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Abstract

Poly(bisphenol A carbonate) (BPA-PC) is an engineering thermoplastic whose recycling
is hindered by its Code-7 classification and environmental BPA leaching. Here, we report
water-soluble molecularly imprinted nanozymes for the selective depolymerization of BPA-
PC under mild alkaline conditions. Synthesized within cross-linked surfactant micelles, the
optimized nanozyme combines shape-complementary BPA-matched pockets with surface
basicity, achieving a 72-fold rate enhancement over porcine pancreatic lipase. Fluorescence
titrations with a soluble dansyl-labeled BPA-PC dimer confirm strong substrate recognition
(Ka ~106 M~1). Gel permeation chromatography reveals uniform reductions of 52-55%
across Mn, My, and M, indicative of a random endo-chain cleavage mechanism. On macro-
scopic BPA-PC films, the nanozyme induces pronounced cracking and surface erosion,
whereas polyethylene terephthalate (PET) control films remain undamaged. Furthermore,
the aqueous nanozyme retains ~75% of its initial catalytic activity across five consecutive
degradation cycles following simple phase extraction. This study demonstrates that tai-
lored, shape-complementary nanozymes provide a generalizable, selective biocatalytic
alternative for the circular chemical recycling of recalcitrant engineering plastics.

Keywords: poly(bisphenol A carbonate) (BPA-PC) degradation; enzyme-mimetic catalysis;
plastic recycling; molecularly imprinted polymers; polymer hydrolysis; substrate selectivity

1. Introduction

BPA-PC, an engineering plastic widely used in electronics, auto parts, and consumer
goods [1], is produced at >6 Mt per year [2]. Despite its high value, BPA-PC is categorized
as a Code-7 “other plastics” under ASTM guidelines, leading to its mixing with chem-

ically diverse polymers during municipal collection. This heterogeneous waste stream
W) Check for updates

renders traditional mechanical recycling economically unviable. Meanwhile, the polymer

Academic Editor: Jose undergoes slow hydrolytic degradation in landfills and marine environments, leaching
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temperatures using organic bases such as N,N/ -dimethyl-1,2-diaminoethane [8], 1,5,7-
triazabicyclo[4.4.0]-dec-5-ene [9,10], or 1,8-diazabicyclo[5.4.0Jundec-7-ene [11]. However,
these small-molecule reagents lack the substrate specificity required to selectively target

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and BPA-PC within mixed-plastic streams.
conditions of the Creative Commons

Attribution (CC BY) license.

Polymers 2026, 18, 2560 https:/ /doi.org/10.3390/polym18202560


https://crossmark.crossref.org/dialog?doi=10.3390/polym18202560&domain=pdf&date_stamp=2026-10-17
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0003-1215-2565
https://doi.org/10.3390/polym18202560

Polymers 2026, 18, 2560

2 of 14

Biocatalysis theoretically resolves this issue with its excellent substrate selectivity [12],
yet BPA-PC remains highly recalcitrant to enzymatic [13], fungal [14], or microbial [15]
degradation. Unlike structurally flexible aliphatic polycarbonates readily hydrolyzed by
lipase [16], BPA-PC has a rigid, highly hydrophobic backbone, sterically restricted by
the gem-dimethyl quaternary carbon atoms. To date, proficient biocatalysts for BPA-PC
degradation remain elusive [17]. Preliminary de novo designed enzymes exhibit minimal
activity, constrained to processing soluble, small-molecule model substrates rather than the
polymer itself [18].

A critical insight from enzyme engineering is that depolymerization of hydrophobic
polymers is strongly governed by enzyme—polymer interfacial interactions [12,19]. To
effectively engage a solid, hydrophobic polymer chain, an enzyme catalyst must expose
substantial hydrophobic surface area near its active site [20]. Doing so with engineered
PETases, for example, requires a delicate balance between installing polymer-recruiting
domains and maintaining protein stability. This trade-off poses a severe biophysical chal-
lenge for BPA-PC-hydrolyzing enzymes: the rigid, bulky, hydrophobic polymer backbone
requires a highly hydrophobic protein surface for effective engagement, yet such surface
hydrophobicity also promotes protein aggregation and structural collapse in aqueous
media [12].

