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ABSTRACT: 

Poly(ethylene terephthalate) (PET) is a widely used thermoplastic polymer, but its excessive use and 

poor waste management pose environmental challenges. Enzymatic degradation of PET offers a 

potential solution that is eco-friendly and yields monomers suitable for the synthesis plastics. In 2016, 

Yoshida et al. discovered a PET degrading enzyme (PETase) from sediment-dwelling bacteria, Ideonella 

sakaiensis. It was found that enzymatic degradation rate of PET increases with reduced crystallinity, 

suggesting that this parameter may be amenable to tuning. 

To investigate the interplay between substrate crystallinity and chemical structure on the efficiency 

of PET degradation, we synthesized PET, PET copolymers (e.g., poly(ethylene terephthalate-co-

ethylene isophthalate; P(ET-co-EI)), poly(ethylene terephthalate-co-ethylene phthalate); P(ET-co-EP)), 

and branched PET that have been used in packaging. These polymers have good properties for 

injection moulding and oxygen scavenging, respectively. The polymers were synthesized from aryl 
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chloride and ethylene glycol. Size, composition, randomness, thermal properties, and crystallinity of 

all polymers were determined. The polymers were then enzymatically degraded to compare the 

efficiency of PETase on the different PET substrates. Our study demonstrates that while chemical 

modification reduces crystallinity, the influence of chemical structures (the kinks and branches) on the 

binding of the PETase, and hence the enzymatic degradation, is more significant than the effect of 

crystallinity.  

Keywords: Polyethylene terephthalate, chemical modification, crystallinity, structural 
characterization, thermal properties, enzymatic degradation 

  

 

Introduction 

Over the last century, plastics have become increasingly ubiquitous and their global production 

exceeds 9 billion tons  at present1. This is due to its versatility and low cost of production. Among all 

the plastics, polyethylene terephthalate (PET) stands out due to its good thermal and mechanical 

properties, thermal and chemical resistance2, 3, low gas permeability, high impact strength4, and good 

processability5. A semi-crystalline polymer, PET is the one of the most widely used thermoplastic in 

the world and in 2020, over 30 million tons were produced worldwide. It represents 18 % of the global 

polymer production. The main applications for PET are in packaging6, 7 and textile industries8. 

Currently, PET is the most recyclable plastic produced. PET bottles have more than 50 % recycling 

efficiency within the European Union9. However, a significant proportion of PET falls out of the current 

waste management systems and ends up in our environment where it takes 450 years to degrade. 

About 80% of the plastic has been landfilled, 10 to 12% was incinerated and less than 10% was 

recycled. The uncontrolled use, combined with the lack of waste management especially in the 

developing countries make PET a heavy contributor to the global plastic pollution issue10. It is thus 

necessary to minimize PET wastes. 
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The most common method of PET waste management is mechanical recycling. PET are recycled 

through extrusion. Recycled PET (rPET) can be mixed with pristine PET (pPET) to yield plastics that 

retain most of the properties of pPET. This allows the use of the plastic in the same or similar 

applications prior to the recycling referred to as closed-loop recycling. Alternatively, rPET can be used 

for different applications that do not require as good mechanical properties as pPET (e.g., from 

packaging to clothes) referred to as open-loop recycling6, 11. Mechanical recycling allows the extension 

of the lifetime of PET and requires less than half the energy used to generate new plastics from 

petroleum resources [REF]. Nevertheless, at the end of its life-cycle, a large amount of PET still ends 

up in environment. Alternative recycling methods should be developed. Chemical depolymerization, 

such as methanolysis or glycolysis, transforms PET into monomers or oligomers that can be re-used to 

produce PET. This method, called tertiary recycling, has promising results as it allows operating in a 

closed loop in mild conditions. However, it sometimes requires high temperature and pressure as well 

as the use of toxic chemicals12. Biodegradable PETs can be synthesized by copolymerizing PET and 

degradable aliphatic polyesters such as poly(lactic acid) (PLA). This however requires a long time (more 

than 10 weeks) for their complete degradation13. Furthermore, their application is limited as they may 

shatter and form microplastics10. 

Another possibility is the enzymatic degradation of PET. Enzyme-based depolymerization is more 

sustainable than chemical depolymerization as it requires milder pH, lower temperature and no toxic 

reagents. Moreover, enzymes have high selectivity, targeting the polymer ester bonds which allows 

recovery of the monomers12. The first important PET depolymerization was reported in 2005 by Müller 

et al. A cutinase from the thermophilic bacterium Thermobifida fusca could degrade 50 % of PET bottle 

film at 55 °C within 3 weeks14. Since then, numerous enzymes capable of degrading PET have been 

reported12. In 2016, Yoshida et al. identified an efficient PET-degrading enzyme, PETase, from the 

bacterium Ideonella sakaiensis. The bacterium was isolated from the soil in a plastic bottle recycling 

facility in Japan. This aromatic polyesterase converts PET into TPA, mono(2-hydroxyethyl) terephthalic 

acid (MHET) and bis(2-hydroxyethyl) terephthalic acid (BHET)15.  Many studies have demonstrated 
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that enzymatic degradation occurs preferentially on amorphous parts rather than crystalline regions 

with poor chain mobility, and it occurs as a surface erosion process16. Understanding the structure of 

PETase, accessibility of amorphous polymer chain, and tailoring the enzymes to fit the PET substrate 

have become research priorities. In 2018, Austin et al. studied the structure of PETase using X-ray and 

demonstrated the potential of this enzyme to degrade not only PET but also other aromatic and semi-

aromatic polyesters17.  Unfortunately, it was not efficient for aliphatic polyesters. PETase have similar 

characteristics to lipases and cutinases18 but with an open active site cleft that can accommodate bulky 

ester linkages. The aromatic rings of PET chains are at an ideal π-stacking distance to aromatic rings of 

the enzyme resulting in an ideal orientation and holding of ester linkage for hydrolysis. They also 

showed that enzymatic degradation occurs mostly on amorphous sites due to the less ordered 

structure as well as polymer chain mobility, and managed to optimize the enzyme with bioengineering 

techniques17. In 2020, Tournier et al. developed an LCC-based enzyme that can depolymerize 90 % of 

PET within 10 hours and showed that biologically recycled PET exhibit the same properties as 

petrochemical PET. These results suggest that enzymatic degradation is a promising method for PET 

waste management19. In 2021, Cui et al. computationally designed enhanced PETase that has greater 

thermal stability and that can also degrade polybutylene terephthalate (PBT) and polyethylene 

naphthalate (PEN). In 2022, Thomsen et al. studied the effect of PET crystallinity and glass transition 

temperature on the enzymatic degradation kinetics. They observed that (i) enzymatic degradation is 

slower for high crystallinity PET, (ii) the more crystalline the PET, the more heterogeneous is the 

surface modification after enzymatic degradation, and (iii) physical changes of substrates above the 

Tg lead to less efficient degradation20.  In the same year, Erikson et al. compared the activity of wild-

type PETase and a double mutant. They showed that the reaction temperature and the crystallinity of 

the substrate strongly influence their catalytic activity, and the presence of degradation products 

inhibits further degradation21. 

