg-Def YH. Langmuir binding isotherms of (a) ICCG, (b) ICCG-Cg-Def, and
(c) ICCG-Cg-Def YH on PLA-coated SPR chips. (d) Equilibrium dissociation constant (KD) values and surface saturation (Bmax) values of ICCG,
ICCG-Cg-Def, and ICCG-Cg-Def YH.

Figure 8. (a) Degradation kinetics of PLA/PS nanoparticle mixture by ICCG WT and ICCG-Cg-Def YH. (b) The L-lactic acid amount produced
by ICCG WT and ICCG-Cg-Def YH in degradation of PLA/PS nanoparticle mixture (the L-lactic acid concentration was measured by LDH
assay). The PLA/PS mixture (0.105 mg/mL) were degraded by 0.5 μM enzyme at 65 °C for 1 h. The experiments were performed in triplicate.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.3c02142
ACS Catal. 2023, 13, 12746−12754

12751

https://pubs.acs.org/doi/10.1021/acscatal.3c02142?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02142?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02142?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02142?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02142?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02142?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02142?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02142?fig=fig8&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c02142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


through all-atomistic (aa) molecular dynamics (MD) simu-
lations. These simulations revealed an altered binding mode of
Cg-Def YH on PLA that allowed an increase in interaction
between Cg-Def YH and PLA compared to Cg-Def WT
(Figure S10). On the other hand, the contact frequency
between Cg-Def YH and PS is shown to be reduced in
comparison to Cg-Def WT. We hypothesize that this increase,
respectively the decrease, in interaction between peptide and
polymer is responsible for enhanced specificity toward PLA.

Additionally, the PLA binding specificity of Cg-Def YH from
other commonly used polymers including PP, low density
polyethylene (LDPE), and PET, were measured (Figure 6).
Similar to PS, the PLA binding specificity of Cg-Def YH from
PP and LDPE also showed 2.0 and 2.1-fold improvement,
respectively. However, the improvement of PLA binding
specificity from PET was reduced to 0.8 times, which indicated
that the engineered Cg-Def YH showed higher binding affinity
to PET than Cg-Def WT. The different PLA binding specificity
over PET from PS, PP, and PE may be caused by lower
hydrophobicity and ester bond of PET. Therefore, our
engineered Cg-Def YH could show different binding specificity
between hydrophilic and hydrophobic plastics.
2.4. PLA-specific Depolymerization in Mixed Plastics.

The binding specificity of engineered Cg-Def variants to PLA
in a material-specific manner was validated by PLA-specific
depolymerization in a mixed PLA (size: 298 nm, see Figure
S11; Mn: 50,000)/PS (size: 525 nm; chain length: 2−400,000
units) nanoparticle suspension. The crystallinities of PLA and
PS were measured by X-ray diffraction (XRD). No
polymorphic crystalline transition at 2θ = 16° demonstrated
that the prepared PLA nanoparticles were amorphous (Figure
S12a).60 The XRD pattern of PS shows a broad peak at
approximately 19° that represented its amorphous nature
(Figure S12b).61

Surprisingly, a very good PLA degrading activity was
achieved with an in-house available PET degrading enzyme
(leaf-branch compost cutinase ICCG) (Figure S13a). Initially,
the effect of temperature on the PLA degradation by ICCG
and ICCG-Cg-Def YH was investigated (Figure S13b). The
PLA hydrolysis activity of ICCG improved with increasing
temperature. In terms of ICCG-Cg-Def YH, the highest
hydrolysis activity was observed at 65 °C and it reduced at a
higher temperature of 70 °C. ICCG-Cg-Def YH outperformed
ICCG at temperature ranging from 50 to 65 °C. To maintain
the high PLA degradation efficiency, which benefited from the
fused Cg-Def YH, a PLA degradation temperature of 65 °C
was determined.

By performing the binding experiments on SPR, Langmuir
isotherms of PLA binding at room temperature were generated
for ICCG, ICCG-Cg-Def, and ICCG-Cg-Def YH (Figure 7a−
c). All of these three proteins bind to PLA. The equilibrium
dissociation constant (KD) values revealed that ICCG-Cg-Def
YH displayed best binding affinity to PLA, which is 1.3 times
higher than that of ICCG (Figure 7d). The highest PLA
surface saturation was achieved by ICCG-Cg-Def YH (109.0
ng/cm2, 1.2-fold improvement compared to ICCG).

Enhanced PLA-specific depolymerization in mixed PLA/PS
was evaluated in pure PLA and PLA/PS mixture. Kinetics of
“pure”-PLA degradation of ICCG WT and ICCG-Cg-Def YH
(see SDS-PAGE of purified proteins in Figure S14) was
determined with PLA nanoparticle suspensions. ICCG-Cg-Def
YH has a 1.5-fold faster PLA degradation than ICCG WT
(Figure S15). In mixed PLA/PS nanoparticle suspensions (50/

50 wt %), ICCG-Cg-Def YH outperformed ICCG WT by 1.4-
fold (Figure 8a). The commercial LDH assay kit for L-lactic
acid quantification confirmed a two times higher amount of
released L-lactic acid for ICCG-Cg-Def YH when compared to
ICCG WT (Figure 8b).

Overall, this experiment confirms that PLA depolymeriza-
tion can be accelerated through enhanced material-specific
binding with the MBP Cg-Def. Since ICCG is reported as one
of the best-performing PET degrading enzymes, one could
expect that a suitable MBP accelerated PET degradation in
mixed plastics containing PET. L9 and S19 in Cg-Def were
identified as important positions for the PLA-specific binding.
In order to further enhance PLA-depolymerization perform-
ance, the linker between the MBP and ICCG should be
optimized in respect to length and flexibility followed by a
directed evolution campaign of the whole ICCG-Cg-Def fusion
protein.

3. CONCLUSIONS
In summary, a proof of concept, that material-specific binding
accelerated PLA degradation in mixed suspensions of PLA/PS
nanoparticles, was achieved through a single KnowVolution
campaign (Cg-Def YH with 2-fold improved PLA degrada-
tion). We are convinced that the presented approach
(enhanced material-specific binding and fusion of MBP to
polymer degrading enzymes) can generally be applied in a
material-specific degradation and recycling of many mixed-
plastics (e.g., the employed ICCG degrades PET too). We see
a high potential that the proposed approach enables and
contributes to a circular economy of plastics, so that plastics
can be used in a sustainable way by future generations.
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