Molecular imprinting is a method to utilize template molecules and functional monomers
(FMs) to form imprinted binding sites inside a cross-linked polymer network [21-30]. These
binding sites can be converted into catalytic active sites upon the installation of catalytic
groups [29,31-35]. However, it is impractical to use traditional, insoluble macroporous
molecularly imprinted polymers (MIPs) to degrade an insoluble polymer substrate due
to challenges in mass transfer. The development of robust, synthetic nanozymes is in-
creasingly recognized as a vital frontier in mitigating plastic pollution, offering stability
and reusability that natural enzymes lack under the harsh conditions required to break
down rigid consumer plastics [36,37]. Our laboratory has developed a method to prepare
water-soluble molecularly imprinted nanoparticles (MINPs) as organic-based nanozymes
for different catalytic reactions [38—41]. We herein report BPA-PC-degrading nanozymes
that depolymerize BPA-PC up to 72 times faster than porcine pancreatic lipase, a widely
used enzyme for degrading aliphatic polyesters [42], aliphatic polycarbonates [16], and
also BPA-PC [13]. Stabilized by covalent cross-links, these molecularly imprinted organic
nanozymes remain highly active at elevated temperatures and in mixed organic/aqueous
media, conditions that denature most enzyme catalysts. Crucially, the combination of
catalyst stability in organic cosolvents with tunable, shape-complementary binding pro-
vides a generalizable strategy for the selective chemical recycling of difficult-to-degrade
plastics. This approach aims not only to selectively depolymerize recalcitrant plastics
within heterogeneous waste streams but also to enable the efficient separation and recovery
of degradation products as valuable chemical feedstocks for circular polymer recycling.

2. Materials and Methods
2.1. General Experimental Methods

All reagents and solvents were of ACS-certified grade or higher and used as received
from commercial suppliers. Milli-Q water (18.2 M(); Millipore Co., Burlington, MA, USA)
was used to prepare buffers and nanozyme catalysts. NMR spectra were recorded on a
Bruker DRX-400 (Bruker BioSpin, Billerica, MA, USA), a Bruker AV III 600 (Bruker BioSpin,
Billerica, MA, USA), or a Varian VXR-400 spectrometer (Varian, Inc., Palo Alto, CA, USA).
High-resolution mass spectra (HR-MS) were recorded on an Agilent QTOF 6540 mass
spectrometer with a QTOF detector (Agilent Technologies, Inc., Santa Clara, CA, USA).
Dynamic light scattering (DLS) measurements were performed at 25 °C on a Malvern
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Zetasizer Nano ZS instrument (Malvern Instruments Ltd., Malvern, Worcestershire, UK).
TEM imaging was performed on a 200 kV JEOL 2100 scanning/transmission electron
microscope (STEM) (JEOL Ltd., Akishima, Tokyo, Japan). UV-vis spectra were recorded on
a Cary 50 Bio UV-visible spectrophotometer (Varian, Inc., Mulgrave, Victoria, Australia).

2.2. Methods

Scheme 1 shows the preparation of BPA-PC-hydrolyzing nanozymes through molec-
ular imprinting within surfactant micelles. Surfactant 2, diazide surface-cross-linker 3,
and monoazide surface ligand 4a were synthesized following previously reported pro-
cedures [43]. The acylthiourea template molecules 1a and 1b contain two and one BPA-
mimicking aromatic moieties, respectively, in the middle of the structure (orange-colored).
They also possess two (blue-colored) hydrophilic groups on the ends—trimethylammonium
for 1a and N-methylthiourea for 1b. When these amphiphilic molecules are co-solubilized
in the micelles of surfactant 2 in water, their hydrophilic groups serve as “anchors” to help
the templates reside near the surface of the micelle, due to strong solvation of these groups
by water [43]. The expectation is that the resulting imprinted sites will also stay near the
surface of the cross-linked micelles, facilitating their interactions with a section of a long
polymer chain [39].