PET is produced by polycondensation from terephthalic acid (TPA) and ethylene glycol (EG) in the 

presence of a catalyst. First, PET oligomers are obtained, and water is eliminated by distillation. 
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Second, oligomers condensate and long chains PET are formed. This requires high temperature (250-

300 ⁰C) and low pressure (<1 mbar)22. Alternative methods have been developed to obtain PET with 

common equipment available in most modern chemical laboratories (e.g., from dimethyl 

terephthalate (DMT) and EG with a catalyst13, or from terephthaloyl chloride (TPCl) and EG in basic 

media23). These synthetic routes result in shorter PET chains. 

In recent years, PET with modified structures has attracted interest. Inserting ethylene isophthalic 

units in PET allows the creation of amorphous segments and due to the presence of long branches in 

PET, the material is more robust24. Copolymerization is important in tuning and balancing material 

properties. Several studies on the effect of branching and kinking in PET on thermal properties and 

crystallization are reported in the literature. Poly(ethylene terephthalate-co-ethylene isophthalate) 

and branched polyethylene terephthalate are used in numerous applications (e.g., PET bottles, food 

and packaging)25-27. Adding ethylene isophthalic or ethylene phthalate units allows more control over 

thermal crystallization during preform injection or stretch-blow modeling, and lower the melting 

point28, 29. For PET bottle, film and packaging, about 2 % of ethylene isophthalate units is added to slow 

down the crystallization. Branching increases the rheological properties of PET30, 31. Introducing 

branched structure is often used through chain extension during extrusion process to avoid PET losing 

some of the mechanical properties. In 1999, Jaykannan et al. studied the effect of linear, kinking, and 

branching imperfection on the crystallization process of PET. They observed that PET, as well as PET-

based copolymers with linear and kink modification, promote a tri-dimensional crystal growth while 

branched PET exhibits a rodlike and a platelike crystal growth (one and two dimensions). They also 

noted that at a very low concentration of co-monomer, the nucleation is facilitated, which leads to a 

slight increase in crystallinity32. In 2019, Chen et al. synthesized long chain branched PETs and made 

biaxially stretching films. They demonstrated that (i) crosslinked structures were formed even if the 

degree of branching (DB, defined as the number of branches per monomer units) was lower than 3 %, 

(ii) a bi-dimensional crystal growth is observed for cold crystallization while both bi-dimensional and 

tri-dimensional crystal growth were observed for melt crystallization, (iii) crystal size increases and 
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crystal growth rate decreases with increasing the degree of branching, (iv) the more the PET is 

branched, the more it resists to hydrolytic degradation33. In 2010, Ubach et al. synthesized a series of 

copolymers containing both ethylene terephthalate and ethylene isophthalate units. They obtained 

random copolymers with high molecular weight and decrease of crystallinity was observed with 

increasing the number of ethylene isophthalate units, thereby yielding an amorphous polymer at 25 

%. The crystallization rate decreases with the amount of ethylene isophthalate units. They observed 

Avrami coefficients between 2 and 3, indicating both bi- and tri-dimensional crystal growth. The 

Avrami coefficient increases with the crystallization temperature34. This confirmed the previous 

results from Li et al. and Yu et al.35, 36. In 2022, Avarzman et al. studied the effect of combining the 

addition of trimesoyl chloride (TMA) and isophthalic acid (IPA) on crystallization and randomness of 

modified PET. They observed that (i) insertion of both ethylene isophthalate units and branching 

reduced the crystallinity, (ii) the presence of isophthalate units had more effect on the crystallinity 

than the branching, (iii) addition of both TMA and IPA resulted in polymers with lower Tg, (iv) the 

addition of TMA increased the randomness of polymers and (v) the particles size increased with TMA37.  

While most attributes of PET degradation (mechanism, enzyme modeling, the effect of crystallinity, 

degradation of other aromatic polyesters with PETase, the effect of degradation on plastic surface, 

physical and mechanical properties) have been studied, and some bioengineering methods to improve 

PETases have been developed15, 17, 19-21, 38-42, the effect of branching and kinking in PET on enzymatic 

degradation remains unexplored. This may hold a crucial insight and may help us understand if PET 

can be chemically modified to improve enzymatic degradation, or if such chemical modification would 

affect the interactions between enzyme and substrate and inhibit the degradation. The implications 

of substrate physical properties (polymer length, crystallinity, glass transition temperature, surface 

area and surface charge) on PETase engineering has been previously proposed43.  

In this study, we aim to understand how the presence of branching, ethylene isophthalate units, and 

ethylene phthalate units affect the enzymatic degradation of PET with aromatic polyesterase derived 
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from I. sakaiensis. Linear PET, branched PETs (DB= 1 to 3 %) and copolymers of ethylene 

terephthalate/ethylene isophthalate (P(ET-co-EI)) and ethylene terephthalate/ethylene phthalate 

(P(ET-co-EP)) with different compositions were synthesized via acid chloride route. Their structures 

(chain length, composition, DB, randomness) were determined using 1H and 13C NMR spectroscopy. 

Thermal properties and crystallinity, as well as crystallization kinetic parameters, were determined by 

differential scanning calorimetry and X-ray diffraction. Finally, some of the polymers were 

enzymatically degraded. The quantity of degradation products (TPA, MHET, and BHET) was measured 

by high-performance liquid chromatography (HPLC)44.   

 

Experimental Section 

Materials 

Acetonitrile (HPLC/Spectro) and chloroform (amylene stabilized) (HPLC/Spectro) were obtained from 

Tedia. Terephthaloyl chloride (TPCL) ≥99%, isophthaloyl chloride (IPCl) ≥99%, phthaloyl chloride (PCl) 

90 %, 1,3,5-benzenetricarbonyl trichloride (or trimesoyl chloride, TMCl) 98%, triethylamine ≥99%, 

ethylene glycol anhydrous 99.8%, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) ≥99%, formic acid (reagent 

grade) ≥95 %, 1,2-dichlorobenzene 99% and dimethyl sulfoxide (DMSO) ≥99 % were purchased from 

Sigma-Aldrich. Methanol (analytical reagent grade) 99.9 % and dichloromethane 99.8 % were obtained 

from Fisher Scientific. Sodium hydroxide pallets (analytical reagent grade) was purchased from 

Schedelco, sodium dodecyl sulfate (SDS) from Hoefer Inc., and glycine from Bio-Rad. TPA, MHET and 

BHET are from Merck KGaA.  Chloroform-D (D, 99.8 %) + 0.05 % v/v TMS + silver foil and trifluoroacetic 

acid-D (D, 99.5 %) were provided by Cambridge Isotope Laboratory Inc. Water was Milli-Q quality.  