MINP(1a/4a)
+1a

template in micelle
of 2 + DVB + DMPA (d)y-1a

, ~ (e) BPA-PC
,N\H,H O O N\H,H\ LR
S \‘><‘/ S MO O
1b

MINP(1a/4a)

a”
ﬁﬁ\o/\,(r\,):\,N—\\ Ns\)\O/H\Na \/ + BPA-PC
Me 2 % 3 =/~ ]
o OH OH Q o DVB
OH OH ”NNB oA
4a 4b

Scheme 1. Preparation of MINP(1a/4a) via templated polymerization of 1a in the micelle of 2. The
surface ligands are omitted for clarity. Surfactant 2, diazide surface-cross-linker 3, and monoazide
surface ligand 4a were synthesized following previously reported procedures [43].

The micelles are covered with a layer of terminal alkynes due to the tripropargy-
lammonium head group of 2 and can be cross-linked on the surface by diazide 3 via
CuAAC (Scheme 1, step a). Another round of click reaction between monoazide 4a and
the residual alkynes on the micelle surface installs a layer of this hydrophilic ligand on
the cross-linked micelles (step b). Molecular imprinting occurs mainly in the third step,
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when UV irradiation triggers free radical polymerization among the methacrylate groups
on the surfactant tails and micelle-solubilized divinylbenzene (DVB) around the templates
(step c). The sugar-derived surface ligand 4a renders the resulting molecularly imprinted
nanoparticles (MINPs) insoluble in acetone, allowing the templates to be removed simply
by precipitating the aqueous solution with acetone and washing the precipitate with vari-
ous solvents. MINP(1a/4a) and MINP(1b/4a) refer to MINPs prepared using templates 1a
and 1b, respectively, and surface-functionalized with ligand 4a. For the MINPs prepared
without any surface ligands or with a different ligand (4b), the templates are removed
by centrifugal filtration and repeated solvent washing. MINPs prepared from 2 have a
surfactant aggregation number of ~50 [43]. Thus, a 50:1 surfactant/template ratio in the
preparation translates to an average of one binding site per nanoparticle in the final MINP.

2.2.1. Procedure for the Nanozyme Preparation (Scheme 1)

To a micellar solution of compound 2 (8.5 mg, 0.020 mmol) in Milli-Q water (2.0 mL)
in a 15 mL glass vial, divinylbenzene (DVB, 1.4 uL, 0.010 mmol), template 1a or 1b (10 pL
of a 0.040 M solution of corresponding template, 0.00040 mmol), and 2,2-dimethoxy-2-
phenylacetophenone (DMPA, 10 pL of a 13 mg/mL solution in DMSO, 0.00050 mmol) were
added. The mixture was subjected to ultrasonication for 30 min before compound 3 (3.4 mg,
0.024 mmol), CuCl;, (10 pL of a 6.7 mg/mL solution in H,O, 0.00050 mmol), and sodium
ascorbate (10 pL of a 99 mg/mL solution in HyO, 0.0050 mmol) were added.

For the preparation of MINP(1a/4a), after the reaction mixture was stirred slowly
(~60 rpm) at room temperature for 12 h (Scheme 1, step a), compound 4a (16 mg,
0.060 mmol), CuCl; (10 pL of a 6.7 mg/mL solution in H,O, 0.00050 mmol), and sodium
ascorbate (10 uL of a 99 mg/mL solution in H,O, 0.0050 mmol) were added. After being
stirred slowly (~90 rpm) for another 6 h at room temperature (step b), the reaction mix-
ture was sealed with a rubber stopper, purged with nitrogen for 15 min, and subjected to
UV irradiation in a Rayonet reactor (~254 nm, 300 W /cm?) at room temperature for 16 h
(step c). 'H NMR spectroscopy was used to monitor the progress of the reaction (Figure S1).
The reaction mixture was poured into acetone (8.0 mL). The precipitate was collected by
centrifugation and washed with a mixture of acetone/water (5.0 mL/1.0 mL) three times.
The crude product was washed additionally with methanol/acetic acid (5.0 mL/0.10 mL)
three times and then with excess methanol (2 x 5.0 mL) and acetone (2 x 5.0 mL) (step d).
The off-white powder was dried under high vacuum to afford MINP(1a/4a) (14 mg, 70%).
The nonimprinted nanoparticles (NINP) were prepared in a similar manner, except that no
template was used.

For the preparation of MINP(1a/4b), a procedure similar to that described above
was followed, except that, after step c, the reaction mixture was subjected to centrifugal
filtration through a 10 kDa MWCO filter. The nanoparticles collected were washed with
H,0O:MeOH (1:1, 4 x 5 mL) and MeOH (4 x 5 mL) to afford MINP(1a/4b).

2.2.2. Preparation of BPA-PC Powder and Film

BPA-PC powder: The procedure was adapted from a previous report with slight
modifications [15]. BPA-PC pellets (2 g) were dissolved in HPLC-grade dichloromethane
(100 mL). Methanol (200 mL) was added dropwise to the stirred solution. The resulting
white precipitate was collected by vacuum filtration. The powder obtained was dried under
high vacuum at room temperature for 5 h, followed by further drying at 50 °C for 24 h. The
resulting powder was used for the degradation studies described in Section 2.2.3.

BPA-PC film: The procedure was adapted from a previous report with slight mod-
ifications [15]. BPA-PC pellets (0.50 g) were dissolved in HPLC-grade dichloromethane
(25 mL). A 5.0 mL aliquot of the solution was cast onto a glass Petri dish (90 mm diameter),
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and the solvent was allowed to evaporate under ambient conditions to form a thin PC film.
The resulting film was carefully removed from the dish using a clean spatula and dried
in a fume hood at room temperature for 48 h to ensure the complete removal of residual
dichloromethane. The films were subsequently cut into 30 x 30 mm squares and used for
the degradation studies detailed in Section 2.2.4.

2.2.3. Characterization of the Degradation of Powdered BPA-PC

NMR and MS analysis: A 1-dram vial was charged with BPA-PC powder (5.0 mg)
and a magnetic stir bar, followed by the addition of the MINP(1a/4a) stock solution (25 uL,
500 pM in DMSO), MeOH (37 uL), and CHES buffer (188 uL, 10 mM, pH 10.0). The vial
was sealed, placed in a preheated heating block, and stirred at 60 °C for 24 h. After cooling
to room temperature, the reaction mixture was diluted with water (450 uL) and CDCl3
(700 uL). 1,3,5-Trimethoxybenzene (1.0 uL of a 0.50 M stock solution, 0.50 umol) was added
as an internal standard. The organic layer was separated using a syringe and dried over
anhydrous NaySOy4. A 600 pL aliquot of the dried organic layer was used for 'H NMR and
positive-ion ESI mass spectrometry (ESI-MS) analysis.

Gel Permeation Chromatography: Degradation experiments were performed as
described above, except that chloroform (CHCl3, 1.0 mL) was used for the extraction. The
organic extract was filtered through a 0.22 pm syringe filter prior to analysis. An aliquot
of the filtrate was injected onto a TSKgel GMHHR-N column (5 um, 7.8 mm L.D. x 30 cm,
Tosoh Bioscience, Tokyo, Japan) and eluted with CHCl3 at 50 °C at a flow rate of 0.5 mL/min.
Molecular weight calibration was performed using polystyrene standards (ReadyCal Kit,
Sigma-Aldrich, Singapore).

2.2.4. Differential Interference Contrast (DIC) Optical Microscopy

An appropriate plastic film sample (BPA-PC or PET) was placed in a 6-dram vial
equipped with a magnetic stir bar, followed by the addition of the appropriate MINP stock
solution (40 puL, 500 uM in DMSO), MeOH (210 pL), and CHES buffer (750 L, 10 mM,
pH 10.0). The vial was sealed, placed in a preheated heating block, and stirred at 60 °C for
168 h. After the mixture was cooled to room temperature, the plastic film was removed,
transferred to a Petri dish, washed thoroughly with MeOH (5 x 5 mL), blotted dry with a
Kimwipe, and further dried in an oven at 60 °C for 48 h. Surface degradation of the film
was examined by differential interference contrast (DIC) optical microscopy using a Zeiss
Axio Imager Z.2 microscope (Zeiss, Singapore) equipped with ZEN 2 Pro software (blue
edition, 2.0.0).