Polymerization 

PET and PET  copolymers were prepared in two steps from aryl chloride and ethylene glycol. In the 

first step, polymers with OH terminal on both sides are synthesized and during the second step, an 
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excess of polymer with OH end groups react with aryl chloride to obtain polymers with higher 

molecular weights. The detailed procedure of the linear PET is detailed bellow. 

First step: Into a 500 mL bineck round bottom flask equipped with a condenser and a magnetic stirrer, 

10 g of TPCl, (1 eq.), 3.67 g of EG (1.2 eq.) and 200 mL of dichloromethane were added. The mixture 

was stirred at a temperature of 0-10⁰C in an ice bath. The flask was purged with nitrogen gas for 5 

min. Then, 10 g of Et3N (2 eq.) in 20 mL of dichloromethane were slowly added. The mixture was left 

in ice bath for 1 h and then at room temperature for 24 h. Then, the solvent was removed with a rotary 

evaporator. The polymer was washed in water, filtered under vacuum and dried overnight in vacuum 

oven. To remove the impurities, the dry sample was dissolved in a mixture HFIP/chloroform and 

filtered through cotton. Then, the polymer was precipitated in methanol (about 1 L), filtered under 

vacuum and dried in vacuum oven. Monomer conversion was not measured but molar mass was 

estimated by NMR spectroscopy. 

Second step: Into a bineck round bottom flask equipped with a condenser and a magnetic stirrer, 3 g 

of polymer synthesized in the first step (1.2 eq.) and 25 mL of 1,2-dichlorobenzene were added. The 

setup was purged with nitrogen gas for 5 min. Then, the mixture was heated up to 100 ⁰C and cooled 

down to dissolve the polymer. Only partial dissolution was observed. Then, 1 eq. of TPCl, 2 eq. of Et3N 

(slowly poured) and 4 mL of dichloromethane were added.  The exact amount of Et3N and TPCl 

depends on the molar mass of the pre polymer obtained at the step 1. The mixture was left under 

stirring at room temperature for 24 h. Then, the solvent was removed with a rotary evaporator. The 

polymer was washed with water, filtered under vacuum and dried overnight in vacuum oven. Then, 

the sample was purified as previously described.  

PET copolymers were synthesized with the same method but instead of adding 1 eq. of TPCl, 

experiments were carried out with 0.9, 0.8, 0.7, 0.5 eq. of TPCl and 0.1, 0.2, 0.3, 0.5 eq. of IPCL fpr 

P(ET-co-EI)s, as well as 0.9, 0.8, 0.7, 0.5 eq. of TPCl and 0.1, 0,2 0.3, 0.5 eq. of PCl for P(ET-co-EP)s.  
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Branched PET polymers were synthesized in a single step as the molar mass of the polymers were 

higher. The polymerization and purification were similar to the first step described previously but with 

1-X eq. of TPCl, X eq. of TMCl, (1.2(1-X)+1.8X) eq. of Et3N and 220 mL of dichloromethane. Experiments 

were carried out for X=0.01, X=0.02, and X=0.03.  

More details are in Supplementary Information (Schemes S1 to S3 and table S1) 

NMR spectroscopy 

Spectra of PETs and copolymers were acquired in CDCl3/CF3COOD (8/1 v/v) at 21 °C on an Agilent 400 

MR with Bruker SamplerXpress, equipped with a OneNMR probe and variable temperature 

capabilities, operating at Larmor frequencies of 400.13 MHz for 1H and 100.62 MHz for 13C. The 

polymer concentrations for 13C NMR analyses were 50 mg dissolved in 0.9 mL CDCl3/CF3COOD. For the 

1H NMR analyses, 10 mg of polymer was dissolved in a 0.9 mL of CDCl3/CF3COOD. One-dimensional 1H 

NMR spectra were acquired with 36,864 data points, 256 scans, 20.485 ppm spectral width (8196.7 

Hz), 1 s relaxation delay, 2.249 s acquisition time and a 25° flip angle. One-dimensional 13C NMR 

spectra were recorded with 32,768 data points, 512 scans, 198.8 ppm spectral width (20,000 Hz), 30.0 

s relaxation delay, 0.8192 s acquisition time and a 90° flip angle with inverse-gated decoupling. The 

chemical shift scales were calibrated for 1H and 13C NMR spectra by TMS at 0 ppm. The 1H and 13C 

NMR signal assignments are provided in Tables S3 and S4, and all the NMR spectra are shown in Figs 

S1 to SS4 and S6 to S20. One-dimensional T1-relaxation time experiments have determined that a 

relaxation delay of 30.0 s with an acquisition time of 0.8912 s is sufficient to ensure quantitative results 

(acquisition time þ relaxation delay > 5 T1) (see Fig. S5). The inversion recovery experiment was carried 

out with one value of t between the two pulses. Others inversion recovery experiments established 

that a 14.5 s and 17.5 s relaxation delay with a 0.8912 s acquisition time was insufficient for a full 

recovery of these signals. The inversion recovery experiments are described in detail in the 

Supplementary Information and in45. Molecular weight, copolymer composition, degree of branching 

(DB), and randomness was measured (equations S2 to S17 in Supporting information).  
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Differential scanning calorimetry 

Polymers were analysed with a Discovery DSC (TA Instruments). Samples were accurately weighed 

into aluminium crucibles and crimped shut with a pierced lid. A similar empty crucible with a crimped 

pierced lid was used as reference. The samples were cycled in a heat-cold-heat-cold sequence from 

25 to 300 °C at a rate of 10 °C min-1 under a high purity nitrogen gas flow of 50 mL min-1. Data analyses 

for determining glass transition temperature Tg, cold crystallization temperature Tcc, melting 

temperature Tm, and associated enthalpies of thermal transitions during the first heating were carried 

out using Trios software (TA Instruments). Thermograms are presented in supplementary date (Figure 

S22). 

Percent crystallinity Xc was calculated as follows19:  

𝑋𝑋𝑐𝑐(%) =
�∆𝐻𝐻𝑓𝑓 − ∆𝐻𝐻𝑐𝑐𝑐𝑐�

∆𝐻𝐻𝑓𝑓100
                                                                                                                                      (1) 

where, ΔHf is the enthalpy of fusion associated with the melting transformation (endothermic) and 

ΔHcc is the enthalpy associated with the cold crystallization transformation (exothermic), both events 

during the first heating cycle. ΔHf100 represents the enthalpy of fusion of PET polymer with 100% 

crystallinity. The value used was retrieved from literature as 140.1 J g-1 46, 47. All the thermal analyses 

were conducted on as-synthesized polymer samples. The results are reported as the average of three 

measurements and associated standard deviation. 

Wide-angle X-ray scattering 

The X-ray measurements were conducted using the simultaneous small- and wide-angle X-ray 

scattering instrument Nano-inXider (Xenocs), equipped with a micro-focus source generating X-rays 

of a wavelength λ = 1.542 Å (Genix3D), operating at 50 kV and 0.6 mA. Each polymer sample was 

exposed to X-ray radiation for 600 s in medium resolution mode (flux of 600 Mph.s-1; beam size on 

sample of 800 µm). The collected 2D images were integrated into 1D background-subtracted profiles 
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using XSACT software (Xenocs). Silver behenate standard was used to calibrate the instrument. The 

degree of crystallinity was determined by subtracting the scattering of the molten polymer sample 

(amorphous) from the as-synthesized sample. The scattering profiles are presented in figure S23. Data 

are in table S5. 