3. Results and Discussion

We monitored the formation of MINPs by 'H NMR spectroscopy, dynamic light
scattering, and transmission electron microscopy (Figures S2-56). To characterize the
imprinted binding sites, we studied the binding of MINP(1a/4a) or MINP(1b/4a) to their
templates by isothermal titration calorimetry (ITC). Table 1 shows that both nanoparticles
bind their corresponding templates strongly, with an apparent binding constant K, of
2.1 x 10° M~ ! for 1aand 11.9 x10° M~ for 1b (entries 1-2). The titration was performed
in 5% DMSO in water because the templates have low solubility in water. Even with the
organic cosolvent, strong nonspecific interactions were observed with the nonimprinted
nanoparticles (NINPs), likely due to the strong hydrophobicity of the BPA-like units in the
templates. Despite these complications, MINPs display stronger binding for the templates
than NINDPs, by 3-7-fold (compare entries 1-2 with 3—4).
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Table 1. Binding data of different nanoparticles for 1a and 1b determined by ITC. #
Entry Host Guest K, x 105 (M~ —AG (kcal/mol)
1 MINP(1a/4a) la 21+£01 7.31
2 MINP(1b/4a) 1b 119+£12 8.29
3 NINP la 0.75 +0.02 6.66
4 NINP 1b 1.76 £ 0.04 7.16

2 The titrations were performed in duplicate using Milli-Q water with 5% DMSO (v/v) as the
solvent. The numbers reported are averages of the two runs. The ITC titration curves are reported in
Figures S8-S11.

We recently reported an MINP-based nanozyme prepared from thiourea 1c to hy-
drolyze aryl carbonates [44]. Although substantial rate acceleration has been achieved—i.e.,
10° for diphenyl carbonate—the catalyst is unsuitable for BPA-PC degradation. Because the
template lacks the “hydrophilic anchors” of 1a and 1b, molecular imprinting is expected
to create an enclosed hydrophobic imprinted site that cannot bind a long polymer chain.
Nonetheless, an important finding in this work is that the polycationic nature of the MINP
facilitates the efficient hydrolysis of small-molecule aryl carbonates, due to the surface
basicity of the cross-linked micelle [44]. Cationic micelles such as cetyltrimethylammonium
bromide (CTAB) are known to facilitate the deprotonation of water by their electric poten-
tials, affording a local pH of 9.5 when the bulk solution is neutral [45]. Cross-linking of the
head groups magnifies this effect further [46].

NN
ISR RSN
O,N ° NO,
1c

We therefore evaluated MINP(1a/4a) as a nanozyme for BPA-PC degradation. We
hypothesized that the trimethylammonium groups of the template would position two
carbonate groups (highlighted in blue in Scheme 1) from a BPA-PC polymer chain close to
the micellar surface during the MINP-catalyzed hydrolysis. Surface-associated hydroxide
ions, ion-paired with the cationic headgroups of the cross-linked surfactants, could then
readily access these nearby carbonate linkages, promoting catalytic hydrolysis of the
polymer backbone.

Indeed, when 5.0 mg of powdered BPA-PC was treated with 50 uM MINP(1a/4a)
for 24 h at 60 °C in a 3:1 mixture of pH 10 CHES buffer and organic cosolvents
(DMSO + MeOH), a marked increase in BPA monomer and oligomeric products was ob-
served compared to control samples treated with NINP, lipase, or the buffer/methanol
mixture alone (Figure 1). Mass spectrometric analysis showed that the oligomeric prod-
ucts consisted predominantly of species ranging from monomer to tetramer (Figure 512).
Quantitative analysis by 'H NMR spectroscopy and LC-MS revealed that 89.6 4- 0.2% of
the BPA-PC remained after 24 h, with monomer and oligomer yields of 0.5 £ 0.1% and
5.6 £ 0.5%, respectively (Table S1, Figures S13 and S14). No methanolysis products were
identified during the analysis.