PETase production 

PETase production was carried out using E. coli Shuffle cells (NEB) containing pET-22b plasmid 

encoding the PETase gene from I. sakaiensis . LB medium (1L) was inoculated with 2% overnight 

culture, supplemented with 100 µg/ml ampicillin. The culture was incubated at 30 °C with constant 

shaking (180 rpm) until OD600 reached 0.5 followed by 0.5 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) induction. The culture was then incubated at 16 °C for 20 hours. Cells were harvested and 

pellets were stored at -80 °C until further use. Cell pellets were suspended in 70 ml lysis buffer (50 

mM Tris-Cl, 500 mM NaCl, pH 7.4). Cells were lysed using sonication (37% amplitude, 20 minutes, 5 

sec pulse ON and 5 sec pulse OFF). Supernatant was collected after spinning in ultracentrifuge 

(145,000xg, 30 mins). Imidazole (20 mM) was added to the supernatant and PETase was purified in a 

HisTrap column using AKTA GO FPLC system (Cytiva).  Fractions containing PETase were pooled 

together, and protein concentration was measured using Bradford assay (Bio-Rad Laboratories, Inc.). 

Protein was desalted and concentrated in 100 mM phosphate buffer (pH 8) and brought to a 

concentration of 8 mg/ml using 10 kDa Amicon MWCO filters. Equal volume of 100% glycerol was 

added, and the enzyme was stored at -20 °C until further use. All reactions would use this enzyme 

stock. 

Enzymatic degradation 

Polymer sample (2 mg) was suspended in 500 µL reaction media comprising of 200 µL DI water, 230 

µL glycine-NaOH buffer (50 mM, pH 9.0) and 70 µL of PETase stock (20 mM) for degradation analysis. 

As a negative control, PETase was substituted with equal volume of additional DI water.  28 Eppendorf 

tubes (duplicates with and without enzymes for 7 polymers) of reaction mixtures were placed in a 
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thermos-shaker (Biofrontier) operated at 30 °C with a speed of 1500 rpm for 24 h and 72 h for the first 

and second series of experiments, respectively. After these time points, the Eppendorf tubes were 

centrifuged at 21,100xg for 5 mins and the supernatant was collected for HPLC analyses. 

HPLC analyses 

The samples were analysed using 1260 Infinity HPLC (Agilent Technology) connected to a UV/Vis 

detector (G1314A WD) and C18 column (Eclipse Plus C18, 5 μm, 4.6 x 150 mm) was used. Mobile phase 

A was water containing 1% formic acid and mobile phase B was acetonitrile and the flow rate was 

fixed at 1 mL.min-1. The mobile phase was changed gradually from 5 % to 25 % mobile phase A over 

15 min, remained at 25 % mobile phase A for 2 min, 25 % to 5 % mobile phase A for 1 min, and 

remained at 5 % mobile phase A for 5 min. The detection wavelength was set at 260 nm. All 

experiments were performed in duplicate. Samples consisted of 200 µL of supernatant, 200 µL of 

water, and 200 µL of DMSO. In these conditions, TPA is expected to appear at 10 min, MHET at 12.5 

min and BHET at 14 min. The relationship between peak area to TPA, MHET, and BHET concentration 

was obtained with calibration curves (Figures S24 to S26). HPLC chromatograms are presented in 

Supporting information (Figures S27 to S34). 

SEM analyses 

The sample powder was dispersed in water (5×10-1 mg mL-1). The dispersion was drop-casted on 

aluminium, air dried, and was subsequently coated with an ultrathin Pt layer to minimize charging. 

The SEM images were obtained using a Schottky field emission scanning electron microscope (JEOL 

JSM-7800FPRIME), at an acceleration voltage of 5 kV.  Magnifications of 100, 500, 5000, and 10000 

were used. Images are in Supporting information (Figure S35). 

Docking 

The crystal structure of double mutant (R103G/S131A) I. sakaiensis PETase in complex with ligand 

HEMT (PDB ID 5XFZ; resolution 1.5 Å) was used to model the binding of PETase with linear PET and 

with modified PET molecules. The crystal structure was modified to construct the PETase structure by 
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modelling the two residues (G103 and A131) back to the wild type sequence (G103R and A131S).  The 

3D structures of the linear and modified PET molecules were built using the Maestro module and 

minimized using the Macromodel module employing the OPLS-2005 force field48 in the program 

Schrödinger 12.049.  All the PET molecules were then prepared with Ligprep module in Schrödinger 

that generates low energy tautomers and enumerates realistic protonation states at physiological pH. 

The prepared molecules were docked into the binding pockets on the surface of PETase using the 

Glide50module of Schrödinger.  A box of size 10 x 10 x 10 Å for molecular docking centred on the 

selected active site residues (S131, H208, D177) was used to confine the search space of each docked 

PET molecule.  For the grid generation, the default Glide settings were used.  Docking was carried out 

using standard protocols51 and the docked conformation of each PET molecule was evaluated using 

the Glide Extra Precision (XP) scoring function.   

The predicted complexes of PETase with the PET molecules were further refined using Molecular 

Dynamics (MD) simulations. MD simulations were carried out with the pmemd.cuda module of the 

program Amber1852.  The partial charges and force field parameters for each PET molecule were 

generated using the Antechamber module in Amber.  All atom versions of the Amber14SB force field 

(ff14SB)53 and the general Amber force field (GAFF)54 were used to model the protein and the PET 

molecules respectively.  The Xleap module of Amber was used to prepare the systems for the MD 

simulations.  All the simulation systems were neutralized with appropriate numbers of counter ions. 

  Each neutralized system was solvated in an octahedral box with TIP3P55 water molecules, leaving at 

least 10 Å between the solute atoms and the borders of the box.  All MD simulations were carried out 

in explicit solvent at 300 K.  During the simulations, the long-range electrostatic interactions were 

treated with the particle mesh Ewald56 method using a real space cut off distance of 9 Å.  The Settle57 

algorithm was used to constrain bond vibrations involving hydrogen atoms, which allowed a time step 

of 2 fs during the simulations. Solvent molecules and counter ions were initially relaxed using energy 

minimization with restraints on the nonhydrogen atoms of the enzyme-PET complex structures.  This 
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was followed by unrestrained energy minimization to remove any steric clashes.  Subsequently the 

system was gradually heated from 0 to 300 K using MD simulations with positional restraints (force 

constant: 50 kcal mol-1 Å-2) on the nonhydrogen atoms of the enzyme-PET complex structures over a 

period of 0.25 ns allowing water molecules and ions to move freely.  During an additional 0.25 ns, the 

positional restraints were gradually reduced followed by a 2 ns unrestrained MD simulation to 

equilibrate all the atoms.  Finally, production MD simulations were carried out on each system for 100 

ns in triplicates. Simulation trajectories were visualized using VMD58 and figures were generated using 

PyMOL59. 