Organic cosolvents were critical to the degradation reaction. Because the MINP stock
solution was prepared in DMSQO, every reaction mixture contained ~10 vol % DMSO. On
top of that, at a constant 3:1 buffer/organic solvent ratio, the extent of degradation followed
the order methanol > DMSO > ethanol ~ acetonitrile >> THF (Figure 2a). When the amount
of buffer in the reaction mixture was varied from 25% to 90%, the highest degradation
was observed at 75% buffer, with the rest being DMSO and methanol (Figure 2b). The
organic solvents likely swell and soften the BPA-PC chains, thereby increasing chain
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mobility and improving nanozyme access to carbonate groups at the polymer surface,
consistent with previous observations for lipase-catalyzed polyester degradation in organic
media [42]. At the same time, binding to the polymer by the MINP is driven largely
by hydrophobic interactions [43], which are expected to weaken as the proportion of
organic solvents increases. The optimum at a 3:1 buffer/organic solvent ratio therefore
most likely reflects a balance between enhanced substrate accessibility and diminished
nanozyme—polymer binding.

BPA monomer int |
and oligomers Interna

standard

A |

MINP(1a/4a)

NINP

—

no catalyst

77 76 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4 6.3 6.2 6.1 6.0 5.9
6 (ppm)

Figure 1. 'H NMR analysis of polymer degradation by MINP(1a/4a), NINP, lipase, and without
catalyst, after powdered BPA-PC was treated at 60 °C in a 3:1 mixture of pH 10 CHES buffer and
organic cosolvents (DMSO + MeOH) for 24 h.

100 100
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o 80+ - 80
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Figure 2. (a) Hydrolytic activity of MINP(1a/4a), measured after powdered BPA-PC was treated
at 60 °C for 24 h in a 3:1 mixture of pH 10 CHES buffer and organic cosolvents (DMSO + MeOH).
(b) Hydrolytic activity of MINP(1a/4a), measured after powdered BPA-PC was treated at 60 °C for
24 h in different mixtures of pH 10 CHES buffer and methanol. m¢,t represents the catalyst mass
in milligrams.

The results so far indicate that the molecularly imprinted binding site on MINP(1a/4a)
is critical to BPA-PC degradation, as NINP exhibited no appreciable catalytic benefit relative
to background hydrolysis. Figure 3 shows that MINP(1b/4a) exhibits 33% higher catalytic
activity than MINP(1a/4a), further supporting the importance of the imprinted site to the
catalytic process. Notably, both nanozymes outperform lipase, showing 49- and 65-fold
higher activity for MINP(1a/4a) and MINP(1b/4a), respectively.
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Figure 3. Comparison of BPA-PC degradation activities of different catalysts under the standard
catalytic conditions. Polymer degradation was performed in duplicate at 60 °C for 24 h in a 3:1
mixture of pH 10 CHES buffer and organic cosolvents (DMSO + MeOH). mcat represents the catalyst
mass in milligrams.

We hypothesized earlier that molecular recognition of the MINP, its surface basicity,
and the placement of some carbonate groups of BPA-PC near the surface-associated hy-
droxide ions collectively are responsible for the polymer degradation. Consistent with
the hypothesis, replacing neutral surface ligand 4a with the carboxylated 4b reduced the
catalytic activities of both MINP(1a/4a) and MINP(1b/4a) by 2.3 and 1.7 times, respectively
(Figure 3). Once the cationic micelles are functionalized with 2-azidoacetic acid 4b, the
carboxylic acids at pH 10 become anionic carboxylates, neutralizing a substantial amount
of positive charge on the micelle surface of MINP(1a/4b) and MINP(1b/4b), weaken-
ing surface basicity. The reduced electrical potential is evident from the zeta potential
of MINP(1a/4a) vs. MINP(1a/4b)—35.1 mV and 20.6 mV, respectively. We also tested
MINP(1b), the nanozyme prepared without any surface ligands. It proved to be the most
potent catalyst in this study, exhibiting 72-fold higher degradation activity than lipase.
The slightly lower activity of the ligand-functionalized MINP(1b/4a) suggests that the
highly hydrophilic ligands (4a) on the nanoparticle surface do not significantly influence
polymer—catalyst interactions, likely due to their flexibility.