 

Results and discussions 

Microstructure of PETs and copolymers 

The size, degree of branching (DB) and copolymer composition of the synthesized copolymers were 

determined by NMR spectroscopy. The results are shown in Table 1. Pre polymers obtained after the 

first step were also characterized. Results are in Table S2. For all P(ET-co-EI), copolymers compositions  

are equal to batch compositions. This agrees well with previous literature results22, 34, 35. However, 

results are surprising for P(ET-co-EP) and branched PETs. For these polymers, we noticed that the 

fraction of ethylene phthalate units in copolymers are always lower than the fraction of PCl in the 

batch. For branched PETs, DB values are  lower than expected. TMCl fractions of 0.01, 0.02 and 0.03 

leads to PETs with less than 1, 2 and 3 % of branching respectively. The reason will be explained in 

detail later. 

For the P(ET-co-EP), it was observed that the Mn of these copolymers are mostly lower than the Mn 

of P(ET-co-EI). This suggested that some of the PCl did not react to form the copolymers. For the 

polycondensation of two monomers, Carothers equation can be written as follows: 

𝐷𝐷𝐷𝐷𝑛𝑛����� =
1 + 𝑟𝑟

1 + 𝑟𝑟 − 2𝑟𝑟𝑟𝑟
                                                                       (2) 
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where p is the overall conversion and r represents stochiometric ratio of the reactants. If a monomer 

is in excess, r < 1 and so DPn becomes lower for each value of p. A possible reason is the occurrence 

of side reactions that would lead to the formation of cyclic compounds, favoured by the geometry of 

ortho aromatic rings. Refer to Scheme 1. Another possibility is a slower rate of reaction when IPCl is 

replaced by PCl, leading to lower conversion and thus smaller chains.  

Table 1. Size, DB and copolymer compositions of the synthesized polymers 

Polymers Batch composition Copolymer composition DB (%) DPn Mn (g.mol-1) 

Linear PET TPCl: 1 eq, EG: 1.2 eq. - - 33.3 6,400 

Branched PET 1 TPCl: 0.99 eq., TMCl: 
0.01 eq., Prepol: 1.2 eq. 

- 0.75 37.5 7,200 

Branched PET 2 TPCl: 0.98 eq., TMCl: 
0.02 eq., EG: 1.2 eq. 

- 1.53 31.5 6,000 

Branched PET 3 TPCl: 0.97 eq., TMCl: 
0.03 eq., EG: 1.2 eq. 

- 2.06 46.3 8,900 

P(ET9-co-EI1) TPCl: 0.9 eq., IPCl: 0.1 
eq., Prepol: 1.2 eq. 

FET=0.90, FEI=0.10 - 141.1 27,100 

P(ET8-co-EI2) TPCl: 0.8 eq., IPCl: 0.2 
eq., Prepol: 1.2 eq. 

FET=0.79, FEI=0.21 - 53.1 10,200 

P(ET7-co-EI3) TPCl: 0.7 eq., IPCl: 0.3 
eq., Prepol: 1.2 eq. 

FET=0.73, FEI=0.27 - 58.9 11,300 

P(ET1-co-EI1) TPCl: 0.5 eq., IPCl: 0.5 
eq., Prepol: 1.2 eq. 

FET=o.47, FEI=0.53 - 87.0 16,700 

P(ET95-co-EP5) TPCl: 0.9 eq., PCl: 0.1 
eq., Prepol: 1.2 eq. 

FET=0.95, FEP=0.05 - 36.5 7,000 

P(ET9-co-EP1) TPCl: 0.8 eq., PCl: 0.2 
eq., Prepol: 1.2 eq. 

FET=0.90, FEP=0.10 - 70.8 13,600 

P(ET8-co-EP2) TPCl: 0.7 eq., PCl: 0.3 
eq., Prepol: 1.2 eq. 

FET=0.81, FEP=0.19 - 29.2 5,600 

P(ET7-co-EP3) TPCl: 0.5 eq., PCl: 0.5 
eq., Prepol: 1.2 eq. 

FET=0.70, FEP=0.30 - 32.3 6,200 

Prepol: pre polymer obtined after the first step 
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Scheme 1. Potential side reactions that can occur during the polymerization of EG, TPCl and PCl.  

 

For the branched PETs, even though the size of branched PET is lower than the size of P(ET-co-EI), the 

hypothesis that side reactions involving TMCl is highly unlikely as (i) the amount of TMCl is very low, 

so side reactions would have limiting effects on the stoichiometry, and (ii) branched PETs were 

synthesized in one step while copolymers were made in two steps. We note that for these branched 

PETs, the Mn is significantly higher than what would be predicted by Carothers equation. This is due 

to the presence of aromatics rings with three connecting point which make this equation not 

applicable.  It is known that the presence of branching and crosslinked structure reduces the solubility 

of polymers. Dissolution of polymers is a complex process that is often underestimated. It was 

demonstrated previously that for starch and poly(acrylic acid), transparent liquids were shown by 

NMR spectroscopy to still be incompletely dissolved solids60-62. Accuracy of DB measurement can be 

lowered by incomplete dissolution of PETs. The solubility of PETs in CDCl3/TFA-D was tested by 

comparing 1H NMR spectra of linear and branched PETs using the normalized peak area to noise ratio. 

The “peak area to noise ratio” (PNR) is defined as the absolute peak area divided by the noise. The 

peak area is the quantity proportional to the amount of sample and the noise is used as a scaling factor 

to put all spectra on the same scale. The normalized PNR is defined as follows: 



 17 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑃𝑃𝑃𝑃𝑃𝑃

[𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆] × �𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
                                          (3) 

In this instance, signals of hydrogen linked to aromatic carbons of ethylene terephthalate units were 

used to measure the normalized PNR. Results are presented in Figure 1.  

 

Figure 1. Normalized  PNR of linear PET (obtained after the first step of polymerization), branched 

PET 1, branched PET 2 and branched PET 3 related to the amount of TMCl. 

From Figure 1, we can observe that the normalized PNR is reduced by the number of branches. 

Consequently, DB may be underestimated due to the presence of insoluble fractions whose branching 

is not detected. This reduction in solubility may indicate that in cases where lower values of DB 

compared to fractions of TMCl are found, crosslinked structures may already be formed.  

13C NMR spectra were used to determine the microstructure of P(ET-co-EI) and P(ET-co-EP) chains. 

Sequence distributions of P(ET-co-EI) and P(ET-co-EP) can be determined using signals of the aromatic 

quaternary carbons of ethylene terephthalate units (triads) and ethylene isophthalate/ethylene 

phthalate units (dyads) (Figure 2). Average sequence lengths η and randomness R of copolymers could 

be calculated with Eq. S12 to S17. Results are shown in Table 2. 
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(a) 

 

(b) 

 

Figure 2. 13C NMR spectra with signal attribution of aromatic carbons as well as sequence 

distributions for (a) P(ET8-co-EI2) and (b) P(ET8-co-EP2). 
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Table 2. Average sequence length and randomness of copolymers 

Polymer ηT ηI ηP Randomness 

P(ET9-co-EI1) NM NM - NM 

P(ET8-co-EI2) 4.32 1.56 - 0.87 

P(ET7-co-EI3) 3.27 1.47 - 0.99 

P(ET1-co-EI1) 1.69 2.13 - 1.06 

P(ET95-co-EP5) 15.29 - 1.24 0.87 

P(ET9-co-EP1) 10.82 - 1.36 0.84 

P(ET8-co-EP2) 7.04 - 1.55 0.79 

P(ET7-co-EP3) 4.62 - 2.10 0.69 

NM=not measured. Triads were not visible on the 13C NMR spectrum. ηT, ηI and ηP are the average 

sequence lengths of ethylene terephthalate, ethylene isophthalate and ethylene phthalate units 

respectively. 

The randomness or degree of randomness corresponds to the fraction of segment of a copolymer in 

which monomers residues are distributed randomly. The closer the randomness value is to unity, the 

more each monomers are located randomly in the copolymer molecule. Lower randomness values 

mean more blocky structures. P(ET-co-EI)s are mostly random, which confirmed previous literature 

results34, 37.  As for P(ET-co-EP)s, the results are different. The insertion of ethylene phthalate units 

seems to favour blocky structure. Several hypotheses can be raised. First, Ubach et al. observed that 

high conversions favours random copolymers34. As explained previously, phthaloyl chloride may lead 

to lower final conversions. Second, we observe much higher ethylene terephthalate average sequence 

length in P(ET-co-EP) than in P(ET-co-EI). This is consistent with more blocky structures.  

Thermal properties and crystallinity  

Thermal analysis of all the synthesized PET powders was conducted to determine key thermodynamic 

properties such as glass transition temperature (Tg), cold crystallization temperature (Tcc), fusion 

temperature (Tf), and associated enthalpies. These allowed us to calculate the percentage of 

crystallinity, using the method described in materials and methods, and those values are presented in 

Table 3. 
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Table 3. Differential scanning calorimetry parameters of PET polymers. Tg – Glass transition 
temperature, Tcc – cold crystallization temperature, ∆Hcc – enthalpy of cold crystallization, Tf – fusion 

temperature, ∆Hf – enthalpy of fusion. 

Polymer Tg 
(oC) 

Tcc 
(oC) 

∆Hcc 
(J g-1) 

Tf 
(oC) 

∆Hf 
(J g-1) 

Crystallinity 
(%) 

Linear PET 72.7 ± 3.1 99.2 ± 5.5 15.5 ± 0.8 252.2 ± 3.1 62.2 ± 1.7 33.3 ± 0.8 
P(ET9-co-EI1) 76.0 ± 0.2 107.9 ± 0.4 17.3 ± 0.8 227.1 ± 0.7 38.4 ± 0.5 15.1 ± 0.3 
P(ET8-co-EI2) 77.7 ± 1.6 122.1 ± 0.0 19.9 ± 0.4 208.9 ± 1.0 26.9 ± 0.4 5.0 ± 0.2 
P(ET7-co-EI3) 69.8 ± 0.1 - - 182.2 ± 2.2 - - 
P(ET1-co-EI1) 70.3 ± 5.0 - - - - - 
P(ET95-co-EP5) 76.5 ± 1.0 107.9 ± 0.4 8.1 ± 0.4 232.6 ± 0.2 52.3 ± 0.4 31.5 ± 0.5 
P(ET9-co-EP1) 64.7 ± 0.2 103.8 ± 0.4 9.8 ± 0.3 222.1 ± 0.8 46.0 ± 0.2 25.8 ± 0.2 
P(ET8-co-EP2) 62.0 ± 0.8 124.8 ± 0.2 3.3 ± 0.3 199.2 ± 0.6 39.6 ± 1.7 25.9 ± 1.2 
P(ET7-co-EP3) 50.9 ± 3.1 - - - - - 
Branched PET 1 56.4 ± 0.0 98.9 ± 1.1 7.3 ± 0.1 235.4 ± 0.6 55.5 ± 0.6 34.4 ± 0.5 
Branched PET 2 63.6 ± 3.9 - - 235.2 ± 2.0 50.4 ± 0.9 35.9 ± 0.6 
Branched PET 3 72.3 ± 0.2 106.4 ± 0.3 12.0 ± 0.9 237.8 ± 3.2 55.0 ± 0.4 30.7 ± 0.4 

 

Linear PET is expected to have sufficient free volume to allow for chain segment mobility at relatively 

lower temperatures, and indeed, its Tcc was found to be 99.2 oC, with an enthalpy of 15.5 J g-1. The 

linear PET exhibited 33.3% crystallinity. The maximum degree of crystallinity that can be achieved by 

isothermal cooling (Cmax) can be calculated from the enthalpy of melting divided by the enthalpy of 

melting of PET polymer with 100% crystallinity. In this case, Cmax was found to be 44.4%, indicating 

that the degree of solid-state crystallization was 11.1%. 

The replacement of ethylene terephthalate (ET) units with ethylene isophthalate (EI) led to a 

progressive disappearance of the cold crystallization, fusion, and melting crystallization peaks (Figure 

S22), confirming that the incorporation of EI units breaks the ordered sequences and reduces the 

crystalline properties of the polymer chains, as previously reported22, 34, 35. A slight increase in Tg for 

P(ET-co-EI-1) and P(ET-co-EI2) was detected, which could be a result of the increased in the number 

averaged molecular weight (Mn). This increase in Mn led to a decrease in chain end concentration, 

hence a decrease in free volume at the end group region. Furthermore, when the ratio of ET equaled 

EI, only one thermal transformation was detected (Figure S22e), indicating that the polymer was 

amorphous35. However, our results did not show a clear correlation between DPn and Tg. This lack of 

trend might be due to the compensation between both the effect of EP incorporation and the effect 

of chain length. Previous studies have shown different results; for example, Ubach et al. demonstrated 
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a clear decrease in Tg with the incorporation of EI units34, whereas Jayakannan et al. found that linear 

and kinked polyesters exhibit similar Tg values63. The fusion temperature (Tf), which represents the 

temperature at which entire chain movement occurs, was found to decrease with EI substitution, likely 

due to lower intermolecular bonding resulting from the reduced crystallinity. Notably, the presence 

of 10% EI led to a reduction in crystallinity of about 55%, or ca. 85% with double the amount of EI units 

compared to linear PET. 

The replacement of ET units with ethylene phthalate (EP) units resulted in a less significant decrease 

in crystallinity compared to the replacement with ethylene isophthalate (EI) units, which could be 

attributed to the differences in microstructure and average sequence length discussed in section 3.1. 

The P(ET-co-EP) copolymers have more blocky microstructures and longer ethylene terephthalate 

average sequence lengths, resulting in less disruption of ET segments and less disorder created. 