Next, gel permeation chromatography (GPC) analysis was used to monitor changes in
the molecular weight distribution (MWD) of powdered BPA-PC after 7 days of degradation
at 60 °C in a 3:1 mixture of pH 10 CHES buffer and methanol. As shown in Figure 4a, the
MWD shifts toward lower molecular weights in the presence of MINP(1b), compared to
both background and lipase-mediated degradation. In particular, MINP(1b) promoted
uniform reductions of approximately 52%, 55%, and 54% in Mp, My, and M, respectively,
relative to background degradation (Figure 4b), demonstrating extensive depolymerization
of BPA-PC by MINP(1b). The proportional decrease across all three molecular weight
averages suggests a random, endo-chain cleavage mechanism, where the nanozyme hy-
drolyzes internal carbonate linkages rather than solely unzipping the polymer from its
chain ends [12,47].

Figure 5a shows the activity of BPA-PC degradation for four additional batches (2-5)
of MINP(1b) in comparison to batch 1 used in Figure 3. The five batches of nanozymes gave
an average activity of (92.4 4- 12.0) x 1073 umol-m,¢ ~!-h !, indicating good batch-to-batch
reproducibility for materials prepared over several months.
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Figure 4. (a) Molecular weight distribution of BPA-PC determined by GPC, after the polymer
powder was treated at 60 °C in a 3:1 mixture of pH 10 CHES buffer and the organic cosolvents
(DMSO + MeOH) for 7 days. (b) Molecular weight changes in My, My, and M, of powdered BPA-PC
determined by GPC.
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Figure 5. (a) BPA-PC degradation activities of different batches of MINP(1b) under the standard
catalytic conditions. (b) Recyclability of MINP(1b) in BPA-PC degradation under the standard
catalytic conditions. Polymer degradation was performed in duplicate at 60 °C for 24 h in a 3:1
mixture of pH 10 CHES buffer and organic cosolvents (DMSO + MeOH). mc,t represents the catalyst
mass in milligrams.

To evaluate the potential practical applicability of the catalyst, we performed five
consecutive BPA-PC degradations with MINP(1b) under our standard conditions. After
each cycle, the reaction mixture was extracted with CDCl3 (600 uL), and the organic layer
was separated to remove remaining BPA-PC and all degraded products from the catalyst in
the aqueous phase. The remaining aqueous catalyst phase was heated at 60 °C for 30 min
to remove residual organic solvent (CDCl3), and its pH was readjusted with 1 M NaOH to
pH 10 before addition of a fresh batch of BPA-PC. Despite potential loss of catalyst during
this operation and deviation from the initial reaction conditions (e.g., accumulation of salt),
the nanozyme retained approximately 75% of its initial degradation activity after five cycles
(Figure 5b).

A longer-term degradation experiment involved treating macroscopic BPA-PC films
with MINP(1b) for 7 days under our standard reaction conditions. Optical imaging with dif-
ferential interference contrast (DIC) microscopy shows a smooth, uniform surface without
noticeable damage for the lipase-treated control films (Figure 6a). This result aligns with
previously reported findings [13]. As discussed earlier, enzymatic degradation of BPA-PC
is exceedingly sluggish with most enzymes, and researchers frequently have to resort to
high-resolution techniques, such as atomic force microscopy (AFM), to observe minor
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changes in film morphology following enzymatic treatment [15]. In contrast, the sample
exposed to MINP(1b) displays pronounced surface roughening and macroscopic cracking
under the same conditions (Figure 6b). This morphological damage indicates that the
nanozyme successfully promotes localized chain cleavage, resulting in film embrittlement
and subsequent stress-induced microscopic fracturing. For our molecularly imprinted
nanozymes, specific recognition of the polymer chain by the active site is highly important.
To further validate this point, we used template 1d to create a “skinny” active site for
our nanozyme. This bisthiourea molecule is similar to 1b, except the two geminal methyl
groups are replaced with hydrogens. Notably, BPA-PC film treated with the corresponding
MINP(1d) showed no visible damage after 7 days of treatment (Figure 6¢), in sharp contrast
to the MINP(1b)-treated sample in Figure 6b.