Additionally, the incorporation of EP units led to a reduction in Mn, but this did not show a clear trend 

due to differences in monomer conversion. However, we observed that P(ET-co-EP) chains were 

overall shorter than P(ET-co-EI) chains and branched chains, which may exhibit higher crystallinity. 

The Tg was found to be lower with the incorporation of EP units, consistent with other studies in 

literature34. More amorphous chains mean more flexibility, resulting in a lower Tg.  Similarly, an 

increased amount of EP led to a more complex thermal behaviour, as observed for the polymers with 

larger quantities of EI. 

The incorporation of branched groups resulted in a less significant effect on the crystallinity of the 

polymers, while it was more effective in reducing the Tg and Tf.=. Branching can affect polymer motion 

in two ways, which in turn can affect the Tg. Firstly, local chain motion is reduced due to smaller 

average linear chain length, resulting in a higher Tg. Secondly, branching increases the number of chain 

ends, which improves segmental mobility and leads to lower Tg. In this work, we observed a decrease 

in Tg from 0 to 1% branching, followed by an increase from 1% to 3% branching. The resulting effect 

showed little trend, which confirms previous literature findings that no influence of branching on Tg 
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was observed64-67. Moreover, we would not expect significant variation of Tg with such a low DB. The 

effect of reducing local motion may become dominant over increased segmental mobility above 1% 

branching. Formation of a chemical crosslinked network at higher branching degrees led to fewer end 

groups and hence a higher Tg. It is important to note that the PETs synthesized in this work have OH 

terminal groups, which are capable of forming hydrogen bonds, leading to an increased Tg. The 

number of branches influences the density and proximity of OH groups, which also affects the Tg. In 

2012, Khalyavina et al. similarly reported no clear influence of branching degree on Tg for aromatic-

aliphatic polyesters with OH end groups68. 

Wide-angle X-ray scattering (WAXS) was utilized in this study to assess the degree of crystallinity of 

seven PET powder samples69, including linear PET, P(ET9-co-EI1), P(ET8-co-EI2), P(ET9-co-EP1), P(ET8-

co-EP2), branched PET (DB=2%), and branched PET (DB=3%). The WAXS results were then compared 

to the crystallinity measurements obtained from differential scanning calorimetry (DSC). This enabled 

the correlation between WAXS and DSC data to be established and the effects of the various monomer 

units and degrees of branching on the crystallinity of the PET samples to be determined. 

Figure 3a shows the scattering profiles of the synthesized PET powders after being exposed to X-ray 

radiation for 600 s (as described in Materials and Methods). The powders do not show anisotropy, as 

evidenced by the absence of oriented intensity profiles. After subtracting the scattering profile of the 

molten polymer (amorphous) from the profile of the as-synthesized polymer, the degree of 

crystallinity can be determined based on the X-ray peak intensity (Figure S26 and Table S6). A 

comparison plot with both the degree of crystallinity determined using DSC and that determined using 

WAXS is presented in Figure 3b. Despite the distinct methodologies employed by each technique to 

assess crystallinity, the trend observed is consistent. The WAXS data exhibits a decrease in crystallinity 

with the incorporation of EI units and a less notable reduction with the incorporation of EP or polymer 

branching, which has been previously explained.  
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Figure 3. Crystallinity determination of PET polymers. a) 2D wide-angle scattering profiles and b) 

crystallinity (%, determined using DSC) and degree of crystallinity (%, determined using WAXS) of 

linear PET, P(ET9-co-EI1), P(ET8-co-EI2), P(ET9-co-EP1), P(ET8-co-EP2), branched PET (DB=2%), and 

branched PET (DB=3%). 

 

Enzymatic degradation of PETs and PET-based copolymers 

To examine the effect of substrates on the enzymatic degradation, linear PET, branched PET 2, 

branched PET 3, P(ET9-co-EI1), P(ET8-co-EI2). P(ET9-co-EP1), and P(ET8-co-EP2) were incubated with 

PETase in glycine buffer at pH 9 for 24 h and 72 h. The percentage of degraded PET was calculated 

based on the amounts of TPA and MHET detected by HPLC and quantified with the calibration curves. 
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Details are given below, and the results are presented in Table 4. Likewise, the amount of PET 

degraded in correlation to the crystallinity of the PET is shown in Figure 4. 

In the degradation medium, PET was degraded at a concentration of 4 g.L-1. Experiments for 24 h and 

72 h degradation were set up separately. To calculate the amount of PET degraded, we assumed that 

1g of PET degraded will lead to 1 g of degradation product (Eq. 4). 

𝑃𝑃𝑃𝑃𝑃𝑃 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (%) =
([𝑇𝑇𝑇𝑇𝑇𝑇] + [𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀])

4
× 100                                                                                 (4) 

The product concentrations are expressed in g.L-1. 

 

Table 4. Percentage of degraded PET measured by HPLC of supernatant of degradation medium 

for each polymer after (a) 24 h and (b) 48 h of incubation at 30 °C temperature. 

Polymers % degradation after 24h of 

incubation 

% degradation after 72h of 

incubation 

Linear PET 27.9±0.4 28.1±1.0 

P(ET9-co-EI1) 25.4±0.2 25.8±0.0 

P((ET8-co-EI2) 22.7±0.8 20.9±0.6 

P(ET9-co-EP1) 25.8±0.1 25.5±0.1 

P(EY8-co-EP2) 1.8±0.1 2.2±0.9 

Branched PET 2 13.8±0.3 11.5±0.2 

Branched PET 3 17.4±4.8 28.7±0.6 

Both experiments (incubation for 24 h and incubation for 72h) were carried out separately. SD was 

calculated with Excel based on each duplicate. 
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Figure 4. Percentage of degraded PET measured by HPLC of supernatant of degradation medium 

versus polymer crystallinity measured by DSC after (a) 24 h and (b) 72 h of incubation at 30 °C 

temperature. The molecular weight of each polymer before degradation is indicated. 

 

PETase can degrade PET with modified structure. Except for branched PET 3, the percentage of 

degradation after 24 h and 72 h are not significantly different. This means that in these conditions, the 

maximum amount of degradation is plateauing after 24 h. We observed slightly higher degradation at 

t=24h than at t=72h for P(ET8-co-EP2) and branched PET 2, which were physically impossible. We 

speculate that it was due to systematic errors during the integration process (such as noise, baseline, 

or integration limits) or during the experimental procedure (such as variations in polymer weight or 

buffer volume). The broad substrate specificity of PETase is not surprising as it is a polyesterase with 

an open active site cleft which allows accommodation of bulky ester linkages. P(ET-co-EI)s, P(ET-co-

EP)s and branched PETs are also aromatic polyesters with bulky esters linkages. The interesting 
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observation is that lower crystallinity does not lead to higher degradation as previously observed17, 20, 

21, 39, 42. This suggests that the chemical structure of the substrate influences its enzymatic degradation, 

and its effect is stronger than the effect of crystallinity. This observation is not surprising as the 

modified polymers are not pure PET. Both morphology and interaction between enzyme and substrate 

were studied. The surface morphologies of linear PET, P(ET9-co-EI1), P(ET9-co-EP1) and branched PET 

3 were observed by SEM (Figure S35 in supplementary materials). There is no significant difference of 

morphology, hence the degradation results shown in Table 4 and Figure 4 cannot be explained using 

morphological differences. 

In 2017, Han et al. gave a deep insight into the mechanism of PET catalytic degradation70. The catalytic 

site of PETase involves several amino acids. NH groups of methionine and tyrosine forms H-bond with 

the oxygen of carbonyl group of PET adjacent to an aromatic ring. This activates the carbonyl group 

and facilitate the nucleophilic attack by the hydroxyl group of a serine. The hydroxyl group of the serin 

forms H-bond with aromatic nitrogen of a histidine and the other aromatic N of the histidine form H-

bond with the carboxylic acid group of the aspartate. Even though kinking and branching do not 

prevent PET chains to enter in the active site of PETases, the kinking and branching are expected to 

affect the interactions between amino acids of the PETase and PET.  

Consequently, enzymatic degradation may be slower near an ortho or a meta aromatic ring. When 20 

% of EP units are inserted, the catalytic activity is most inhibited. Based on the microstructure, we 

would expect less inhibition of degradation with EP insertion as P(ET-co-EP)s have higher ET average 

sequence length. The strong inhibition of enzymatic degradation may be due to the limited reduction 

of crystallinity in the case of EP insertion. For EI insertion, the strong reduction in the crystallinity may 

partially compensate the effect of microstructure modification. It may also be due to some polymer 

entanglements created by a critical number of ortho rings that could prevent some polymer chains to 

enter in the active site of PETase. A third hypothesis is less activation of carbonyl bond by the PETase 

in the case of P(ET-co-EP) (more explanations are given in section 3.4. and on Figure 5) 
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We observe that branching reduces the enzymatic activity too. It may be due to steric hindrance in 

the catalytic site of PETase and the absence of reduction of crystallinity and microstructure 

modification that is favourable for degradation. Moreover, branched and crosslinked PET are expected 

to exhibit bigger volume than linear PET or PET-based copolymers which may affect the entrance of 

polymer chains in the active site of the PETase. However, this does not explain that after 72 h, 

important enzymatic degradation of branched PET 3 is observed. This remains an open issue. Finally, 

we do not clearly observe any significant effect of the molar mass on the enzymatic degradation within 

this range. Again, the effect of substrate’s microstructure seems to be stronger. However, we believe 

it exists within higher range of Mn as commercial PETs  degrade slower than the PETs we made here, 

whose size is smaller19. Such an effect was already observed previously71. 

Interactions between PETase and polymer chains 

To provide further insights on the interactions of the kinks and branches, docking studies were carried 

out for P(ET-co-EI), P(ET-co-EP) and branched PET, with PET as the reference. PETase adopts the 

canonical α/β-hydrolase fold with a conserved catalytic triad S131-H208-D177 on the protein surface. 

In-silico docking was used to dock the PET analogues into the catalytic pocket in PETase. Our docking 

predicted that both, PET and modified PET, can be easily docked into the active site cleft on the surface 

of the PETase. One unit each of PET from the linear and modified PET is bound in a groove consisting 

of residues S131, H208, W156, I179, W130, Y58 and M132 from PETase.  The ethylene glycol linker is 

located at the catalytic centre that allows the PETase to carry out hydrolysis. The side chain of S131 

points towards the carbonyl carbon of PET, positioning it for nucleophilic attack.  The side chain of 

H208 forms a hydrogen bond with the ester oxygen atom from PET and from modified PET in all the 

four cases. The ester oxygen atom is further involved in hydrogen bond interactions with the backbone 

nitrogen of residues M132 and Y58 from PETase in the case of Liner-PET, P(ET-co-EI) and branched-

PET; however such an interaction was not observed in the case of P(ET-co-EP). With all four ligands, 

two phenyl groups located on either side of ethylene glycol liker were bound with a kink and involved 
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in T-stacking interactions with the side chains of W130 (except in the case of Branched-PET) and W156. 

In addition, the ethylene glycol linker that connects the 2nd and 3rd phenyl groups is involved in 

additional interactions with the residues from the extended binding pocket/groove (Figure 6). These 

differences in how PETase interacts with the various polymer chains provides good insight into the 

observed differences in the degradation behaviour of the polymers. 

 

Figure 5: Structural model of PETase – PET complexes. (top) The PETase structure is shown as cartoon 

(grey), the catalytic triad (S131, D177 and H208) and the residues involved in binding are shown as 

lines (Orange carbon) and the bound ligands are shown as sticks (blue: linear PET; Cyan: P(ET-co-EI); 

Salmon: P(ET-co-EP); green: Branched PET). Hydrogen bond interactions are highlighted in dashed 

lines (black). (Bottom): Same as top, with the PETase shown as surface (grey).  More details are in 

supporting information (Figure S36). 
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Conclusions 

This work investigated the effects of PET and PET copolymers on PETase activity. Linear PET, P(ET-co-

EI)s and P(ET-co-EP)s with different compositions, as well as branched PET with different DB, were 

synthesized from aryl chloride molecules at room temperature. Structural characterization showed 

that the fraction of EP units in the copolymers corresponded to the fraction of IPCl in the batch, while 

the synthesis of P(ET-co-EP) led to lower EP incorporation and shorter chains, likely due to side 

reactions. P(ET-co-EI) copolymers were found to be more random than P(ET-co-EP) copolymers. The 

DB of branched PET was lower than the fraction of TMCl present in the batch, possibly due to the 

accuracy of NMR measurement as branching leads to non-soluble fractions in deuterated solvent. This 

reduction of solubility suggests the formation of crosslinked structures. As expected, the insertion of 

EP and EI units in PET chains reduced the crystallinity, with a slower reduction observed for EP units 

due to the longer ET average sequence length. No significant reduction in crystallinity with branching 

was observed as DBs did not exceed 3%. The influence of kinking and branching on Tg was unclear 

from our data, as the effects of hydrogen bond formation, leading to higher Tg, and chain length likely 

competed with the effects of kinking and branching. Linear PET, P(ET9-co-EI1), P(ET8-co-EI2), P(ET9-

co-EP1), P(ET8-co-EP2), branched PET 2 and branched PET 3 were degraded with PETase from 

Ideonella sakaiensis. This enzyme showed activity for PET with modified structure but kinking and 

branching inhibited its activity. Docking analysis showed that both kinking and branching affected the 

interactions between PETase and PET substrate, suggesting that chemical structure modifications 

have a stronger effect on enzyme activity than substrate crystallinity. 

Supporting information 

Details on syntheses and analyses can be found in Supporting information. 
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Synopsis: Enzymatic degradation of PET-based polymers allows recovering monomers for further use 

with a green process and reducing pollution. 