H H H H
/NTS],NN\IS],N\

1d

(© (d)

Figure 6. DIC microscopy images of different polymer films after different treatments at 60 °C in a 3:1
mixture of pH 10 CHES buffer and organic cosolvents (DMSO + MeOH) for 7 days. (a) BPA-PC film
treated with lipase; (b) BPA-PC film treated with MINP(1b); (c) BPA-PC film treated with MINP(1d);
(d) PET film treated with MINP(1b).

To further confirm the binding-directed degradation, we designed and synthesized
a fluorescent “BPA-PC dimer” (5), which contains two BPA-like units joined to a dansyl
group by a triazole tether. Dansyl is a fluorophore with environmentally sensitive emis-
sion [48]. Fluorescence titration indicates strong association between this soluble BPA-PC
mimic and MINP(1a), with a binding constant of K, = 1.08 x 100 ML, corresponding to a
binding free energy of —AG = 8.23 kcal/mol (Table 2, entry 1). MINP(1b), our best catalyst,
binds with a lower binding constant of K, = 0.40 x 10° M~! and a binding free energy
of —AG =7.64 kcal/mol. The reduced binding for MINP(1b) is reasonable, as it can only
accommodate one BPA unit, whereas MINP(1a) can potentially accommodate two. The im-
portant learning here is that stronger binding of the substrate does not necessarily translate
into more efficient polymer degradation for these molecularly imprinted nanozymes. Other
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factors expected to influence polymer degradation include kinetics of substrate binding
and product release, accessibility of the polymer chain, and potential product inhibition.

O, OO0

Table 2. Binding constants of different nanoparticles for fluorescent BPA-PC dimer 5 determined by
fluorescence titration. @

Entry Host K, 10°M™1) —AG (kcal/mol)
1 MINP(1a) 1.08 + 0.36 8.23
2 MINP(1b) 0.40 £ 0.10 7.64
3 MINP(1d) -b -b
4 NINP -b -b

2 The titrations were performed in duplicate in water at 25 °C, and the errors between the runs were
<10%. P The titration data fit poorly to a 1:1 binding model (Figure S7c,d).

Regarding the selectivity among different polymers, MINP(1b) produced no visible
surface damage on polyethylene terephthalate (PET) films under identical reaction con-
ditions (Figure 6d). This lack of cross-reactivity is another crucial mechanistic indicator.
While PET contains hydrolyzable ester bonds, its linear aromatic-aliphatic backbone lacks
the bulky gem-dimethyl groups and the specific bisphenol repeating units targeted during
the imprinting process. Consequently, the PET chains cannot effectively partition into or
align within the tailored, shape-complementary hydrophobic pockets of MINP(1b). These
results suggest that the exceptional substrate selectivity of our catalyst is not merely driven
by the nonspecific basicity of the cationic micelle surface, but relies on precise, enzyme-like
host-guest recognition at the solid-liquid interface.

4. Conclusions

In summary, we report molecularly imprinted nanozymes that combine shape-
complementary BPA-like binding pockets with cationic, surface-localized basic sites for
selective hydrolysis of BPA-PC under mildly basic conditions. Compared to both back-
ground and lipase-catalyzed reactions, the optimized MINP(1b) catalyst delivers signifi-
cantly greater extents of depolymerization, as evidenced by increased release of BPA and
oligomers and substantial reductions in My, My, and M, for powdered samples.

The inability of the same nanozyme to degrade PET films highlights its substrate
selectivity, which arises from the cooperative action of BPA-matched binding sites and the
hydrophobic polymer—micelle interface. This high degree of specificity provides a distinct
advantage for real-world applications, as it can be directly exploited to target specific
polymers in mixed-plastic waste streams without unwanted cross-reactivity. In the longer
term, this strategy supports circular polymer recycling by facilitating the separation of
useful chemical feedstocks.

These results demonstrate that molecular imprinting in cross-linkable micelles can
emulate key features of polymer-degrading enzymes while overcoming the limitations
of natural biocatalysts in terms of stability, operational window, and polymer recogni-
tion. Consequently, this method offers a generalizable strategy for upcycling recalcitrant
engineering plastics, even those in heterogeneous waste streams.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym18202560/s1 [49-60].
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